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Abstract 

Superparamagnetic iron oxide nanoparticles (SPION) have been widely studied for different biomedical and 
environmental applications. In this study we evaluated the toxicity and potential alterations of relevant physiological 
parameters caused to the microalga Chlamydomonas reinhardtii (C. reinhardtii) upon exposure to SPION. The results 
showed dose-dependent toxicity. A mechanistic study combining flow cytometry and physiological endpoints showed 
a toxic response consisting of a decrease in metabolic activity, increased oxidative stress and alterations in the 
mitochondrial membrane potential. Additionally, and due to the light absorption of SPION suspensions, we observed a 
significant shading effect, causing a marked decrease in photosynthetic activity. In this work, we demonstrated for the 
first time, the internalization of SPION by endocytosis in C. reinhardtii. These results demonstrated that SPION pose 
a potential risk for the environment if not managed properly 
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1. Introduction 

The technologies based on nanoparticles (NPs) have 
increased in the last years with the advent of a huge 
variety of products for many different applications 
(Bundschuh et al., 2018). Superparamagnetic iron oxide 
nanoparticles (SPION) are among the most used NPs in 
biomedical fields as contrast agents for magnetic 
resonance imaging, drug delivery systems or as 
hyperthermia agents in cancer therapies (Mosayebi et 
al., 2017). SPION are usually formed by a mineral core 
of a magnetic element or in combination with more 
magnetic elements such as nickel, cobalt or their 
oxides, and an organic coating, such as dextran, 
polyethylene glycol, poly (vinylpyrrolidone), 
streptavidin, and meso-2,3-dimercaptosuccinic acid 
(DMSA) among others (Mosayebi et al., 2017). Due to 
their adsorptive capabilities, SPION have been 
proposed as an environmentally benign method for 
contaminated site remediation (Gutierrez et al., 2017; 
Khin et al., 2012; Mosayebi et al., 2017; Tang and Lo, 
2013; Truskewycz et al., 2018). SPION have been used 
to remove arsenic (Yavuz et al., 2006), polycyclic 
aromatic compounds (Zhang et al., 2010) or heavy 
metals (Ambashta and Sillanpää, 2010; Cui et al., 2013; 
Hu et al., 2005; Matei et al., 2016; Sheikh, 2013). The 
efficiency of SPION can be enhanced by proper surface 
modification (Tong et al., 2011; Zhang and Elliott, 
2006). In this regard, one of the advantages of using 
SPION is that the purification process to regenerate 
these NPs does not produce secondary waste, allowing 

their reuse in environmental remediation (Gutierrez et 
al., 2017). 

Due to their biocompatibility and low cytotoxicity, 
SPION are considered safe for biomedical use (Fadeel 
and Garcia-Bennett, 2010; Gholami et al., 2015; Laffon 
et al., 2018; Singh et al., 2010). To date, there are a 
variety of studies about the toxicity of SPION in 
different cell lines and no clear toxicity has been found 
(Fadeel and Garcia-Bennett, 2010; Gholami et al., 
2015; Saptarshi et al., 2013; Singh et al., 2010). 
However, the evaluation of their effects on 
environmental organisms has not been fully addressed 
and, at the same time, their expanding use supposes an 
environmental risk that needs proper assessment (Tang 
and Lo, 2013). In this context, only a few works have 
studied the toxicological effects of SPION. Wu et al. 
(2012) (Wu et al., 2012) studied the biological effects 
of dimercaptosuccinic acid (DMSA) coated nano-Fe2O3 
to the nematode Caenorhabditis elegans finding that 
these NPs decreased its growth and reproduction and 
induced ROS formation. Barhoumi et al. (2015) used 
the aquatic plant Lemma gibba as model organism to 
test the toxicity of SPION finding growth inhibition, 
ROS formation, decrease in chlorophyll content and 
photosynthesis inhibition. The toxicity of nano-Fe3O4 
and nano-Fe2O3 has been studied in the microalgae 
Chlorella vulgaris (C. vulgaris) (Barhoumi and Dewez, 
2013; Chen et al., 2012b), Pseudokirchneriella 
subcapitata and in the cladoceran Daphnia magna 
(Llaneza et al., 2016), these NPs caused ROS formation 
and deterioration of photosynthetic activities in the 
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algae and inhibition of division rate in Daphnia. 
Although different parameters were measured, the 
authors were mostly interested in describing these 
effects in a range of NP concentrations rather than in 
establishing mechanistic links between the measured 
functions and thus, more studies aimed at understanding 
the toxic mechanisms of SPION in aquatic 
environments are needed. 

