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The thesis is framed in two parts: (1) an introductory review containing the main findings of my
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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 (Fe3O,) 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 Fe3O,4 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 Fe;04 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 FesO; 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 ZV1 after 2h compared to 24h. The ZVI effect was
positive in-situ in a long-term experiment, which could indicate that the ZV1 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

ZV1 impact on natural microbial communities is thus low and shortlived.

Keywords: toxicity, nanomaterials, ZV1, functional Fe;O4-based materials, Escherichia coli,
Staphylococcus aureus, Chlamydomonas sp., Clostridium perfringens, bacterial communities
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Abstrakt

Prvni ¢lanek o toxicité syntetickych nanomateridlti (,,engineered nanomaterials®, ENMs) byl
publikovan v roce 2004 a je povazovan za zrod nano(eko)toxikologie. Vice nez deset let poté
vzniklo téméf tii tisice publikaci na toto téma. Stale vice studii se zabyva (1) nové vytvofenymi
ENMs, (2) komeréné dostupnymi ENMs, (3) porozuménim mechanismu jejich toxicity, (4)
vytvofenim podminek pro jejich aplikace a (5) detailnéjSim studiem slozeni ENMs. Typickou
vlastnosti ENMs je, ze v prub&hu testovani toxicity méni své chovani, tj. aglomeruji, tvoii agregaty,
sedimentuji, interaguji s biomolekulami a dochazi ke zméndm zabarveni prostfedi. Standardni
OECD metody pro stanoveni toxicity chemickych latek byly upraveny pro hodnoceni ENMs, avSak
je pomérné obtizné aplikovat tyto metody v redlnych podminkach, coz je divodem pro snahu najit

lepsi metody pro nano(eko)toxikologii.

Tato dizertacni prace shrnuje dopady materidlli na bazi zeleza, konkrétn¢ Céstic z magnetického
Fe304 a nula-mocného Zeleza (,,zero-valent iron“, ZVI), studiem toxicity téchto Castic a zavedenim
n¢kterych nové modifikovanych a pokroc¢ilych metod. Dulezitym vystupem této prace je pirechod ze

studia jednotlivych mikroorganismi k pfirozené¢ se vyskytujicim mikrobidlnim spole¢enstviim.

Nejprve byly vybrany Fe3O, materidly piipravené pro bioaplikace, na nichz byly pouzity
toxikologické metody laboratorniho méfitka a to na jednotlivych bakterialnich kmenech. Biologicky
efekt téchto castic/materiald byl sledovan na dvou bakteridlnich kmenech: gram-negativni
Escherichia coli a gram-pozitivni Staphylococcus aureus. Zakladni metody modifikované pro
FesO, Castice zahrnovaly stanoveni rychlosti ristu, bunééné Zivotaschopnosti, zmény morfologie a
poSkozeni DNA. Metoda sledovani rychlosti ristu byla stézejni metodou piedevSim proto, Ze je
snadno realizovatelnd, levna a méné Casové naroCna ve srovnani s ostatnimi metodami, piicemz
poskytuje uzitecné informace o inhibici riistu a efektivni koncentraci (,,effective concentration®,
EC). Kombinace viech metod poskytla velmi dobry néstroj pro popis vysledkii toxicity. Uginek
FesO, materiali byl vysledkem typu jejich funkcionalizace, metody syntézy a vybraného
bakterialniho kmene.

Daéle byla sledovana toxicita ¢astic/materiali z nula-mocného zeleza (ZVI), které je ve formé Castic
vyuzivano diky jejich vysoké reaktivit¢ pro remediaci znecisténé pidy, a podzemnich nebo
povrchovych vod. Testované ZVI ¢astice byly specialné upravené pro in situ aplikace snizenim

tendence Kk agregovani a zvySenim jejich mobility, pfi¢emz jejich toxicita byla sledovana na (1)
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pudni gram-negativni Pseudomonas putida v laboratornich podminkach (aerobng), gram-pozitivni
Clostridium perfringens (anaerobn¢) a jednobunécéné zelené fase Chlamydomonas sp.; (2) in situ na
ptirozené¢ se vyskytujicich mikroplanktonnich spolecenstvech. Testovaci metody zahrnovaly
stanoveni rychlosti rastu bakterii/fas, Zivotaschopnosti a zmény morfologie bakterii, membranové
integrity fas, vznik reaktivnich kyslikovych radikal (,,reactive oxygen species®, ROS) a celkovy
vliv na bakterialni spolecenstva ve spodni a povrchové vod€. Nutno zdiraznit, ze v této praci bylo

na environmentalnich vzorcich poprvé pouzito sekvencovani pristi generace.

Pti vyzkumu bylo dosazeno téchto znalosti z hlediska pouzitych metod: (1) pro stanoveni toxicity je
nutné kombinovat metody, aby bylo dosazeno spravné interpretace ziskanych vysledki; (2) je lepsi
vybrat takové metody, které lze pievést zlaboratofe i na vyzkum in situ. FesO, materialy
vykazovaly vyrazngjsi negativni efekt na gram-pozitivnich bakteriich oproti gram-negativnim, a to
jak v dusledku funkénich modifikaci, tak v dusledku technologie pfiipravy téchto materiald.
Plsobeni ZVI ¢astic zaviselo na jejich vlastnosti a podilu reaktivniho Fe(0). Navic bylo v ramci 24
hodinového laboratorniho experimentu zjisténo, ze ZVI ¢astice mély negativni efekt pfedevsim na
anaerobni bakterie. V ptipadé dlouhodobého in situ experimentu ZVI ¢&astice prokazaly urdity
pozitivni Uc¢inek, tim Ze snizuji vysoké koncentrace polutanti a tim umoziluji bioremediacni
procesy. U¢inek ZVI v podzemni a zasobni vodé v pocatku aplikace &asto ukazova na jejich
toxicitu, ale jelikoz koncentrace ZVI rychle klesla diky reakcim s pfitomnymi organickymi
slouceninami a pfitomnym kyslikem, lze tvrdit, ze jejich dopad na pfirozené se vyskytujici

mikrobidlni komunity je velmi maly a spi§ kratkodoby.

Key words: toxicita nanomaterialti, ZVI, Fe;O, materidly, Escherichia coli, Staphylococcus

aureus, Chlamydomonas sp., Clostridium perfringens, mikrobialni spole¢enstva
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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 (ENMSs). 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 (Oberdorster, 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 (Fes0,4) 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).
ZV1 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;
Sevci et al., 2017; Némedek 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; Wactawek 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, IS0O) 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.

e Establishing suitable toxicity methods depending on the target microorganisms and

environment (papers 1 to 7).
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e 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).

e 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).

e 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).

Bacteria:

growth rate,
viability (live/dead),
morphology,
DNA damage

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 Fe3O, 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 Fe;O, particles were synthesized by Dr. Darwish, a postdoctoral researcher at
the Technical University of Liberec. The Fe3O, NMs/NPs were produced and functionalized by
different methods to achieve the best functionalized FesO, 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 mzZVI 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.
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Table 1. Summary of all iron-based NMs/NPs used in this study.

Materials Properties Am)clle
Functionalized Fe;04 NMs/NPs
APTS-Fe30;,, APTS
PEG-Fe30y4, PEG 6
TEOS-Fe;04 TEOS
OA-MNP, OA
PEI-MNP, PEI )
PEI-mC-MNP PEI-mC
PNIPAAm synthesized by different methods:
Fe304-PNIPAAM-1, | (1) emulsion polymerization, 3
Fe304-PNIPAAM-2, | (2) in-situ precipitation,
Fe304-PNIPAAM-3 | (3) physical addition.
Iron-based NMs/NPs
FerMEG12 Fe(0) ~ 80 wt%, <40 pm, <100 nm thick, 13 — 18 m*/g, 247
(Milled-Fe) Flakes
® Fe® ~ 209%, Feyota = 30.3 Wt%, ACiora = 55%, ~1 pm,
Carbo-Fe ) _ 2,4,7
550 - 650 m*/g, sphere-like fragments
Trap-Ox" Fe-Zeolite Si = 38%, Al =1.8%, Fe(ll/111) =1.3% , spheres 2,4,7
Fe-oxide Fe(ll1) = 60%, humic acid coated, 400 nm, 135 m“/g, >4
(Nano-Goethite) sphere-like fragments Y
V] Fe(0) = 74%, C = 2.7%, iron (Z)Xide =23.3%, ~100 nm, .
29.6 m/g
mzVI Fe(0) ~ 95%, C = 1.8%, ~4 um, 0.487 m°/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 Fe3O, 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

Article
Microorganisms Characteristics, source Growth conditions
No.
Bacteria (Prokaryotic cells)
Escherichia coli Aerobic, 37°C, 3 4,5,
Gram-negative, CCM 3954
(E. coli) soya broth medium 6
Staphylococcus aureus Aerobic, 37°C,
Gram-positive, CCM 3953 3,56
(S. aureus) soya broth medium
Pseudomonas putida Aerobic, 27°C,
Soil, Gram-negative, CCM 1977 7
(P. putida) soya broth medium
Clostridium perfringens Anaerobic, 37°C,
Soil, Gram-positive, CCM 4435 | anaerobic basal 7
(C. perfringens) medium
Unicellular green alga (Eukaryotic cells)
Planktonic, motile; Biology Aerobic, 22°C,
Chlamvd Centre CAS, Institute of 5
amydomonas sp. 3 i i )
y p Hydrobiology, Ceske light/dark regime
Budgjovice, Czech Republic. (16h/8h), WC
Mixture of Prokaryotic and Eukaryotic cells
Microorganisms in Harcov  reservoir,  Liberec, | Late summer, natural .

reservoir water

Czech Republic.

water

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.

Article
Methods Endpoints
No.
Cultivation Viability of cultivable bacteria (CFU) 1
Optical density (OD) Bacterial growth rate 3,4,5,6,7

_ Viability, reactive oxygen species (ROS),
Fluorescence microscopy ) ) 2,3,56
membrane integrity (Sytox, PI)

Comet assay DNA damage 3
Optical microscopy Cell morphology, cell numbers 3
Fluorometry (QY) Photosystem |1 efficiency 2,3, 7

Cell numbers, fluorescence of chlorophyll,
Flow cytometry ) _ ) 2
membrane integrity, ROS formation

Next-generation sequencing

Bacterial community structure 1
(NGS)
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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
nZV1 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

Concentration of chemical compounds

ICP-OES )
and dissolved metals
DLS in combination with Size distribution
electrophoresis Zeta potential

Differential centrifugal

sedimentation Size distribution
(DCS)
pH, ORP, dissolved O, 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 | established and
used numerous methods (Table 3) depending on the target microorganisms and conditions for
toxicity study. Moreover, | 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 (Serensen 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 Fe;0,4 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 Il 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

26



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; Sacca et al., 2013; Kim et al., 2010; Fajardo et al., 2013; Jiang et al., 2015; EI-Temsah
et al., 2016; Semerad 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 Fe3O, 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-Fe3O,4 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-Fe;O,4 by prolonged cells. The effective concentration (EC10) of E. coli
affected by APTS-, PEG- and TEOS-Fe30,4 was in the order 0.17, 0.5 and 0.35 g/L compared to
unmodified Fe;O,4 at 0.6 g/L. The EC10 of S. aureus on APTS-, PEG- and TEOS-Fe;0,4 was 0.1,
0.25 and 0.12 g/L compared to unmodified FesO4 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-Fe;0, 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 Fe;O, 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 Fe3O, inhibited the formation of
biofilms of S. aureus. S. aureus was again more affected by all three functionalized Fe3O,4 than
E. coli cells. PEI-mC Fe30,4 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 Fe;O, were synthesized by three different methods: emulsion
polymerisation (FesOs-PNIPAAmM-1), Fe3O4-PNIPAAmM-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 Fe304,-PNIPAAmM-1 and Fe3Oy-
PNIPAAmM-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 Fe;04,-PNIPAAmM-1 and Fe304-
PNIPAAmM-2, while biofilm cluster was increased in Fe3O4-PNIPAAM-2 and Fe;O4-PNIPAAM-
3. However, the PNIPAAm itself had a significant effect on both E. coli length cells and biofilm
clusters. Fe3O4-PNIPAAmM-1 displayed stronger biological effects on both bacterial strains than
Fe304-PNIPAAM-2 and Fe304-PNIPAAM-3 (Fig. 2). S. aureus was more sensitive than E. coli
to all three magnetic PNIPAAmM nanocomposites. Emulsion polymerisation was the most
effective method for synthesising of PNIPAAmM 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
PNIPAAmM (red circles), Fes04-PNIPAAmM-1 (orange diamonds [1]), Fes04,-PNIPAAmM-2 (green
triangles [2]) and Fe3O4-PNIPAAmM-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 Fe;O, 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 um) (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 H,0O, 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 (Sevci 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(ll) followed by higher uptake by algal cells, causing oxidative stress via
the classic Fenton reaction (Lee et al., 2008; Sevci et al., 2011). ZVI toxicity strongly depends

on the percentage of ZVI used and on the surface coating (EI-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
nZV1 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 nZV1 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 mzZVI, samples of natural reservoir microplankton were studied. Total
bacterial species richness and less common bacteria increased significantly when treated with
mZV1 compared to nZVI1. 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).
mZVI1 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(ID/Fe(l11), and indirectly, through rapid oxygen consumption and the establishment of
reductive conditions (Nguyen et al., 2018).
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. F M OPB35_soil_group

Opitutae_vadinHA64
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Day 21 F Day 21 I
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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 nZV1 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).

4001

3 6
Time (days)

-200 "% **

Time (days)

-©- Control B +nzvi A +mzVI

401

30

Relative weight
Relative weight

Mdd /] MdD
1ybBram aanejay

10

00 02 04 06 08 10

Size (um) Size (um)
Figure 5. Example of physio-chemical parameters monitored over the 21-day experiment with
mZVI1 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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) Check for updates Different effects of nano-scale and micro-scale
zero-valent iron particles on planktonic
microorganisms from natural reservoir watery

Cite this: DOI: 10.1039/c7en01120b

Nhung H. A. Nguyen,*2® Roman Spanek,?® Vojtéch Kasalicky, David Ribas,®
Denisa Vlkova,® Hana Rehakova,? Pavel Kejzlar* and Alena Sevci @ *2°

While nano-scale and micro-scale zero-valent iron (nZVI and mZVI) particles show high potential for reme-
diation of polluted soil aquifers and elimination of cyanobacterial blooms, this has required their release
into the environment. This study compares the impact of 100 mg L™ of nZVI and mZVI on natural plank-
tonic microorganisms from a reservoir, incubated in 1.5 L batches over 21 days. In addition to counting
cyanobacterial and algal cell numbers, bacterial community structure was assessed using lon Torrent se-
quencing and the number of cultivable bacteria determined using standard cultivation methods. Surpris-
ingly, while mzVI had no significant effect on algal cell number, cyanobacteria numbers increased slightly
after 14 days (P < 0.05). Algae were only marginally affected by nZVI after seven days (P < 0.05), while
cyanobacteria numbers remained unaffected after 21 days. Total species richness and less common bacte-
ria 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 mZzZVl enhanced Opitutae_vadinHA64
(Verrucomicrobia) and the OPB35_soil_group (Verrucomicrobia). Interestingly, the number of cultivable
Received 24th November 2017, bacteria increased significantly after three days in water with nZVI, and further still after seven days. nZVI
Accepted 16th March 2018 shaped bacterial community both directly, through release of Fe(i)/Fe(n), and indirectly, through rapid
oxygen consumption and establishment of reductive conditions. The strong physico-chemical changes
caused by nZVI proved temporary; hence, it can be assumed that, under natural conditions in resilient
rsc.li/es-nano reservoirs or lakes, microbial plankton would recover within days or weeks.
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Environmental significance

Nanoscale zerovalent iron (nZVI) has been the subject of great interest over the last decade as it is a highly reactive material, capable of rapidly

ilating toxic poll (e.g. chlorinated ethenes) in soil and underground waters. To date, however, most field studies have been performed in
[ i d underg d i As nZVI have been postulated as a possible treatment for harmful cyanobacterial blooms, this study focuses on
the effect of nZVI on natural pelagic microplank in a fresk reservoir. Moreover, we aim to distinguish between the effect of nano- and micro-Zv1
particles on the natural microbial community.

1. Introduction of pollutants, including chlorinated organic compounds and
toxic metal cations."™ Initially applied as granules (>50 pm),
and more recently as a micro-scale ZVI (mZVI) material,” ZVI
is now more often applied as nano-scale ZVI particles
(nZV1).”"® Due to their high specific surface area, micro- and

Zero-valent iron (ZVI) has a long tradition of environmental
application due to its high capacity to clean-up a wide range

4 nsti Fage ek g PR T ; ——
for ials, A Te gies and T . .

University of Liberec (TUL), Studentska 2, 46117 Liberec, Czech Republic. n.ano-sca}e mat'enals are mf)re rt'eactlve than ar anular mate-

E-mail: nhung. Lcz, alena. ul.cz rials, while their small particle size means they can be used

? Faculty of Mechatronics, Informatics and Interdisciplinary Studies, Technical for more diverse applications.'” In addition to the above-

University of Liberec (TUL), Studentska 2, 46117 Liberec, Czech Republic mentioned applications, a number of laboratory studies have

“ Biology Centre of the Czech Academy of Sciences, Institute of Hydrobiology, suggested that nZVvI could also prove useful for prevention of
Ceské Budéjovice, Czech Republic

: 11,12
"Deptmment of Chemical Engineering, Technical University of Catalonia (UPC), y: anobacterial blooms. . . .
ETSEIB, Av. Diagonal, 647, E-08028, Barcelona, Spain Unfortunately, the high capability of ZVI for cleaning-up

# Electronic supplementary information (ESI) available. See DOL: 10.1039/c7en01120b  pollutants in groundwater and soils”'*'* may also have an

This journal is © The Royal Society of Chemistry 2018 Environ. Sci.: Nano
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effect on indigenous microorganisms mediating fundamental
ecosystem processes as they are the first to be exposed to the
particles. Hence, there is an urgent need for the evaluation of
potential risks relating to ecosystem function changes when
using ZVI materials.

Two main mechanisms of direct effect on microbial cells
have been identified for ZVI: generation of reactive oxygen
species (ROS) and the potential to physically damage bacte-
rial or algal cells due to its strong affinity to cell surfaces,"
which can lead to a significant decrease in mobility.'®"” 1t is
well known that ZVI particles_have the potential to release

concentrations in microbial cells can result i
and damage to lipids, proteins and DNA. In ition,

physical interaction of nZvl anm
damage to outer membranes or p ysxca inactivation of

subsequent idati i g
which cou
the other hand,
be beneficial for iron-oxidising bacteria.>?

A careful risk assessment of ZVI particles requires differ-
ent ecotoxicity studies targeting organisms on different eco-
system levels. Consequently, the number of ecotoxicity stud-
ies focusing on microorganisms is increasing; however,
these have mainly been limited to a single species grown
in adequate nutrient media,"®**° a situation far from rele-
vant to natural environment conditions. Despite this, such
studies are important for better understanding more com-
plex studies on microbial communities under natural
conditions.

Generally speaking, all studies on ZVI effects to aquifer
and soil bacterial communities describe shifts in community
structure.”'*'73* The first toxicity study on a whole bacterial
community from the River Thames showed no negative effect
from ZVI particles (100 mg L', nZVI majority of Fe(0), with
27% of boron on the surface, 30-90 nm, and mZVl 99.5% of
Fe(0), 1.5-6.8 um), the number of b,
ter 40 days.

ndance in a se-
ries of microcosm experiments® nor prolonged toxicity on
dechlorinating microorganism during a 300 day anaerobic
column experlment (Nanofer 25, 20% suspension of Fe(0) in

- Némecek et al.

y uction in toxic pol-
lutants allows further biodegradation.*® This finding was fur-
ther supported by repeated in situ application of nZVI (first
round Nanofer STAR, second round Nanofer 25S, 1 g L' and
2 g L™ of 20% suspension in water, respectively) to combat

Environ. Sci.: Nano
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contamination by hexavalent chromium Cr(vi) and chlori-
nated ethenes, which resulted in significant stimulation of
iron-reducing, sulphate-reducing and chloro-resplrmg bacte-
rial growth over the e

dered positive for degra-
datlon of toxic flame rel:ardants Velimirovic et al. reported
five types of mZVI as positively stimulating a CAH-degrading
mixed bacterial culture at concentrations up to 500 mg L™,
while 1-15 g L™ resulted in inhibition depending on mzvI
size.?® mZVI in general has a lower impact on microbes than
nzVl, though comprehensive studies on natural freshwater
communities have yet to be published.

Studies on impact of nZVI on algae or cyanobacteria are
still scarce and are generally limited to single-species cul-
tures, while on mZzZVI effect hav

24 h exposure (EC50: ect significantly
higher than on Desmodesmus subspicatus."’ Two different
nZVI types, Nanofer 258 and Nanofer STAR (70-90% Fe(0)
and 10-30% iron oxides), affected the growth rate of freshwa-
ter Pseudoktrchnerlella subcapttata at concentrati
L' and =12 mg L™, respectiv

alone had no effect.*®

The major objective of this study was to examine the effect

of nZVI and mZVI particles on planktonic microorganisms.
The study was carried out on natural freshwater from a re.
voir, sampled in late summer in

centrations ranging fr
Hence, we used a concentra-
s considered relevant to concen-
trations in thy , where ZVI suspen-
sion quickly dilutes and as this is the limit for hazard
labelling in EU chemical regulations. Centrifuged and filtered
reservoir water was used when assessing the size distribution
of both ZVI materials in order to reveal possible differences
due to sample preparation. We describe the effect of nzZvl
and mZVI particles on prokaryotic (bacteria, cyanobacteria)
and eukaryotic (algae) microorganisms by determining the
number of cultivable bacteria and the number of cyano-
bacterial and algal cells. For the first time, we apply 16S rRNA
amplicon sequencing in order to describe the effect of nZVI
and mzVI on the development of a natural bacterial
community.

This journal is © The Royal Society of Chemistry 2018
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Environmental Science: Nano

2. Material and methods
2.1. ZVI particles

A suspension of nZVI in deionised water was obtained from
the Polytechnic University of Catalonia, Spain. The material
was produced using a novel wet-ball milling process utilising
alumina abrasive and monoethylene glycol (MEG; Scharlab S.
L.) as the grinding media. The nZVI particles had a mean di-
ameter of 160 nm, a maximum size of 540 nm (determined
by scanning electron microscopy [SEM]), a specific surface
area of 29.6 m* ¢! and contained 74.0% Fe(0), 2.7% carbon
and 23.3% of iron oxide.” The mZVI reactive powder (no:
72052910) was provided by Hepure Technologies (USA) and
had a specific surface area of 0.487 m* g ', 95% Fe(0), 1.8%
carbon, <1% oxygen, 1% silicon, 0.1% phosphorus and 1%
sulphur. A 10 g L™ stock suspension of ZVI in deionised wa-
ter was freshly prepared before the experiment. Images of the
pristine particles are presented in Fig. S1.f

2.2. Experimental design and sampling of reservoir water

Water samples were obtained from Harcov reservoir
(50.7702097N, 15.0755733E; Czech Republic) one metre from
the reservoir bank and from a point 10 cm below the surface
on 22 August 2016. The water was immediately transported
in sterile containers (20 L) to the laboratory and the experi-
ment started immediately after arrival. The following variants
were prepared in triplicate in sterile 1.5 L glass bottles: fresh
reservoir water mixed with stock suspension of either nZvI or
mZVI at a final concentration of 100 mg L™" and fresh reser-
voir water only (control without ZVI). Additionally, sterilised
reservoir water and sterilised reservoir water mixed with nZvI
were prepared in parallel as reference controls. The bottles,
illuminated with two 3 metre light tubes emitting visible light
at 670-800 lux (GOSSEN, Germany), were slowly mixed manu-
ally for one minute a day and the position of the bottles ran-
domly changed each day. Sub-samples (160 mL) were taken
after 0, 1, 3, 7, 14 and 21 days for determination of cultivable
bacteria, either as colony forming units (CFU) or number of
cyanobacterial and algal cells. Aliquots for DNA extraction
and 16S rRNA amplicon sequencing were sampled during
days 0, 7 and 21.

2.3. Physico-chemical analysis of reservoir water

The reservoir water (1 L) was sampled separately, in triplicate,
for analysis of chemical parameters (Table S17), determined
using iron chromatography (IC; ThermoFisher) and induc-
tively coupled plasma spectrometry (ICP-OES) on an OPTIMA
2100 DV (Perkin Elmer) spectrophotometer, and total organic
carbon (TOC) using a multi N/C 2100S analyser (Analytik
Jena, Germany).

Concentration of dissolved Fe at 0 and 21 days was mea-
sured using ICP-OES. Water samples with nZVI and mZVI (10
mL) were centrifuged for 30 minutes at 4600 rpm (ROTANTA
460R, Hettich, Germany), the supernatant then being passed
through Amicon Ultracel 3K ultra-filtration filters with a 3

This journal is © The Royal Society of Chemistry 2018

View Article Online

Paper

kDa molecular weight cut-off (Millipore, USA) to separate Fe
ions from the particles.

The pH, ORP and dissolved oxygen concentration was
measured directly at the reservoir and during the laboratory
experiment using a Multi 3430 multi-parameter portable
probe (WTW, Germany).

