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Abstract Magnetite iron oxide (Fe3O4) nanoparticles (NPs)
are key materials applied in many different fields of modern
technology. The potential environmental impact of these NPs
is of great concern. In this study, initially the effect of Fe3O4

NPs size (20 and 40 nm) as well as bulk (>100 nm) at
200 mg L−1 on Picochlorum sp. (Trebouxiophyceae, Chloro-
phyta) is investigated during the different growth phases. The
most inhibitory NPs were then chosen to assess their effects at
different concentrations. The 20 nm NPs at 200 mg L−1 were
found to significantly reduce the viable cell concentration and
chlorophyll a content during the exponential growth phase
compared to the other particle sizes. However, the 20 nm
NPs at different concentrations were found to promote algal
growth during the late growth stages (stationary and decline
phases) compared to the control. Additionally, algae were
found to accelerate the aggregation and sedimentation of
nanoparticles into the medium and therefore can be considered
as potential organisms for bioremediation of nano-pollution.
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Introduction

In recent years, the use of metal oxide nanoparticles (NPs) has
increased exponentially. These NPs are the base for
manufacturing new materials that project and materialize a
variety of applications (Garcia et al. 2011). Engineered
Fe3O4 NPs are key multifunctional materials applied in many
different fields of modern technology, including environmen-
tal remediation (Mueller and Nowack 2010), food industry
(Fidler et al. 2004), wastewater purification (Shen et al.
2009), cleanup polluted waters, soils and sediments
(D’Autréaux and Toledano 2007), and medical applications
(Berry and Curtis 2003; Cheng et al. 2005; Petri-Fink et al.
2005; Figuerola et al. 2010). Due to the widespread produc-
tion and usage of Fe3O4 NPs, they eventually reach aquatic
ecosystems, which are already enriched with colloidal iron
NPs (Whang and Dei 2003). Iron-based NPs can produce a
range of reactive oxygen species (ROS) via Fenton type reac-
tions (LeBel et al. 1992) that cause oxidative injury to cells (Li
et al. 2009). In opposite, iron is also an essential micronutrient
for phytoplankton as it is required in essential cellular
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functions like photosynthesis and respiration, and therefore its
availability controls phytoplankton productivity, community
structure, and ecosystem functioning in large regions of the
global ocean (Gledhill and Buck 2012). In addition to that,
research has shown that nanoscale iron particles are very ef-
fective for the transformation and detoxification of a wide
variety of common environmental contaminants, such as chlo-
rinated organic solvents, organochlorine pesticides (Zhang
2003). Accordingly, it became essential to have lab-scale ex-
perimental studies focusing on the metabolic role of trace
elements as limiting nutrients and toxicants to phytoplankton
(Kadar et al. 2012).

The majority of investigations on aquatic NPs has been
carried out on freshwater species; only few studies have been
conducted on marine organisms. It should be noted that the
properties of NPs will change according to exposure media, as
well as the biological, behavioral, and respiration characteris-
tics of marine organisms (Baker et al. 2013).

There is a concern of the potential release of large amounts
of NPs to soil, water, or as byproducts of their use in remedi-
ation strategies of removal of toxins (Limbach et al. 2008).
Therefore, the benefits of using some NPs for environmental
remediation have to be balanced with their potential risks
(Garcia et al. 2011).

During the past years, several contradictory observations
have been reported, which highlight the great need for a more
thorough understanding of cell and Fe3O4 NPs interactions
(Soenen et al. 2012). For example, Chen et al. (2012) showed
that Fe3O4 (35 nm) induce oxidative stress and an alteration of
photosynthetic activity based on the absorbed CO2 fixation of
the green alga Chlorella vulgaris treated 72 h to a nominal
concentration range from 0 to 1600 μg mL−1. Additionally,
Barhoumi and Dewez (2013) reported that superparamagnetic
NPs (SPION) suspensions deteriorate the photochemical activ-
ities of photosynthesis, induce oxidative stress and inhibit cell
division. To the contrary, Kadar et al. (2012) found that there
was a normal algal growth of three microalgae species in the
presence of three types of zero-valent nano-iron compounds,
and there was an improvement in lipid content in treated cul-
tures compared to algae grown in f/2 medium with EDTA-Fe
(control). Prokaryotic and eukaryotic algae serve as a base for
primary productivity and food web chain equilibrium, and thus
the nanotoxicity assessment becomes predictable (Herrero and
Flores 2008). Additionally, it was found that algae are more
sensitive to NPs compared to other organisms (Aruoja 2011).
It is also worth mentioning that algae not only provide the basic
nourishment for aquatic food web, but also contribute to the
self-purification of polluted water (Ji et al. 2011).

