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A B S T R A C T

As nanoremediation strategies for in-situ groundwater treatment extend beyond nanoiron-based applications to
adsorption and oxidation, ecotoxicological evaluations of newly developed materials are required. The biological
effects of four new materials with different iron (Fe) speciations ([i] FerMEG12 - pristine flake-like milled Fe(0)
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 500mg L−1 of the particles for 2 h 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
24 h. All Fe-nanomaterials displayed similar Z-average sizes and zeta-potentials at 2 h 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 (500mg L−1), though such concentrations would rapidly decrease to
mg or µg L−1 in aquatic environments, levels harmless to Chlamydomonas sp. The presented findings contribute
to the practical usage of particle-based nanoremediation in environmental restoration.

1. Introduction

Iron (Fe)-based materials possess remarkable potential for the re-
mediation of soil aquifers, groundwater and cyanobacterial blooms
(Bardos et al., 2015; Ribas et al., 2016; Sharma et al., 2016). Numerous
in-situ applications of zero-valent iron (ZVI) nanoparticles have proved
a powerful tool in the clean-up of chlorinated ethenes and toxic metal

ions due to their high reductive capacity (Köber et al., 2014; Mueller
et al., 2012). Further, emerging particulate materials containing Fe as
Fe(0), Fe(II) and Fe(III), where the Fe species act as reductants or sor-
bents for metals and metalloids, have been used successfully in mi-
crobiological contaminant degradation or as heterogeneous Fenton
catalysts (Bardos et al., 2015; Mackenzie et al., 2016; Gillies et al.,
2017).
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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(III) 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 g L−1 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
mg L−1 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 (Köber et al., 2014). Particles
of< 40 µm 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 µm. 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 dFe ≈ 50 nm built into the AC
grain (Mackenzie et al., 2012).

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
(H2O2) (Gonzalez-Olmos et al., 2013). With a specific surface area of
602m2 g−1 (N2-BET) and a water-filled pore effective density of
ρ≈ 1.7 g cm−3, the particles show favourable sedimentation behaviour
(i.e. 11–15mmh−1) 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−1 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
10min 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 500mg L−1) 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 30 s 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 16:8 h
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 1×106 cells mL−1.

Based on preliminary experiments, where 5mg L−1 of Fe-containing
material showed no effect and 1000mg L−1 interfered with measure-
ment, toxicological effect was assessed through exposure to 10, 50 and
500mg L−1 for 2 and 24 h. The experiments were carried out in fully
light-transmitting plastic vials containing 5mL 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 2 h and 24 h exposure,
250 µL 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 µL 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 μM and 7 μM, respectively. These
probes stain the DNA of affected cells by penetrating impaired cell
membranes. The plates were incubated in the dark for 20min 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> 670 nm FL3 channel. Cells treated in hot water (100 °C) for
15min 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
(cells h−1) = (N24 h – N2h) / (24–2 h); where N2 h is the number of cells
after 2 h exposure and N24 h 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 (0 h) and 2 h was
considered as similar.

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

Sub-samples of 200 µL were taken after 2 h, 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 Szivák et al. (2009). Cells were treated with H2O2 (final
concentration 100mM) 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 (FUE) versus FU for controls without particles
(FU0): FUE/FU0.

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× 106 cells mL−1) in 30mL glass
flasks in order to achieve final concentrations of 50 and 100mg L−1of
FerMEG12 and Carbo-Iron®, and 50, 100 and 500mg L−1 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 (2.2 mL) 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 (Fv = Fm – F0) to maximum fluorescence (Fm): QY
= Fv:Fm, is used as a proxy of photochemical quenching efficiency
(Maxwell and Johnson, 2000). Fm was obtained by applying illumina-
tion (3000 µmol photons m−2 s−1) at 680 nm for a few seconds, with
minimal fluorescence (F0; the initial measurement at minimum fluor-
escence levels in the absence of photosynthetic light) determined at 50
µs.

2.7. Optical microscopy

Untreated Chlamydomonas cells (negative control), hot-water
treated cells (positive control) and cells exposed for 2 h and 24 h to the
four Fe-containing materials (500mg L−1) were visualised using an
AxioImager 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 2874 nm 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
24 h 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 (500mg L−1), all other
materials displayed negative Zeta potentials (- 8 to - 35mV; Fig. 1),
with no significant difference in Zeta potential at 2 h 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 (500mg L−1). ORP values for
cultures without particles were in the range of + 80 to +210mV (Fig.
S8B). In contrast, the ORP for FerMEG12 ranged between −200 and
−300mV 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 2 h and 24 h. The re-
sults represent the average of three replicated experiments.