2.4. Characterisation of ZVI particles in reservoir water

The nZVI and mZVI particles (100 mg L") were suspended
for 24 h in (1) centrifuged reservoir water prepared by spin-
ning for 30 minutes at 6000 rpm, (2) filtered reservoir water
prepared by filtration over a 1.4 pm membrane filter
(Whatman, Life Sciences) and (3) deionised water as a con-
trol. The nZVI and mZVI particles were characterised using a
Zeiss Ultra Plus field-emission SEM (Zeiss, Germany). The
samples were fixed onto aluminium stubs using double-sided
carbon tape and cleaned with RF plasma (Evactron) for 10
min before SEM analysis. SEM images were acquired at an
accelerating voltage of 5 kV at low probe current (about 15
pA) using an InLens secondary electron detector with
SmartSEM software. Subsamples were further analysed for
size distribution using differential centrifugal sedimentation
(DCS) on a DC24000 centrifuge (CPS Instruments, UK) at a
maximum operational speed of 2500 rpm for mZVI and
24000 rpm for nZVI. In addition, colloidal particles of natu-
ral organic compounds were concentrated by centrifugation
of filtered (1.4 pm) reservoir water for 45 minutes at 6000
rpm, with maximum operational speed set at 10000 rpm.
This protocol was adapted from Barnes et al. (2010)."*

2.5. DNA extraction

Reservoir water samples (150 mL) treated with nZVI and
mZVI and untreated reservoir water (control) were pre-filtered
with 20 um filter papers (Whatman, GE Healthcare Life Sci-
ence, China) and then filtered through a Hydrophilic
Durapore PVDF 0.22 pm membrane (Merck Millipore, Ger-
many) for DNA extraction. Briefly, DNA was extracted from
the filter using a FastDNA Spin Kit for Soil (MP Biomedicals,
CA, USA) according to the manufacturer's protocol, with the
Bead Blaster 24 homogenisation unit (Benchmark Scientific,
NJ, USA) employed for cell lysis. Extracted DNA concentration
was quantified using a Qubit 2.0 fluorometer (Life Technolo-
gies, USA) (further details in Dolinova et al., 2016)."°

2.6. PCR amplification and next-generation sequencing (NGS)

All isolated DNA samples for bacterial and cyanobacterial
community analysis were sequenced in duplicate, with two
consecutive polymerase chain reactions (PCR) performed per
sample to amplify DNA from the V4 region (normal and
barcode fusion primers used). In silico analysis of primers
was performed in order to cover as much diversity as possible
while keeping the amplicon size below 400 bp. Amplification
of the V4 region of the eubacterial 16S rRNA gene was
performed with primers 515F (5-TGCCAGCMGCNGCGG-3')"
and barcode 802R (5-TACNVGGGTATCTAATCC-3).** A

Environ. Sci.: Nano
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MOCK community (collection of 6 bacterial genomes pre-
pared in-house) was subsequently sequenced in order to ver-
ify data evaluation (Fig. S2t). PCR cycle conditions were as
follows: first PCR 95 °C for 3 min; 10 cycles at 98 °C for 20 s,
50 °C for 15 s and 72 °C for 45 s, with a final extension at 72
°C for 1 min; second PCR 95 °C for 3 min; 35 cycles at 98 °C
for 20 s, 50 °C for 15 s and 72 °C for 45 s, with a final exten-
sion at 72 °C for 1 min. The concentration of purified PCR
products was measured with a Qubit 2.0 fluorometer (Life
Technologies, USA). Barcode-tagged amplicons from different
samples were then mixed in equimolar concentration. Se-
quencing of bacterial amplicons was performed on the Ion
Torrent platform (Life Technologies, USA), the raw Ion Tor-
rent reads being processed with Mothur software.*® Low qual-
ity reads were removed and sequences were assigned to each
sample. Chimeric sequences were identified using UCHIME™’
and subsequently removed. Sequences exceeding 400 bases
were trimmed and sequences shorter than 180 bases re-
moved. Sequences were classified against Silva database v.
123 with a bootstrap value set at 80%. A cut-off value of 97%
was used for clustering sequences into operational taxonomic
units (OTUs). Sequence data were normalised to group with
the least sequences by randomly selecting a selected number
of sequences from each sample. Cluster analysis by Bray-Cur-
tis dissimilarity was undertaken using Vegan in the R statisti-
cal package.”

2.7. Abundance of ferroxidase enzyme

Ferroxidase enzyme (EC1.16.3.1) abundance in prokaryotes
was conducted using metabolic inference (preferably, but not
exclusively, using NGS) on 16S rRNA gene libraries using
Paprica software,”® based on the phylogenetic placement ap-
proach. Paprica uses pathways/enzymes shared between the
members of all clades on a reference tree to determine which
pathways/enzymes are likely to be associated with a phyloge-
netically placed read. Paprica accepts reads pre-processed by
Mothur software, allowing removal of low quality reads, short
reads and contaminants (e.g. mitochondria, chloroplasts).

2.8. Determination of cultivable bacteria

The number of cultivable bacteria was determined in nzZvi
and mZVI treated reservoir water by counting CFUs in 1 mL
of undiluted and 10-fold diluted samples spread on plate
count agar (BIO-RAD, France) in sterile Petri dishes, with
CFUs counted after seven days incubation at 20 + 2 °C. Culti-
vable bacterial abundance is expressed as CFU per mL.

2.9. Microscopy analysis of phytoplankton

Determination of cell number and filament measurement
was based on Czech standard methodologies (CSN 75 77 17).
Disintegration of the algal and cyanobacterial colonies into
individual cells was undertaken by addition of potassium hy-
droxide (KOH; 0.1 M), then sucking and releasing a 10 mL
sample twenty times using a syringe. The cells were then
counted in a Cyrus I chamber (0.01 mL) using an Olympus

Environ. Sci.: Nano
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BX43 fluorescence microscope (Olympus, Japan) with a blue
excitation filter for algae and a green excitation filter for
cyanobacteria.

2.10. Calculation and statistical analysis

For improved comparison, all data were converted into a fold
change, calculated by dividing the numbers of cells at day 1,
3, 7, 14 and 21 (D,) by the number of cells at day 0 (D). The
differences between treatments and control were compared
using ANOVA and Dunnett's test (GraphPad PRISM, USA).
Significance levels were set at *P < 0.05, **P < 0.01 and ***p
< 0.001.

Three diversity metrics were used to compare the impact
of ZVI particles on bacterial community composition, as de-
scribed in Newton and McLellan (2015).°* Species were de-
scribed using richness, the most abundant taxa/groups
within samples were described using the inverse Simpson in-
dex and the tail statistic was used to describe the diversity of
rare community members. The Mann-Whitney U test was
used to examine whether composition of bacterial commu-
nity exposed to mzVI differed significantly from those ex-
posed to nZVI.

3. Results

3.1. Characterisation of ZVI particles in reservoir water

nZVI and mZVI particles were exposed to two differently pre-
pared reservoir water (centrifugation and filtration) samples
with the aim of removing microorganisms and debris that
disable characterisation of the particles. Particles exposed to
deionised water were considered as a control. Both nZVI and
mZVI tended to aggregate in centrifuged reservoir water
(Fig. 1A and 2A) and filtered reservoir water (Fig. 1B and 2B),
but not in deionised water (Fig. 1C and 2C). mZVI particles
had a normal (Gaussian) distribution from 1 to 5 um, with
the maximum ranging from 3.8 to 4 um in all samples of res-
ervoir and deionised water, as determined by DCS. In con-
trast, nZVI particles were split into two ‘populations’, with a
dominant peak around 110 nm in centrifuged reservoir water
and 120 nm in filtered reservoir water. The smaller popula-
tion always appeared around 600 nm in both variants. In
deionised water, the larger population was detected at
around 100 nm and the smaller around 380 nm (Fig. 1D; see
SEM images of pristine particles in Fig. S11 for comparison).
Compared to centrifuged reservoir water, colloidal particles
of natural organic compounds in filtered reservoir water were
completely missing at fractions <60 nm, while relatively few
particles were observed at >60 nm (Fig. S37).

3.2. Physical-chemical parameters of reservoir water

Temperature remained more or less constant (22.5 + 0.2 °C)
over the 21 day experiment, with the exception of day 0 (sam-
pling in reservoir; 18 °C; Fig. 3A). While the initial pH was
8.0 in untreated reservoir water (control), addition of ZVI par-
ticles caused an immediate significant increase in reservoir

This journal is © The Royal Society of Chemistry 2018
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Relative weight
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Fig. 1 Scanning electron microscopy images of nZV| exposed for 24 h in reservoir water: (A) nZVI in centrifuged reservoir water (CRW); (B) nZVI in
filtered reservoir water (FRW); (C) nZVI in deionised water (DIW) used as a control; scale bar = 1 um; (D) size distribution of nZVI in CRW, FRW and

DIW determined by differential centrifugal sedimentation.

o
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Fig. 2 Scanning electron microscopy images of mZVI exposed for 24 h in reservoir water: (A) mZVI in centrifuged reservoir water (CRW); (B) mzZVI
in filtered reservoir water (FRW); (C) mZVI in deionised water (DIW) used as a control; scale bar = 1 um; (D) size distribution of mzZVI in CRW, FRW

and DIW determined by differential centrifugal sedimentation.

water treated with mZVI (pH 8.8; P < 0.001) and nZVI (8.5; P
< 0.01). The pH then decreased slightly to 7.6 (reservoir wa-
ter), 8.2 (nZVI) and 8.3 (mZVI), but remained significantly

This journal is © The Royal Society of Chemistry 2018

higher than the control after one day and thereupon
remained between 7.2 and 7.6 (with or without ZVI; not sig-
nificant) until the end of the experiment (Fig. 3B). The ORP
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Fig. 4 Abundance of planktonic microorganisms (fold change of D,/Dy over the 21 day experiment using reservoir water with nZVI (+ nZVl),
reservoir water with mzVI (+ mZVI), and reservoir water only as a control); (A) cultivable bacteria, (B) cyanobacterial number and (C) green algae
number. Note: different scales for the y axis. Error bars n = 3. Statistically significant differences (*P < 0.05, **P < 0.01 and ***P < 0.001) compare
the treatment to the control. The actual number of cells is provided in the ESI} (Table S2).
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mvV, P < 0.01) over the next 21 days (Fig. 3C). Dissolved oxy-
gen in the control and mZVI sample was around 9 mg L ™" at
the beginning of the experiment and decreased slightly to ~8
mg L over 21 days. In comparison, nZVI caused a decline to
5.3 mg L' at day 0, declined further to 2.3 and 2.5 mg L™" af-
ter one day and after three days (P < 0.001), respectively,
then increased to 7.8 mg L' (P < 0.05) after seven days; this
situation lasting until the end of the experiment (Fig. 3D). A
reddish-brown colour appeared in bottles containing nZVIl
from day 2, demonstrating presence of oxidised Fe. The red-
dish colour was observed in reservoir water with both nzZvi
and mZVI at the end the experiment (Fig. S47).

3.3. Effect of mZVI and nZVI on planktonic microorganisms

Compared to the untreated control samples, the number of
cultivable bacteria in the nZVI treatment increased geometri-
cally, with a maximum at day 7 yielding 171 x 10> CFU mL™*
(P < 0.001), but then decreased slowly up to day 21, though
still remaining about 3-4 times higher than the control
(Fig. 4A, Table S2Af). Both the control and the mZVI treat-
ments displayed a similar number of CFU with no significant
difference.

Changes in the number of cyanobacterial cells were
recorded in the presence of ZVI particles (Fig. 4B; Table
S2Bt), with numbers increasing over time with mZzVI (signifi-
cantly higher than the control at day 14; P < 0.05) but
remaining comparable to the control with nZVI. The domi-
nant cyanobacterial species at the beginning of the experi-
ment was the colony-forming Microcystis aeruginosa, followed
by M. flos-aquae and Woronichinia naegeliana at lower abun-
dance, and the genus Anabaena sp. rarely recorded. M.
aeruginosa was still dominant after 7 days, while M. flos-
aquae and W. naegeliana became dominant after 14 days, es-
pecially in reservoir water with mZVI.

Early in the experiment, small green algae (Chlorophyta)
dominated the phytoplankton, especially colony-forming
Planktosphaeria sp. followed by Staurastrum sp., Scenedesmus
sp., Tetraedron sp., Monoraphidium sp., Oocystis sp. and
Botryococcus  braunni.  Bacillariophyta, —Dinophyta and
Cryptophyta taxa were only rarely recorded, as were ciliates
and flagellates. The number of small green algae in nZVI was
reduced compared with the control after three days, with this
effect remaining significant for up to seven days (P < 0.05),
while abundance of algae in mZVI remained similar to the
control throughout the study (Fig. 4C, Table S2Ct).

3.4. Bacterial community composition

NGS was used to characterise bacterial communities in the
control and in samples with nZVI and mZVI at day 0, 7 and
21. Diversity tests revealed samples with mZVI as having
higher species richness than nZvI (P < 0.05), particularly as
regards rare community members (tail) (P < 0.05, Table 1).
Moreover, significant differences were observed at both the
family and genus levels when comparing mZVI and nZVI, be-
ing more important towards the end of the experiment (day

This journal is © The Royal Society of Chemistry 2018
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Table 1 Comparison of diversity indices for reservoir water (control) and

reservoir water with nZVlI and mZVI. The numbers in brackets represent
the standard deviation of duplicate samples

Richness Inverse Simpson Tail
Control 161 (28) 10 (1) 20 (4)
nzvi 147 (18) 11 (3) 18 (2)
m2zVI 184 (34) 14 (3) 24 (6)
Mann-Whitney U Richness Inverse Simpson Tail
mZVI-nZvI 31¢ 29 n.s. 32*

“ Indicates significance at P < 0.05; n.s. not significant.

21; family: P < 0.05, genus: P < 0.001). Statistically signifi-
cant changes were also detected between the control and
nZVI/mZVI samples at genus level by day 21 (P < 0.05,
Table 2).

At the beginning of the experiment, untreated epilimnion
water displayed a typical freshwater bacterial community, be-
ing represented in all treatments by the phyla Proteobacteria
(Alpha-, Beta- and Deltaproteobacteria; together 38%),
Actinobacteria (23%), Bacteroidetes (19%), Verrucomicrobia
(10%), Cyanobacteria (4%) and Chloroflexi (2%) (Fig. 5). At
day 7, the relative abundance of Actinobacteria and
Alphaproteobacteria had decreased in all treatments, being
compensated for by an increase in Verrucomicrobia and
Deltaproteobacteria (control and mZVI) or Betaproteobacteria
(nZVvI). After an additional two weeks (day 21), the abundance
of Actinobacteria and Deltaproteobacteria had recovered while
Verrucomicrobia stayed enriched and Alphaproteobacteria re-
duced in the control and mZVI treatments. In nZVI,
Betaproteobacteria (still dominating the bacterioplankton)
were reduced by an increase in Chloroflexi and
Deltaproteobacteria at day 21. Bacteroidetes and Cyanobacteria
were not, or only weakly, affected by the treatment over time.

At the family level, bacterial community structure was also
typical for a freshwater reservoir, consisting of Micro-
bacteriaceae and  Sporichthyaceae (both Actinobacteria),
Burkholderiaceae and Comamonadaceae (both
Betaproteobacteria),  Acetobacteraceae, Caulobacteraceae,
Pelagibacteriaceae, Rhodospirillaceae (all Alphaproteobacteria),
Opitutae (Verrucomicrobia), Flavobacteriaceae and
Saprospiraceae  (both  Bacteroidetes), and Roseiflexaceae
(Chlorofiexi) (Fig. 6). Cluster analysis supported the existence
of three sample groups: i) starting samples, ii) mZVI and con-
trol samples and iii) nZVI samples. Starting samples were
dominated by members of the Pelagibacteraceae (LD12 clus-

ter; 23%), Sporichthyaceae (hgcl_clade; 20%),
Flavobacteriaceae (genus Flavobacterium; 7%),
Comamonadaceae  (genus Limnohabitans; 3%), Micro-

bacteriaceae (‘Candidatus Limnoluna’; 2%) and Roseiflexaceae
(genus Roseiflexus; 1.4%). While trends differed in the pres-
ence of nZVI compared to the control, there was no shift in
structure in mZVI samples. For example, while the
Comamonadaceae and Flavobacteriaceae families were gradu-
ally reduced in mZVI and the control, the family-like group
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Table 2 Differences between control, nZVl and mZVI treatments at the genus and family levels, evaluated using the standard Mann-Whitney U test

Genus level
Day 0 Day 7 Day 21

Control/mZzVl1 n.s. n.s. -
Control/nZvI n.s. n.s. *
mZVI/nZVI n.s. ok ook
Family level

Control/mZvI n.s. n.s. n.s.
Control/nZvI n.s. n.s. n.s.
mZvVI/nZVI n.s. ¥ *

Significance levels: *P < 0.05, **P < 0.01 and ***P < 0.001; n.s. not significant.
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Fig. 5 Phylum and class composition of bacterial populations in the control, mZVI and nZVI treatments. The phylum Proteobacteria is represented
by Alfa-, Beta- and Delta-classes. Phyla with less than 2% abundance are shown as unclassified. Samples without ZVI particles are used as a control

(Ctrl). Note that each sample was sequenced in duplicate.

Opitutae_vadinHA64 increased continuously up to day 21. In
the presence of nZVI, however, Comamonadaceae increased
remarkably after seven days, then decreased after 21 days.
Opitutae_vadinHA64  decreased  continuously  while
Sporichthyaceae declined and remained at the same low level
from day 7 to the end of the experiment (Fig. 6).

At the genus level, a comparison of relative abundance in
the nZVI and mZVI treatments with the control revealed
seven groups with >5% change in total bacterial population
(Fig. 7). In general, the addition of nZVI particles resulted in
more dynamic population shifts (up to 29%) than the addi-
tion of mZVI (<11%). A decline in the LD12 cluster and an
increase in Limnohabitans and in the
Comamonadaceae_unclassified read tags was observed as a
common effect of both materials. Roseiflexus showed a con-
tinuous increase over days 0, 7, but not day 21, following
mZVI treatment, while the opposite trend was observed in
the tribe Opitutae_vadinHA64. The hgcl_clade abundance
remained steady until day 7, but was reduced by day 21. The
tribe OPB35_soil_group was enriched from its initial abun-
dance in nZVI and mZVI treatments, including the control;
however, population growth in nZVI treatment was 5% lower

Environ. Sci.: Nano

than in control after 7 days. Other genus-like groups also
showing 3-5% differences from the control were Azospirillum,
Brevundimonas, Desulfomonile, Flavobacterium, the NS11-
12_marine_group, Polynucleobacter, Roseomonas and the
Bacteria_unclassified group. Flavobacterium, Polynucleobacter
and Roseomonas all profited from nZVI treatment over both
sampling days, while the NS11-12_marine_group was always
depleted. A notable decrease in population size was observed
for Desulfomonile and the Bacteria_unclassified group in nZvI
at day 7. Desulfomonile was also reduced in mZVI at day 7.

3.5. Ferroxidase enzyme

Abundance of enzymes related to iron metabolism in bacteria
was calculated using the Paprica®® pipeline, which conducts
a metabolic inference from 16S rRNA gene sequence libraries.

Compared to the control, the abundance of ferroxidase
changed in the presence of nZVI and mZVI over the 21 day
experiment (Fig. S5t), with the enzyme gradually increasing
in Roseiflexus sp. and the species Roseiflexus castenholizii but

This journal is © The Royal Society of Chemistry 2018
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Sporichthyaceae(hgcl_clade)

(

Roseiflexaceae(Roseiflexus)
Familyl(Microcystis

Bacteria_unclassified(
OPB35_soll_group(-)
Acetobacteraceae(Roseomonas;

&

Syntrophaceae(Desulfomonile
Bdellovibrionaceae(Bdellovibrio)

Cryomorphaceae(Fluviicola)
Opitutaceae(Opitutus
Cyanobacteria_unclassified(-
L

Cytophagaceae(Emticicia)
Methylophilaceae(Methylotenera

Bacteroidetes_unclassified(-

Rhodospirillaceae(Azospirillum)

Relative abundance (%)

0 10 20 30 40

Fig. 6 Heatmap indicating the relative abundance of the major
bacterial families for days 0, 7 and 21. The relationship of the bacterial
composition in each sample is depicted with a cluster dendrogram
based on Bray-Curtis dissimilarity among samples and among families.
The dominant genus rank is provided in parentheses after the family
name (dash ‘-’, when unclassified at genus level). Only those families
with a relative abundance >2% are shown. Data are means from dupli-
cate samples.

decreasing in Fluviicola taffensis (Fig. S6t). Based on our
data, there was no indication of ferroxidase enzyme in the ge-
nus Sediminibacterium.

4. Discussion

The use of commercially produced ZVI particles for remedia-
tion of polluted aquatic habitats has resulted in questions re-
garding their impact on naturally occurring microbial com-
munities.">**** Microbial communities are important in
aquatic habitats as they are responsible for dissolved carbon
transfer to higher trophic levels (the microbial food web con-
cept). They have also been described as key players in the self-
purification of lakes and reservoirs,”® and as such possess
high ecological potential. In contrast to previous studies,” we
opened a black box and identified freshwate

This journal is © The Royal Society of Chemistry 2018
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4.1. Effect of ZVI on phytoplankton and associated bacteria

We observed different effects of nZVI and mZVI on freshwa-
ter reservoir microorganisms (Fig. 4 and 5). Presence of nZVI,
for example, significantly stimulated growth of cultivable bac-
teria but reduced the number of algae on day 3 and day 7,
compared to the control (Fig. 4A and C). On the other hand,
addition of mZVI resulted in a slight increase in cyano-
bacteria, which was rather surprising (Fig. . Whil

y revealed no significant

istinct bacterial consortia with specific

algae is knowrm. In our study, we found
similar bacte; clades as described for the M. aeruginosa

phycosphere in plateau lake,’” i.e. Brevundimonas, the OM27
clade and Roseomonas. The genus Brevundimonas
(Caulobacteraceae) has been described as a keystone species
in particle-associated bacterial communities during M.
aeruginosa blooms®” and, while information on clade OM27
is limited, Roseomonas sequences have been detected in
freshwater bacterial communities associated with cyano-
bacterial blooms in four Swedish lakes.*®

Additionally, we also observed that cyanobacterial colonies
of M. aeruginosa (cells 4-5 pm) dominant up to day 7 in
mZzVl, were then outcompeted by M. flos-aquae and W.
naegeliana (cells 2-3 pm). Small-cell colonies were most prob-
ably more capable of competition for nutrients, because simi-
lar trends were observed in nZVI and control as well. Increas-
ing proportion of disintegrated and partly decayed
cyanobacterial cells towards the end of the experiment could
be caused by depletion of nutrients, and, moreover algicidal
bacteria (e.g. Brevundimonas, Fig. 6) might work against
cyanobacteria. Algicidal bacteria that can associate with
cyanobacteria have the capability to control their prolifera-
tion in fresh w. ;A%

o decline in epletion of bioavailable phospho-
rus,""'* while the decrease of algal number over the 21 days
of the experiment in nZVI, mZVI as well as in control strongly
suggests the nutrient limitation. Consequently, bacteria
decomposing algal cell walls were favoured by the availability
of polysaccharides. We speculate that the increase in relative
abundance in th B35_soil_group (Verrucomnai ia, Fi

4.2. Oxygen and ORP drive microbial community
composition

Compared with the con

quently, the
(Chitinophagaceae

creased with nZVI, but not
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A) nZVl B) mZV| ® Comamonadaceae_undlass.
® hgel_clade
l ™ LD12_cluster
Doy 7 I - R
W OPB35_soil_group
¥ Opitutae_vadinHA64
I I W Roseiflexus
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Day 21 _ Day 21
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Fig. 7 Impact of ZVI particles on the development of genus-like groups of the most abundant bacteria from the Harcov reservoir. Values were

calculated as differences in relative abundance in A) nZVI and the control, or B) mZVI and the control, after 7 and 21 days. The values are means
from duplicate measurements. Only those genera or tribes with a relative difference >5% are shown.

in the control or with mZvl (Fig. 6). Moreover, the low
oncentration most

robably affected

)

In support of our h: is, the addition of n

favoured growth

acterivore-free (<0.8 um) treatments.®” In con-
trast, the freshwater LD12 cluster (Alphaproteobacteria) and
Verrucomicrobia, witl
pleted in the same treatments.
(though persistent over the 21 days) cau
in Opitutae_vadinHA64 and OPB35_soil (Verrucomicrobia) be-
ing slightly enriched. Opitutae_vadinHA64 have recently been
er lakes with higher
similar to that in the
mZVI treatment, and thus w n assume that this cluster
prefers aerobic conditions. Unfortunately, Verrucomicrobia
are still poorly understood, many publications have noted
that different members of this group have different oxygen
requirements, some being strict aerobes while others are fac-
ultative anaerobes or strict anaerobes.®””?

4.3. Response of rare bacterial taxa

Rare bacteria have been proposed as drivers of key functions
in aquatic systems as they outnumber the dominant group
diversity and each represents a specific metabolic combina-
tion.”” Their appearance in samples after experimental ma-
nipulation suggests that conditions differed from in situ res-
ervoir conditions, where they were almost absent. Our
experiment promoted growth of the biofilm-forming taxa

Environ. Sci.: Nano

Azospirillum  (Rhodospirillaceae, Alphaproteobacteria) and
Paludibacter (Porphyromonadaceae, Bacteroidetes), both hav-
ing a negligible relative abundance at day 0 but increasing

dramatically over the next three weeks of the experiment
(Fig. 6* bacteria are diazotrophs with the capac-
ity for sulphur-chemolithotrophy.”* The strictly anaerobic

Paludibacter has previously been reported as the most abun-
dant genus on biofilms forming on particles of 0.02-0.2 mm
under static conditions.”” Similarly, the genus Desulfomonile,
which bloomed after seven days but then vanished up until
day 21 in both treatments (Fig. 6), has previously been
reported as a rare taxa from acidic peatlands responding to
sulphate incubation.”® Populations of the filamentous bacte-
ria ‘Candidatus Aquirestis’ (LD2/SOL cluster, Bacteroidetes)
benefitted from the experimental setup and established
strong populations in nZVI and reservoir water after 21 days.
These bacteria primarily inhabit the pelagic zone of non-
acidic stagnant inland waters and show a strong spring peak,
with minor peaks in summer and early autumn.”” To con-
clude, the emergence of rare bacterial taxa indicates changes
in water chemistry and the availability of nutrients. In our
study, this appears to have been due to increasing nitrogen
limitation, a higher availability of sulphur and iron, and the
decay of algae with polysaccharide cell walls.

4.4. Oligotrophic bacteria depletion in nZv1

Manipulation experiments may lead to nutrient depletion
during transfer from a dissolved to a particulate (biomass)
fraction. The freshwater clusters hgcl (Actinobacteria) and
LD12 (Alphaproteobacteria) are small slow-growing bacteria
with a passive life style favoured by oligotrophic condi-
tions.®® We hypothesise that their relatively high abundance
in the reservoir water control and mZzVI treatments could
serve as indicators of nutrient depletion, while their lower
numbers in the nZVI treatment suggest nutrient
remineralisation.

This journal is © The Royal Society of Chemistry 2018
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In soils, Verrucomicrobia generally displays an oligotrophic
life strategy.”® Currently, members of the phylum
Verrucomicrobia are increasingly being recognised as abun-
dant species in aquatic habitats,*® with prevalence of cluster
CL0-14 being negatively correlated with high pH and posi-
tively correlated with hydraulic retention time and tempera-
ture, as are the oligotrophic clusters LD12 (freshwater SAR11
cluster) and LD28 (Methylopumilus spp.).”® Our manipula-
tions demonstrated a striking decrease in the abundance of
the Verrucomicrobia cluster Opitutae_vadinHA64 after nZvIl
addition, similar to that for the hgcl and LD12 clusters
(Fig. 6). The Opitutae_vadinHA64 cluster represents around
80% of all Verrucomicrobia in the Harcov reservoir; hence, it
has great potential as an indicator clade of nZVI. However,
more information is still needed on its ecophysiology, distri-
bution, phylogeny and diversity.

4.5. ZVI particles enhance growth of bacteria with ferroxidase

Typically for natural freshwaters, dissolved Fe(u) was found at
very low concentrations (0.1 to 0.01 mg L™'; Table S37) in this
study. On the other hand, oxidation of Fe(0) releasing soluble
Fe(n), which was further converted into insoluble Fe(m), was
ongoing throughout the experiment.®® Iron oxidising bacteria
may have caused the increase in cultivable bacteria, also
supported by the simultaneous increase in ferroxidase en-
zyme, a key enzyme in Fe(n) oxidation. The most probable
source in this case was the nZVI, which can supply extra Fe(u)
for bacterial metabolism.