In this study, the microalga Picochlorum sp. was cultured
and incubated with magnetite Fe3O4 (nanosized and bulk)
particles. This microalga species is chosen due to its nutrition-
al values and use in mariculture. Indeed, it was proposed as a
new candidate for aquaculture, food, and biofuel exploitation

(Tran et al. 2014). Foflonker et al. (2014) demonstrated that
Picochlorum sp. strain SE3 was able to tolerate a wide range
of salinities, suggesting a wide distribution of this marine alga.
Additionally, Picochlorum sp. belongs to the small unicellular
algae (photoautotrophic picoplankton) which are vital in all
aquatic environments (Callieri 2008). The phytoplankton bio-
mass and primary production are principally contributed by
the picoplankton in oligotrophic lakes and oceans and they
can play an important role in more productive aquatic envi-
ronments (Li 1994). Recently, it has been shown that these
algae are among the main picoplankton contributors in many
ecosystems (Díez et al. 2004; Not et al. 2005), highlighting
their abilities to adapt to different ecosystem characteristics
and their pertinent role in ecosystem structure and functioning
(Fuller et al. 2006; Dimier et al. 2007). Regardless of the
apparent ecological significance of picoplankton, compara-
tively little is known for their diversity in the marine environ-
ment, particularly in the open ocean (Fuller et al. 2006). This
has been attributed primarily to difficulties in identification by
light microscopy. Only recently, with the advent of molecular
techniques, has picophytoplankton diversity begun to be re-
vealed (Moreira and Lopez- Garcia 2002). Some studies have
reported a summer peak of picoeukaryotes (Nagata 1986;
Søndergaard 1990). Though autotrophic picoplankton shows
characteristic seasonal dynamics in the temperate zone:
picocyanobacteria dominate the picoplankton in summer,
whereas picoeukaryotes are dominant in autumn, spring
(Callieri 2008), and winter (Somogyi et al. 2009).

The overall aim of this research was to examine the effect of
Fe3O4 NPs (different sizes and concentrations) on the growth
and photosynthetic pigment content of the marine alga
Picochlorum sp. The Muse™ Cell Analyzer was used for the
first time in this work to give a precise viable cell count after
inoculating cells with NPs. This instrument uses patent-pend-
ing, miniaturized fluorescent detection and micro-capillary
technology to deliver quantitative cell analysis of both suspen-
sion and adherent cells 2 to 60 μm in diameter.

Materials and methods

Fe3O4 NPs and structural characterization

Two nanosized Fe3O4 NPs were purchased from US Research
Nanomaterials, Inc, Houston, USA. The particle size specified
by the manufacturer is 20 and 40 nm. Bulk Fe3O4 (>100 nm)
was purchased from BDH Chemicals Ltd, England. Stock
suspensions of nano and bulk Fe3O4 particles were prepared
in Walne’s algal medium (Walne 1970) immediately before
each experiment.

For the characterization of the purchased Fe3O4 nanoparti-
cles, XRD, SEM, TEM, and EDS analyses were performed.
The size was determined through XRD, whereas information
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about the morphology and exact composition of the NPs were
obtained by SEM, TEM, and EDS, respectively. The purity of
the NPs and bulk Fe3O4 were all above 99 %.

Phase analysis was carried out from X-ray diffraction mea-
surements using high-resolution Rigaku Ultima IV diffrac-
tometer equipped with Cu-K radiation (λ=1.5418 Å). Quali-
tative and quantitative phase analyses were performed using
PDXL program. The refinements were carried out using mag-
netite Fe3O4 phase with cubic (spinel type) crystal structure
(space group Fd3m, No. 227). During refinements, phase
composition, lattice parameters, and microstructural parame-
ters (crystallite size and microstrain) were refined.

Biotoxicity assay

Picochlorum sp. culture

A pure culture of Picochlorum sp. (Trebouxiophyceae, Chlor-
ophyta) was obtained from the National Mariculture Centre,
Ministry of Municipalities and Urban Planning, Kingdom of
Bahrain.