In this study, we used two SPION based on synthetic γ-
Fe2O3 (maghemite) or Fe3O4 (magnetite) nanomaterials 
with DMSA coating. We performed a physicochemical 
characterization of SPION particles and suspensions 
and evaluated their biological effects and toxic mode of 
action towards C. reinhardtii. This aquatic organism is 
a unicellular biflagellate microalga used as model 
organism in many nanotoxicological studies (Martín-
de-Lucía et al., 2018; Navarro et al., 2008; Wang et al., 
2008). In particular, we studied reactive oxygen species 
(ROS) formation, photosynthetic efficiency, 
physiological alterations and nanoparticle 
internalization after SPION exposure trying to provide 
novel information on the toxicological mechanisms of 
SPION on primary producers in aquatic environments. 
2. Materials and methods 

2.1. Synthesis of SPION 

SPION with average core size of 8 nm (IO8) were 
synthesized by a thermal decomposition route, inspired 
in the method reported by Sun et al. (2004) (Sun et al., 
2004) and Pacakova et al. (2017). The reaction was 
carried out under mechanical stirring and nitrogen flow. 
Briefly, Fe(acac)3 (10 mmol; acac = acetyl acetonate), 
oleic acid (30 mmol) and 1,2-dodecanodiol (20 mmol) 
were dissolved in 1-octadecene (100 mL). The mixture 
was heated at a rate of 2 °C/min to 100 °C and kept at 
that temperature for 1 h to degas it. Then, it was heated 
up again (2 °C/minute) to 190 °C. The temperature was 
kept for 2 h and heated again to reflux at 3 °C/minute. 
After 30 min at reflux temperature, the mixture was 
allowed to cool down to room temperature and washed 
several times with ethanol, centrifuged and SPION 
isolated with the aid of a magnet. 

SPION with average core size of 16 nm (IO16) were 
synthesized by thermal decomposition of an iron oleate 
complex (10 mmol) in 1-octadecene (100 mL) in the 
presence of oleic acid (5 mmol) under nitrogen flow 
following previously reported procedures with minor 
variations (Park et al., 2004; Salas et al., 2012). Briefly, 
the mixture was heated at 2 °C/minute (with mechanical 
stirring only until 60 °C) up to 210 °C. The reaction was 
kept at that temperature for 1 h and heated again to 
reflux at 3 °C/minute. After 1 h, the mixture was 
allowed to cool down to room temperature and washed 
several times with ethanol, centrifuged and SPION 
recovered using a magnet. In both cases, the obtained 
SPION are hydrophobic and need surface modification 
to make them dispersible in aqueous medium. Surface 
modification was carried out with DMSA through a 

ligand exchange procedure as previously described by 
Salas et al. (2012) (Salas et al., 2012). 

2.2. Physicochemical characterization of SPION  

Particle size was examined by transmission electron 
microscopy (TEM) in a JEOL JEM 1010 microscope 
operating at 100 kV. The size distributions were 
determined through manual analysis of ensembles of 
over 300 particles found in randomly selected areas of 
the enlarged micrographs, with Imagetool software to 
obtain the mean size and standard deviation. 

Curves of sample magnetization (M) vs. external 
magnetic field (H) were collected between −20000 and 
20,000 Gauss in a vibrating sample magnetometer 
(VSM). Both types of nanoparticles exhibit 
superparamagnetic behaviour before and after contact 
with the cells. After incubation with microalgae during 
72 h, the SPION and the microalgae were filtered by 
glass microfiber filter Whatman with a loading capacity 
of 1.6 μm, holding back the cells and the NPs 
internalized or attached to the cells. 

Hydrodynamic diameter and ζ-potential of the SPION 
suspensions were measured at 10 mg/L (pH 7) in 
ultrapure water and in TAP/6 culture medium by 
dynamic light scattering (DLS) and electrophoretic light 
scattering respectively using a Zetasizer Nano SZ 
analyser from Malvern Instruments. Measurements 
were essentially as described elsewhere (Gonzalo et al., 
2014). 