To date, all known oxygen-dependent, neutrophilic and
lithotrophic iron oxidisers have been recorded within the
Proteobacteria®®' and for Comamonadaceae in groundwaters
at neutral pH.*> In this study, however, we confirmed
Roseiflexus sp. and Roseiflexus castenhozii as being heavily in-
volved in the increase of ferroxidase, a fact not reported else-
where (Fig. S5 and S67). Similar trends were observed in a
microcosm study on the River Thames, the authors presum-
ing that the increase in total bacteria was attributable to the
Fe oxidation process itself."> In a previous study,
Sediminibacterium was identified as an iron-oxidising bacte-
rium actively promoting the corrosion of cast iron pipes
alongside sulphur-oxidising and iron-reducing bacteria.*® In
our study, the comparable levels recorded in the control and
mZVI treatment suggest that Sediminibacterium were not pro-
moted by the addition of ZVI particles.

4.6. ZVI particle fate in the aquatic environment

The behaviour of nZVI and mZVI is strongly dependent on
environmental conditions. In our case, the detection and
measurement of ZVI particles was only possible after centrifu-
gation or filtration, following the removal of large debris par-
ticles or microorganisms. As with mzvI, nZVI tended to show
higher aggregation/agglomeration in centrifuged rather than
filtered reservoir water (Fig. 1 and 2), most probably due to a
higher content of colloids that remained after centrifugation.
Hence, we believe that centrifuged reservoir water is more

This journal is © The Royal Society of Chemistry 2018
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comparable to natural reservoir water than filtered water.
Stronger particle aggregation is often connected with higher
pH values'®' and, indeed, water from the Harcov reservoir
was somewhat alkaline (pH 8.0). The pH increased still fur-
ther up to 8.8 with ZVI as an electron donor (Fig. 3), though
the pH decreased to ~7.4 over the next 21 days in both ZVI
treatments. Under the oxic conditions in our study, released
Fe(u) quickly oxidised to Fe(m) and most probably formed sta-
ble colloids with natural organic matter®® that were not
harmful to microorganisms. Moreover, the aggregated ZVI
particles rapidly formed a sediment, which could reduce their
effect on freely-swimming microorganisms in the water col-
umn, allowing them to escape direct contact.”**° Oxidation
of nZVI led to a decline in ORP and dissolved oxygen concen-
tration after one day (Fig. 3), which had a strong influence
on shifts in bacterial community, as described above. How-
ever, these values increased again as nZVI oxidised and re-
ductive capacity was spent, resulting in values comparable
with the control, the process being driven further by the
growth and activity of the microorganisms described above.

5. Conclusions

In general, nZVI showed a stronger effect on planktonic
microorganisms than mZVI, most probably due to its higher
reactivity. nZVI significantly stimulated the growth of cultiva-
ble bacteria and iron-oxidising bacteria but slightly reduced
the growth of algae. Phagotrophic flagellates and ciliates were
most probably affected by low dissolved oxygen concentra-
tion, such conditions releasing bacteria from grazing pres-
sure and shifting the community from small grazing-
resistant prokaryotes to fast-growing opportunists. In support
of this hypothesis, nZVI strongly favoured growth of the fac-
ultative anaerobe Limnohabitans and other opportunist bacte-
ria that can come to dominate in bacterivore-free treatments,
whereas the LD12 cluster and Verrucomicrobia, with slow-
growing life strategies, were depleted. Unexpectedly, mZVI
resulted in a slight increase in cyanobacterial number, which
could be explained by increase in small-cell colonies of M.
flos-aquae, and W. naegeliana. Further in situ studies that
more realistically mimic reservoir conditions could well re-
veal 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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ARTICLE INFO ABSTRACT
Keywords: As nanoremediation strategies for in-situ groundwater treatment extend beyond nanoiron-based applications to
Biological effect adsorption and oxidation, ecotoxicological evaluations of newly developed materials are required. The biological
FerMEG12 effects of four new materials with different iron (Fe) speciations ([i] FerMEG12 - pristine flake-like milled Fe(0)
Carbo-Iron

nanoparticles (nZVI), [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) were studied using
the unicellular green alga Chlamydomonas sp. as a model test system. Algal growth rate, chlorophyll fluores-
cence, efficiency of photosystem II, membrane integrity and reactive oxygen species (ROS) generation were
assessed following exposure to 10, 50 and 500 mgL ™" of the particles for 2h and 24 h. The particles had a
concentration-, material- and time-dependent effect on Chlamydomonas sp., with increased algal growth rate
after 24 h. Conversely, significant intracellular ROS levels were detected after 2 h, with much lower levels after
24h. All Fe-nanomaterials displayed similar Z-average sizes and zeta-potentials at 2h and 24 h. Effects on
Chlamydomonas sp. decreased in the order FerMEG12 > Carbo-Iron® > Fe-zeolite > Nano-Goethite.
Ecotoxicological studies were challenged due to some particle properties, i.e. dark colour, effect of constituents
and a tendency to agglomerate, especially at high concentrations. All particles exhibited potential to induce
significant toxicity at high concentrations (500 mg L~"), though such concentrations would rapidly decrease to
mg or pg L' in aquatic environments, levels harmless to Chlamydomonas sp. The presented findings contribute
to the practical usage of particle-based nanoremediation in environmental restoration.

Trap-Ox Fe-zeolite
Nano-Goethite
Chlamydomonas sp.

1. Introduction ions due to their high reductive capacity (Kéber et al., 2014; Mueller

et al., 2012). Further, emerging particulate materials containing Fe as

Iron (Fe)-based materials possess remarkable potential for the re- Fe(0), Fe(Il) and Fe(III), where the Fe species act as reductants or sor-

mediation of soil aquifers, groundwater and cyanobacterial blooms bents for metals and metalloids, have been used successfully in mi-

(Bardos et al., 2015; Ribas et al., 2016; Sharma et al., 2016). Numerous crobiological contaminant degradation or as heterogeneous Fenton

in-situ applications of zero-valent iron (ZVI) nanoparticles have proved catalysts (Bardos et al., 2015; Mackenzie et al., 2016; Gillies et al.,
a powerful tool in the clean-up of chlorinated ethenes and toxic metal 2017).

Abbreviations: AC, activated carbon; DLS, dynamic light scattering; FCM, flow cytometry; FE SEM, field-emission scanning electron microscopy; FU, fluorescence units; nZVI, nanoscale
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The overall impact of materials containing Fe(0) on aquatic eco-
systems (introduced intentionally or accidentally) remains questionable
(Bardos et al., 2015). Other nanomaterials also have the potential to
seriously affect aquatic microorganisms such as microalgae, primary
producers that play a key role in healthy ecosystems (Adeleye et al.,
2016; Klaine et al., 2008). While iron is an essential nutrient in small
amounts, increased loading of Fe(II)/Fe(IIl) ions can rapidly accumu-
late in the cells of aquatic organisms, resulting in oxidative stress due to
the generation of oxide and hydroxide radicals via the Fenton reaction
(Crane and Scott, 2012; Davies et al., 2000; Franqueira et al., 2000;
Gillies et al., 2016). Moreover, ZVI particles show a strong affinity for
cell surfaces; thus, they have the potential to physically damage bac-
terial or algal cells (Auffan et al., 2008; Lei et al., 2016).

A number of Fe-containing materials have been developed under the
European FP7 project NanoRem (for more information see nanorem.eu)
in order to provide new and improved materials for treatment of con-
taminated environments from a broader contaminant spectrum and to
offer improved cost effectiveness and safety during transportation and
application (Bardos et al., 2015). Up to now, nanoremediation using in-
situ generation of permeable reactive barriers or zones through particle
subsurface injection has been dominated by nanoiron-based materials.
With the introduction of particles with different abilities, nanor-
emediation has been extended to support bioremediation, advanced
oxidation and sorption-assisted clean-up strategies in permeable bar-
riers.

During large-scale in-situ applications, such as those reported for
ZVI injection for the treatment of chlorinated organic contaminants
(Mueller et al., 2012; Soukupova et al., 2015), suspensions containing
up to 10 gL~ ! of particles are typically injected. Following migration of
in-situ applied nanoscale ZVI (nZVI) suspensions within the treated
aquifer or water body, Fe concentrations are expected to decline to
mgL ™! levels or lower (Mueller et al., 2012); hence, ecotoxicological
studies should be aimed at such concentrations.

The present study attempts to assess the biological effects of such
Fe-containing materials on an aquatic microorganism commonly found
in fresh water and soils, Chlamydomonas sp., using multiple biological
end-points, i.e. growth rate, chlorophyll fluorescence, photosystem II
(PSII) quantum efficiency, membrane integrity and intracellular re-
active oxygen species (ROS) generation. The algal system was chosen as
it is usually associated with contact effects to the cell wall rather than
particle incorporation. In addition, behaviour of the Fe-containing
materials in the exposure medium was characterised in terms of size,
zeta-potential and effect on pH and oxidative reductive potential (ORP).

2. Material and methods
2.1. Fe-containing materials

Four newly developed Fe-containing materials intended for sub-
surface application as suspensions were examined (see Table 1 for
particle descriptions and an overview of their constituents and intended
use). The materials were received as dry powders and suspended ac-
cording to the producers’ instructions.

FerMEG12 are metallic ZVI particles that are produced mechanically
using a two-stage top-down process and are one of the emerging par-
ticles for in-situ groundwater reduction (Kéber et al., 2014). Particles
of < 40 pm were first generated by dry milling and then more finely
ground by wet milling in bivalent alcohol. The milling process forms
nanostructured flake-shaped particles.

Carbo-Iron” is a composite of ZVI-nanostructures embedded in ac-
tivated carbon (AC) particles of about 1 pm. Carbo-Iron” was synthe-
sised carbothermally following a wet impregnation step, where the
pores of the colloidal AC particles are filled with ferric nitrate (Fe
(NO3)3) (Bleyl et al., 2012). Electron microscopy following reduction
indicates nZVI clusters of predominantly dge = 50 nm built into the AC
grain (Mackenzie et al., 2012).
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Fe-zeolites is a porous Fe-exchanged alumosilicate mineral particles
of the beta-zeolite type with 1.3 wt% total Fe (Gillies et al., 2017) that
catalytically activate oxidising agents such as hydrogen peroxide
(H0,) (Gonzalez-Olmos et al., 2013). With a specific surface area of
602m> g~! (N,-BET) and a water-filled pore effective density of
p = 1.7 gem ™3, the particles show favourable sedimentation behaviour
(i.e. 11-15mm h™?) for in-situ application (Gillies et al., 2016, 2017).

Nano-Goethite is produced using an industrial FeOOH precursor that
undergoes ultrasonification and coating with a layer of a natural or-
ganic polymer that results in electro-steric stabilisation (Bosch et al.,
2010; Braunschweig et al., 2013). A stable stock suspension of
100 g L.~ ! Nano-Goethite with a mean particle size of 400 nm can be
generated in this way.

The shape and particle size of the Fe-containing materials were
determined using a Zeiss Ultra Plus field-emission scanning electron
microscope (FE SEM). Samples were fixed to aluminium stubs using
double-sided carbon tape and cleaned with RF plasma (Evactron) for
10 min before image acquisition. For further details, see Supporting
information Fig. S1.

Suspension stabilisers are added in order to generate suspensions
stable enough to be injected without major agglomeration (Table 1),
carboxymethyl cellulose being added to the FerMEG12 and Carbo-Iron®
suspensions and a humic-acid coating used for Nano-Goethite. No sta-
biliser was added to Fe-zeolites, as it forms a stable suspension.

2.2. Characterisation of Fe-containing materials in the algal exposure
medium

The hydrodynamic diameter of each particle type was determined at
a range of suspension concentrations (10, 50 and 500 mg L™ ") in algal
growth medium through dynamic light scattering (DLS) using a
Malvern Zetasizer Nano ZS (Malvern Instruments, UK) with a 633 nm
laser source and a detection angle of 173°. The same instrument was
used to measure electrophoretic mobility, which was subsequently
transformed to zeta potential using Smoluchowski's approximation.
Each sample was measured in triplicate at 30s intervals. At the be-
ginning and end of each toxicity test, ORP and pH were measured using
a standard multimeter (WTW, Germany).

2.3. Algal cultures and exposure conditions

The Chlamydomonas sp. used in this study (originally isolated from
the Lipno reservoir, Czech Republic) was obtained from the Biology
Centre of the Czech Academy of Sciences. The algae were cultivated in
Guillard-Lorenzen medium (Guillard and Lorenzen, 1972) (Table S1) in
an incubator (PlunoTech, Czech Republic) with a 150 rpm shaker and
temperature set to 22 + 2°C, applying a light: dark regime of 16:8h
with light intensity set to 1200 lux. The culture was harvested during its
exponential growth phase and re-suspended in the exposure media to a
cell density of 1 x 10° cellsmL ™.

Based on preliminary experiments, where 5mg L~ of Fe-containing
material showed no effect and 1000 mgL ™! interfered with measure-
ment, toxicological effect was assessed through exposure to 10, 50 and
500mgL~" for 2 and 24 h. The experiments were carried out in fully
light-transmitting plastic vials containing 5 mL of Chlamydomonas sp.
and the particle suspension. Negative controls without particles were
run in parallel. Exposure experiments were performed under the same
conditions (light, temperature and agitation regimes) as those described
for the stock algal culture. Possible effects due to shading and particle
sedimentation were also considered, particularly as high material
concentrations produced a dark (FerMEG12 and Carbo-Iron®; Figs. S2
and S3), skimmed milk-like (Fe-zeolites; Fig. S3) or light brown-red
(Nano-Goethite; Fig. S3) suspension. After 2h and 24h exposure,
250 L sub-samples were taken and examined through flow cytometry
(FCM) in order to assess algal cell number, cellular membrane integrity
and chlorophyll fluorescence. The effect on the ROS generation and
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algal PSII was also determined.

2.4. Determination of particle effect on membrane integrity and growth rate

A 250 pL aliquot of each sample was transferred to a Microtiter® 96-
well flat-bottomed plate and Sytox Green or propidium iodide (PI)
fluorescent probes (Life Technologies, Switzerland) were added to the
sample at final concentrations of 1 uM and 7 uM, respectively. These
probes stain the DNA of affected cells by penetrating impaired cell
membranes. The plates were incubated in the dark for 20 min before
FCM measurement. Each algal suspension was then passed through a
BD Accuri C6 Flow Cytometer (BD Biosciences, USA) with a blue
488 nm excitation laser. Green fluorescence of Sytox Green was mea-
sured using the 533/30 nm FL1 channel, red fluorescence of PI using
the 585/40 nm FL2 channel and red chlorophyll autofluorescence using
the > 670nm FL3 channel. Cells treated in hot water (100°C) for
15 min were used as a positive control to test whether the Fe-containing
materials interfered with probe staining (Fig. S4). Unexposed algae
stained with a fluorescent probe were also included as a negative
control. One vial was covered with aluminium foil to create dark con-
ditions mimicking the shading effect caused by the dark colour of the Fe
materials. Data were analysed using CFlow Plus software (BD Bios-
ciences, USA). The percentage of autofluorescence, cell membrane in-
tegrity and PI (Cheloni et al., 2014, 2016) are all illustrated in the FCM
analysis section (Figs. S5 and S6). Determination of algal growth rate
(cellsh™) = (Nagp — Nay) / (24-2 h); where Ny, is the number of cells
after 2h exposure and N4y, is the number of cells after 24 h exposure.
Chlamydomonas produces a new generation approximately every 24 h;
hence, the algal cell number at inoculation time (0h) and 2h was
considered as similar.

2.5. Determination of the effect of particles on intracellular ROS generation

Sub-samples of 200 uL were taken after 2h, 4 h and 24 h and stained
with carboxy-H2DCFDA C-400 (Molecular Probes, Thermo Fisher
Scientific Inc.). The intracellular ROS staining procedure used followed
that detailed in Szivék et al. (2009). Cells were treated with H,0, (final
concentration 100 mM) in a preliminary test to verify the ROS staining
procedure. An algal culture without particles was used as a negative
control. Fluorescence was measured using a Synergy HTX plate reader
(BioTek, USA) with excitation set at 485 nm and emission at 528 nm.
The results are presented as the ratio between fluorescence units (FU) in
the presence of particles (FUg) versus FU for controls without particles
(FUyp): FUR/FU,,.

2.6. Determination of particle effect on PSII

Suspensions of the all particle types were added to the same algal
cultures (cell density approximately 1 x 10° cells mL™~') in 30 mL glass
flasks in order to achieve final concentrations of 50 and 100 mg L~ 'of
FerMEG12 and Carbo-Iron®, and 50, 100 and 500 mg L. ™! of Fe-zeolites
and Nano-Goethite. An algal culture without particles was used as a
negative control and incubated in the dark, mimicking the dark colour
of the materials. Aliquots (2.2mL) of each sample were taken im-
mediately and after 24 h incubation to determine their effect on the PSII
quantum yield (PSII QY) using an AquaPen-C AP-C 100 fluorometer
(PSI Ltd., Czech Republic). All measurements were dark-adapted for
5min and undertaken in triplicate. QY, which represents the ratio of
variable fluorescence (F, = F, — Fo) to maximum fluorescence (F,): QY
= F,:Fp, is used as a proxy of photochemical quenching efficiency
(Maxwell and Johnson, 2000). F,, was obtained by applying illumina-
tion (3000 umol photons m~2 s~ ') at 680 nm for a few seconds, with
minimal fluorescence (Fy; the initial measurement at minimum fluor-
escence levels in the absence of photosynthetic light) determined at 50
ps.
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2.7. Optical microscopy

Untreated Chlamydomonas cells (negative control), hot-water
treated cells (positive control) and cells exposed for 2h and 24 h to the
four Fe-containing materials (500 mgL~") were visualised using an
Axiolmager microscope (Zeiss, Germany) equipped with an
AxioCam ICc1 digital camera and AxioVision SE64 software.

2.8. Statistical analysis

Differences in the effects observed for Chlamydomonas exposed to
different particle concentrations and unexposed Chlamydomonas were
tested using ANOVA and Dunnett's test (GraphPad PRISM, USA), with
significance levels set at * P < 0.05, ** P < 0.01 and *** P < 0.001.

3. Results

3.1. Characterisation of Fe-containing materials in the algal exposure
medium

Nano-Goethite had the smallest Z-average hydrodynamic size
(207-288 nm) of all the materials tested, being about 3.5 times smaller
than that of Fe-zeolites (Table 2). For Carbo-Iron® and FerMEG12, Z-
average size ranged from 1289 to 2874nm and 3726-4974 nm, re-
spectively, with higher values for FerMEG12 being due to agglomera-
tion. No significant difference in Z-average size was observed at 2 h and
24h after dispersion in the algal exposure medium (Table 2).
FerMEG12 and Nano-Goethite both displayed monomodal size dis-
tributions, while Carbo-Iron® and Fe-zeolites both showed bimodal
number- and scattered light intensity-based size distributions (Fig. S7).

With the exception of FerMEG12, which showed positive zeta po-
tential values (+ 5mV) at high concentrations (500 mg L™ "), all other
materials displayed negative Zeta potentials (- 8 to - 35mV; Fig. 1),
with no significant difference in Zeta potential at 2h and 24 h for all
materials. For all particle types, negative values increased slightly as
the concentration increased.

Growth medium pH values ranged between 7 and 8 for all
Chlamydomonas samples following dispersion of the Fe materials (Fig.
S8A). In the presence of Carbo-Iron®, Fe-zeolites and Nano-Goethite, pH
values were comparable with those in the absence of Fe-containing
materials. The pH of algal medium containing FerMEG12, however,
increased to 8 at highest concentrations (500 mgL~"). ORP values for
cultures without particles were in the range of + 80 to + 210 mV (Fig.
S8B). In contrast, the ORP for FerMEG12 ranged between —200 and
—300 mV at time 0, but was comparable with the other particle types at
+ 80 to + 180mV at 24 h.

3.2. Effect of Fe-containing materials on growth rate and cell morphology
Growth rate in the presence of Fe-containing materials was not

Table 2
Z-averaged particle size determined in algal growth medium after 2h and 24 h. The re-
sults represent the average of three replicated experiments.

Particles Z-average size after 2h (nm = SD)
10mgL~! 50mgL~"! 500 mgL~"!
FerMEG12 4076 = 320 3726 * 580 4608 * 243
Carbo-Iron® 2874 + 1005 1515 + 183 1289 + 26
Fe-zeolites 845 = 114 810 + 88 789 + 41
Nano-Goethite 254 +1 288 + 80 233 +11
Z-average size after 24 h (nm * SD)
FerMEG12 4974 + 1426 4721 + 380 4426 * 340
Carbo-Iron® 2037 * 656 1643 + 174 1326 + 16
Fe-zeolites 977 * 420 798 £ 114 856 + 58
Nano-Goethite 207 +3 251+ 6 245+ 2
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Fig. 1. Zeta-potential of particle surfaces at different concentrations after 2h and 24 h
dispersed in algal growth medium. Error bars = standard deviation of triplicate samples.
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Fig. 2. Effect of four particle types on algal growth rate (cellsh ') measured with FCM.
Exposure conditions: FerMEG12, Carbo-Iron’, Fe-zeolites and Nano-Goethite at con-
centrations of 10, 50, 500 mgL~'. The error bars represent the standard deviation of
triplicate samples. Significance levels * P < 0.05, ** P < 0.01, and *** P < 0.001.

reduced compared with growth rate in the dark without particles
(3.8 x 10* cellsh™, P < 0.001; Fig. 2). In general, growth rate de-
creased gradually as Fe-material concentration increased. At
500mgL ™", growth rate was reduced to 4.4 x 102 cellsh™' for
FerMEG12 and Carbo-Iron® (P < 0.001), 1.1 x 10* cells h™" for Fe-
zeolites (P < 0.001) and 4.9 x 10* cellsh™! for Nano-Goethite
(P < 0.01) compared to the unexposed control (8.7 x 10* cells h™Y).
When algal cells were grown in the presence of 50mgL~! of
FerMEG12, growth rate was reduced significantly (P < 0.001), while
Fe-zeolite and Nano-Goethite both showed a slightly lower but still
significant negative effect on growth rate (P < 0.05). The same con-
centration of Carbo-Iron®, however, appeared to have no effect on
growth rate. At the lowest particle concentration (10 mgL~?), algal
growth rate was comparable with that for the untreated control culture
(Fig. 2) for all test materials.

Microscopic analysis revealed that algal cells were often associated
with particle agglomerates following short-term (2h) exposure with
FerMEG12 and Carbo-Iron” but not with Fe-zeolites and Nano-Goethite
(Fig. S9A, C, E, G). Interestingly, after 24h exposure, all algal cells
tended to detach from the agglomerates and revert to a dispersed
single-cell state (Fig. S9).

3.3. Effect of Fe materials on algal chlorophyll fluorescence and PSII
efficiency

The percentage of cells with altered chlorophyll fluorescence
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Fig. 3. Effect of Fe materials on chlorophyll fluorescence in Chlamydomonas cells.
Exposure conditions: FerMEG12, Carbo-Iron®, Fe-zeolites and Nano-Goethite at con-
centrations of 10, 50, 500 mg L™, duration 2 h and 24 h. The chlorophyll fluorescence of
unexposed control represents 100%. The error bars represent the standard deviation of
triplicate samples. Significance levels * P < 0.05, ** P < 0.01, and *** P < 0.001.

(extracted from FCM channel FL3; Fig. S6) increased significantly after
2h exposure to FerMEG12, Carbo-Iron® and Fe-zeolites at concentra-
tions of 50 and 500 mg L', and to Nano-Goethite at concentrations of
500 mg L' only (85.6%). Although less pronounced, the same trends
were observed after 24 h exposure (Fig. 3).

The above observations were consistent with an effect on PSII QY,
an indicator of photosynthetic efficiency. PSII QY values for
Chlamydomonas exposed to 10 mg L ™! of each material for 2h and 24 h
were comparable with those for unexposed controls (Fig. 4). In contrast,
exposure to FerMEG12 for 24 h at 50 mg L™ " resulted in a reduction of
PSII QY. Fe-zeolites and Nano-Goethite at 500mgL ™" caused a sig-
nificant increase in PSII QY after 2 h exposure but not after 24 h. The
dark colour of FerMEG12 and Carbo-Iron® (500 mg L™ ') precluded re-
liable measurements of QY, thus control samples kept under dark

[} mg L™ in the dark
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Fig. 4. Effect of Fe materials on the quantum yield (QY) of photosystem II (%) of
Chlamydomonas after 2h and 24h exposure to Fe-NMs at 0, 10 and 50mgL~'
(FerMEG12, Carbo-Iron”) and 0, 10, 50 and 500mgL~" (Fe-zeolites, Nano-Goethite).
Grey bars are control algae grown without nanoparticles in the dark. The control without
particles represents 100%. NA = not analysed as the dark colour induced by the particle
suspensions interfered with measurement. The error bars represent the standard deviation
of triplicate samples. Significance levels * P < 0.05, ** P < 0.01, and *** P < 0.001.
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Fig. 5. Fluorescence unit (FU) ratios (FUg/FUp) of ROS production in Chlamydomonas cells after 2h and 24 h exposure to FerMEG12, Carbo-Iron®, Fe-zeolites and Nano-Goethite at
concentrations of 10 (green circle), 50 (blue up-triangle) and 500 (red square) mg L~ '. FUg: florescence unit of exposed algae to Fe-NMs, FU,, non-exposed Chlamydomonas cultures. The
dotted line (—) represents the control and the error bars represent the standard deviation of triplicate samples. Note the different y-axis scales. Significance levels * P < 0.05, **
P < 0.01, and *** P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

conditions mimicked the shading effect. In the complete dark, algal
chlorophyll fluorescence was progressively reduced to 92.0%
(P < 0.001) over 24 h. Correspondingly, PSII QY was significantly re-
duced after 2 and 24 h (Fig. 4).

3.4. Effect of Fe materials on cellular ROS generation and membrane
integrity

There was no clear trend in ROS production in the particle-treated
Chlamydomonas sp. (Fig. 5). FerMEG12 caused a significant increase in
ROS at 500 mg L~ ! after 2 h, and at all concentrations after 4 h. After
24 h, however, ROS formation was reduced at lower exposure con-
centrations (10, 50 mg L™ to levels comparable with untreated cells,
but remained higher at 500 mgL~". Fe-zeolites, ROS generation was
very low compared to FerMEG12 and Carbo-Iron®. While it increased
slightly after 4 h it decreased again after 24 h, though remaining higher
than the untreated control. Carbo-Iron® ROS levels increased rapidly
when cells were exposed to 10 and 50 mg L™ of the material, attaining
a maximum at 4h. At the highest Carbo-Iron® concentrations
(500 mgL'l), however, enhanced ROS generation was not observed
after 4h or 24 h exposure. Nano-Goethite at 500 mgL~" resulted in
elevated ROS levels at all exposure durations. At the lowest con-
centration (10 mgL~"), enhanced ROS was observed after 2h and in-
creased after 4 h but was comparable with ROS in untreated cells after
24 (Fig. 5).