The microalga was grown in 2-L Erlenmeyer flasks con-
taining 1 L of sterilized medium which were capped with
loose cotton and these flasks were then placed in an illuminat-
ed incubator. Walne’s medium was used with an initial pH
value of 8. The culture was kept at 18 °C under continuous
illumination of approximately 100 μmol m−2 s−1. The cell
density of the culture was monitored microscopically every
24 h and the different growth phases were determined by
counting with a hemocytometer and Olympus CX21 micro-
scope. Morphological observations were conducted with a
Zeiss HBO 100 microscope.

Algal growth assays

The Organization for Economic Co-operation and Development
(OECD) 201 algal growth inhibition test guidelineswere follow-
ed with some modifications. The cultures were incubated with
Fe3O4 NPs at the lag phase and the viable cell counts and mea-
surements of chlorophyll a concentrations were performed at 24,
48, 72, 240, 408, and 576 h (4 weeks from inoculation time).

The following sizes of Fe3O4 (20, 40 and >100 nm (bulk))
were used at 200 mg L−1, with three replicates for each size in
addition to the control. The cultures (control and treated algae)
were incubated in an illuminated incubator under the above
mentioned conditions with continuous shaking (180 r/min).
High shaking speed was selected to reduce aggregation and
settlement of the NPs over the incubation period. Changes in
viable cell concentration were recorded using Muse™ Cell
analyzer (Millipore, USA). The Muse™ Cell Analyzer uses
patent-pending, miniaturized fluorescent detection and micro-
capillary technology to deliver quantitative cell analysis of
both suspension and adherent cells 2 to 60 μm in diameter.

Additionally, chlorophyll a concentrations were deter-
mined by collecting 30 mL of each treated algal culture. Chlo-
rophyll a was extracted using 90 % acetone, followed by
measurement by spectrophotometer (Perkin Elmer UV spec-
trophotometer) following UNESCO protocol (Vohra 1966).

The nanoparticles showing toxic effects were then selected
for a second experiment.

The second experiment was designed to investigate the
dose-response relationship between the selected particles
(20 nm NPs) and the algae with particle concentrations of 0,
50, 100, 200, 400, 800, and 1600 mg L−1. Changes in the
viable cells concentration and chlorophyll a contents during
4 weeks were measured as mentioned above.

TEM observation of algal cells

The ultrastructural changes of Picochlorum sp. induced by
Fe3O4 NPs were observed with TEM (Jeol JEM 2100). Sev-
eral algae samples from different experiments were fixed
using 4 % buffered formalin, dehydrated, embedded in Epon
epoxy, and sectioned. The grids were analyzed using a Bruker
Quantax EDS under STEM mode.

Statistical analysis

Data are presented as mean±SDEV (standard deviation) and
were tested for statistical significance using analysis of vari-
ance (one-way analysis of variance, ANOVA) followed by
Tukey’s pairwise comparison using Minitab version 16. All
statistical analysis used the default 5 % rejection level.

Results and discussion

Preliminary characterization

The preliminary characterizations of Fe3O4 particles were car-
ried out by SEM, EDS, and XRD analyses before introducing
them to the test organism. The SEM images of Fe3O4 NPs and
EDS spectra are shown in Fig. 1. Irregular-shaped NPs in
agglomerated conditions can be observed.

X-ray diffraction patterns were refined using the Rietveld
method and the results are reported in Table 1 and Fig. 2. It can
be noticed that the estimated crystallite size (calculated from
peak broadening) is lower than the values given by the sup-
plier (measured experimentally); the fact is a particle is usually
formed by many crystallites.

X-ray diffraction qualitative and quantitative phase analy-
sis revealed the presence of both magnetite Fe3O4 (82 %) and
Goethite FeOOH (28 %). However, bulk Fe3O4 was con-
firmed to be of >100 nm in size with high purity of Fe3O4

phase (data not shown).
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Effect of Fe3O4 on algae