2.3. Microalgal cultures and bioassays 

C. reinhardtii Dangeard (strain CCAP 11/32 mt+) is a 
unicellular green alga obtained from the Culture 
Collection of Algae and Protozoa of Dunstaffnage 
Marine Laboratory (Scotland, UK). Cells were 
routinely grown in 250 mL flasks on a rotatory shaker 
at 135 rpm in TAP modified (TAP/6) culture medium 
(pH 7) under controlled conditions: 28 °C with 
continuous illumination at 60 μmol photons m2 sˉ1. The 
TAP/6 growth medium was modified from TAP growth 
medium (Hoober, 1989) by diluting it 6 times in 
ultrapure water to reduce its conductivity and increase 
the stability of SPION as previously reported (von 
Moos et al., 2015). Table S1 shows the specific growth 
rate (μ, h−1) and generation time (g, h) calculated as 
described by Arana et al.,(2019). As can be seen, after 
72 h of culture, growth rate of the alga in TAP/6 
medium is inhibited by 20% when compared with 
growth in TAP, shifting from a generation time of 
around 28 h in TAP to around 35 h in TAP/6. Thus, the 
dilution slightly affected the normal growth of C. 
reinhardtii but did not cause any deleterious effect in 
cell viability (as measured by integrity of cell 
membrane) as shown by fluorescent propidium iodide 
flow cytometry analysis (see Fig. S1). 

Exposure experiments were carried out in 14 mL TAP/6 
culture medium in 25 mL flasks with different 
concentrations of SPION (0–100 mg/L) from a stock of 
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2300 mg/L in MilliQ water following OECD guideline 
TG 201. Optical density at 750 nm (OD750nm) was 
measured using a Synergy HTmulti-mode microplate 
reader (BioTek, USA). Toxicity was expressed as EC50 
(the effective concentration that caused 50% growth 
inhibition with respect to a non-treated control). All the 
bioassays were performed at least in triplicate after 72 h 
exposure at the EC50 of each SPION. 

2.4. ROS formation and lipid peroxidation 

Intracellular ROS produced by C. reinhardtii were 
measured by using the cell permeable fluorescent 
fluorochrome 2′7′-dichlorodihydrofluorescein diacetate 
(H2DCFDA, Invitrogen Molecular Probes, Thermo 
Fisher) as previously described by Rodea-Palomares et 
al. (2010) (Rodea-Palomares et al., 2010). The emitted 
fluorescence of fluorochromes (488 and 530 nm) was 
measured after 72 h of exposure on a Synergy HT 
multi-mode microplate reader (BioTek, USA). Results 
were normalized by measuring in vivo fluorescence of 
chlorophyll a of the sample as described elsewhere 
(Rodea-Palomares et al., 2012). 

Lipid peroxidation was determined in vitro after the 
formation of malondialdehyde (MDA), a by-product of 
lipid peroxidation that reacts with thiobarbituric acid 
reactive substances (TBARS) following the protocol 
described elsewhere with minor modifications (Elbaz et 
al., 2010; Ortega-Villasante et al., 2005). Briefly, C. 
reinhardtii was centrifuged for 5 min at 4500 rpm and 
submerged in liquid nitrogen. Frozen pellets were 
homogenized in 0.5 mL of TCA-TBA-HCl reagent 
(15% w/v) composed by trichloroacetic acid, TCA, 
0.37% (w/v), 2-thiobarbituric acid, TBA, 0.25 M HCl, 
and 0.01% butylated hydroxytoluene. Absorbance was 
measured at 535 and 600 nm on a Synergy HT multi-
mode microplate reader (BioTek, USA) using 96-well 
transparent microplates. The amount of TBARS was 

calculated by using the extinction coefficient of 
155 mM−1cm−1. Lipid peroxidation was expressed as 
TBARS nmol g−1 dry weight (DW). DW was calculated 
from the OD750nm as previously described by 
Berberoglu et al. (2008) (Berberoglu et al., 2008). 