Exposure to Fe-containing materials induced a relatively weak effect
on algal membrane integrity. In agreement with the observed decrease
in cell number and algal chlorophyll fluorescence, the percentage of
cells with affected membrane integrity was higher after 2 h than after
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24 h exposure for all the materials studied (Fig. 6). The percentage of
unaffected cells should ideally be 100%; values ranged between 95%
and 100%, however, due to the FCM gating strategy attempting to re-
move all particles. While the percentage of affected membranes was
30-40% for FerMEG12, 18% for Carbo-Iron®, 29% for Fe-zeolites and
10% for Nano-Goethite at concentrations of 10 and 50mgL~"' fol-
lowing exposure for 2 h, these percentages had all decreased to around
10% after 24h exposure. Even at the highest concentration tested
(500 mg L.~ '), membrane integrity levels were moderate at 39% for
FerMEG12, 25% for Carbo-Iron®, 25% for Fe-zeolites and 15% for
Nano-Goethite. On the other hand, there was a significant difference in
the proportion of damaged membranes after 2h and 24 h exposure at
high (500 mg L~ ") particle concentrations (Fig. 6).

4. Discussion
4.1. Main biological effects of Fe-containing materials

FerMEG12 appears to be most toxic to Chlamydomonas sp., as de-
monstrated by the significant effect on different biological endpoints at
concentration higher than 50 mg L~ . Note, however, that algal growth
rate in the presence of FerMEG12 increased, and other effects were less
pronounced, after 24 h. This observation is in agreement with an earlier
study showing that FerMEG12 caused a decrease in chlorophyll fluor-
escence right after onset of acute effect on Pseudomonas subcapitata but
after 48 h incubation, algal population recovered and the growth rate
was similar or even higher than the non-exposed controls (Hjorth et al.,
2017). Other reactive materials containing Fe(0), such as NANOFER
STAR and NANOFER 25S, induced growth inhibition in marine
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Fig. 6. Influence of the Fe materials on the membrane integrity of Chlamydomonas cells after 2h and 24 h exposure to FerMEG12, Carbo-Iron®, Fe-zeolites and Nano-Goethite at
concentrations of 10 (green square), 50 (red up-triangle) and 500 mg L~ " (blue down-triangle). The error bars represent the standard deviation of triplicate samples. Significance levels *
P < 0.05, ** P < 0.01, and *** P < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

microalga Isochrysis galbana at 3mgL~' (NANOFER 25S) or had no
effect (NANOFER STAR up to 100mgL~' or dissolved Fe at con-
centrations < 50mgL~") (Keller et al., 2012). The lowest observed
effect concentration of Fe(II) and Fe(IIl) exposed to P. subcapitata was
5mgL~' and 25 mgL~’, respectively, after 96 h (Keller et al., 2012).
ZVI toxicity can also be influenced by corrosion and transformation
processes, ferrous ion release and oxygen consumption (Chen et al.,
2013; Zhu et al., 2012). Furthermore, transition metals (Fe) can parti-
cipate in one-electron oxidation-reduction reactions producing ROS,
which can have direct toxic effects on living organisms (Crane and
Scott, 2012; Sevci et al., 2011; Schiwy et al., 2016). Surprisingly, the
Carbo-Iron’-induced generation of elevated ROS in the present study
was higher at lower concentrations (50 mgL~") than at higher con-
centration (500 mg L~ 1). One explanation may be that, at 500 mgL ™!,
embedded Fe(0) has a longer life-span as oxygen dissolved in the ex-
posure medium would be ‘caught’, leading to reduced release of Fe(II)
and lowered ROS at 24 h. Moreover, the activated carbon carrier could
effectively scavenge any ROS-initiators. nZVI toxicity strongly depends
on the percentage of ZVI used and on the surface coating (El-Temsah
et al., 2016, 2017). FerMEG12, for example, with 80% Fe(0), was
without surface passivation and displayed higher toxicity to Chlamy-
domonas 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;
Sevell et al., 2011). Active defence mechanisms against ROS are,
however, a prerequisite for aerobic organisms such as algae (Schwab
et al., 2011; Cheloni et al., 2014). Even though both Fe-zeolites and
Nano-Goethite generated cellular ROS, their levels were considerably
lower than those in FerMEG12 and Carbo-Iron® exposure reflecting the

significant role of ZVI in induction of oxidative stress in algal cultures.
On the other side, modified Fe(IlI)-zeolite inhibited Chlamydomonas
vulgaris growth, probably due to the formation of ROS (Pavlikova et al.,
2010). Of the studied materials Nano-Goethite weakly affected algal
membranes, and affected chlorophyll fluorescence at the highest con-
centration (500 mg L™ ') only. At the micro-scale, goethite is commonly
found in the natural environment and there have been no previous
reports of toxicity to microorganisms (Cooper et al., 2003).

4.2. Other factors involved in ecotoxicity effects

Each of the Fe-containing materials tested has its own specific and
unique properties for targeted application. Some of these characteristics
should be taken into account, however, when undertaking ecotoxicity
studies, e.g.:

(1) The dark colour of FerMEG12 and Carbo-Iron®, and the colouration
of Nano-Goethite at higher concentrations (500 mg L ™), resulted in
shading of the algal cells (Figs. S2 and S3). Algal toxicity tests have
revealed that shading can considerably influence assessment of
potential toxicity at high exposure concentrations (Hjorth et al.,
2015; Serensen et al., 2016). In one study, it was shown that ZVI
shading reduced algal growth to a higher extent than other toxicity
mechanisms (Schiwy et al., 2016). Shaded algal cells need more
chlorophyll to acquire enough photons for photosynthesis (Nielsen
and Jorgensen, 1968); hence, they rapidly synthesise chlorophyll as
an adaptation to darker conditions (Schwab et al., 2011; Hjorth
et al., 2015).

(2) The larger size of FerMEG12 and Carbo-Iron® (whether in their
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original state or due to agglomeration) and consequent sedi-
mentation could reduce their effect on Chlamydomonas sp. This is
consistent with the increased toxicity of FerMEG12 agglomerates at
higher Fe concentrations to oligochaeta Lumbriculus variegatus due
to particle sedimentation compared with Daphnia magna, which can
move in the water column (Hjorth et al., 2017).

(3) Other constituents within the Fe-containing materials may also
need to be considered in toxicity studies. FerMEG12, for example,
had a lower Fe-mass referred surface than Carbo-Iron® and was
more hydrophobic (due to glycol on its surface). It might be ex-
pected, therefore, that the amount of Fe-ions released in the vicinity
of the particles will differ. With higher particle concentration,
particle-algae-interactions are suspected to be more pronounced,
with algae possibly attaching to the glycol-film on FeMEG12 and
AC in Carbo-Iron® materials.

(4) Fe-zeolites have two phases of in situ application: a sorption phase
following particle injection to the aquifer and, after sorption is
complete, a flush of H,O, is applied, which leads to hydroxyl ra-
dical formation (Fenton-like reaction), to regenerate the particles
and oxidise contaminants. It is quite probable that some micro-
organisms would be destroyed during this second phase. In this
study, however, the Fe-zeolites were treated as representing an
accidental introduction into the environment (e.g. by a spill
reaching a waterbody), where the H,0, oxidation phase does not
play a role.

(5) Chemical-physical parameters: ORP values in algal cultures treated
with FerMEG12 (50-500mgL~') ranged from —300mV to
—200mV (Fig. S8), suggesting that algal cells were subjected to
unfavourable reducing conditions in the growth medium at the
beginning of the experiment. These low ORP values could have
negatively affected algal density (Wang et al., 2014). There is no
evidence that pH affected the algal cells as it remained within the
optimal growth range (pH 7 - 8, Fig. S8) for Chlamydomonas
(Messerli et al., 2005). Nevertheless, the zeta-potential of
FerMEG12 in exposure medium reached values close to zero mV, or
positive values at concentrations of 500mgL ™", suggesting fa-
cilitated interaction of positively charged material surfaces with
negatively charged algal cell surfaces.

(6) Even though there was no direct evidence that the shape of the Fe-
containing materials affected algal cells, the percentage of mem-
branes damaged by FerMEG12 was higher than that for other ma-
terials. It can thus be hypothesised that FerMEG12, having a flake-
like appearance with rough, sharp edges on surface (Fig. S1), might
impair cell membranes directly.

5. Conclusions

Investigation of four Fe-containing materials (FerMEG12, Carbo-
Iron®, Fe-zeolites and Nano-Goethite) showed that biological effects on
Chlamydomonas sp. were non-significant at low concentrations (10 and
50 mg L™ 1), being similar or below those expected when such materials
enter aquatic environments through accidental spills. Negative effects
were observed at high concentration (500 mgL~"), and especially for
FerMEG12, which contained the highest proportion of reactive ZVI
(80%). Overall, all effects tended to be less pronounced after 24 h at all
concentrations, suggesting rapid recovery of the algal culture. High
concentrations, in the exposure medium, however, caused problems
when evaluating test endpoints, particularly as regards dark coloura-
tion resulting in a shading effect, agglomeration and sedimentation and
consequent problem with assessment of concentration-based effects. On
the other hand, agglomeration and sedimentation should be considered
typical behaviour for these materials in the environment.
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Abstract

The most challenging task in the preparation of magnetic poly(N-isopropylacrylamide) (Fe;O,-PNIPAAM) nanocomposites
for bio-applications is to maximise their reactivity and stability. Emulsion polymerisation, in situ precipitation and physical
addition were used to produce Fes04-PNIPAAM-1, Fe304-PNIPAAM-2 and FesO4-PNIPAAM-3, respectively. Their properties
were characterised using scanning electron microscopy (morphology), zeta-potential (surface charge), thermogravimetric

PNIPAAM nanocomposites.

analysis (stability), vibrating sample magnetometry (magnetisation) and dynamic light scattering. Moreover, we
investigated the antibacterial effect of each nanocomposite against Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus. Both Fe3O,-PNIPAAM-1 and Fe;04-PNIPAAM-2 nanocomposites displayed high thermal stability,
zeta potential and magnetisation values, suggesting stable colloidal systems. Overall, the presence of Fe;04-PNIPAAM
nanocomposites, even at lower concentrations, caused significant damage to both E coli and S. aureus DNA and led to a
decrease in cell viability. Fe;0,-PNIPAAM-1 displayed a stronger antimicrobial effect against both bacterial strains than
Fe304-PNIPAAM-2 and Fe;0,-PNIPAAM-3. Staphylococcus aureus was more sensitive than E. coli to all three magnetic

Keywords: Magnetic poly(N-isopropylacrylamide), PNIPAAm, Bio-application, Escherichia coli, Staphylococcus aureus

Background

Magnetic thermoresponsive polymer nanocomposites
have been used for a wide range of applications, includ-
ing water treatment and nanomedicine [1-4]. Each
nanocomposite is specifically designed to benefit from
the combination of features inherent in both compo-
nents, i.e. magnetic particles and temperature-responsive
polymers, thus creating a nanocomposite that is more
specific and controllable. Magnetite (Fe30,) nanoparti-
cles impart magnetic properties that allow for rapid and
easy separation following application of an external mag-
netic field [5]. Poly(N-isopropylacrylamide) (PNIPAAm)
forms a three-dimensional hydrogel that undergoes a re-
versible lower critical solution temperature (LCST)
phase transition from a single coil with a swollen hy-
drated state to a collapsed and shrunken dehydrated
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state [6] when heated in water above 32 °C. Capping of
the magnetic nanoparticles with a PNIPAAm layer not
only provides colloidal stability in water but also allows
for surface functionality by binding with other mole-
cules, such as drugs, proteins or enzymes [7]. Construc-
tion of dual responsive nanocomposites is achieved by
combining two properties that respond simultaneously
to a combination of temperature and magnetism. The
most common methods used for synthesis of Fe3O,4-
PNIPAAm nanocomposites are physical addition, in situ
precipitation and emulsion polymerisation. Physical
addition, the simplest method, requires the physical mix-
ing of previously synthesised magnetic nanoparticles and
PNIPAAm particles. The second method, in situ precipi-
tation, involves precipitation of magnetic nanoparticles
in the presence of the PNIPAAm nanopolymer [8]. The
third (and most common) route, emulsion polymerisa-
tion, requires polymerisation of the (N-isopropylacryla-
mide) monomer in the presence of magnetic
nanoparticles [9-11]. Fe304-PNIPAAm nanocomposites
have found widespread wuse in biomedical and

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http//creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made,
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biotechnological applications. Highly stable, controlled
and well-dispersed magnetic nanoparticles will be re-
quired in order to increase the suitability of such nano-
composites for future applications. One recent innovation
involves an external magnetic field that creates a local heat
source for self-heating particles, causing the PNIPAAm to
shrink and in turn allowing release of encapsulated drugs
[12]. This phenomenon, coupled with magnetic beads tar-
geted on tumours, opens up other potential cancer ther-
apies such as hyperthermia. Hyperthermia can be initiated
by oscillating nanoparticles in an oscillating magnetic field
at frequencies ranging from kilohertz to megahertz. Other
Fe304-PNIPAAm nanocomposites have recently been syn-
thesised to control the release of bio-active molecules,
such as myoglobin or vitamin B12, and for drug delivery
[13]. A recent study using PNIPAAm-coated superpara-
magnetic Fe;O, nanoparticles was able to show that ther-
mally induced aggregation of iron oxide nanoparticles
greatly increases T2 contrast during magnetic resonance
imaging [14]. Clearly, Fe30,-PNIPAAm shows great
promise for future developments in both biomedical and
biotechnological applications. Consequently, it is import-
ant that further studies are undertaken on the biocompati-
bility of this material and its antibacterial effect.

In this study, we investigated the effect of three prep-
aration methods on the physical-chemical properties of
Fe;0,-PNIPAAm nanocomposites. In doing so, we aim
to assess the most convenient preparation method for
producing nanocomposites displaying enhanced proper-
ties for biological applications. For the first time, we also
describe the antibacterial effects of the three Fe;0,-PNI-
PAAm nanocomposites using a multi-endpoint ap-
proach, bacterial growth rate, viability, cell morphology
and level of DNA damage.

Methods
Chemicals
Iron(IIl) chloride hexahydrate (FeCl;.6H,O, =98%),
Iron(II) chloride tetrahydrate (FeCl,.4H,O, =99%),

ammonium hydroxide (26% NHj in H,0), N-isopropyl-
acrylamide (NiPAM, =99%), N,N-methylenebis(acryla-
mide) (BIS, >=99%), sodium dodecyl sulphate (SDS, >
99%) and ammonium persulphate (APS, >98.5%) were
all purchased fresh from Sigma-Aldrich, Germany.

Preparation of PNIPAAm by Emulsion Polymerisation
NiPAM (4 g), BIS (0.2 g) and SDS (0.3 g) were dissolved in
350 ml of deionised water (DI) at 70 °C under atmospheric
nitrogen. APS (0.0035 g) was dissolved in 1 ml of DI and
added to the reaction vessel to start the reaction. After
4 h, the reaction was stopped and the prepared particles
washed with DI water. Finally, the PNIPAAm nanoparti-
cles were separated by centrifugation (12,000 rpm for
30 min) and used in further reactions.
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Preparation of Magnetite (Fe;0,) Nanoparticles

FeCl,-4H,0 (1.9 g) and FeCl3-6H,O (5.4 g) (molar ratio
1:2) were dissolved in DI (100 ml) and heated to 70 °C.
Ammonium hydroxide (NH4;OH; 6 ml) was quickly
added to the solution, which immediately produced a
deep black magnetic precipitate. Finally, the Fe;O4 nano-
particle suspension was stirred for 30 min at 70 °C. The
product was washed several times with DI, following
which the Fe;O, nanoparticles were dried in a rotary
evaporator (25 mbar at 40 °C) until a fine powder was
formed. This was used in all further reactions.

Preparation of Magnetic PNIPAAm Nanocomposite by
Emulsion Polymerisation (Fe;04-PNIPAAmM-1)

NiPAM (0.4 g), freshly prepared Fe;O, nanoparticles
(0.2 g), BIS (0.2 g) and SDS (0.3 g) were dissolved in
350 ml of DI and heated to 70 °C under a nitrogen at-
mosphere. APS (0.0035 g) was then dissolved in 1 ml of
DI and added to the reaction vessel to start the reaction.
After 4 h, the reaction was stopped and the prepared
nanocomposite washed with DI. Finally, Fe;O,-PNI-
PAAm-1 was separated out by centrifugation
(12,000 rpm for 30 min) and then dried using a rotary
evaporator (25 mbar at 40 °C). The powdered material
was stored in the dark at room temperature.

Preparation of Magnetic PNIPAAm Nanocomposite
Through In Situ Precipitation (Fe30,-PNIPAAm-2)

FeCl, (0.148 g), FeCl3 (0.4 g) and 10 ml DI were mixed
well and added to 1 g of PNIPAAm. NH,OH (3 ml) was
then quickly added to the solution, which immediately
produced a deep black magnetic precipitate. The suspen-
sion was then stirred for 30 min at 70 °C. The prepared
nanocomposite was washed with DI, following which the
Fe;04-PNIPAAm-2 was separated out by centrifugation
(12,000 rpm for 30 min) and dried using a rotary evapor-
ator (25 mbar at 40 °C). The resultant powder was
stored in the dark at room temperature.

Preparation of Magnetic PNIPAAm Nanocomposite
Through Physical Addition (Fe304-PNIPAAm-3)

Freshly prepared PNIPAAm (1 g), freshly prepared
Fe;O4 nanoparticles (0.5 g) and DI (5 ml) were mixed
well, and the resultant suspension stirred for 30 min at
70 °C. The nanocomposite thus prepared was washed
with DI, following which the Fe;O4-PNIPAAm-3 was
separated out through centrifugation (12,000 rpm for
30 min) and dried using a rotary evaporator (25 mbar at
40 °C). The powdered material was stored in the dark at
room temperature.

Nanocomposites Characterisation

The size and zeta potential of the Fe;O,-PNIPAAm
nanocomposites were measured following complete
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dissolution of the nanoparticles in DI (dispersal in DI
followed by sonification for 2 min at room temperature).
Zeta potential measurements were performed using a
Zetasizer Nano analyser (Malvern Instruments, USA) at
pH 7. A Zetasizer Nano dynamic light scattering (DLS)
unit was employed to measure the hydrodynamic diam-
eter of particle aggregates in DI. Thermogravimetric ana-
lysis (TGA) was undertaken in order to quantify the
amount of coating and to determine the nanocompos-
ite’s thermal stability. Thermal studies were undertaken
on 3—-4 mg of dry sample at temperatures ranging from
25 to 900 °C, using a TGA Q500 (TA Instruments, USA)
under a nitrogen atmosphere (heating rate 10 °C/min).
The material’'s magnetic properties were measured using
a MicroMag™ 2900 vibrating sample magnetometer
(Princeton measurements corporation, USA). Microscopy
images were obtained using a scanning electron micro-
scope (SEM), the particles being first thoroughly dissolved
in DI and a drop of the solution placed on the copper grid
of a Zeiss ULTRA Plus field-emission SEM equipped with
a Schottky cathode. All images were analysed using Smart
SEM software v 5.05 (Zeiss, Germany) for imaging oper-
ated at 1.5 kV.

Bacterial Strains and Media

Gram-negative Escherichia coli CCM3954 and Gram-
positive Staphylococcus aureus CCM 3953 (Brno, Czech
Republic) were used for all experiments. Detailed informa-
tion on the strains is provided on the web page of the
‘Czech Collection of Microorganisms’ (http://www.sci.mu-
ni.cz/ccm/). Each bacterial culture was freshly prepared and
held overnight in a soya nutrient broth (Sigma-Aldrich)
before performing the biological experiments.

DNA Damage

Comet assays were performed following the method-
ology of Singh et al. [15] and Solanky et al. [16]. All che-
micals were purchased from PENTA (Czech Republic)
unless otherwise noted. A fresh bacterial culture (ad-
justed to 107 cells/ml) was grown overnight and then in-
cubated with two concentrations (0.1 and 1 g/l) of
PNIPAAm and each of the Fe;0,-PNIPAAm nanocom-
posites for 30 min at 37 °C.

A microgel was prepared by putting 100 ml of agarose
onto the frosted surface of a slide and covering it with a
24 x 50 mm cover glass (ThermoFisher Scientific, USA).
The slides were left at room temperature for 5 min, then
the cover glasses were removed and the slides allowed to
dry. This dried agarose layer (first layer) provided a firm
base for subsequent layers. After exposing the bacteria
to the PNIPAAm and Fe;04-PNIPAAm nanocomposites
for 30 min, 2 pl (containing approximately 10,000 ex-
posed cells) was taken and mixed with 100 pl of freshly
prepared 0.5% agarose. This mixture was pipetted onto
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frosted slides and immediately covered with a cover glass
(second layer). The slides were then cooled in a steel
tray over ice. The cover glasses were removed after
1 min, and a third layer of 100 pl of lysis agarose (in-
cluding 0.5% agarose with 5 pg/ml RNAse A [Ameresco,
USA], 0.25% sodium N-lauroylsarcosine and 0.5 mg/ml
lysozyme) was produced, again using a cover glass. The
slides were then left on ice for 10 min then placed into a
humid chamber for 30 min at 37 °C. After removing the
cover glass, the slides were immersed in a lysing solution
containing 2.5 M of NaCl, 100 mM of EDTA tetraso-
dium salt, 10 mM tris buffer of pH 10, 1% sodium laur-
oyl sarcosine and 1% triton X-100. After 1 h of lysis at
room temperature, the slides were transferred to an en-
zyme digestion solution containing 2.5 M of NaCl,
10 mM of EDTA and 10 mM tris pH 7. Four buffer with
1 mg/ml of proteinase K. The slides were then incubated
at 37 °C for 2 h, following which they were placed on
the horizontal slab of an electrophoretic unit (Scie-plas,
UK) and equilibrated with 300 mM of sodium acetate
and 100 mM pH 9 tris buffer for 20 min then electro-
phoresed at 12 V (0.4 V/cm, approximately 100 mA) for
30 min. Following electrophoresis, the slides were
immersed in 1 M ammonium acetate in ethanol (5 ml of
10 M ammonium acetate and 45 ml of absolute ethanol)
for 20 min, absolute ethanol for 0.5 h and 70% ethanol
for 10 min, after which the slides were air-dried at room
temperature. To achieve uniform staining, the slides
were pretreated with 50 ml of a freshly prepared so-
lution of 5% TE buffer and 10 mM of NaH,PO,. The
slides were then stained with 50 pl of a freshly pre-
pared 1 mM solution of SYBR stain (Sigma-Aldrich,
USA) in TE buffer for 30 min. Migration of DNA
strand breaks (comets) was visualised using an Axiol-
mager fluorescence microscope at x 400 magnification
and AxioVision v 4 software (Zeiss, Germany). Typic-
ally, a tail length of 50 comets was individually mea-
sured for each sample.

Bacterial Growth Rate, Cell Viability and Morphology

The experimental protocol followed that described in
Darwish et al. [17]. Briefly, a Fe30,-PNIPAAm nano-
composite stock suspension (10 g/l) was added to fresh
bacterial culture in order to obtain final concentrations
of 0.01, 0.05, 0.5 and 1 g/l. Each concentration was pro-
duced in triplicate in a 24-well plate. Negative controls,
consisting of bacterial cells only in growth media and
Fe304-PNIPAAm nanocomposite only in growth media,
were run in parallel. The plate was then incubated at
37 °C, following which the sample’s optical density was
measured at 600 nm (OD600) every 2 h for 6 h using a
Synergy™ HTX plate reader (Biotek, USA). Bacterial
growth rate was defined as the R linear regression of the
OD600 measurement (absorbance units, AU) versus
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incubation time in hours. Preliminary measurements of
nanocomposite samples without cells (6 h at 600 nm)
showed constant absorbance values that did not interfere
with absorbance values of nanocomposites measured
with bacterial cells.

The effective concentration of nanocomposite at 10%
inhibition (EC10) on bacterial growth rate () was calcu-
lated for each form of Fe;O,-PNIPAAm based on the
equation: (%) = (uc—pr1)/ucx100, where I is inhibition, ¢
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is the mean control growth rate value and y7 is the growth
rate of the culture affected by the nanocomposite [18].
After 24-h incubation, 100 pl aliquots of each sample
were stained using the L7007 Bacterial Viability Kit
(Molecular Probes, Invitrogen, USA) in the dark for
15 min. Determination of the proportion of live (Ex/Em
485/528 nm) and dead cells (Ex/Em 485/645 nm) was
performed using a Synergy™ HTX plate reader (Biotek,
USA). The percentage of dead cells was calculated as the
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Fig. 1 Scanning electron microscope images and histograms of PNIPAAM (a), Fe30,-PNIPAAM-1 (b), Fe304-PNIPAAM-2 (c) and Fe;04-PNIPAAM-3
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ratio of dead to live cells. At the same time, images of E.
coli and S. aureus were obtained using an Axiolmager
fluorescence microscope (Zeiss, Germany) with Ex/Em
470/490-700 nm. The length of E. coli cells and area of
S. aureus cell clusters were determined at x 600 magnifi-
cation using AxioVision v 4 software (Zeiss, Germany).

Statistical Analysis

Differences between bacterial strains incubated in PNI-
PAAm, different Fe30,-PNIPAAm nanocomposites and
control samples without nanocomposites were tested
using ANOVA and Dunnett’s test (GraphPad PRISM,
USA).

Results

In this study, we synthesised Fe;O4-PNIPAAm nano-
composite employing three different protocols: emulsion
polymerisation (Fe;O4-PNIPAAm-1), in situ precipita-
tion (Fe304-PNIPAAm-2) and physical addition (Fe30,4-
PNIPAAm-3). SEM imaging showed that the type of
protocol used had a clear effect on sample morphology
and particle size, with Fe3;0,-PNIPAAm-1, Fe;0,-PNI-
PAAm-2 and Fe30,-PNIPAAm-3 showing a broad size
distribution, agglomeration due to high surface energy
between nanoparticles and presence of magnetic dipolar
interactions (Fig. 1).

TGA indicated that the Fe;04-PNIPAAm samples be-
came relatively stable at temperatures above 400 °C
(Fig. 2). Overall, PNIPAAm nanoparticles showed lower
residual content than the Fe;O,-PNIPAAm nanocom-
posites. Zeta potential values for surface charge were —
1.58 mV for PNIPAAm, - 15.6 mV for Fe30,-PNIPAAm-

Page 5 of 11

1, - 164 mV for Fe304,-PNIPAAm-2 and - 1.8 mV for
Fe;0,-PNIPAAm-3. Vibrating sample magnetometer
values for magnetisation saturation were 50.4 emu/g for
Fe304-PNIPAAm-1, 53.7 emu/g for Fe3O4-PNIPAAmM-2
and 21.0 emu/g for Fe;04-PNIPAAm-3. Dynamic light
scattering above (45 °C) and below (25 °C) LCST indicated
a hydrodynamic size for PNIPAAm of 50 nm at 25 °C and
27 nm at 45 °C; 412 nm at 25 °C and 197 nm at 45 °C for
Fe30,4-PNIPAAm-1; 212 nm at 25 °C and 130 nm at 45 °C
for Fe304-PNIPAAm-2 and 122 nm at 25 °C and 60 nm at
45 °C for Fe;0,-PNIPAAm-3 (Fig. 3).

Fe30,4-PNIPAAm Nanocomposite Effect on the Bacterial
DNA

Following a short exposure of 30 min, DNA strand
breaks were determined for both E. coli and S. aureus in
cells treated with the Fe30,-PNIPAAm nanocomposites,
40% EtOH (positive control) and untreated cells (nega-
tive control). All Fe;O04-PNIPAAm nanocomposites
showed a similarly significant effect (P < 0.001) on mean
E. coli and S. aureus comet tail length at all concentra-
tions (Fig. 4), compared with control cells incubated
without nanocomposites.