Particles Z-average size after 2 h (nm± SD)

10mg L−1 50mg L−1 500mg L−1

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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reduced compared with growth rate in the dark without particles
(3.8× 104 cells h−1, P < 0.001; Fig. 2). In general, growth rate de-
creased gradually as Fe-material concentration increased. At
500mg L−1, growth rate was reduced to 4.4×102 cells h−1 for
FerMEG12 and Carbo-Iron® (P < 0.001), 1.1× 104 cells h−1 for Fe-
zeolites (P < 0.001) and 4.9×104 cells h−1 for Nano-Goethite
(P < 0.01) compared to the unexposed control (8.7× 104 cells h−1).
When algal cells were grown in the presence of 50mg L−1 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 (10mg L−1), 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 (2 h) exposure with
FerMEG12 and Carbo-Iron® but not with Fe-zeolites and Nano-Goethite
(Fig. S9A, C, E, G). Interestingly, after 24 h 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

(extracted from FCM channel FL3; Fig. S6) increased significantly after
2 h exposure to FerMEG12, Carbo-Iron® and Fe-zeolites at concentra-
tions of 50 and 500mg L−1, and to Nano-Goethite at concentrations of
500mg L−1 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 10mg L−1 of each material for 2 h and 24 h
were comparable with those for unexposed controls (Fig. 4). In contrast,
exposure to FerMEG12 for 24 h at 50mg L−1 resulted in a reduction of
PSII QY. Fe-zeolites and Nano-Goethite at 500mg L−1 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® (500mg L−1) precluded re-
liable measurements of QY, thus control samples kept under dark

Fig. 1. Zeta-potential of particle surfaces at different concentrations after 2 h and 24 h
dispersed in algal growth medium. Error bars = standard deviation of triplicate samples.

Fig. 2. Effect of four particle types on algal growth rate (cells h−1) measured with FCM.
Exposure conditions: FerMEG12, Carbo-Iron®, Fe-zeolites and Nano-Goethite at con-
centrations of 10, 50, 500mg L−1. The error bars represent the standard deviation of
triplicate samples. Significance levels * P < 0.05, ** P < 0.01, and *** P < 0.001.

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, 500mg L−1, 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.

Fig. 4. Effect of Fe materials on the quantum yield (QY) of photosystem II (%) of
Chlamydomonas after 2 h and 24 h exposure to Fe-NMs at 0, 10 and 50mg L−1

(FerMEG12, Carbo-Iron®) and 0, 10, 50 and 500mg L−1 (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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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 500mg L−1 after 2 h, and at all concentrations after 4 h. After
24 h, however, ROS formation was reduced at lower exposure con-
centrations (10, 50mg L−1) to levels comparable with untreated cells,
but remained higher at 500mg L−1. 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 50mg L−1 of the material, attaining
a maximum at 4 h. At the highest Carbo-Iron® concentrations
(500mg L−1), however, enhanced ROS generation was not observed
after 4 h or 24 h exposure. Nano-Goethite at 500mg L−1 resulted in
elevated ROS levels at all exposure durations. At the lowest con-
centration (10mg L−1), enhanced ROS was observed after 2 h and in-
creased after 4 h but was comparable with ROS in untreated cells after
24 h (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

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 50mg L−1 fol-
lowing exposure for 2 h, these percentages had all decreased to around
10% after 24 h exposure. Even at the highest concentration tested
(500mg L−1), 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 2 h and 24 h exposure at
high (500mg L−1) 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 50mg L−1. 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

Fig. 5. Fluorescence unit (FU) ratios (FUE/FU0) of ROS production in Chlamydomonas cells after 2 h 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−1. FUE: florescence unit of exposed algae to Fe-NMs, FU0: 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.)
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microalga Isochrysis galbana at 3mg L−1 (NANOFER 25S) or had no
effect (NANOFER STAR up to 100mg L−1 or dissolved Fe at con-
centrations< 50mg L−1) (Keller et al., 2012). The lowest observed
effect concentration of Fe(II) and Fe(III) exposed to P. subcapitata was
5mg L−1 and 25mg L−1, 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; Ševců 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 (50mg L−1) than at higher con-
centration (500mg L−1). One explanation may be that, at 500mg L−1,
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;
Ševců 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(III)-zeolite inhibited Chlamydomonas
vulgaris growth, probably due to the formation of ROS (Pavlíková et al.,
2010). Of the studied materials Nano-Goethite weakly affected algal
membranes, and affected chlorophyll fluorescence at the highest con-
centration (500mg L−1) 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 (500mg L−1), 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; Sørensen 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 Jørgensen, 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

Fig. 6. Influence of the Fe materials on the membrane integrity of Chlamydomonas cells after 2 h and 24 h exposure to FerMEG12, Carbo-Iron®, Fe-zeolites and Nano-Goethite at
concentrations of 10 (green square), 50 (red up-triangle) and 500mg L−1 (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.)
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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 H2O2 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 H2O2 oxidation phase does not
play a role.

(5) Chemical-physical parameters: ORP values in algal cultures treated
with FerMEG12 (50–500mg L−1) 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 500mg L−1, 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
50mg L−1), being similar or below those expected when such materials
enter aquatic environments through accidental spills. Negative effects
were observed at high concentration (500mg L−1), 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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