Effect of Fe3O4 particle size on algae

The effects of nanoscale (20–40 nm) and bulk (>100 nm)
Fe3O4 particles (200 mg L−1) on the algal growth varied with
the particle size. Treated and untreated cultures displayed sim-
ilar concentrations of viable cells during the lag phase (72 h)
and stationary phase (406 h). During the lag phase, there is a

negligible cell growth. The 40 nm NPs and the bulk particles
exhibited higher concentration of viable cells compared to the
control during the exponential growth phase (at 240 h). To the
contrary, the lowest number of viable cells was recorded with
the 20 nmNPs at 240 h (exponential growth phase). There are
many studies that support the fact that metal oxide NPs are
more toxic for many organisms, including Chlorella com-
pared to their bulk counterpart (Manzo et al. 2013). Moreover,
bulk Fe3O4 is known to be used as an algal fertilizer which
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serves as an important source of iron for the algae (WHOI
2007). The addition of iron promotes the algal growth, as it
is necessary for a number of cellular functions including the
synthesis of chlorophyll (Allsopp et al. 2007). Therefore, the
high growth rate of the culture treated with bulk Fe3O4 is not
unexpected. Sadiq et al. (2011) showed that alumina (Al2O3)
NPs were toxic to algal species, while their bulk counterparts
were less toxic; they assigned this behavior to the difference in
particle size in suspension.

Cell walls in algae mainly consist of cellulose and semiper-
meable membrane, permitting the passage of small molecules
while limiting the passage of larger ones (Navarro et al. 2008).
It should be noted here that the diameter of pores across the
cell wall, which has a thickness ranging from 5 to 20 nm
eventually determines the sieving properties (Madigan et al.
2003). Accordingly, only NPs and aggregates with a size
smaller than that of the largest pore are expected to pass
through the cell wall and reach the plasma membrane. This
is a possible explanation that the 20 nm NPs might be able to
enter the algal cells and cause a negative effect. Therefore,
there was a significant decrease in the number of viable cells
during the exponential growth phase. Additionally, the perme-
ability of the cell wall might change during reproduction, with
the newly synthesized cell wall during the exponential phase
will be more permeable to NPs (Ovecka et al. 2005). Further-
more, the interactions of cells with NPs might induce the
formation of new pores, bigger than usual and hence
increase the internalization of NPs through the cell wall
(Navarro et al. 2008).

The control culture reached the decline phase during the
fourth week (576 h) due to the depletion of the nutrients in the
medium (0.002×106 cells mL−1). Nevertheless, the NPs-
treated cultures showed growth promotion and displayed high
concentration of viable cells (1.53×106 and 1.50×106

cells mL−1 in the 20 and 40 nm treated cultures, respectively).
The bulk particles showed a decline in the cell number during
the decline phase (0.005×106 cells mL−1) (Fig. 3). Similar
finding was reported by Kadar et al. (2012). They found that
all physiological parameters of algae grown with Fe3O4 NPs
were comparable or superior to controls, which may indicate
similar or enhanced bioavailability of the metal in the form of
NPs compared to the soluble form added as EDTA-Fe in the f2
media. The dissolution of NPs may have provided Fe+2/Fe+3

for phytoplankton growth with rates similar as controls that

were supplied with EDTA-Fe (Kadar et al. 2012). It is also
possible that electrochemical interaction of NPs with
exopolymeric substances from some microalgae (e.g.,
Isochrysis galbana) may be involved in the entrapment and
internalization of NPs via endocytosis, which may be a more
widespread cellular uptake mechanism than previously
thought (Kadar et al. 2010). On the other hand, some organ-
isms including algae may excrete compounds as a feedback
response to alter the NPs toxicity (Navarro et al. 2008). Fur-
thermore, algae can produce substances that can induce NPs
flocculation or metal ion chelation and thus reduce the bio-
availability of both NPs and metal ions they released (Soldo
et al. 2005). Exopolymeric substances production may in-
crease in algae upon exposure to NPs and may thus
contribute to detoxification mechanisms (Miao et al.
2007; Quigg et al. 2013).

To our best knowledge, no previous study has compared
the effect of Fe3O4 NPs size on algae. However, a previous
study that determined the effect of TiO2 NPs to algae demon-
strated that the toxicity decreased with increasing particle size
(Clément et al. 2013), which is similar to our findings.

The unexpected increase in the cell viability in the fourth
week further confirms the fact that the NPs have actually
helped the algal growth rather than inhibiting it. At this stage,
the algae might have acquired some adaptive mechanism to
thrive as a response to the presence of NPs. And this mecha-
nism allowed the algae to keep growing even after its decline
phase. This observation also revealed that the duration of NPs
exposure also affects the toxicity. A previous study that eval-
uated the effect of gold (Au) NPs on a higher organism also
concluded that the effect of NPs depends on the exposure
duration (Abdel Halim 2012).