Fe30,-PNIPAAm Nanocomposite Antibacterial Effect

Growth rates indicated that Gram-positive S. aureus
was less resistant than Gram-negative E. coli to all
nanocomposites after 6 h exposure. Fe;0,-PNIPAAm-
1 and Fe;04-PNIPAAm-2 both strongly inhibited
bacterial growth, compared with PNIPAAm and
Fe;0,-PNIPAAm-3, with E. coli growth rate signifi-
cantly reduced from 0.08 to 0.028 (P < 0.001) with
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Fig. 2 Thermogravimetric analysis of PNIPAAM (a), Fes04-PNIPAAM-1 (b), Fes04-PNIPAAM-2 (c) and Fe;O4-PNIPAAM-3 (d)
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Fig. 3 Dynamic light scattering below (25 °C) and above (45 °C) the
lower critical solution temperature phase transition for PNIPAAmM (a),
Fe;04-PNIPAAM-1 (b), Fe;0,-PNIPAAM-2 (c) and Fe;0,-PNIPAAM-3 (d)
/

Fe;0,4-PNIPAAm-2 and 0.005 (P < 0.001) with Fe30,-
PNIPAAm-1 (1 g/l). No effect was observed on E. coli
growth rate by either PNIPAAm or Fe;O,-PNIPAAm-
3 (Fig. 5a). In comparison, the growth rate of S. aur-
eus was affected by all Fe;0,-PNIPAAm nanocompos-
ites and by the PNIPAAm nanoparticles. At lower
concentrations (0.01 g/l and 0.05 g/l), growth rate
was only slightly reduced from 0.07 to 0.06
(P < 0.05). At higher concentrations (0.5 and 1 g/l),
however, there was a significant reduction from 0.07
to 0.001 with PNIPAAm, 0.0 with Fe;O0,4-PNIPAAm-1,
0.01 with Fe30,-PNIPAAm-2 and 0.009 with Fe;O,-
PNIPAAm-3 (all P < 0.001; Fig. 5b). In addition, the
EC10 for all Fe;O,-PNIPAAm nanocomposites and
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the PNIPAAm nanoparticle control was lower for S.
aureus than that for E. coli (Table 1).

The percentage of dead E. coli cells increased with in-
creasing concentration of Fe;O,-PNIPAAm nanocom-
posite after 24 h. PNIPAAm (0.5 and 1 g/l), for example,
caused a significant increase in E. coli dead cells (20%)
compared to cultures without Fe;O4-PNIPAAm nano-
composite (12%). Fe30,-PNIPAAm-1 (0.5 g/l) resulted
in up to 28% of dead E. coli cells and 32% at 1 g/l
(P < 0.001). The effect of Fe30,-PNIPAAm-2 was lower
than that of Fe30,-PNIPAAm-1 and Fe;O,-PNIPAAm-
3, with the percentage of dead cells increasing from 13
to 25% when exposed to concentrations of 0.01 and 1 g/l,
respectively (P < 0.001). At both 0.5 and 1 g/, Fe30,-PNI-
PAAm-3 resulted in around 25% dead cells (P < 0.001;
Fig. 6a). The percentage of dead S. aureus cells was only
significantly affected by 1 g/l Fe;0,-PNIPAAm-1 and
Fe304-PNIPAAm-3, with dead cells reaching up to 50 and
48%, respectively (P < 0.001). The control without nano-
composites contained approximately 18% of dead cells
while in lower concentrations of PNIPAAm, Fe;0,-PNI-
PAAm-1 and Fe;O4-PNIPAAm-3, the proportion of dead
cells was even lower. PNIPAAm at concentrations of 0.5
and 1 g/l resulted in 25 and 30% (P < 0.005) dead cells,
respectively. Fe;0,-PNIPAAm-2 had no effect on S. aur-
eus cultures (Fig. 6b).

There was no difference in average E. coli cell length
(5 pm) and average S. aureus cell cluster area (200 pmz)
for any nanocomposite or the PNIPAAm control at low-
est concentrations (0.1 g/l; Fig. 7). At higher concentra-
tions, E. coli length did not change in the presence of
Fe;0,-PNIPAAm-2, nor did S. aureus cell group area in
the presence of Fe;O,-PNIPAAm-1. However, E. coli
length was significantly increased in the presence of 1 g/l
of PNIPAAm (5.4 pm, P < 0.005), Fe30,-PNIPAAm-1
(6 pm, P < 0.001) and Fe3O,-PNIPAAm-3 (10 pm,
P < 0.001) (Fig. 7a), while S. aureus formed larger clusters
when exposed to PNIPAAm (1937 pmz, P < 0.001),
Fe30,4-PNIPAAmM-2 (924 pmz, P < 0.001) and Fe;0,4-PNI-
PAAm-3 (1722 um?, P < 0.001) (Fig. 7b).

Discussion

Both the method of synthesis and the means by which
magnetic nanoparticles were added to the polymer matrix
had a clear effect on the intrinsic physical-chemical prop-
erties of the magnetic Fe;0,-PNIPAAm nanocomposites.
Stepwise synthesis had a strong impact on nanocomposite
properties, resulting in changes to particle shape, size dis-
tribution, size and surface chemistry, along with subse-
quent changes in magnetic properties [19, 20]. Emulsion
polymerisation (Fe;O4-PNIPAAm-1), an easy and precise
method, produced the stable nanocomposites with narrow
particle size distribution and lowest aggregation tendency,
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Fig. 4 An example of an Escherichia coli comet tail, following treatment with Fe;0,-PNIPAAmM-3 (a). Results of DNA strand breaks (length of
comet tail) for Escherichia coli (b) and Staphylococcus aureus (c) incubated for 30 min with 40% EtOH (positive control), without nanocomposites
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qualities particularly important in biomedical applications
[17]. Produced as a result of both steric and coulombic re-
pulsion, the particle dimensions were sufficiently small
that precipitation was avoided [21]. The least effective
method was physical addition (Fe30,-PNIPAAm-3). Not
only was it produced via three distinct steps, and hence
took longer to prepare, the resulting nanocomposite
showed higher aggregation than either of the other two
production methods. Moreover, our results indicated that
Fe304-PNIPAAm-3 produced in this way may have con-
tained undesirable PNIPAAm and Fe;O, nanoparticle
residuals.

Polymers can become attached to magnetic nano-
particles by either physical (noncovalent) or covalent
bonds, with the resulting hybrid material displaying
specific properties depending on the synthetic route
taken. Significant re-suspension of magnetic nanopar-
ticles takes place when preparation proceeds in the
solvent in which hybrid nanoparticle formation oc-
curs, whereupon aggregation and segregation may be-
come a problem. In this case, in situ formation of
magnetic nanoparticles may be a better alternative in
many cases. In addition, if the surfactant concentra-
tion is too low, coalescence will change the size of
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Table 1 The effective concentration of PNIPAAM, Fe;0-PNIPAAM-1,
Fe;0,-PNIPAAM-2 and Fe;0,-PNIPAAM-3 nanoparticles (g/1) at 10%
growth inhibition (EC10) determined for Gram-negative Escherichia
coli and Gram-positive Staphylococcus aureus

PNIPAAM Fe;04- Fes04- Fe;04-
PNIPAAM-1 PNIPAAM-2 PNIPAAM-3
E. coli 043 0.1 0.14 067
S. aureus 0.10 0.05 0.04 0.06

the droplets, whereas micelles can form if the con-
centration is too high, leading to micellar nucleation.
In this respect, it is important that the surfactant
concentration is chosen carefully based on precise
characterisation of surface properties and extent of
particle modification, in order to ensure the inorganic
particle surface is compatible with the polymer
matrix.

In order to evaluate the magnetic properties of Fe;O4-
PNIPAAm nanocomposites, it is important to know the
content of MNPs in the nanocomposite. TGA was
employed to quantify amount of MNP and to investigate
thermal stability of Fe3;O,-PNIPAAm nanocomposites
compared with PNIPAAm nanoparticles alone. All three
Fe;04-PNIPAAm nanocomposites displayed higher ther-
mal stability than PNIPAAm nanoparticles, presumably
due to the presence of Fe;O, particles in the matrix
(Fig. 2). Higher residues in magnetic nanocomposites
could be attributed to the presence of inorganic Fe;O4
compounds in the samples, which were sustained even
at higher temperatures.

Fe304-PNIPAAmM-1 showed highest thermal nano-
composite stability, along with the lowest weight lost.
Up to 200 °C, the main source of weight loss was
through loss of water and physical adsorption of the
polymer layer [22]; above 200 °C, however, losses
were mainly due to decomposition of the chemical
layer bonding the PNIPAAm. The sample residue,
which became stable above 400 °C, represented 87%
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of the original weight, which corresponds with the
amount of magnetic nanoparticles in the nanocom-
posite. One aim of this preparation process was to
produce a nanocomposite with magnetic properties
preventing aggregation and enabling it to re-disperse
rapidly as soon as the magnetic field is turned off.
Such properties would allow its use in a range of
different fields, including hyperthermic treatment of
tumours, as contrasting agents in magnetic resonance
imaging, in tissue repair, biomedical device coating,
immunoassay, cell separation and biomagnetic separ-
ation of biomolecules [18, 23-26]. We tested our
nanomaterials  through magnetisation saturation,
which assesses the maximum possible magnetisation
of the substance beyond which no further change
takes place despite an increase in the magnetic field.
Our results showed Fe;0,-PNIPAAm-2 to have the
highest magnetisation saturation level of the three
nanocomposites tested. Our values were lower
(53.7 emu/g) than those previously reported for un-
coated Fe3O, nanoparticles (92 emu/g) [27], however,
presumably due to surface order/disorder interactions
in the magnetic spin moment and an increase in
nanocomposite weight and volume due to the pres-
ence of the PNIPAAm polymer layer.

Of special interest as regards biomedical application is
the behaviour of polymer-water solutions stable below a
LCST [28]. After heating the prepared Fe;O4-PNIPAAm
nanomaterials above the transition temperature, a coil-
to-globule transition occurred, followed by inter-
molecular association. All three Fe;0,-PNIPAAm nano-
materials displayed very similar behaviour, with all
shrinking as temperature increased. PNIPAAm is widely
used as a thermoresponsive polymer due to the proxim-
ity of its LCST (~30-32 °C) to physiological
temperature. Furthermore, the thermo-responsibility of
PNIPAAm has proved useful for drug release in vivo
[28]. Nanoscale magnetic hydrogels based on PNIPAAm
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Fig. 6 Percentage of dead Escherichia coli (@) and Staphylococcus aureus (b) cells after 24-h exposure to PNIPAAm and (1) Fes04-PNIPAAM-1, (2)
Fe;04-PNIPAAM-2 and (3) Fe;04-PNIPAAM-3. Error bars show SD of n = 3. Significance levels *P < 0.05, **P < 0.005, ***P < 0.001
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have now been developed for theranostic application,
with those embedded with low concentrations of Fe;O,
magnetic nanostructures resulting in an LCST of ~40 °
C, making Fe;O4-PNIPAAm of especial interest for con-
trolled drug release application [29].

SEM nanoparticle histograms displayed a broader size
distribution than those using DLS (Fig. 1). Interpretation
of DLS data involves the interplay of multiple parame-
ters, however, including the size, concentration, shape,
polydispersity and surface properties of the particles.
Measurement of the hydrodynamic size of thermore-
sponsive samples in relation to temperature is a com-
mon method of characterising LCST behaviour, with
nanoparticles shrinking as temperatures increase, soluble
polymers precipitating and particle size increasing. As
expected, PNIPAAm had a lower hydrodynamic size
than the Fe30,-PNIPAAm nanocomposites. Of the
nanocomposites, Fe;04-PNIPAAm-3 displayed the low-
est hydrodynamic size and a narrow size distribution.

Table 2 Summary of the antimicrobial effect of PNIPAAM and
three nanocomposites on Escherichia coli and Staphylococcus
aureus

Endpoint PNIPAAM

Strain

Fes04-
PNIPAAM-1

Fes04-
PNIPAAM-2

Fes04-
PNIPAAM-3

Growth rate
E. coli 0 -- - 0
S. aureus - -- -— -
Viability
E. coli =i — i -
S. aureus - -= 0 -
DNA damage
E. coli - -- -- --

S. aureus - -- -— --

0 no effect, — significant negative effect, — - strong negative effect

Variability in hydrodynamic size is likely to be due to the
presence of Fe;O4 nanoparticles in the PNIPAM matrix,
which increases both the particle dimension and aggre-
gation in water (Fig. 3) [8].

All Fe;0,-PNIPAAm nanocomposites displayed anti-
microbial properties (Table 2), with both Gram-negative
and Gram-positive bacteria negatively affecting E. coli
growth rate in the order Fe30,-PNIPAAm-1 > Fe;0,-
PNIPAAm-2 > Fe30,-PNIPAAm-3 = PNIPAAm and S.
aureus growth rate as Fe304,-PNIPAAm-1 > Fe;0,4-PNI-
PAAm-2 > Fe;04-PNIPAAm-3 > PNIPAAm. Similarly,
the antibacterial properties desired for medical applica-
tions such as biomedical device coatings and wound
dressing materials have been confirmed for a number of
new PNIPAAm composites, including ZnO-PNIPAAm,
Ag-PNIPAAm and chitosan-PNIPAAm [23-26].

In comparison with the modified Fe3;0, nanomaterials
described in our earlier studies, the PNIPAAm-1,
PNIPAAm-2 and PNIPAAm-3 nanocomposites all
showed a stronger effect on both E. coli and S. aureus,
with S. aureus EC10 growth inhibition ranging from
0.04 to 0.06 g/l for the three nanomaterials, while modi-
fied APTS-, PEG- and TEOS-MNPs ranged between 0.1
and 0.25 g/l [17], and polymer-coated Fe;O, (PEI-mC-,
PEI- and OA-MNPs) had a value of 0.15 g/ [18]. Inhib-
ition of bacterial growth could have been caused by sev-
eral factors, including cell membrane damage, oxidative
stress and cell elongation, resulting in the production of
lethal cells. The cells could, on the other hand, survive
such unfavourable conditions by employing repair en-
zymes, antioxidants and/or transient growth arrest. This
could partly explain the phenomenon that in lower con-
centrations (0.01 and 0.05 g/I) of PNIPAAm, Fe;0,-PNI-
PAAm-1 and Fe;O4-PNIPAAm-3, the proportion of dead
cells of S. aureus was lower after 24-h incubation than in
control where no such factor inducing mobilisation of the
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The scale bar is 10 pm

Fig. 8 S. aureus cell culture without nanocomposites (a) and the cells embedded in biofilm after incubation with nanocomposites for 24 h (b).

defence/repair system was present. Higher concentrations
of PNIPAAm and nanocomposites caused indeed signifi-
cant increase in dead cells of E. coli and S. aureus corre-
sponding well with significant decrease in growth rate of
the cell cultures.

Exposure to 1 g/l of the nanocomposite resulted in
changes to bacterial cell morphology, with greatest
change to E. coli cell length caused by Fe;0,-PNIPAAm-
3 > Fe304-PNIPAAm-1 > PNIPAAm > Fe;04-PNIPAAm-
2, and Fe;04-PNIPAAm-3 > Fe;0,-PNIPAAm-2 > PNI-
PAAm > Fe;0,-PNIPAAm-1 for S. aureus clustering. This
effect was also observed previously when the same bacteria
were exposed to different functional magnetic nanoparticles
[17]. Elongation of E. coli cells in the presence of nanocom-
posites is indicative of transient growth arrest and is evi-
dence of an adaptive response to oxidative stress or DNA
damage [30]. In the case of S. aureus, which is a biofilm for-
mation species, the cells became embedded over a larger
area than the nanocomposite-free control when exposed to
PNIPAAm, Fe;0,-PNIPAAm-2 and Fe;O4-PNIPAAmM-3
(Fig. 8). No S. aureus biofilm was produced when in contact
with Fe;O,4-PNIPAAm-1, possibly due to its stronger
antibacterial properties. S. aureus usually produces a
biofilm in harsh environments to protect the cells
[31]; however, this could also have an adverse effect
on the bacteria as nanocomposites can integrate
through the biofilm and harm the cells, as has already
been described for Pseudomonas sp. [32].

Iron could lead to DNA damage in bacterial cells as
described in previous reviews [33, 34]; hence, we
attempted to test whether our MNPs caused DNA
damage to bacteria. The presence of Fe;0,-PNIPAAm
nanocomposites at both low and high concentrations
(0.01 or 1 g/l) caused significant damage to E. coli
and S. awureus DNA, even after short exposures
(30 min). To the best of our knowledge, this is the
first acute genotoxicity study of magnetic composites
on bacteria; as a result, we cannot compare our re-
sults with those of other authors directly. Previous

studies have shown no genotoxicity attributable to
PNIPAAm nanoparticles, however, and no decrease in
cell viability when tested against two kinds of
mammalian cell at nanoparticle concentrations of up
to 800 mg/l [30]. On the other hand, previous geno-
toxicity studies on MNPs (y-Fe;O,) have shown a
negative effect on human fibroblast cells at 100 mg/l
[35]. Studies performed with mammalian cell lines,
however, cannot be directly compared to studies done
with bacterial cells, due to significant differences in
eukaryotic and prokaryotic cells.

Conclusions

Magnetic poly(N-isopropyl-acrylamide) nanocomposites
were prepared through emulsion polymerisation (Fe;O,4-
PNIPAAm-1), in situ precipitation (Fe30,-PNIPAAm-2)
and physical addition (Fe30,-PNIPAAm-3). Both Fe;O,-
PNIPAAm-1 and Fe;O4-PNIPAAm-2 showed higher
values for surface charge and thermal stability, indicating
a stable colloidal system. At room temperature, Fe;Oy4-
PNIPAAm-3 displayed highest magnetisation saturation.
Presence of Fe3;0,-PNIPAAm nanocomposites at both
low and high concentrations caused significant damage
to both E. coli and S. aureus DNA, even after short
exposure, and led to a decrease in cell viability. Overall,
we suggest that Fe;O,-PNIPAAm-1, prepared through
emulsion polymerisation, is the most appropriate
method for producing a magnetic nanocomposite with
high antimicrobial activity towards Gram-negative E. coli
and Gram-positive S. aureus.

Abbreviations
Fe304-PNIPAAM: Magnetic poly(N-isopropylacrylamide); MNPs: Magnetite
nanoparticles
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e This study summarizes the outcome of nanoecotoxicity testing in NanoRem.

o We assessed four novel engineered nanomaterials in an ecotoxicological test battery.
« Only one of the tested materials gave rise to toxicity below 100 mg/L.

« Standardized testing is inadequate to inform site-specific risk assessment.
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Nanoremediation with iron (Fe) nanomaterials opens new doors for treating contaminated soil and
groundwater, but is also accompanied by new potential risks as large quantities of engineered nano-
materials are introduced into the environment. In this study, we have assessed the ecotoxicity of four
engineered Fe nanomaterials, specifically, Nano-Goethite, Trap-Ox Fe-zeolites, Carbo-Iron” and Fer-
MEG12, developed within the European FP7 project NanoRem for sub-surface remediation towards a test
battery consisting of eight ecotoxicity tests on bacteria (V. fisheri, E. coli), algae (P. subcapitata, Chlamy-
domonas sp.), crustaceans (D. magna), worms (E. fetida, L. variegatus) and plants (R. sativus,
L. multiflorum). The tested materials are commercially available and include Fe oxide and nanoscale zero
valent iron (nZVI), but also hybrid products with Fe loaded into a matrix. All but one material, a ball
milled nZVI (FerMEG12), showed no toxicity in the test battery when tested in concentrations up to
100 mg/L, which is the cutoff for hazard labeling in chemicals regulation in Europe. However it should be
noted that Fe nanomaterials proved challenging to test adequately due to their turbidity, aggregation and
sedimentation behavior in aqueous media. This paper provides a number of recommendations con-
cerning future testing of Fe nanomaterials and discusses environmental risk assessment considerations
related to these.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

options for environmental remediation of organic compounds
(notably chlorinated solvents) and heavy metals in soil and

Innovation in nanotechnology introduces new treatment groundwater (Karn et al., 2009; Mueller et al., 2012). Especially iron

* Corresponding author.

(Fe) based nanomaterials have shown a potential for remediation
due to a larger specific surface area and corresponding increased
reactivity compared to micro-scale and larger Fe materials tradi-

E-mail address: ruhj@env.dtu.dk (R. Hjorth). tionally used for remediation of contaminated sites (Wang and
! Present address: Department of marine sciences, University of Gothenburg, Box Zhang, 1997). Nanoscale zerovalent iron (nZVI) has received most
100, SE-405, 30 Gothenburg, Sweden.

http://dx.doi.org/10.1016/j.chemosphere.2017.05.060
0045-6535/© 2017 Elsevier Ltd. All rights reserved.
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of the attention as it is highly reactive compared to the bulk ZVI
used in permeable reactive barriers (Henderson and Demond,
2007). Remediation with nZVI has been claimed to represent a
faster, cheaper and a potentially more effective treatment option
than current ex situ and in situ methods (Yan et al., 2013). However,
nanomaterials engineered to remediate polluted soil and ground-
water may constitute a risk to the environment as they are injected
into the subsurface in large quantities (Grieger et al., 2010). As such
this could represent a worst case scenario when considering
possible negative environmental effects of manufactured nano-
materials. Nanoremediation in general seems associated with high
uncertainty both in relation to its potential environmental risks, but
also towards its field scale efficacy (Grieger et al., 2015). Uncertainty
with regards to the potential environmental impacts of Fe nano-
materials hampers their use and has partly been the reason for the
limited implementation of Fe nanomaterials in remediation
(Bardos et al., 2014), although no major environmental impacts
have been reported in the first decade of field deployments with Fe
nanomaterials (Mueller et al., 2012).

Several publications in recent years have evaluated the eco-
toxicity of Fe nanomaterials, particular nZVI materials, with
NANOFER STAR, NANOFER 25 and 25s being the most common
commercially available particles. In these publications the focus has
been on aquatic and terrestrial ecotoxicity (Keller et al, 2012;
Marsalek et al., 2012; Sacca et al., 2014; El-Temsah et al.,, 2016)
and in general effect concentrations as low as 0.5 mg/L to above
2.5 g/L have been reported, demonstrating considerable variation
in ecological response to Fe nanomaterials.

Arange of Fe nanomaterials has been developed in the European
FP7 project NanoRem (Taking Nanotechnological Remediation
Processes from Lab Scale to End User Applications for the Resto-
ration of a Clean Environment, for more information see nano-
rem.eu) in order to extend the spectrum of treatable soil and
groundwater contaminants from halogenated organics to non-
halogenated substances and non-reducible metals. Contrary to
the three materials mentioned above, the potential ecotoxicity of
the materials developed in NanoRem have not previously been
tested. These materials are currently available on the international
marked (see Table 1). Common for all materials is that if they are to
be used in field-scale remediation, their production volume will
easily reach 1 metric ton per year (Mueller et al.,, 2012). In this case,
they will have to be registered under the European chemical
legislation REACH, which will be accompanied with data re-
quirements on ecotoxicity. The data generated will feed into the
general hazard identification of the nanomaterials and form the
basis for a generic risk assessment (i.e. a hazard classification ac-
cording to the classification, labeling and packaging (CLP)

Table 1

regulation). It is important to emphasize that this risk assessment
does not directly relate to the safety of injecting said material into
an aquifer or a contaminated soil. Such a task is done in a site-
specific risk assessment, which is outside the scope of this study.

Test organisms and endpoints in the ecotoxicology test battery
were chosen to include representatives for both terrestrial and
aquatic environments as Fe nanomaterials may spread, in worst
case scenarios, to both terrestrial and aquatic habitats (Grieger
et al., 2010). The ecotoxicity tests were also selected to include
standardized tests to ensure general regulatory acceptance of test
results as well as non-standardized tests to broaden the test basis
with respect to modes of exposure and modes of action, and to
enhance the likelihood of seeing biological responses within the
range of particles and concentrations tested. The aim of the paper is
to provide ecotoxicity data for four newly developed Fe nano-
materials and the paper also highlights current challenges in doing
adequate hazard identification and environmental risk assessment
of Fe nanomaterials. Finally, recommendations for future ecotox-
icity testing of Fe nanomaterials are provided.

2. Materials and methods
2.1. Nanomaterials

Samples of Fe nanomaterials for ecotoxicity testing were ob-
tained directly from the manufacturers within the NanoRem proj-
ect. A full list and characterization of the nanomaterials is seen in
Table 1.

2.1.1. Dispersion of nanomaterials for toxicity testing

Dispersions of powder Fe nanomaterials were made according
to the description provided by the manufactures. Due to testing
constraints (e.g. infeasibility to degas exposure media) for the
aquatic standard tests (on V. fischeri, P. subcapitata and D. magna),
all nanomaterial powders were dispersed as described for
magnetite.

2.1.1.1. Carbo-Iron®. For 100 mL of a stock suspension at 10 g/L,
20 mL of a 10 g/L carboxymethyl cellulose (CMC) solution was
added to 80 mL of test medium and degassed with N; for an hour.
Then, 1 g of test material was added to the solution under N; flow,
and mixed for 10 min with a high-shear mixer. Dilution series were
prepared under regular aerobic conditions and used right away.

2.1.1.2. Trap-Ox Fe-zeolites. A stock suspension with a zeolite con-
centration of 25 g/L was prepared by dissolving 2.5 g CMC in 50 mL
deionized water by heating the mixture to 70 °C with stirring for an

Characterization of the pristine Fe nanomaterials. Magnetite is not used for remediation in NanoRem but was chosen as a control in this study. The listed information is

obtained from the manufacturer.

Name Description Development Status Mode of remediation Form Chemical composition Average primary Specific surface
particle size (nm) area (m?/g)
FerMEG12 Zero-valent Fe mechanically  Field tested and Reduction Suspension 15-30% Fe = 12-18
ground through ball milling  commercially available 70-85%
monoethylene glycol
Carbo-Iron™ Composite of activated carbon Field tested and Adsorption + Reduction Powder 30.3% Feyor 13440 + 20 594
and zero-valent Fe commercially available 20.5% Fe®
13.1% Fe304
55 + 1% Cror
Magnetite Fe oxides (Fe304) Precursor for NANOFER — Powder Fe304 - -
STAR
Nano-Goethite Fe oxides stabilized with Field tested and Adsorption + Oxidation Suspension ‘pure’ FeOOH with 220 + 20 140
humic acids commercially available organic coating
Trap-Ox Nanoporous aluminosilicate ~ Premarket Adsorption + Oxidation Powder 4% Al 1000 600
Fe-zeolites loaded with Fe(lII) 92% Si
3% Fe
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hour. Then, 2.5 g Fe-zeolite in 50 mL deionized water was sonicated
for 15 min and the CMC solution and zeolite suspension were
mixed and sonicated for additional 15 min.

2.1.1.3. Magnetite. Magnetite, received as powder, was suspended
in deionized water and mixed for 10 min with a high-shear mixer.
Subsequent dilutions series in exposure media were prepared and
used right away.

2.1.14. Suspensions. Nano-Goethite was provided as a stable sus-
pension and was diluted directly from the sample into the exposure
media. However, the FerMEG12 were additionally sonicated for
15 min due to sedimentation.