2.5. Flow cytometry analyses 

Flow cytometry analyses of C. reinhardtii after SPION 
exposure were carried out on a Cytomics FC500 MPL 
flow cytometer fitted with an argon-ion excitation laser 
(488 nm), a forward scatter detector (FS), a side scatter 
detector (SS) and four fluorescence detectors: FL1 
(505-550 nm), FL2 (550–600 nm), FL3 (600-645 nm) 
and FL4 (>645 nm; used to estimate cell chlorophyll a 
content). Five physiological parameters were analysed 
by FCM (Table 1): membrane integrity (PI), 
cytoplasmic membrane potential (DiBAC4(3)), non-
specific esterase activity (FDA), intracellular pH 
(BCECF-AM) and mitochondrial membrane potential 
(JC-1). The fluorochrome concentrations and 
incubation times used were as previously reported by 
Prado et al. (2012) (Prado et al., 2012), González- 
Pleiter et al., 2017 (González-Pleiter et al., 2017) and 
Tamayo-Belda et al., 2019 (Tamayo-Belda et al., 2019) 
and can be found in Table 1. After 72 h of exposure to 
the EC50 of each SPION, cells were incubated with each 
fluorochrome at room temperature in the dark prior to 
flow cytometry analyses. At least three independent 
experiments with triplicate samples were performed for 
each parameter and at least 5000 cells were analysed 
using the Flowing software version 2.5 (Cell Imaging 
Core, Turku Centre for Biotechnology). 

2.6. Oxygen evolution, chlorophyll content and 
shading effect 

Oxygen evolution was measured at 28 °C under 
saturating white light (300 μmol photons m−2 s−1) as 

Table 1. Concentrations and incubation times of the fluorochromes used in the flow cytometry analysis in this study. 

Fluorochrome Acronym Physiological 
parameter 

Final 
concentration 
(μg mL−1) 

Incubatio
n time 
(min) 

References 

Propidium iodide IP Membrane 
integrity 

5 10 González-Pleiter et al., 2017; 
Prado et al., 2012; Tamayo-
Belda et al., 2019 

bis-(1,3-
dibutylbarbituric acid) 
trimethine oxonol 

DiBAC4(3) Cytoplasmic 
membrane 
potential 

2.5 10 González-Pleiter et al., 2017; 
Prado et al., 2012; Tamayo-
Belda et al., 2019 

Fluorescein Diacetate FDA Non-specific 
esterase 
activity 

2.5 15 González-Pleiter et al., 2017; 
Prado et al., 2012; Tamayo-
Belda et al., 2019 

20,70-bis(2-
carboxyethyl)-5(6)-
carboxy fluorescein 

BCECF Intracellular 
pH 

5 40 González-Pleiter et al., 2017; 
Prado et al., 2012; Tamayo-
Belda et al., 2019 

Tetraethylbenzimidazo
lyl-carbocyanine 
iodide 

JC-1 Mitochondrial 
membrane 
potential
  

5 20 González-Pleiter et al., 2017; 
Prado et al., 2012; Tamayo-
Belda et al., 2019 
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previously described using a Hansatech Clark-type 
electrode by Leganés et al. (2014) with a Clark-type 
oxygen electrode (Hansatech). Briefly the cells were 
supplemented with 5 mM NaHCO3, pH 7.5, and 
photosynthetic rates were related to total chlorophyll a 
content. 

For chlorophyll content determinations, culture aliquots 
were extracted in methanol (90%, w/v) at 4 °C for 24 h 
in darkness. Chlorophyll a as well as total chlorophyll 
content of the extract (chlorophyll a+b) were 
determined according to the spectrophotometric method 
of Ahmed (2016) (Ahmed, 2016). 

To test the shading effect of SPION suspensions, 
double layer glass arrangements were prepared by 
introducing 25 mL flasks into 100 mL beakers (Fig. 
S2). For shading controls, the outer beaker was filled 
with 35 mL of algal growth medium (transparent) and 
the inner flask contained the algal cells. To evaluate the 
potential shading effect of SPION, the concentration 
corresponding to their EC50 was added in the outer 
beaker. The growth of algal cells in the inner flask was 
compared to the same result when the outer volume was 
filled with algal growth medium (transparent). This 
experimental simulated the shading effect of SPION 
avoiding their direct contact with microalgae (Aruoja et 
al., 2009). 