Figure 4 depicts the effects of Fe3O4 particle size on the
chlorophyll a content in Picochlorum sp. The treated and un-
treated cultures exhibited similar concentrations during the lag
phase. However, chlorophyll a content was higher using the
20 nm and the bulk particles during the exponential phase
(240 h). During the decline phase, these particles (20 nm
and bulk) caused a decrease in chlorophyll a concentration
compared to the 40 nm particles, although there was no sig-
nificant difference between the control and the treated cultures
(p>0.05). A previous research performed to test the effect of
Fe3O4 NPs on a higher plant’s (soybean) chlorophyll also
showed that there was no evidence for photosynthetic toxicity,

Table 1 Refinements of X-ray diffraction patterns carried out using the Rietveld method

Material Crystallite size (nm) Microstrain (%) Lattice parameter a (nm) Goodness of fit S (%)

Fe3O4 15–20 nm 9 0.167 8.3567 (20) 1.09

Fe3O4 20–40 nm 8 0.190 8.3527 (30) 1.13

Fe3O4 bulk 61a 0.176 8.3768 (8) 1.24

a The estimated calculated crystallite size is different from the value of bulk given by the supplier (measured)

11732 Environ Sci Pollut Res (2015) 22:11728–11739



(220)

(311)

(222)
(400)

(422)

(511)

(440)

(620)

(533)

(622)

a

b

c

Fig. 2 Powder XRD patterns of
20 nm (a) 40 nm (b) Fe3O4 NPs
and bulk (>100 nm) (c)

Environ Sci Pollut Res (2015) 22:11728–11739 11733



rather the chlorophyll levels increased in the presence of NPs
(Ghafariyan et al. 2013). Nevertheless, the literature also sug-
gested that there are evidences that NPs can have negative
effects on chlorophyll a concentration of different organisms.
For example, Al2O3 and SiO2 NPs are proven to be toxic for
chlorophyll of a unicellular green algae Pseudokirchneriella
subcapitata (Metzler et al. 2012).

Effect of the 20 nm NPs concentration

In the second experiment, it became obvious that all the tested
concentrations of Fe3O4 NPs had a negative effect on the
number of viable cells during the early phases of growth
(Fig. 5). Similar results have been reported by Stevenson

et al. (2013) who showed that Ag NPs were found to be more
toxic to the alga Chlamydomonas reinhardtii during the early
phases of its growth (i.e., lag and exponential phases). The
concentration of viable cells in treated samples was very sim-
ilar to the control during the stationary phase. This might be a
result of certain adaptation mechanism that algae have ac-
quired over time. Generally, there is no notable difference in
the viable cell concentration between the treated cultures.
However, at the end of the decline phase, an inverse relation-
ship between the concentration of viable cells and concentra-
tion of NPs was observed. The lowest number of viable cells
was recorded in the control culture during the decline phase
due to the depletion of nutrients in the medium (2.8×
106 cells mL−1) (Fig. 5). Many previous reports have proved
that the increase in NPs concentration increased their toxic
effects e.g., Naqvi et al. (2010). Conversely, evidence for de-
creasing toxicity with increasing NPs concentration is also
present. This could be based on the fact that a higher concen-
tration of NPs might enhance the particles aggregation, and
therefore the toxic effect is reduced as compared to the lower
concentrations of the same NPs (Rajkishore et al. 2013).

The effect of the 20 nm NPs concentration on the chloro-
phyll a content is displayed in Fig. 6. There was no significant
differences between the treated and untreated cultures during
the lag and decline phases. However, the 200 mg L−1 showed
a significant decrease in the chlorophyll a concentration dur-
ing the exponential phase (p<0.05). Additionally, there was a
significant decrease in chlorophyll a concentration in the con-
trol culture compared to the treated cultures during the station-
ary phase (p<0.05). For instance, chlorophyll a concentration
was 1.4 and 3.5μgmL−1 in the control and 100mgL−1 treated
culture, respectively. Like the viable cell concentration, the
effect of Fe3O4 NPs on chlorophyll a content in the treated
samples was higher in the early growth stages. In the later
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stages, there is no clear difference on the effect of Fe3O4 NPs
concentration. The control culture exhibited an abrupt de-
crease in chlorophyll a concentration after the exponential
phase, as its viable cell concentration also started to decrease
after this point (Fig. 5). The decrease in the chlorophyll a of
the treated cultures appeared at a later stage than the control.
Furthermore, the decrease in chlorophyll a concentration in
treated samples is gradual unlike the control (in which there is
an abrupt decrease). A possible explanation for this trend is
that the samples that are not fully transparent (treated cul-
tures), absorb the light energy that is required for algal growth
and may therefore reduce the shading effect caused by the
presence of aggregated NPs. Hund-Rinke and Simon (2006)
as well as Arouja et al. (2009) also reported that the contribu-
tion of shading effect by NPs to the toxicity was negligible.
Nevertheless, Gong et al. (2011) found that NPs aggregation
behavior affect the growth of algae in the aquatic systems due
to shading effects.