2.2. Characterization of stock suspensions

Dynamic Light Scattering (DLS) measurements of aqueous sus-
pensions (deionized water) from 10 mg/L to 10 g/L test material
were performed on a Malvern Zetasizer ZS (Malvern instruments
Ltd, Worcestershire, UK) equipped with a laser source at a wave-
length of 633 nm. Zeta-averaged hydrodynamic diameters and size
distributions were determined using the “multiple narrow modes
(high resolution)” algorithm supplied by Malvern. Measurements
were done in triplicates of 5 runs with autocorrelation functions of
10 s. The same instrument was used for the measurements of
electrophoretic mobility and the Smoluchowski approximation was
used for determining zeta-potentials. Three measurements with 5
runs per measurement were obtained.

Nanoparticle Tracking Analysis (NTA) measurements of the hy-
drodynamic diameter of individual particles suspended in deion-
ized water at a concentration of 10 mg/L to 10 g/L were done on a
Nanosight LM10 (NanoSight Ltd, Amesbury, UK).

The light source was a solid-state, single-mode laser diode (ra-
diation output max power <50 pW, 635 nm continuous wave, max
power < 35 mW). The standard camera Marlin F-033B (Allied
Vision Technologies GmbH, Stadtroda, Germany) was used. All data
were analyzed using the instrument software (NanoSight™ version
2.2). The analysis with NTA was done on 7 videos with 1 min length
each. The solution oxidation-reduction potential and pH were
measured in all exposure suspensions at the beginning and the end
of the tests. Total Fe concentration in stock suspensions was
measured by ICP-OES (Perkin Elmer, Optima 5300 DV) following
microwave assisted digestion under acidic conditions (3.7% HCI).

2.3. Ecotoxicological test battery

A test battery of eight tests (see Table 2) was used to assess and
rank the nanomaterials listed in Table 1. Dilutions series were made
from stock suspensions and tested in concentrations up to 1 g/L. For
some tests, higher concentrations were assessed, including the root
elongation test with radish Raphanus sativus, ryegrass Lolium

multiflorum (up to 10 g/L) and the earthworm mortality test with
Eisenia fetida (up to 25 g/L). Full tests protocols are enclosed in the
Supplementary Information.

3. Results
3.1. Characterization

Table 3 provides an overview of the characterization of the Fe
nanomaterials in deionized water. Differences in size distribution
were observed, with NTA generally finding a lower average size
than DLS. Based on zeta potential measurements, Nano-Goethite
and Trap-Ox Fe-zeolites showed higher aqueous stability than
FerMEG12 and Carbo-Iron®, however sedimentation of the Trap-Ox
Fe-zeolites was also observed. In the more complex aquatic test
media, DLS measurements proved difficult due to particle sedi-
mentation of all tested materials. This violates the principle behind
DLS for size distribution measurements as the particles are affected
by gravitational movement and not just Brownian movement and
no reliable estimation of size distribution could be made. Charac-
terization with DLS also revealed that all particle suspensions had a
very broad size distribution with polydispersity indexes around 1,
which also undermines the use of DLS measurements to charac-
terize the suspensions.

3.2. Ecotoxicity

Almost all of the tests conducted showed no toxicity of the
tested Fe nanomaterials at concentrations up to 100 mg/L, which is
the cutoff value for hazard labeling in the EU. Only FerMEG12 gave
rise to toxicity at concentrations below 100 mg/L. Effects were seen
in the 6 h growth inhibition test with E. coli (Fig. 1), the 6 d root
elongation test with R. sativus (Fig. 2) and 96 h mortality test with
L. variegatus (Fig. 3).

The growth rate (h~!) of Gram-negative E. coli was not signifi-
cantly affected in the presence of Carbo-Iron®, Nano-Goethite and
Trap-Ox Fe-zeolites at any of the tested concentrations (Fig. 1). A
significant effect on E. coli growth rate was observed for FerMEG12,
from concentrations as low as 50 mg/L (P < 0.001), and for
magnetite at the highest concentration tested (1000 mg/L,
P < 0.05).

The root elongation of R. sativus was reduced by 33% by Fer-
MEG12 particles at a nominal Fe concentration as low as 10 mg/L.
Root elongation was increasingly reduced in a concentration-
dependent manner and completely inhibited at 10 g/L (Fig. 2,
left). The root elongation of L. multiflorum was significantly reduced
at nominal Fe concentrations >1 g/L, and completely inhibited at
10 g/L (Fig. 2, right). The pH of the exposure suspensions at the
beginning of the experiment was 6.0 + 0.5 over the whole con-
centration range. In contrast, the oxidation reduction potential,
measured in exposure suspensions at the beginning of the

Table 2

Organisms and testing endpoints of the eight ecotoxicity tests in the test battery.
Organism Species Duration Endpoint Reference
Bacteria Vibrio fischeri 15 min Decrease in bioluminescence 1SO11348-3
Bacteria Escherichia coli 6h/24h Growth/Cell viability —
Algae Pseudokirchneriella subcapitata 48 h Growth rate inhibition OECD 201
Algae Chlamydomonas sp. 48 h Photosynthesis efficiency -
Crustacean Daphnia magna 48 h Immobilization OECD 202
Earthworm Eisenia fetida 48 h Mortality OECD 207
Oligochaete Lumbriculus variegatus 96 h Mortality OECD 225°
Plant Raphanus sativus, Lolium multiflorum 6d Root elongation OECD 208

@ Modified to short term water-phase exposure.
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Table 3

Characterization of the four tested nanomaterials dispersed in deionized water at 100 mg/L. Samples were characterized 2 and 144 h after dispersion and analyzed by DLS for
hydrodynamic diameter and zeta-potential. NTA analysis was performed in samples 2 h after dispersion.

Nanomaterial DLS Hydrodynamic diameter (z-average; nm)

Zeta-potential (mV) NTA Average size (mode average; nm)

2h 144 h 2h 144 h
FerMEG12 480 720 12 1.5 210
Carbo-Iron® 1300 500 -15 -17 120
Nano-Goethite 230 270 —41 —44 —
Trap-Ox 780" 780" —65 —60 250
Fe-zeolites
—: No data.
*: sedimentation after suspension in deionized water occurred.
0.4 1 0g/L 50 mg/LL W 500 mg/L. WM 1000 mg/L “10 g
: 100 S - 24n
| _ 8 3 = 4gh
B Ll i ] 75 g = 72
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0.0 x Fig. 3. Mortality of L.variegatus after 24—96 h exposure to FerMEG12 (left axis) and
* o dissolved oxygen (DO) concentration in test beakers after 0—-96 h (right axis).
<@ & 8 N &
& » <~ & N
\&.'\\ {od @‘z’% I P
(did Q,QO' <} 3.3. Technical challenges of ecotoxicity testing of Fe nanomaterials

Fig. 1. Growth rate of E. coli after 6 h exposure to FerMEG12, Carbo-Iron®, magnetite,
Nano-Goethite and Trap-Ox Fe-zeolites at 0, 50, 500 and 1000 mg/L. Asterisks indicate
treatments that differ significantly from controls (ANOVA and Dunnett's test, n = 3).
Significance levels were set at P < 0.05 (*), P < 0.001 (**) and P < 0.0001 (***).

experiment, was dramatically different among concentrations and
ranged from +250 mV (control), +50 mV (0.01-0.1 g/L),
to =590 mV (5 and 10 g/L).

For the L. variegatus test, no toxicity was observed at 1 mg/L,
however more than 50% mortality was observed at 5 mg/L and
100% at 10 mg/L. Mortality was observed already after 24 h,
together with a rapid decrease in the dissolved oxygen concen-
tration in test beakers containing FerMEG12 (see Fig. 3).

The higher concentrations of Fe nanomaterials did in several
cases influence the measurement principles or assumptions behind
the tests. Especially the turbidity of the suspensions caused issues
with limited light transmission through the suspensions. In the
V. fischeri test, the quantification of the bioluminescence could be
influenced by quenching of the emitted light before it reaches the
detector. This can easily be measured in a double vial setup that
ensures no actual bacterial exposure to the suspension, with the
inner vial containing the bacteria. A way to account for this is by
spiking the suspension with V. fischeri emitting a known amount of
bioluminescence. In this way, the added bacteria can act as an in-
ternal standard and the effect of quenching can be estimated and
corrected for. Using this method, it was clear that the tested ma-
terials did quench light emission, giving rise to potential erroneous

Raphanus sativus Lolium multifiorum
84
3
Py * * * *
§
=8
£
2 { 2
2
3 47 ‘ o e } o e
e [}
1
24
0 } 0 Y
0 001 005 01 1 5 10 0 001 005 0.1 1 5 10

Concentration (g/L)

Concentration (g/L)

Fig. 2. Root length of radish (Raphanus sativus) and ryegrass (Lolium multiflorum) exposed to various nominal Fe concentrations from FerMEG12 particles for 6 d. Asterisks indicate
treatments that differ significantly from controls (Holm-Sidak, n = 3, P < 0.05 (*), P < 0.001 (**)).

76



R. Hjorth et al. / Chemosphere 182 (2017) 525—531 529

conclusions if unaccounted for.

For the algal growth inhibition, issues with the quantification of
algal biomass also started to appear at higher concentrations
(>100 mg/L). At high Fe concentrations the fluorescence spectrum
was altered significantly and obfuscated the presence and the size
of the chlorophyll peak. During the testing, the turbidity can also
prevent the algae to obtain sufficient light for exponential growth, a
shading effect that can be difficult to account for (Hjorth et al.,
2015).

In the tests with D. magna and L. variegatus, oxidation, aggre-
gation, precipitation and ultimately sedimentation of Fe resulted in
a change of exposure route (which was intended to be through the
water phase alone) directly affecting the mobility of D. magna. Due
to the described stratification of Fe particles, L. variegatus was
exposed to an increased concentration, as both the particles and the
oligochaeta stay at the bottom of the beaker.

4. Discussion
4.1. Ecotoxicity of Fe nanomaterials

Based on the performed ecotoxicity tests in the present study,
only the FerMEG12 particles would be classified as toxic to aquatic
organisms in accordance to the CLP regulation. As none of the other
tested materials showed toxicity below 100 mg/L, none of them
would receive any environmental hazard classification. The highest
toxicity of the FerMEG12 particles was observed towards the oli-
gochaeta L. variegatus. However particle sedimentation during the
test consequently exposed L. variegatus to higher Fe concentrations
than what was initially dispersed, which could explain why toxicity
was observed for L. variegatus and not e.g. for D. magna which
spends more time in the water column. Ageing the particles for 1 h
in media alleviated the toxicity, which is in agreement with an
earlier study on milled particles reporting low toxicity after
oxidation (Kober et al., 2014). Similarly, a recent study on zebrafish
found no adverse effects of aged Carbo-Iron™ (Weil et al., 2015).

The FerMEG12 particles were also tested in the standard algal
test with P. subcapitata with acute effects evidenced by a decrease
in fluorescence right after the onset of the test (data not shown).
However, during the incubation period the algal population
recovered and exhibited growth rates similar (or higher) than the
non-exposed controls. As the only material out of the four tested,
FerMEG12 was dispersed in a solvent (ethylene glycol) and
although ethylene glycol in itself showed no toxicity when tested, it
seems to have preserved the reactivity of FerMEG12's elemental
iron. Other studies confirm the toxicity of freshly prepared, non-
oxidized nZVI. For instance, Keller et al. (2012) studied the
response of microalgae and D. magna exposed to NANOFER STAR
and 25S. D. magna proved the most sensitive with LOEC values of
0.5 mg/L for the NANOFER STAR and NANOFER 25s, compared to a
LOEC of 1 mg/L for Fe’*. Whereas the growth of the marine
microalga I. galbana was inhibited after exposure to NANOFER 25s
starting at 3 mg/L (Keller et al., 2012), no effect was observed for
NANOFER STAR at concentrations up to 100 mg/L and effects from
dissolved Fe did not occur at concentrations lower than 50 mg/L.
For the freshwater microalgae, P. subcapitata, Fe?* exposure proved
the most toxic with a LOEC value of 5 mg/L, which was lower than
for any of the particles or Fe** (Keller et al., 2012),

NANOFER 25s has also been found to affect the growth of the
nematode C. elegans at 0.5 mg/L, whereas at 5 mg/L a decrease in
survival and reproduction occurred. However, when tested in soil,
no toxicity to C. elegans was observed for NANOFER 25s at con-
centrations up to 17 mg/g. On the contrary, their growth and
reproduction increased (Sacca et al., 2014). Similarly, the survival of
the earthworm, E. fetida, was not affected by nZVI even at 3 g/kg,

although DNA damage and lipid oxidation was observed (Yirsaw
et al,, 2016).

Chen et al. (2011) investigated continuous exposure of carbox-
ymethyl cellulose stabilized nZVI (CMC-nZVI) towards medaka fish
larvae and concluded that the toxicity was caused by hypoxia, Fe?*
toxicity, and ROS-mediated oxidative damage. In their experiment
Fe* proved the most acutely toxic with 100% mortality at 75 mg]L.
In a similar study, Chen et al. (2012) reported Fe*" being the most
toxic form of Fe tested, followed by CMC-nZVI, nZVI and lastly the
aged nZVL. Yet in Chen et al. (2013) CMC-nZVI had a higher acute
toxicity than both Fe?* and aged nZVl.

Marsalek et al. (2012) have reported low aquatic toxicity for
NANOFER 25 with ECso > 1 g/L for D. magna and >2.5 g/L for fish
(P. reticulate) and similar values for willows (S. alba), duckweed
(L. minor), and microalgae (D. subspicatus). Effects on the cyano-
bacteria M. aeruginosa were observed at the lowest concentrations
in the test battery and with an ECsp-value of 50 mg/L.

Although there are signs of increased ecotoxicity of nzZVI
compared to Fe?*, which seems rational due to the additional
oxidative capacity of Fe?, the opposite is also sometimes the case.
However none of the studies in the scientific literature on Fe
nanomaterials have reported a higher toxicity than what has been
shown for dissolved Fe (Johnson et al., 2007). It seems likely that
varying, and generally lower, bioavailability of nZVI in media has
the potential to offset any increase in toxicity compared to dis-
solved Fe.

4.2. Environmental risk assessment of Fe in surface water

Whereas hazard and risk assessment of Fe nanomaterials is a
novel task, the toxic effects of Fe and Fe salts on aquatic life is well
described. Fe?* is generally considered bioavailable and can induce
toxicity in aquatic organisms, whereas when oxidized to Fe>* it
hydrolyses and precipitates out of solution as hydroxides at normal
pH, which then can give rise to indirect, physical effects (Vuori,
1995). Ecotoxicity testing of Fe has traditionally made a distinc-
tion between total Fe and dissolved Fe, ideally signifying Fe®*,
however in practice meaning anything that passes through a
0.45 pm filter, which includes colloidal Fe(Ill) stabilized mostly by
organic material (Vuori, 1995) and Fe(Ill) complexed by organic li-
gands. In this way, many tests have already, indirectly, assessed the
toxicity of suspended Fe in the nano range. Even for Fe, hazard and
risk assessment as well as setting appropriate environmental
quality standards (EQS) has been difficult for decades due to this
redox cycling, inorganic speciation, complexation and
precipitation.

As an example, the company American Electric Power (AEP)
argued in 1983 that the USEPA water quality standard of 1 mg/L for
Fe was too low, stating that field data showed that Fe concentra-
tions “need to be far over 1 mg/L to adversely affect” aquatic life,
and that toxicity testing is not fit to assess Fe toxicity (Loeffelman
et al., 1985). AEP also called for a use of Fe?*, and not total Fe, as
the foundation for setting the water quality standard, based on the
fact that Fe>" is the bioavailable fraction of Fe.

More recently, Linton et al. (2007) acknowledged that the USEPA
“metal policy” generally is to derive “aquatic life criteria” based on
the dissolved metal and therefore Fe should be regulated based on
Fe?* toxicity. Yet, it makes sense to use field data on total Fe, as lab-
based toxicity testing of Fe is poor at assessing colloidal and indirect
effects such as the impact on respiration and food consumption.
With reference to a review by Vuori (1995) who states “the effect of
Fe on aquatic animals and their habitats are mainly indirect”, Linton
et al. (2007) argue that field studies therefore would do a better job
of assessing the overall environmental impact of Fe. Accordingly,
the assessment still has a foundation in field observations partly
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due to this issue of indirect effects (Linton et al., 2007). Based on
additional field data, Linton et al. (2007) however proposed a new
and differentiated EQS of 0.21 mg/L for sensitive groups and
1.74 mg/L for “slight to moderate changes” in the aquatic
community.

In Europe, the Environment Agency in England proposed a new
EQS for Fe in 2007 under the Water Framework Directive (Johnson
et al., 2007). A long term PNEC of 16 pg/L was derived, based on a
NOEC value of 0.16 mg/L obtained in a 21-d study on D. magna.
Similarly, a 96 h study on brook trout (S. fontinalis) with a LCsg value
of 0.41 mg/L gave rise to a short term PNEC of 41 pg/L. They
rationalized the use of the considerably lower PNEC values with the
emergence of new data as well as the fact that the old EQS was
based on field data and not on standardized toxicity tests.

In response to this, Crane et al. (2007) stated that 16 pg/L was
“substantially below concentrations associated with impaired
invertebrate assemblages in the field”. Based on their analysis of
data from 253 sites in England and Wales, Crane et al. (2007)
proposed an EQS between 43 and 250 pg/L based on dissolved Fe.
In 2012, the UK Technical Advisory Group proposed an EQS of
0.73 mg/L total Fe, based on field data, in a very thorough review
(Peters et al., 2012). The suggested EQS from the Environment
Agency of 16 ng/L was described as well below background levels
and therefore “not adopted for regulatory use”.

In accordance with Linton et al. (2007), Peters et al. (2012) state
that the effects of Fe are difficult to isolate and, in contrast to most
metals, we cannot just focus on the dissolved fraction as there is
also a physical effect from the total Fe, which perhaps could even be
dominating. This line of reasoning also advocates for the use of total
Fe as the dose metric for ecotoxicity studies on Fe nanomaterials.

4.3. Applicability of standardized ecotoxicity tests for hazard
identification of Fe nanomaterials

As shown above, the current consensus seems to move away
from using standardized ecotoxicity tests on Fe for risk assessment
purposes; rather the use of field data and mesocosm studies are
encouraged. Peters et al. (2012) point towards the issue of Fe sol-
ubility as well as the issue with assessing physical effects as the key
points against using standardized ecotoxicity testing of Fe. Wess
(2015) also questions the adequacy of ecotoxicity tests on Fe to
inform risk assessment as they fail to uphold various criteria for
assessing causation, e.g. issues with establishing dose response
relationships and incoherence with field data. If these ecotoxicity
tests are not suitable for Fe salts due to precipitation and exposure
control issues, then clearly they are not suitable to assess Fe
nanomaterials, which by definition are not dissolved entities.

However, having the test limitations and challenges in mind,
such as the ones mentioned in section 3.3, as well as the general
testing considerations in nanoecotoxicology (Petersen et al., 2014,
Skjolding et al., 2016) and indirect physical effects (Serensen
et al., 2015), standardized ecotoxicity tests can still provide valu-
able information, as a screening and ranking tool for hazard iden-
tification. Trying to overcome these limitations will sometimes
result in deviations from the standard tests, which at times are
necessary to obtain meaningful data. Additionally, the information
generated from standardized ecotoxicity tests is still required by
regulatory agencies to achieve market access.

On the other hand, as shown for Fe salts, standardized ecotox-
icity tests are challenged in terms of their usefulness and accuracy
for site-specific and case oriented risk assessments, and it is rec-
ommended to rely more on field data when assessing the envi-
ronmental impact of Fe (EC, 2011). The relevance of standard
organisms for site-specific risk assessment is questionable for
remediation cases, as the extrapolation value from these organisms

to ecosystems may be low. In addition, the transformation of the
pristine material to the oxidized form expected in the environment
and the corresponding change in toxicity is also better assessed in
the field. As such, it makes sense to rely less on laboratory eco-
toxicity testing and instead incorporate mesocosm and field data
into site-specific risk assessment of Fe nanomaterials.

5. Conclusion and recommendations

Ecotoxicity testing of four nanomaterials engineered for sub-
surface remediation revealed low toxicity for all Fe oxides mate-
rials as well as Carbo-Iron®, and the results do not lead to any
hazard classification according to current EU regulation. FerMEG12
was the only material exhibiting toxicity towards bacteria and
plants at 50 mg/L and oligochaetes at 5 mg/L. Standard ecotoxicity
testing of nanoparticles has in general proven technically difficult
and it may be questioned whether proper hazard identification of
engineered nanoparticles needed for environmental risk assess-
ment is currently feasible. Aggregation, agglomeration, sedimen-
tation, shading, and other physical effects are known to confound
the measuring principles behind the tests and these interferences
were also observed for the tested particles. This was pronounced
for tests on algae, bacteria, and crustaceans and requires inclusion
of additional controls to ensure a correct data interpretation. While
Fe® nanomaterials have the potential to be toxic at low concen-
trations, a potential environmental impact downstream of the in-
jection of Fe nanomaterials seems more likely to originate from the
large amount of Fe injected in in-situ remediation, than from novel
particle related effects, especially since Fe is abundant in nature as
particulate matter. In conclusion we recommend:

e Testing concentrations up to 100 mg/L is relevant for hazard
identification and classification purposes. Testing Fe nano-
particles at higher concentrations not only decreases the envi-
ronmental relevance, but also increases the influence of physical
effects such as turbidity and concentration-dependent
agglomeration. Therefore, the main focus in testing should be
on concentrations <100 mg/L, and care should be taken when
conducting ecotoxicological testing of Fe nanomaterials at
higher concentrations.

For Fe nanomaterials, agglomeration and sedimentation chal-
lenge the validity of the standard test setups for which a con-
stant exposure during incubation is required. These issues are
currently under scrutiny in the OECD WPMN and in several EU
projects (Lynch, 2016). We recommend the use of these tests for
hazard identification and ranking, where these tests still provide
valuable information.

We recommend studying the effects of Fe nanomaterials in
more environmentally realistic conditions to support site-
specific hazard assessment. E.g. through testing of relevant or-
ganisms, media and more complex testing systems closer
related to the field, as the scope of standardized ecotoxicity
testing is limited and not designed to assess the indirect effects
of Fe exposure.
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Multifunctional nanoparticles for magnetic hyperthermia which simultaneously display antibacterial properties
promise to decrease bacterial infections co-localized with cancers. Current methods synthesize such particles by
multi-step procedures, and systematic comparisons of antibacterial properties between coatings, as well as
measurements of specific absorption rate (SAR) during magnetic hyperthermia are lacking. Here we report the
novel simple method for synthesis of magnetic nanoparticles with shells of oleic acid (OA), polyethyleneimine
(PEI) and polyethyleneimine-methyl cellulose (PEI-mC). We compare their antibacterial properties against

Keywords:

M:;,/,eﬁc single gram-positive (Staphylococcus aureus) and gram-negative (Escherichia coli) bacteria as well as biofilms.
Hyperthermia Magnetite nanoparticles (MNPs) with PEI-methyl cellulose were found to be most effective against both
Self-heating S. aureus and E. coli with concentration for 10% growth inhibition (EC10) of <150 mg/I. All the particles have

Antibacterial properties high SAR and are effective for heat-generation in alternating magnetic fields.

© 2016 Published by Elsevier B.V.

1. Introduction

Magnetite nanoparticles (MNPs) have attracted broad interest for
hyperthermic cancer treatment because they are non-toxic, bio-
compatible, and can be remotely heated by alternating magnetic fields
[1-2]. The magnetic induction heating behavior also provides a benefit
for biomedical applications, such as targeted drug delivery, and magnet-
ic separation [3-6]. MNP can transform the energy of an alternating
magnetic field into heat through two kinds of relaxation: Neel relaxa-
tion and the Brownian relaxation. Neel relaxation is caused by the
reorientation of the magnetization, which is caused by the reorientation
of the magnetization vector inside the magnetic core against an energy
barrier [7]. Brownian relaxation is due to the rotational diffusion of the
whole particle in the carrier liquid [8-11].

The size of nanoparticles influences the number of their magnetic
domains, where small nanoparticles are composed of a single domain
and the larger ones are composed of multiple domains minimizing the
magnetostatic energy. Conversion of dissipated magnetic energy into
thermal energy in magnetic nanoparticles shows promising applica-
tions in hyperthermic cancer treatment. Artificially induced hyperther-
mia, by locally raising the temperature of an affected region of the body
to 42-46 °C, has the power to kill cancer cells without affecting the
nearby healthy tissue [12-13].

E-mail address: sks46@cam.ac.uk (S.K. Smoukov).

http://dx.doi.org/10.1016/j.msec.2016.02.052
0928-4931/© 2016 Published by Elsevier B.V.

The most common methods used for the synthesis of magnetite
nanoparticles are co-precipitation process, thermal decomposition,
and hydrothermal synthesis [ 14-18]. Co-precipitation process is consid-
ered one of the easier procedures for preparation of magnetic nanopar-
ticles by precipitation of magnetic nanoparticles in solution media. The
size and the morphology of the prepared magnetic nanoparticles
strongly depend on the type of iron salts used, the reaction temperature,
pH and speed of stirring [14]. Heat dissipation, morphological and
magnetic properties are important for hyperthermia response.

Magnetic nanoparticles tend to aggregate due to the presence of
high surface energy of nanoparticles and their strong van der Waals
interactions. In situ formation of an organic or polymer layer on their
surface is one of the efficient methods for decreasing nanoparticle
aggregation, as well as providing functional groups on the surface and
allowing further functionalization with drugs and therapeutic agents.
The co-precipitation method used here is an easy method to produce
such coatings [15-16]. Several types of organic layer capped
superparamagnetic iron oxide nanoparticles have been prepared with
cinnamaldehyde, citric acid, starch and oleic acid [17-21]. It was
reported that poly(N-isopropylacrylamide) (PNIPAm), polyvinylpyrrol-
idone (PVP), polyvinyl alcohol (PVA), polyethylene glycol (PEG),
polyethyleneimine (PEI) and chitosan have also been used to stabilize
magnetic nanoparticles [22-25].

It is highly desired to have new hyperthermic agents that are also
antibacterial, which would decrease bacterial infections co-localized
with cancers [26-28]. Gold nanorods capped with toluidine blue O
(TBO) have been used as dual-function agents for photodynamic
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inactivation and hyperthermia against methicillin resistant Staphylococ-
cus aureus [26]. Recent studies have focused on dual-action nanoparti-
cles, Fe;04,-Zn0O nanocomposite were prepared for inactivation of
bacterial pathogens under magnetic hyperthermia [27]. In another
report a rapid drug release system was designed with a near-infrared
(NIR) light-activated molecular switch for dual-mode photothermal/
antibiotic treatments of subcutaneous abscesses [28]. A graphene-
based photothermal agent was used for rapid and effective killing of
bacteria [29].

The aim of the present work, is the fabrication of magnetic nanopar-
ticles coated with a functional layer having dual-action self-heating and
antibacterial effects. Magnetic fields have full penetration in the human
body, and by directly heating the particles themselves, no damage is
incurred on the surrounding tissues. The multi-functional particles
could also be conveniently guided from a convenient injection site to
the site of internal infection without additional incisions and risks for
re-infection.