2.7. SPION-alga interaction (TEM analyses) 

For TEM micrographs, C. reinhardtii cells were 
exposed to the calculated EC50 of each SPION for 72 h. 
Non-exposed cells (control) and exposed cells were 
collected by centrifugation, washed three times in 
phosphate buffer 0.1 M, pH 7.2 for 10 min, and then 
fixed using 4% paraformaldehyde and 2.5% 
glutaraldehyde in phosphate buffer for 4 h at 4 °C. The 
samples were subsequently rinsed three times with 
phosphate buffer and stored at 4 °C overnight. Post 
fixation was performed on 1 mm of 2% agar. After post 
fixation process, the samples were rinsed with 
phosphate buffer three more times and dehydrated 
through a graded acetone series of 30-50-70-80-90-95-
100% for 15 min. Infiltration and embedding of Spurr-
resin was conducted by increasing resin concentrations 
in acetone (25%, 50%, 75% and 100%). The samples 
were subsequently embedded in pure resin at room 
temperature overnight. Finally, resin polymerization 
took place at 60 °C for 48 h. The sectioned samples in 
semi-thin (0.5 μm) and ultra-thin sections (60 nm) were 
stained with uranyl acetate and lead citrate. Ultrathin 
sections were visualized on a JEOL (JEM 1010) 

electron microscope (100 kV) or on a JEOL JEM 1400 
(100 kV) coupled with XEDS (X-Ray Energy 
Dispersive Spectroscopy). All reagents used for TEM 
preparations were Electron Microscopy grade. 

2.8. Statistical analysis 

All data were obtained from a minimum of three 
independent experiments with three replicates for each 
assay condition. All test of statistically significant 
differences between data sets were performed using 
Student's t-test and one-way analysis of variance 
(ANOVA) which were computed using R analysis 
Rcdmr package (R for windows, 3.0.2 copyright© The 
Foundation for Statistical Computing). 

3. Results and Discussion 

3.1. Physicochemical characterization of SPION  

The average core size of both SPION, IO8 and IO16, 
was determined by TEM micrographs. The values are 
given in Table 2. Representative TEM images are also 
shown in Fig. 1 A and D. The characteristics of DMSA-
coated suspensions of IO8 and IO16 in distilled water 
and TAP/6 medium are also indicated in Table 2. Both 
IO8 and IO16 formed stable suspensions with 
hydrodynamic sizes ranging from 59 to 79 nm both in 
distilled water and TAP/6 medium. The colloidal 
stability was higher for IO16 (ζ-potential −27.1 mV) 
than for IO8 (ζ-potential −18 mV) suspensions. Further 
information about their physicochemical behaviour 
along time is summarized in Table S2, where it can be 
observed that the SPION tended to aggregate with time. 

After the incubation with the microalgae for 72 h, the 
superparamagnetic behaviour is preserved and no 
apparent change could be observed (Fig. 1C and F), 
which means that, from the point of view of the 
magnetization, no degradation of the SPION has 
occurred under these conditions. 

3.2. Toxicity of SPION to C. reinhardtii 

The effect of SPION on C. reinhardtii growth was 
assessed by measuring the OD750nm. The results of the 
exposure to IO16 and IO8 in the concentration range of 
0.5–100 mg/L are shown in Fig. 2. Both SPION caused 
algal growth inhibition that was significant (p < 0.01) 
for concentrations higher than 10 mg/L, showing 
similar concentration-response profiles (Fig. 2). The 
EC50 for IO16 was 75 ± 5 mg/L and the EC50 of IO8 that 
was 100 ± 4 mg/L. More toxicity parameters (the EC10 
and EC20) for both SPION are shown in Table S3. The 

Table 2. Physicochemical properties of the tested SPION in ultrapure water and in TAP/6 medium. 

Particle  Size ± s. d. from 
TEM (nm) 

Ultrapure 
H2O 

TAP/6 
medium 

ζ- potential 
(mV) 

Hydodynamic 
diameter (nm) 

PDI 

IO16 16 ± 2 −39.1 ± 9.7 78.5 ± 0.5 −27.1 ± 1.1 61.6 ± 0.7 0.2 

IO8 7.6 ± 0.9 −16.7 ± 2.3 63.2 ± 1.1 −18.0 ± 2.5 59.6 ± 8.5 0.4 

aPDI: Polydispersity index  
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Figure 1. Selected TEM micrographs and histograms with mean size and standard deviation of IO16 (A, B) and IO8 (D, E). C and 
F show the magnetization M(H) curves of IO16 (C) and IO (F) before (■) and after (o) incubation with the cells. 