The 20 nm Fe3O4 (200 mg L−1) exert primary toxicity
effect on viable cells with a much less harmful effect on chlo-
rophyll a content (Figs. 5 and 6). Similar results were reported
using metals such as Zn, Cd, Cu, Hg, and Pb with C. vulgaris.
Rosko and Rachlin (1977) observed that there was an inverse
relationship between cell division and chlorophyll a content
using those metals.

Our results are contradictory to a previous research that con-
cluded that the Fe3O4 NPs’ toxicity on Chlorella sp. is
concentration-dependent (Chen et al. 2012). It was found that
chlorophyll a concentration of C. vulgaris decreased as nano-
Fe3O4 concentration increased. Barhoumi and Dewez (2013)
observed that PS II performance index decreased significantly
when C. vulgaris was exposed during 72 h to 400 μgmL−1 of
SPION, compared to the control. The inconsistency in the algae
responses to nano-Fe3O4 could be explained by special charac-
ters of algae (e.g., morphology, cytology, physiology, and genet-
ics (Wei et al. 2010)). Additionally, different culture media could
impact the algal growth, the characteristics, and activity of the

NPs, which in turn can bring on different toxicological reactions
(Ji et al. 2011). Therefore, it is very important to examine the
effect of metals Bincluding NPs^ using different species of algae
to gain a comprehensive view of the effect of each type of NPs
(Rosko and Rachlin 1977).

In general, our study suggested that the NPs’ size has a sig-
nificant effect on the concentration of viable cells and chlorophyll
a concentration. Though there is no significant effect of Fe3O4

NPs concentration on viable cell concentration and chlorophyll a
content. Additionally, it is observed that the effect of Fe3O4 NPs
changes during the different growth stages. The negative effect of
NPs is observed only at the early stages, after which the NPs
showed a positive effect rather than being negative. This could be
explained by the fact that during the early growth stages, Fe3O4

NPs may adhere to the cell and block critical pores and mem-
brane functions. As an alternative, it could also enter the cell by
endocytosis, by means of diffusion through pores or via ion
transport systems (Baker et al. 2013), then algal cells can reverse
the negative effect of NPs and acquire adaptive mechanisms
during the later growth stages.

Ultrastructural changes

The ultrastructure of the Picochlorum sp. treated with 20 nm
Fe3O4 NPs was investigated using TEM imaging and EDX
analysis (Fig. 7). One clearly sees the cell nucleus and chlo-
roplast (Fig. 7a). STEM analysis confirmed nanoparticles’
aggregation outside the cells. The Fe3O4 NPs were observed
as black aggregates. EDX analysis of the black aggregates
showed essential elements of the nanoparticles (oxygen and
iron) along with other elements at lower content (Fig. 7b).

Aggregation and bioremediation of NPs by algae

In this study, it was found that the presence of algae has ac-
celerated the aggregation of Fe3O4 NPs (Figs. 7 and 8) and
consequently reduced their toxicity to free cells, which is in
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accordance with the high number of viable cells and chloro-
phyll a concentration during the stationary and decline phases.
Similar findings were reported by Gong et al. (2011). NPs are
expected to be more soluble in freshwater with lower pH,
while most will aggregate in marine waters (Klaine et al.
2008; Batley et al. 2013; Quigg et al. 2013). Navarro et al.
(2008) explained that organic matter in the seawater might
affect the surface speciation and charge of NPs and therefore
affect their aggregation/deposition properties. Figure 8a
shows the sorption of NPs to algal cells, and that was also to
be expected (Navarro et al. 2008). This will ultimately in-
crease the cellular weight of algae and lead to their

sedimentation (Huang et al. 2005). These processes of adsorp-
tion and sedimentation will help to remove pollutants from the
medium.