2. Materials and methods
2.1. Materials

Iron (III) chloride hexahydrate (FeCls-6H,0), iron (II) chloride
tetrahydrate (FeCl,-4H,0), ammonium hydroxide (26% NH3 in H,0),
oleic acid, methylcellulose (M.W. 88,000), poly(ethyleneimine)
solution ~50% in H,O (M.W. 600,000-1,000,000) were all commercial
products from Sigma-Aldrich, Germany.

2.2. Preparation of magnetite coated with oleic acid (OA-MNP),
polyethyleneimine (PEI-MNP) and polyethyleneimine-methyl cellulose
(PEI-mC-MNP)

1.9 g FeCl,-4H,0 and 5.4 g FeCl3-6H,0 (molar ratio of 1:2) are
dissolved in 100 ml distilled water with mechanical stirrer for 1 h.
This sample is named as mixture 1. Magnetite coated with oleic acid
(OA-MNP) was prepared by addition 6 ml of ammonium hydroxide to
mixture 1 at 70 °C for 30 min. Particles are transferred into a mixture
of dichloromethane 50 ml and oleic acid 1 ml to form OA-MNPs. The
product was washed with water (to remove impurities, such as ammo-
nium salt). Magnetite coating with polyethyleneimine (PEI-MNP) and
polyethyleneimine-methyl cellulose (PEI-mC-MNP) was carried out by
addition of (4 g PEl in 50 ml distilled water) and (5 g PEl and 5 g methyl
cellulose in 50 ml distilled water) to mixture 1, respectively. PEI-MNP
and PEI-mC-MNP were prepared by addition 6 ml of ammonium
hydroxide to two solutions at 70 °C for 1 h. The product was washed
several times with distilled water and after that, OA-MNP, PEI-MNP
and PEI-mC-MNP were dried in a rotary evaporator at 40 °C (25 mbar,
80 rpm), until forming the fine powder.

2.3. Characterization

Fourier Transform Infrared (FTIR) was performed by Bruker Tensor
27 Infrared Spectrometer. Thermogravimetric Analysis (TGA) was
measured by TA Instruments Q500, while zeta potential measurements
were performed using a Zetasizer Nano analyzer (Malvern Instruments,
USA) at pH = 7. Dynamic Light Scattering (DLS) analysis was employed
to measure the hydrodynamic diameters of magnetic nanoparticle
aggregates in DI water using a Zetasizer Nano DLS unit. Microscopy
images were obtained through scanning electron microscopy (SEM)
using a Zeiss ULTRA Plus field-emission SEM equipped with a Schottky
cathode. The images were analyzed using Smart SEM software v5.05
(Zeiss, Germany) for imaging operated at 1.5 kV. Magnetic properties
were measured by vibrating sample magnetometer (VSM), heating
properties of the samples were measured by Cheltenham induction
heating limited with constant frequency (142 kHz) and power (1, 0.7,

0.5, 0.3, 0.1 kW) and the temperature was measured by infrared
thermometer.

2.4. Bacterial strains

Bacterial strains of Gram-negative Escherichia coli CCM 3954 and
Gram-positive S. aureus CCM 3953 were obtained from the Czech Col-
lection of Microorganisms, Masaryk University, Brno, Czech Republic.
The bacterial inocula were always prepared fresh from a single colony
growing overnight in a soya nutrient broth (Sigma Aldrich) at 37 °C.
The culture was diluted to achieve optical density OD = 0.01-0.02 at
600 nm (ODgpp). The growth rate was monitored by using a UV-Vis
spectrophotometer (Hach Lange DR6000, Germany) to measure the in-
creased scattering.

2.5. Bacterial growth rate exposed to MNPs

The freshly prepared bacterial cultures were transferred to 30 ml of
soya broth and kept in 200 ml conical flasks. The MNPs stock suspen-
sions (10 g/1) were added to the bacterial culture at a range of final con-
centrations, i.e. 50, 500 and 1000 mg/1. A 250 pl was then transferred to
each well of 96-well plate. Negative controls: bacterial cells only in
growth media and magnetic nanoparticles only in growth media were
run in parallel. Each sample was prepared in duplicates. The plate was
incubated at 37 °C and optical density of the samples was measured at
600 nm (OD600) every 2 h by using a Multi-Mode Microplate Reader
(Synergy™ HT, Biotek). The bacterial growth rate (h~') was defined
by a linear regression of cell density measurement (OD600) versus incu-
bation time (hours).

As an earlier publication, the effect of nanoparticle concentration on
bacterial growth rate (i) was calculated for each nanoparticle type,
based on Eq. (1):

(1%) = (Hc—Hr) /e x 100 (1)

[30] where I is inhibition, 1 is the mean value of growth rate of the con-
trol, and pr value is the growth rate of the culture affected by the nano-
particles. The EC10 value (effective concentration for 10% inhibition)
was obtained by plotting I% versus concentration of nanoparticle tested.

2.6. Cell viability

In parallel with the determination of bacterial growth rate, bacterial
viability test was carried out in the same MNP concentrations as de-
scribed above. Each bacteria-MNP sample was prepared in replicates
and cultures without nanoparticles were cultivated in growth media
as controls. Bacterial samples, including MNP were centrifuged at
5000 rpm for 5 min after 24 h incubation at 37 °C. The cell pellet was
washed and resuspended in physiological solution (0.85% of NaCl).
After that, the cells were stained (Live/Dead BacLight kit L7007, Life
Technologies) for 15 min in dark to distinguish viable and non-viable
cells. Viable cells showed green fluorescence and non-viable cells
were of red fluorescence. The viable and non-viable cells were observed
in fluorescence microscope (Axiolmager, Zeiss, Germany) with excita-
tion 470 nm, emission 490-700 nm and counted by Zeiss AxioVision
software. A range of 200 E. coli cells or S. aureus clusters (colonies)
was inspected to get the ratio of dead cells versus live cells.

2.7. Determination of S. aureus biofilm

The biofilm assay with crystal violet staining was previously described
[31]. S. aureus culture exposed to MNP as described for the growth rate
test was further incubated for 24 h in 96-well plate. The growth media so-
lution was then removed followed by drying the 96-well plate on air for
10 min. The formed biofilms were fixed with methanol and stained with
0.1% of crystal violet aqueous solution for 15 min. The staining solution
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was washed out using sterile ultra-pure water and air-dried. The wells
were then filled with 100 pl of 30% (v/v) acetic acid aqueous solution
for 5 min to solubilize the dye. The sample (biofilm) absorbance was
read at 490 nm in microplate reader. The background values of MNPs in
the dye (without bacteria) were subtracted to stained biofilm values
(MNPs with S. aureus). The replicated treated samples were compared
with untreated samples of S. aureus alone in growth media only.

2.8. Statistical analysis

One-way ANOVA and the Mann-Whitney test (GraphPad Prism
software; CA, USA) were used to compare differences between means
of bacterial growth rate for OA-MNP, PEI-MNP, PEI-mC-MNP on E. coli
and S. aureus.

The results were analyzed by ordinary ANOVA and the significance
level was shown with an asterisk *P < 0.02, **P < 0.006, ***P < 0.0002,
P < 0.0001.

3. Results and discussion
3.1. Characterization of MNPs

Magnetic nanoparticles of OA-MNP, PEI-MNP and PEI-mC-MNP
were prepared through co-precipitation of magnetite nanoparticles in

0 -
70 C/OH
=
OA, PEl or PEI-mC

Magnetite

2Fe™ + Fe’

the presence of oleic acid, polyethyleneimine or polyethyleneimine-
methyl cellulose, respectively as shown in (Fig. 1).

The surface functionality of the magnetite nanoparticles was
detected by IR (Fig. S1), with an absorption peak at 580 cm '
confirming the presence of a Fe-O bond related to the magnetite
phase of magnetite nanoparticles. The bands at 1430 cm~' and
1590 cm ™' correspond to the symmetric and asymmetric stretching
vibrations of oleate (—COO). This indicates that oleic acid bond with
iron oxide, which is consistent with the literature value [21]. The
absorption bands at 1040 cm ™' of C-0, 3440 cm ™' of ~OH (methyl
cellulose) is probably overlapped by the vibration band of -NH. The
absorption contribution bands appeared at 3350 cm~' and
1650 cm ™' from (—NH) symmetric and deformation respectively,
and assignable for PEI in PEI-MNP and PEI-mC-MNP.

SEM indicated slight differences in the morphology between
functionalized magnetic nanoparticles (Fig. 2) showed a broader size
distribution. Nanoparticles were usually agglomerated due to the high
surface energy between the nanoparticles and dipole-dipole interac-
tions [32].

Dynamic Light Scattering (DLS) displays a wide size-range for the
prepared samples. The average sizes of 132, 174 and 242 nm have
been measured for OA-MNP, PEI-MNP and PEI-mC-MNP, respectively.
DLS shows that the average size of magnetite coated with PEI-methyl
cellulose is higher than with PEI only due to the presence of methyl
cellulose particles in the layer (Fig. S2).

\ Functional layer

+

FeCl,-aH,0

FeCl,-6H,0

Polyethyleneimine Polvebilanain Ammonium
o olyethyleneimine hydroxide
Methyl cellulose
Dichloromethane
Ammonium Ammonium +
hydroxide hydroxide Oleicacid
PEI-mC-MNP PEI-MNP OA-MNP

Fig. 1. 1.9 g FeCl,-4H,0 and 5.4 g FeCl;-6H,0 are dissolved in 100 ml distilled water and stirring for 1 h at 70 °C. 6 ml of NH4OH is added to the resulting solution. 1 ml oleic acid, 4 g
polyethyleneimine, 5 g polyethyleneimine and 5 g methyl cellulose to produce 132 nm OA-MNP, 174 nm PEI-MNP and 242 nm PEI-mC-MNP, respectively.
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Fig. 2. Scanning electron microscopy pictures of a) OA-MNP b) PEI-MNP c¢) PEI-mC-MNP-
scale bars = 200 nm.

The zeta potential for functionalized magnetite nanoparticles were
32.6 mV, 353 mV and 10.3 mV for OA-MNP, PEI-MNP and PEI-mC-
MNP, respectively. The nanoparticle's zeta potential (surface charge)
indicates how effectively nanoparticles form stable or aggregated
colloids during the colloidal phase. It was reported that, at low zeta
potentials (close to zero), particles are no longer repelled strongly and
colloids will aggregate due to attractive surface forces. Conversely,
stable dispersions are formed at high zeta potentials (above ~30 mV)
[30]. This is of particular importance in biomedical applications where
stable colloidal systems are required (Fig. S3).

The stability of the prepared nanoparticles coated with oleic acid, PEI
and PEI-methyl cellulose was measured as a function of temperature by
the TGA (Fig. S4). OA-MNP show higher stability than those coated with
PEI-MNP and PEI-mC-MNP. Weight loss until 200 °C is mainly related to
loss of water and physically adsorbed layers of oleic acid, or PEI or PEI-
methyl cellulose. Above 200 °C the decomposition of chemical layer
bound to iron oxide occurs. Above 600 °C samples residue becomes
stable and the rest of the samples was 53.95%, 45.34% and 42.89%,
which correspond to amount of iron in MNP.

The magnetic properties of the prepared magnetite nanoparticles
were investigated with VSM at room temperature. Magnetization
saturation (Ms) is the maximum possible magnetization, whereby a fur-
ther increase in magnetic field, has no effect to enhance changing in
magnetization and become saturated. The values of Ms (emu/g) are
14.8,10.7 and 9 for OA-MNP, PEI-MNP and PEI-mC-MNP, respectively.
The values are less than the values for uncoated magnetite nanoparti-
cles (Ms = 92 emu/g) [33-34]. The decreased Ms for nanoparticles is
attributed to the disordered surface spins [35-36]. It is obvious that by
decreasing the particle size, the surface-to-volume ratio of a particle
will increase, which leads to a reduction in magnetization of the
particles [37].

3.2. Heating properties

The heat generated from samples was examined by exposing 20%
magnetic particle suspension dispersed in distilled water to an
alternating current (AC) magnetic field for certain time. It was an
obvious rise of temperature by increasing in strength of applied
magnetic field (1, 0.7, 0.5, 0.3, 0.1 kW) and by the exposure time (1-
5 min) as shown in (Fig. 3). In induction heating curves of nanoparticles
it is seen that the heating temperature increases with increasing time
until reaching equilibrium after 3 min, where the heating rate become
equal to the cooling rate. It was observed that the saturated temperature
of OA-MNP, PEI-MNP and PEI-mC-MNP is 55.8, 75 and 65.4 °C, respec-
tively at 5 min under 1 kKW of strength of applied magnetic field.
Where 0.1 kW was applied magnetic field the saturated temperature
for OA-MNP, PEI-MNP and PEI-mC-MNP is 29.6, 44.2 and 37.5 °C,
respectively at 5 min. So, for example for PEI-MNP at 2 min under
0.3 kW of strength of applied magnetic field temperature can reach to
45 °C, which is sufficient for cancer treatment. In addition, shorter rise
time gives the benefits of less sample weight loss and faster treatment.
For hyperthermia applications the temperature of cancerous tissue
needs to reach 42-45 °C for effective therapy, whereas temperatures
above 50 °C cause damage to cancer cells via thermoablation (necrosis)
[38].

3.3. Specific absorption rate (SAR)

SAR describes the energy amount converted into heat per unit time
and mass (e.g. Watts per gram) [39-40]. The SAR value was calculated
using Eq. (2):

SAR = (C/m) = (dT/dt) (2)

[40] where dT/dt is the slope of the time-dependent temperature curve
and, C is the volumetric specific heat capacity of the sample solution

84



92 M.S.A. Darwish et al. / Materials Science and Engineering C 63 (2016) 88-95

a
) 70
60 -
50 -
T 40
$ 40
g
g 30 3
——1kW
201 ——0.7 kW
0.5 kW
10 1 ——0.3 kW
0.1 kW
0 . . . . .
0 1 2 3 4 s
Time (min.)
b)
90 -
20
60 H
o
o 50
o
£ 40 4
- ——1 kW
39 9 - ——0.7 kW
20 ——0.5 kW
10 —8—0.3 kW
b 0.1 kW
0 . . . . ,
0 1 2 3 4 s
Time (min.)
c)
30 -
70
60 -
Iy S0 A
-
a 40 -
£ F}
o
F 30 -1 kW
0.7 kW
20 - 0.5 KW
30 o —8—0.3 kW
0.1 kW
0 . r . . .
0 i 2 3 4 s

Time (min.)

Fig. 3. Heating curves of a) OA-MNP b) PEI-MNP c) PEI-mC-MNP by exposing 20% MNPs
suspension dispersed in distilled water in a glass tube with Cheltenham induction
heating limited with copper coil and constant frequency (142 kHz) and power (1, 0.7,
0.5,0.3, 0.1 kw).

(4.186]/(g °C) for water) and m is the mass of magnetic material in the
sample (0.2 g). We use the data in the initial linear region of 0-3 min for
calculating the SAR before heat-saturation and diffusion cause flattening
of the curve. In Fig. 4 we plot the specific absorption rate (SAR) as a
function of the strength of the applied magnetic field and show that

330 | +
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Fig. 4. SAR values of OA-MNP, PEI-MNP and PEI-mC-MNP were calculated from
Cheltenham induction heating limited with copper coil and constant frequency
(142 kHz) and power (1,0.7,0.5, 0.3, 0.1 kW).

the SAR values increase with increasing the power applied. The
efficiency of the transformation of energy is dependent on the strength
and frequency of the magnetic field and the properties of the magnetic
particles like mean size, width of size distribution, particle shape and
crystallinity [11-13]. The SAR of magnetite particles in an external AC
magnetic field can be attributed to two kinds of power loss mecha-
nisms; one is hysteresis loss and other is relaxation loss. The relaxation
time depends on the particle diameter and when the particles are small
and the relaxation time is comparable to the frequency, large amount of
heat is generated [41]. It was reported that for particles with diameters
less than 9 nm, Neel relaxation is dominant. For larger particles, heating
is primarily due to Brownian rotation [42-44]. For the OA-MNP, PEI-
MNP and PEI-mC-MNP particles we report the highest absorption
rates of 231.99, 327.08 and 271.7 W g™ !, respectively.

34. Antibacterial properties of magnetic nanoparticles on bacteria

The growth rate (h~') of Gram-negative E. coli was not significantly
changed in the presence of OA-MNP, PEI-MNP and PEI-mC-MNP within
all tested concentrations. However, it was notably affected when E. coli
grew in 1000 mg/I of PEI-mC-MNP (P = 0.001). Surprisingly, S. aureus
was more susceptible toward all MNPs at high concentrations, concrete-
ly in 500 and 1000 mg/I. S. aureus growth rate dramatically decreased
from 0.1 (only S. aureus culture) to 0.02 (P < 0.0001) (Fig. 5).

The first results of the bacterial growth rate investigation implied
that S. aureus was more susceptive to MNPs than E. coli. The effective
concentration at 10% EC10 (mg/1) for growth inhibition of OA-MNP,
PEI-MNP and PEI-mC-MNP with Gram-positive S. aureus was shown
more significant than with Gram-negative E. coli (P = 0.04). Precisely,
PEI-MNP and PEI-mC-MNP displayed the highest effectiveness on
S. aureus (EC10 = 77.4 and 146.7 mg/1) and E. coli (EC10 = 520 and
145.7 mg/1), while OA-MNP showed the least effect on both bacteria,
S. aureus (EC10 = 200 mg/1) and E. coli (EC10 > 1000 mg/l) (Table 1).

After 24 h-exposure of bacteria to MNPs, the percentage of E. coli
dead cells only slightly increased from 1.3% (E. coli alone) to 21% (P =
0.03) and 24% (P = 0.02) when it was grown with PEI-mC-MNP 500,
1000 mg/l, respectively. By contrast, S. aureus dead cells significantly
increased from 7.5% (S. aureus without MNPs) to a range of 33-39%
(P<0.0001) when in contact with all MNPs materials at concentrations
of 500 and 1000 mg/1 (Fig. 6). This result was confirmed by the trend of
non-affected or affected cultures of either E. coli or S. aureus during
growth rate tests.
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Fig. 5. Bacterial growth rate (h™") of E. coli and S. aureus after 6 h incubation with MNPs:
OA-MNP, PEI-MNP and PEI-mC-MNP in a range of different concentration. Bacterial
growth rate determined in Soya broth medium served as negative controls (0 mg/l). The
error bars were determined from n = 2.

The strength of the biofilm formation of S. aureus was significantly
reduced by all MNPs at concentration of 50 mg/l (P <0.002). Interesting-
ly, the absorbance at 490 nm of biofilm was dramatically decreased
from 2 to 1.1, 0 and 0.3 (P < 0.0001) when S. aureus was cultivated
with 1000 mg/l of OA-MNP, PEI-MNP and PEI-mC-MNP, respectively
(Fig. 7).

The effect of MNPs on Gram-negative E. coli and Gram-positive
S. aureus presented by bacterial growth rate (h~'), percentage of
bacterial dead cells and biofilm formation showed that all three types
of MNPs have promising antibacterial properties.

To make sure that the effect is solely due to the MNPs, we measured
pH and ORP as chemical indicators of the medium which may
contribute to bacterial stress. In this research, both E. coli or S. aureus
in the presence of MNPs show similar pH values to the negative control
(bacteria alone in a medium), namely pH 7 at time 0 and pH = 5 after
6 h incubation. The case of S. aureus grown with PEI-MNP was an
exception, where pH remained at pH = 7 after 6 h exposure, likely

Table 1
The effective concentration at 10% inhibition, EC10 (mg/1) of MNPs determined for Gram-
negative Escherichia coli and Gram-positive Staphylococcus aureus.

OA-MNP PEI-MNP PEI-mC-MNP
E. coli >1000 520 145.7
S. aureus 200 774 146.7
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Fig. 6. Percentage of E. coli and S. aureus dead cells after 24 h incubated with OA-MNP, PEI-
MNP and PEI-mC-MNP. Bacterial growth in Soya broth medium alone was the negative
control.

caused by a complete lack of grow, and confirmed by the reduction in
growth rate from 0.1 to 0.02 h—! (Fig. S5). It is known that ORP is a
measurement of oxidizing or reducing ability in a solution and can in
principle contribute to stress experienced by the bacteria. Our measured
ORP values, however, show that the medium without the MNPs
(0 < ORP < +200) falls in the range of normal condition for bacterial
growth (—200 < ORP < +200) (Fig. S6) [45-47).

The highest effectiveness against bacteria was obtained for PEI-mC-
MNP following by PEI-MNP and OA-MNP at 1000 mg/l. The EC10 of
77.4 mg/l (S. aureus) and 145.7 mg/I (E. coli) in our results were an
improvement on the antibacterial properties of surface-modified
magnetite with EC10 of 108 mg/I toward S. aureus and 170 mg/I toward
E. coli recently measured by Darwish et al. [30]. Moreover, compared to
a previous study of superparamagnetic iron oxide (SPION), 25% cell
mortality was shown when S. epidermidis was grown in the presence
of 2 mg/ml of superparamagnetic iron oxide after 48 h [48]. One year
later, Tran et al. proved that 3 mg/ml I0/PVA nanoparticles added to
S. aureus culture possess bactericidal effect where the ratio of live/
dead cells was 40% after 4 h incubation and decreased to 25% after
24 h [49]. Based on our results, carried out in the same conditions at
1000 mg/l, while 24 h exposure to OA-, PEI- and PEI-mC-MNPs results
in 39% (P < 0.0001) dead S. aureus cells, same exposures resulted in
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Fig. 7. Biofilm of S. aureus cells after 24 h incubation with OA-MNP, PEI-MNP and PEI-mC-
MNP. A negative control was S. aureus growth in Soya broth medium. The OD490 was
presented by 0D490 MNP, PEI-MNP and PEI-mC-MNP. A negative control was S. aureus
growth in Soya broth medium. The 0D490 was presented by 0D490 values of stained
biofilm values (MNPs with S. aureus) subtracted to 0D490 values of MNPs in the dye
(without bacteria).

25% (P = 0.02) of dead E. coli cells for PEI-mC-MNPs, 12% (P = 0.2) for
PEI-MNPs and only 5% (P = 0.8) for OA-MNPs.

Taylor et al., has also demonstrated that S. aureus biofilm formation
can be inhibited by SPION doses as small as 10 pg/ml after 12 h [48].
The biofilm formation of S. aureus was also reduced significantly in
this study by exposure to 50 pg/ml of all MNPs. It has been proven
that the biofilm formation strongly contributes to bacterial survival in
exposure to antibacterial drugs or NPs (e.g. S. aureus or Pseudomonas
aeruginosa) [50-51]. In this study, we show that in addition to the
antibacterial activity against single cells, our fictionalized MNPs also
inhibit the formation of biofilms of S. aureus.

4. Conclusions

Bi-functional self-heating and antibacterial magnetite nanoparticles
were successfully prepared by coating magnetite with oleic acid (OA-
MNP), polyethyleneimine (PEI-MNP), and polyethyleneimine-methyl
cellulose (PEI-mC-MNP) using a co-precipitation process. The magnetic
heating specific absorption rates (SARs) and antibacterial properties
were measured for the three sets of nanoparticles. Though all the
magnetic nanoparticles (MNPs) were found to be antibacterial, those
coated with PEI-mC were found most effective. Concentrations
necessary for 10% growth inhibition (EC10) of both E. coli and
S. aureus were both <150 mg/l. The functionalized magnetite
nanoparticles are promising agents for hyperthermia, as well as for
further work toward hyperthermic drug release.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.msec.2016.02.052.
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Magnetite (Fe;O,) nanoparticles were prepared using coprecipitation and subsequently surface-functionalized with 3-
aminopropyltriethoxysilane (APTS), polyethylene glycol (PEG), and tetraethoxysilane (TEOS). Nanoparticle morphology was
characterized using scanning electron microscopy, while structure and stability were assessed through infrared spectroscopy and
zeta potential, respectively. Average size of the nanoparticles analysed by dynamic light scattering was 89 nm, 123 nm, 109 nm, and
130 nm for unmodified magnetite and APTS-, PEG-, and TEOS-modified magnetite nanoparticles, respectively. Biological effect
was studied on two bacterial strains: Gram-negative Escherichia coli CCM 3954 and Gram-positive Staphylococcus aureus CCM
3953. Most of modified magnetite nanoparticles had a significant effect on S. aureus and not on E. coli, whereas PEG-magnetite

nanoparticles displayed no significant effect on the growth rate of either bacteria.

1. Introduction

Surface functionalized magnetic nanoparticles have been
widely used in a range of biological applications [1-3]. Mag-
netite (Fe;O,) is easily degradable and is useful, therefore,
in bioseparation and catalytic processes. Magnetite nanopar-
ticles have also been extensively studied in biomedicine
[4, 5] due to their superparamagnetic properties, high bio-
compatibility, and lack of toxicity to humans. Magnetite
nanoparticles possess high surface energy and thus tend to
quickly aggregate. Such strong aggregation, however, may
alter their adsorption properties and magnetic efficiency;
hence the nanoparticles are frequently coated with an organic
or inorganic layer to prevent aggregation. Such coatings
not only stabilize the magnetite nanoparticles but can be
easily used for further functionalization. Uncoated magnetite
nanoparticles are also known to be highly susceptible to
leaching under acidic conditions; hence several methods have
been developed for the preparation of magnetic nanoparticles
coated with a polymer, such as polyethylene glycol (PEG)
and silica-containing organic material [6-8] in the form of
a core/shell structure, with the silica/PEG shell coated onto

magnetic nanoparticles [9, 10]. Described coating enhances
hydrophilicity and improves biocompatibility [11, 12]; the
core/shell structure [13] has a number of attractive proper-
ties, including high adsorption capacity and chemical and
thermal stability [14]. As the shell provides active groups
on its surface that make available binding sites for enzymes,
proteins, or drugs [15], magnetic nanoparticles have the
potential to serve as drug carriers that can selectively target
cancer cells, for example, and provide controlled release of
chemotherapeutics [16, 17]. Magnetite nanoparticles coated
with aminopropyltriethoxysilane (APTS) have many applica-
tions as adsorbent layers for removal of aqueous heavy metals
during waste water treatment [18, 19]. Finally, the nontoxic
nature of PEG-modified nanoparticles may be useful for
more efficient biotechnology application [20].
Coprecipitation, sol-gel, and microemulsion are some of
the most common methods for superparamagnetic magnetite
nanoparticle synthesis, with coprecipitation being the most
simple and economic method [21, 22]. It is based on the
mixing of probably Fe’* and Fe** at a 2:1 molar ratio in a
highly basic solution, with the size and shape of the magnetite
nanoparticles produced depending on the type of salt used,
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the reaction temperature, pH, and ionic strength of the
media. A common method for coating magnetite nanopar-
ticles with a uniform silica shell is the sol-gel process.
This process makes use of base-catalyzed hydrolysis and
condensation of tetraethoxysilane (TEOS) [23]. The shell
thickness of these silica-coated magnetite nanoparticles can
be adjusted by controlling the amount of TEOS used [24].