Moreover, in saltwater, the increasing salinity and accord-
ingly the ionic strength can reduce the electrophoretic mobil-
ity of the particles and thus favors their aggregation (Batley
et al. 2013). In this study, the presence of algae and their
secretions increased the organic matter of the medium which
is known to affect the NPs aggregation. In addition to that, the
relative high pH recorded at the end of the experiment (varied
between 8.1 and 8.6) further accelerated the aggregation of
NPs. Also, aggregation correlates positively with

Fig. 7 STEM image of
Picochlorum sp. treated with
800 mg Fe3O4 NPs. Heavy
elements were visible as black
spots (a). Only the two aggregates
indicated by arrows countained
iron as shown by the EDX
cartography (c) and spot analysis
(b). (N nucleus; Ch chloroplast)
(a)

11736 Environ Sci Pollut Res (2015) 22:11728–11739



concentration most likely due to more particles being avail-
able for interactions (Miller et al. 2010). The aggregation of
NPs may possibly reduce the surface area, and consequently
the dissolution potential (especially at high concentration)
(Baker et al. 2013). Agglomeration speed of NPs in seawater
is related to the concentration of NPs and natural organic
matter (NOM) (Baalousha 2009). Recent evidence demon-
strated by Zhang et al. (2009) suggests that divalent cations
found in natural seawaters, e.g., Ca2+ may destabilize the elec-
trical charges on NOM-coated NPs, leading to further aggre-
gation and sedimentation. Hence, algae may influence the
sedimentation of NPs into the environment and are potential
organisms for bioremediation of nano-pollution.

The capability of algae to remove NPs should be consid-
ered during the assessment of nanomaterials’ potential risks in
aquatic ecosystems. For example, algae living in extreme hab-
itats (the liquid water between snow crystals) showed the ca-
pacity to accumulate mineral particles on their cell walls
(Luetz-Meindl and Luetz 2006). These mineral particles have
been hypothesized to be important for the survival of these
algae living in low nutrient habitats. Thus, it is expected that
NPs containing essential elements might also be attached to
the algae and supply nutrient for their growth. Furthermore,
NPs may adsorb pollutants, which might change the transport
and bioavailability of both NPs and pollutants in natural sys-
tems and alter their toxic effects (Navarro et al. 2008).

It has been demonstrated in this study that Fe3O4 NPs are
not toxic and can promote algal growth especially during the
late growth stages. Fe3O4 NPs have been used in many fields

and are generally considered as nontoxic materials (Nam and
Lead 2008; Bystrzejeska-Piotrowska et al. 2009). In addition,
Yavuz et al. (2006) showed that Fe3O4 NPs have generally
nontoxic character at low concentrations and proposed the use
of Fe3O4 NPs for bioremediation of other pollutants.

The deposition/aggregation processes of NPs can be con-
trolled through many parameters of the suspension, such as
temperature, ionic strength, pH, as well as surface charge of
NPs. This could provide guidance to remediation of nano-
pollutants in aquatic systems (Gong et al. 2011).

Conclusions

In this investigation, we demonstrated that nano and bulk
Fe3O4 particles did not inhibit the growth of the algae and cell
content of chlorophyll a. However, the 20 nm NPs at
200 mg L−1 were found to significantly affect the chlorophyll
a content of Picochlorum sp. during the exponential growth
phase. To date, most studies have focused on the toxicological
effects of NPs during the exponential growth phase only,
whereas this study represents one of the few studies to exam-
ine the effect of Fe3O4 NPs during the different growth stages
(lag, exponential, stationary, and decline phases). At the same
time, we have shown that the algae can be affected negatively
by the presence of Fe3O4 NPs during the early growth stages,
but they acquire adaptive mechanisms to reverse these effects
during the late stages of their growth. Algal cells were found
to have the ability to accelerate the aggregation and

Fig. 8 SEM and light
microscopic images showing the
aggregation of NPs: SEM image
of cells with 40 nm NPs (a); cells
without NPs (control) (b), and in
the presence of 100 mg L−1 (c),
and 1600 mg L−1 Fe3O4 NPs (d)
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consequently the sedimentation of Fe3O4 NPs. These results
indicate that algae can be a promising organism for bio-
remediating nano-pollution.
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