The use of nanoscale materials has also attracted increas-
ing concern due to the potential for environmental risk of
toxicity. Several studies have been performed to evaluate the
toxicity of magnetite nanoparticles on eukaryotic organisms,
with surfactant-modified magnetite nanoparticles displaying
negligible toxicity [25, 26]. Few studies have been published
on the toxicity of magnetite nanoparticles to bacteria [27-33];
hence it is important to study the toxic effects of modified
magnetite nanoparticles on more bacterial strains in order to
fill gaps in our knowledge.

In this study, we prepared a range of magnetite nanopar-
ticles with different surface functionality by modifying the
nanoparticle surface with either APTS, PEG, or TEOS. The
functional groups, surface charge, diameter, and morphol-
ogy of the nanoparticles were characterized, together with
their biological effect on Gram-negative Escherichia coli and
Gram-positive Staphylococcus aureus.

2. Materials and Methods

2.1. Chemicals and Characterization. ITron (III) chloride hex-
ahydrate (FeCl;-6H,0, >98%), iron (II) chloride tetrahy-
drate (FeCl,-4H,0, >99%), ammonium hydroxide (26%
NH; in H,0), PEG (PEG6000, >95%), APTS (=97%), and
TEOS (=299%) were purchased from Sigma-Aldrich and
used as received. Nanoparticle structure and stability were
assessed through infrared spectroscopy and zeta potential,
respectively. Fourier transform infrared spectroscopy (FT-
IR) was performed using the Tensor 27 Infrared Spec-
trometer (Bruker, USA), while zeta potential measurements
were performed using a Zetasizer Nano analyzer (Malvern
Instruments, USA) at pH 7. Dynamic light scattering (DLS)
analysis was employed to measure the hydrodynamic diame-
ters of magnetic nanoparticle aggregates in DI water using a
Zetasizer Nano DLS unit. Microscopy images were obtained
through scanning electron microscopy (SEM) using a Zeiss
ULTRA Plus field-emission SEM equipped with a Schottky
cathode. The images were analyzed using Smart SEM software
v5.05 (Zeiss, Germany) for imaging operated at 1.5 kV.

2.2. Synthesis of Unmodified Magnetite Nanoparticles. The
unmodified magnetite nanoparticles were produced from
an aqueous solution of FeCl;-6H,0 and FeCl,-4H,O using
the coprecipitation method [21, 22]. FeCl,-4H,0 (1.9 g) and
FeCl;-6H,0 (5.4 g) at an Fe’*/Fe?* molar ratio of 2:1 were
dissolved in deionized water (DI; 100 mL) and heated to
70°C. Ammonium hydroxide (6 mL) was quickly added to
the solution, which immediately produced a deep black
magnetite precipitate. The suspension was stirred for 30 min
at 70°C. The product was washed several times with distilled
water, following which the magnetite nanoparticles were
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dried in a rotary evaporator at 40°C (25 mbar) until a powder
was formed. The powdered nanomaterial was stored in the
dark at room temperature prior to modification.

APTS-modified magnetite nanoparticles were prepared
according to Ming et al. [34, 35], with minor modification. A
0.0128 M of magnetite solution (25 mL), which was prepared
from first experiment, was diluted to 150 mL with ethanol
(absolute) and 1 mL DI water. This solution was then treated
in an ultrasonic bath (28 kHz at 25°C) for 1h, whereupon
APTS (35uL) was added and stirred rapidly for 2h. The
resulting liquid was washed with ethanol five times and then
dried in a vacuum at room temperature until a powder was
formed.

PEG-modified magnetite nanoparticles were prepared by
dissolving 1.99 g of FeCl,-4H,0 and 3.24g of FeCl;-6H,0
in 50 mL of DI water (Beaker I) and 30 mL of ammonium
hydroxide in 50 mL of DI water (Beaker II). Subsequently,
2.5g of PEG 6000 was dissolved in 100 mL of DI water and
the liquid stirred at room temperature. The PEG solution
(25mL) was added to both beakers (I and II) and stirred
in order to obtain a homogenous solution. The contents
of Beaker II were added dropwise to Beaker I until pH
9 was reached. Formation of the magnetic nanoparticles
was confirmed through a color change in the solution [36,
37]. The nanoparticles were separated out by centrifuging
(28kHz for 30 minutes) and the resultant precipitate was
dried for 24 hours at room temperature. The dried powder
was then redissolved in the remaining 50 mL of PEG solution
and placed in an ultrasonic bath for about 30 minutes,
whereupon it was again centrifuged to obtain the magnetic
PEG-nanoparticles, which were then washed several times
with DI water and dried to a powder under vacuum at room
temperature.

TEOS-modified magnetite nanoparticles were prepared
by dispersing approximately 30 mg of freshly prepared mag-
netite nanoparticles in 30 mL of ethanol and 6 mL of DI water,
with the dispersion then being homogenized in an ultrasonic
bath (28 kHz at 25°C) for about 10 minutes. TEOS (3.3 mmol)
was then added to the mixture and sonicated for a further
20 minutes. Finally, aqueous ammonia (30 mmol) was added
and the mixture again was placed in an ultrasonic bath for
60 minutes. The magnetic nanoparticles were magnetically
separated and washed several times with DI water and then
dried to a powder under vacuum at room temperature [38-
41].

2.3. Dispersion of Magnetite Nanoparticles. To assess the
effect of functionalized magnetite nanoparticles on bacte-
ria, stock solutions (10 g/L) of unmodified magnetite and
APTS-, PEG-, TEOS-modified magnetite nanoparticles were
prepared from powdered material (see above) by dispersing
in sterilized DI water in a sterile glass tube and vortexing
(IKA vortex3, Germany) for five minutes. Each suspension
was prepared freshly before testing for toxicity.

2.4. Bacterial Strains and Culture Media. Bacterial strains of
Gram-negative E. coli CCM 3954 and Gram-positive S. aureus
CCM 3953 were obtained from the Czech Collection of
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Microorganisms, Masaryk University, Brno, Czech Republic.
The bacterial inocula were always prepared freshly from a
single colony growing overnight in a soya nutrient broth
(Sigma Aldrich) at 37°C. The culture was adjusted to 0.01-0.02
optical density (OD) at 600 nm (ODy,) using the DR6000
UV-Vis spectrophotometer (Hach Lange, Germany), imme-
diately before performing the antibacterial experiments.

2.5. Bacterial Growth Rate. The freshly prepared bacterial
cultures were transferred to 30 mL of soya broth and kept in
200 mL conical flasks. The magnetite suspensions (unmod-
ified and APTS-, PEG-, TEOS-modified) were added to the
bacterial culture at a range of final concentrations (0.05,
0.3, 0.6, and 1g/L), each sample being prepared in replicate.
Negative (bacterial cells only in growth media) and positive
(magnetic nanoparticles only in growth media) controls
were run in parallel. All samples were incubated for six
hours at 37°C. Subsamples were taken every two hours
for ODg,, measurement. To prevent cross contamination,
each bacterial strain was tested on different days. Oxida-
tive/reductive potential (ORP) and pH were measured during
the experiments using a WTW multimeter (Germany).

Effect of nanoparticle concentration on bacterial growth
rate () was calculated for each nanoparticle type based on
the equation: I(%) = (4c—pr)/pcx 100, where I is inhibition,
Uc is mean value of growth rate (u) of the control, and
ur value is the growth rate of the culture affected by the
nanoparticles. The bacterial growth rate was defined by R
linear regression of cell density (ODg,) versus incubation
time (hour). The ECI0 value (effective concentration at 10%
inhibition) was obtained by plotting 1% versus concentration
of nanoparticle tested.

2.6. Determination of Colony Forming Units (CFU). Number
of E. coli and S. aureus CFU was determined using the
same unmodified and APTS-, PEG-, and TEOS-modified
magnetite (1g/L) samples used for growth rate measurement.
The bacterial strains were exposed to the nanoparticles in the
dark for six hours at 37°C. Following incubation, 1 mL of the
culture was transferred to a sterile agar plate and incubated
for 24h under the same conditions as the liquid cultures.
All samples were prepared in duplicate and cultures without
nanoparticles were cultivated in growth media as controls.

2.7. Bacterial Cell Morphology. Cell morphology of E. coli
and S. aureus was determined using the same unmodified
and APTS-, PEG-, and TEOS-modified magnetite (1g/L)
bacterial samples used for determination of growth rate. Cells
with nanoparticles (1 g/L) were stained using 4',6-diamidino-
2-phenylindole (DAPI) and observed under an Axiolmager
fluorescence microscope (Zeiss, Germany) at 365/461 nm
excitation/emission. Length of E. coli cells was measured for
samples with nanoparticles (incubated for six hours) and for
a control without nanoparticles.

2.8. Statistical Analysis. All results were analysed using
ANOVA (GraphPad Prism software; CA, USA). Dunnett’s
multicomparison test was used to compare differences
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FIGURE 1: Infrared spectroscopic scans of (a) unmodified magnetite
nanoparticles, (b) APTS-magnetite, (c) PEG-magnetite, and (d)
TEOS-magnetite.

between the means of E. coli and S. aureus growth rate, while
values for CFU and bacterial cell length were compared using
Sidak’s multicomparison test.

3. Results and Discussion

3.1. Characterization of Magnetic Nanoparticles. In each case,
functional groups on the surface of the magnetite nanopar-
ticles were detected by IR (Figure 1), with absorption peak at
580 cm ™! confirming the presence of an Fe-O bond related to
the magnetite phase of magnetite nanoparticles [42]. Bands
at 800 cm ™! and 1090 cm™ were due to symmetric and asym-
metric linear vibrations of Si-O-Si, indicative of formation
of a silica shell with APTS- and TEOS-modified magnetite.
The absorption contribution from the free -NH, group of
APTS-modified magnetite appeared at 3440 cm™. Absorp-
tion bands at 3400 cm ™! and 1200 cm ™" were assignable to O
H stretching and C-O of PEG-modified magnetite.

DLS indicated that unmodified magnetite nanoparti-
cles display a wider size range than modified magnetite
nanoparticles. Presence of an APTS, PEG, or TEOS layer
on the nanoparticle surface increased average particle size
(Figure 2), with an average increase of 89 nm for unmodified
nanoparticles and 123 nm, 109 nm, and 130 nm for APTS-,
PEG-, and TEOS-modified magnetite nanoparticles, respec-
tively.

The zeta potential for unmodified magnetite nanopar-
ticles was 36.9mV and 12.2mV, 23.1mV, and 36.2mV for
APTS-, PEG-, and TEOS-modified magnetite nanoparti-
cles, respectively. The nanoparticle’s zeta potential (surface
charge) indicates how effectively nanoparticles form stable or
aggregated colloids during the colloidal phase. At low zeta
potentials (close to zero), particles are no longer repelled
strongly and colloids will aggregate due to attractive surface
forces. Conversely, stable dispersions are formed at high zeta

92



Journal of Nanomaterials

z z
g £
e E
Il | Il 1
10 100 1000 10 100 1000
Size (d, nm) Size (d, nm)
(a) (b)
z z
= £
| I | I
10 100 1000 10 100 1000
Size (d, nm) Size (d, nm)

(c)

(d)

FIGURE 2: Hydrodynamic diameters of (a) unmodified magnetite nanoparticles, (b) APTS-magnetite, (c) PEG-magnetite, and (d) TEOS-

magnetite.

potentials (above ~30 mV). This is of particular importance
in water treatment and biomedicine applications where stable
colloidal systems are required.

SEM indicated slight differences in the morphology
of unmodified and modified magnetite nanoparticles (Fig-
ure 3). Unlike modified magnetite nanoparticles, unmodified
nanoparticles, which showed a broader size distribution,
were usually agglomerated due to the high surface energy
between the nanoparticles and dipole-dipole interactions. In
addition, we detected a higher number of modified magnetite
nanoparticles, providing further evidence for insertion of a
surface layer on the magnetite.

3.2. Effect of Surface-Modified Magnetite on Bacteria. The
growth rates of Gram-negative E. coli and Gram-positive .
aureus control solutions (nutrient broth without nanoparti-
cles) were 0.24 and 0.18 doublings/h, respectively. Unmod-
ified magnetite nanoparticles had no significant effect on
the growth rate of either bacteria. Interestingly, however, the
growth rates of both bacteria were negatively correlated with
suspension concentration (0.05, 0.3, 0.6, and 1g/L) in APTS-,
PEG-, and TEOS-modified nanoparticle solutions (Figure 4).

E. coli growth rate dropped to 0.15 doublings/h when
incubated with APTS-magnetite (1g/L), while growth rates
for PEG- and TEOS-magnetite (1g/L) were 0.22 and
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FIGURE 3: Scanning electron microscope images of (a) unmodified
magnetite nanoparticles, (b) APTS-magnetite, (c) PEG-magnetite,
and (d) TEOS-magnetite. Scale bar = 200 nm.

0.18 doublings/h, respectively. At all concentrations, APTS-
magnetite had a greater effect on E. coli growth rate than the
other modified magnetite nanoparticles (Figure 4). Growth
rates of S. aureus exposed to APTS-, PEG-, and TEOS-
magnetite were 0.09, 0.13, and 0.1 doublings/h, respectively
(Figure 4).

The ECI0 for growth inhibition on both E. coli and S.
aureus in unmodified and modified nanoparticle solutions
indicated that modified nanoparticles had a greater effect
on §. aureus than E. coli, with PEG-magnetite nanoparticles
having the least effect on growth rate of either bacteria
(Table 1). Both APTS-magnetite and TEOS-magnetite (1 g/L)
had a significant negative effect (ANOVA; P < 0.0001) on
both E. coli and S. aureus growth.

The effect of modified magnetite on bacterial growth
rate was further supported by results obtained from the
colony-forming assay. Compared to control samples with
no nanoparticles, E. coli CFU declined to 73% with APTS-
magnetite and 63.6% with TEOS-magnetite, whilst that for S.
aureus declined to 27% with APTS-magnetite and 38% with
TEOS-magnetite, after six hours of exposure (Figure 5). This
confirms a similar effect determined for growth rate in both

TaBLE 1: The effective concentration at 10% inhibition, EC10 (g/L) of
unmodified and modified magnetite nanoparticles determined for
Gram-negative Escherichia coli and Gram-positive Staphylococcus
aureus.

Unmodified APTS- PEG- TEOS-

magnetite ~ magnetite ~ magnetite  magnetite
E. coli 0.60 0.170 0.509 0.325
S.aureus NOEC <1 0.108 0.259 0.128

bacterial strains. Comparison of viable cells using ANOVA
indicated that APTS-magnetite had a greater impact on .
aureus (P = 0.0019) than TEOS-magnetite (P = 0.0086).
On the other hand, both APTS- and TEOS-magnetite had no
significant effect on E. coli (P = 0.2 and P = 0.13).

In order to elucidate these results further, we compared
bacterial cell morphology using fluorescence microscopy
after DAPI staining. Notably, E. coli showed rapid cell
elongation (3.8 + 0.12um to 6.5 + 0.5um after six hours;
P = 0.0001) when exposed to APTS-magnetite in soya broth
media (Figure 6). Moreover, E. coli cells were clearly attached
to the APTS-magnetite particles while the grape-like clusters
of S. aureus were irregularly grouped with more single cells
than cell clusters.

3.3. Factors Affecting Biological Stress. Our results indicate
that APTS-, TEOS-, and PEG-magnetite nanoparticles had
a significantly greater biological effect on S. aureus than
on E. coli. Many variables may impact on biological effect,
including both biological (e.g., bacterial cell structure, cell
growth rate, biofilm formation, stress/toxicity mechanisms)
and chemical parameters (e.g., pH, ORP). Bacterial cell
walls (peptidoglycan layers) are designed to protect the
intracellular matrix while allowing for nutrient transport. In
doing so they help to maintain the structural strength of
the cell and stabilize the osmotic pressure of the cytoplasm
and they are involved in binary fission during bacterial cell
reproduction [43, 44]. Gram-positive cells possess a thick
peptidoglycan layer of 20-50 nm [45], while Gram-negative
cells contain a thin peptidoglycan layer. Notably, in our study,
E. coli cells in contact with APTS-magnetite were unable
to divide as the cells had increased in length from 3.8 um
to 6.5um. Further, Gram-negative cell walls comprise an
outer membrane, which covers the surface membrane and
is often resistant to compounds such as detergents, and a
lipopolysaccharide layer, which is essential for cell viability
and contributes to the negative charge of the membrane
[46]. An increased negative surface charge could reduce
the likelihood of E. coli interacting with nanoparticles, as
reflected in the lowered effect on Gram-positive S. aureus in
this study.

Bacterial growth rate is a good method for indicating
tolerance of bacteria to nanoparticles. Fast-growing bacteria,
for example, are more susceptible to antibiotics and nanopar-
ticles than slow-growing bacteria [47, 48]. The hindered
growth observed in E. coli and S. aureus in this study could be
related to expression of stress-response genes [49, 50]. Gram-
positive bacteria have the ability to form a biofilm to protect
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FIGURE 4: Growth rate (doublings/h) of Escherichia coli (a) and Staphylococcus aureus (b) after six hours of incubation with unmodified and
modified APTS-, PEG-, and TEOS-magnetite. The error bars were determined from n = 2.
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FIGURE 6: Length of Escherichia coli cells after six hours of exposure
to surface-modified magnetite nanoparticles. The error bars show
standard error of the mean.

themselves under stressful conditions (Pseudomonas sp., e.g.,
develop a biofilm in the presence of heavy metals) [51]. In our
study, Gram-positive S. aureus aggregated into large grape-
like clusters after six hours of incubation with unmodified
and APTS-, TEOS-, and PEG-modified magnetite. Previous
studies have also reported that magnetite nanoparticles have
a considerable capacity to penetrate biofilms [52, 53]. By
interacting with the outer membrane, nanoparticles may
cause loss of membrane integrity in bacteria and change
the cell’s structure. Such damage could lead to an increase
in membrane permeability and leakage of intracellular con-
stituents [54-56] and, indirectly, generate reactive oxidation
species (ROS) through the Fenton reaction [57]. Zero-valent
iron, for example, causes cell membrane disruption in E. coli
[54] and adsorption on cells and ROS generation in Bacillus
subtilis var. niger and Pseudomonas fluorescens [58]. In this
study, magnetite nanoparticles are likely to have created
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stressful conditions via ROS generation, which significantly
inhibited S. aureus growth. Additionally, pH values obtained
in parallel with bacterial growth experiments at the start
and end of the experiment were similar to those of the
controls (E. coli or S. aureus culture alone), with initial pH
being neutral and dropping to around pH 5 after six hours,
with or without the presence of magnetic nanoparticles
(Figure 7). Only in the case of E. coli cultured with APTS-
magnetite did the neutral pH remain unchanged after six
hours, remaining within the optimum pH range of 6-7 for E.
coli growth [59]. Furthermore, the negative ORP of E. coli and
positive ORP of S. aureus both showed similar trends in both
treated and untreated cultures (Figure 8). In our biological
effect tests, therefore, pH and ORP could not be considered

as indicators for stressed bacterial states (Figures 7 and
8).

In summary, magnetite nanoparticles surface-functiona-
lized with APTS and TEOS had a significant biological effect
on Gram-positive S. aureus, while PEG-nanoparticles did
not. In contrast, none of the functionalized magnetite nano-
particles showed any statistically significant effect on Gram-
negative E. coli.

4. Conclusion

Functionalized modified magnetite nanoparticles (TEOS-,
PEG-, and APTS-magnetite) were prepared using copre-
cipitation and characterized with SEM and IR. Testing for
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biological effect indicated that PEG-magnetite can be con-
sidered as safe nontoxic material. TEOS-magnetite showed
stronger effect only towards S. aureus. APTS-magnetite
nanoparticles display a degree of antimicrobial activity, allow-
ing for their use in bioapplications such as drug nanocarriers,
where bacterial growth is undesirable.
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5.2.1 Bacterial growth test

Characterization of the exposure media

The zeta potential of milled Fe particles KKM 14 and positive control nZVI are presented in Figure 33;
the average hydrodynamic diameter (by Dynamic Light Scattering, DLS) in Figure 34, and the average
particles size (by Differential Centrifugal Sedimentation, DCS) in Figure 35.
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Figure 33 Zeta potential (mV) of positive control nzZVI (left) and milled Fe particles (right) suspended
in DI water, bacterial medium and bacterial medium with humic acids (20 and 500 mg/L).
Each measurement was done in triplicated runs.
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Figure 34 Average hydrodynamic diameter (determined by DLS) of positive control nzVI (left) and
milled Fe particles (right) suspended in DI water and bacterial medium. Each measure-

ment was done in triplicated runs.
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Figure 35 Average particle size (determined by DCS) of positive control nzZVI (left) and milled Fe par-
ticles (right) suspended in DI water and bacterial medium. Each measurement was done in

triplicated runs.
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Figure 36 pH values of positive control nZVI (left) and milled Fe particles (right) suspended in bacte-
rial growth medium, with and without humic acids (HA).

Bacterial growth test results
The growth rate of anaerobic bacteria C. perfringens exposed to milled Fe particles or positive con-

trol nZVI in presence/absence of humic acid was followed over a 24h period. No change in toxicity
was observed in the presence of humic acid (Fig. 37). The positive control nZVI was more toxic to C.

perfringens than the milled Fe particles, as expected.
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Figure 37 Growth rate of C. perfringens after 24h exposure to milled Fe particles (left) and positive
control nZVI (right) in the presence/absence of humic acid (HA).

5.2.2 Algal assimilation test

Characterization of the exposure media

Determination of particle size distribution, hydrodynamic diameter and zeta potential of the milled
Fe particles and the positive control nZVI suspended in algal media (ISO 8692, 2012) with and without
20 mg/L humic acid (Suwannee river NOM) was attempted by DLS. It revealed that all particle sus-
pensions had a very broad size distribution with polydispersity indexes around 1, which undermines

the use of DLS measurements.

Algal assimilation test results
In general, no change in toxicity was observed with or without the addition of humic acid, as the

tested particles did not significantly inhibit the biomass assimilation of **C compared to controls (da-

ta not shown). On the contrary, most tested concentrations of both particles with and without humic
acid showed higher rates of assimilation than controls, as the abundance of iron can be a stimulating
factor for photosynthesis.
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6 Conclusions

The results of ecotoxicity tests using the particles developed during the first two years of the project
did not show any toxicity to organisms. The only exception was the milled Fe particles KKM 03-06.
However, bacterial and agal tests performed on another (newer) batch of milled Fe particles (batch
KKM 14) did not show the same high toxicity as found with batch KKM 03-06. The producer UVR-FIA
told us that these batches were supposed to be similar, since they were produced following the same
protocol. The reasons for the difference in toxicity between the two batches are therefore still un-

known.

The low toxicities found in the standard organisms do not lead to any hazard classification according
to EU regulation for any of the tested particles and the results indicate that the particles, except the
milled ZVI particles, can be considered non-toxic.

In the absence of intrinsic toxicity of most of the particles, the second part of the deliverable was
limited to tests on milled Fe particles. The presence of humic acid did not change the outcome of the
ecotox tests, contrary to what was expected.
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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 Fe;04 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-Fe;O4 while it was formed in the presence of
PNIPAAmM and PNIPAAmM-3. E. coli cell length was prolonged by ATPS-Fe;O4 and Fe;O4-
PNIPAAmM-3. The magnetic NPs coated with APTS and PEI had an antibacterial potential. The
Fe304- PNIPAAmM was synthesised by an emulsion polymerisation method and displayed a

strong antibacterial property.

Gram-positive C. perfringens was exposed to ZV1 in anaerobic conditions, which was similar
to the environmental conditions. The nZVI1 was in low-oxygen concentrations, which prolongs
its reactivity. Therefore, nZV|1 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
108



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 pg/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, nZV1 showed stronger effect than mzZ VI, 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
ZV1 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 . ) ) Article
Endpoint(s) Microorganism(s) Results
NMs/NPs No
No toxicity was observed in
nzvl, i i
Bacterial growth the presence of humic acid.
milled nZVI, rate Gram-positive C. | The nZVI was more toxic to .
nZVI + humic perfringens C. perfringens than the milled
acid Fe particles.
(1) Bacterial ) )
All  magnetic  materials
APTS- Fe;0y, growth rate .
Gram-negative E. | affected S. aureus and not E.
TEOS- Fe;0, (3) E. coli cell positive S. aureus displayed antibacterial
(1) Bacterial
growth rate
OA-Fes0,, (2) Cell viability | Gram-negative E. PEI-Fe;0, was found to be
PEI-Fe;0,, (3) S.aureus coli and Gram- most effective against both S. 5
PEI-mC-Fe;0, biofilm positive S. aureus aureus and E. coli.
formation
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(1) Bacterial

Fes04-PNIPAAM
causedsignificant damage to
both E. coli and S. aureus

DNA and led to a decrease in

Fes04- growth rate cell viability. FesO4-
PNIPAAM-1 .
' — PNIPAAmM-1  displayed a
Fe;0,- ) stronger antimicrobial effect
PNIPAA (3) Cell coli and Gram- _ . _
m-2, ive S against both bacterial strains
ositive S. aureus
o0 morphology | P than Fes0,-PNIPAAM-2 and
34"
PNIPAAM-3 (4) DNA Fe;0,-PNIPAAmM-3. S. aureus
damage was more sensitive than E.
coli to all three magnetic
PNIPAAM.
Nano-Goethite,
Trap-Ox” Fe- £ ol All tested materials, except for
) . coli,
zeolites, Growth rate FerMEG12 showed no
Chlamydomonas sp. o
Carbo-lron®, toxicity up to 100 mg/L.
Fer- MEG12
(1) Algal
growth rate
(2) Chlorophyll
fluorescence
FerMEG12, @) Effic Effects on Chlamydomonas
iciency ]
Carbo-Iron®, sp. decreased in the order
) of Chlamydomonas sp.
Fe-zeolite, FerMEG12 > Carbo-Iron®>
photosystem

Nano-Goethite

(4) Membrane
integrity

ROS generation

Fe-zeolite> Nano-Goethite

111




Phytoplankton Both nZVI and mzZV1 showed

(1) Number of microorganisms in negative effects on
bacteria, freshwarer phytoplankton
cyanobacteri microorganisms.

nZVI dal
aand algae. nZVI stimulated growth 1
mzZVI o ]

(2) Diversity of bacteria but reduced algal
bacterial growth. mZVI notably
communities reduced cyanobacterial

growth.

To summarise, in 2013, | 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

- Setting up the bacterial growth rate method.

2013 _ _
- Working on Fe30,4 materials (group 1).
- Improving the method and working on other methods (viability, cell
length).
2014 - Continuing to work with Fe304 materials (group 2).

- Writing manuscript of Fe3Oy4 (group 1).
- Working on ZV1 with bacterial growth rate method with aerobic and

anaerobic conditions.
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2015

Publishing the article on FesO4 (group 1) (paper 6).
Writing manuscript on FesO4 (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 FezO4 (group 2) (paper 5).
Writing manuscript on Fe;O4 materials (group 3).

Writing manuscript on ZV1 effect on algae.

Writing manuscript on ZV|1 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 ZV1 effect on bacterial growth rate of 2014

(paper 4)
Writing manuscript on ZV1 and complex microbial community.

2018

Publishing article on ZVI effect on alga (Chlamydomonas sp.)
Publishing article on nZV1 and mZV1 and complex microbial
community.

Writing thesis.
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