toxicity of nano-Fe3O4 SPION to the plant Lemma 
gibba and to the alga Chlorella vulgaris was tested and 
found non-toxic, with most endpoints in the hundreds 
of mg/L range (Barhoumi and Dewez, 2013; Barhoumi 
et al., 2015). No other studies have been found on the 
effect of SPION to photosynthetic organisms. Our data 
showed that C. reinhardtii is relatively sensitive to 
SPION and, therefore, suitable for the evaluation of the 
environmental risks of them. It is interesting to note that 
at low concentrations we observed a certain growth 
stimulation or hormetic effect, although not statistically 
significant (p > 0.001). A similar hormetic effect was 
found by Llaneza et al. (2016) in their study of the toxic 
effects of nano-Fe3O4 and nano-Fe2O3 on 
Pseudokirchneriella subcapitata and Daphnia magna 
(Llaneza et al., 2016), particularly at the lower 
concentrations tested. A suitable explanation for that 
could be that it is due to a nutrient effect as Fe is an 
essential element and there is some dissolution of Fe 
from the NPs (although negligible, otherwise there 
should be differences in the magnetization curves, see 
Fig. 1C and F). At the highest concentrations tested, 
hormesis is not present as toxicity is already found. 
Nevertheless, hormesis is difficult to explain, although 
evidence is gathering that most chemicals, which are 
toxic at high concentrations, may have stimulatory 
effect in an organism when applied at low 
concentrations (Calabrese and Baldwin, 2001). There 
are intense scientific debates regarding interpretation of 
these observations: some authors believe that hormesis 
is a general stress response to any chemical that, 
somehow, preconditions and protects cells against the 
subsequent toxicity resulting from a higher dose of the 
same chemical (Calabrese, 2016; Calabrese and  
Baldwin, 2001; Stebbing, 1997). Other authors consider 

that hormesis is not a real phenomenon (Forbes, 2000; 
Parsons, 2003). Deryabin and Aleshina (2008) 
(Deryabin and Aleshina, 2008) found a stimulatory 
effect of some salts such as chlorides and sulphates on 
the luminescence response of Photobacterium 
phosphoreum and recombinant Escherichia coli with 
cloned luxCDABE genes of Photobacterium leiognathi 
54D10, which could also be attributable to a nutrient 
effect. 

Figure 2. Effect of 72 h of exposure to SPION on growth of 
C. reinhardtii. Data are expressed as percentage of the value 
of untreated cells (mean ± standard deviation). Asterisks 
mark statistically significant (p < 0.001) differences. 

3.3. SPION induce ROS formation in C. reinhardtii 

Oxidative stress is one of the main mechanisms by 
which NPs impair bacteria and microalgae (Gonzalo et 
al., 2014; Pulido-Reyes et al., 2015; von Moos and 
Slaveykova, 2014). We recorded changes in ROS 
formation by means of the intracellular fluorescent dye 
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H2DCFDA after 0.5, 24 and 72 h of exposure to Ec50 
SPION concentrations (see Fig. 3; the raw fluorescence 
data are shown in Fig. S3). After 30 min of the 
exposure to Ec50 of SPION no increase in ROS 
formation was observed. Interestingly, ROS formation 
after 30 min was lower for IO8 and IO16 than for 
unexposed cells. This could be due to the lower 
metabolic formation of ROS because of the shading 
phenomenon. However, this hypothesis was tested, and 
shading did not have any significant effect on ROS 
formation (Fig. S4, where the effect of shading was 
tested in cells exposed during 30 min to IO16, which is 
the SPION that clearly caused shading effect on 
photosynthesis, see below). After 24 h of exposure, 
ROS formation increased and was significantly higher 
than controls even after 48 and 72 h (Fig. 3). Other 
studies with SPION have also reported an increase in 
the oxidant species in C. vulgaris (Barhoumi and 
Dewez, 2013).  

 

 
Figure 3. Effect of SPION on intracellular ROS production 
of C. reinhardtii cells using the fluorochrome H2DCFDA 
after 0.5, 24, 48 and 72 h of exposure. Results are presented 
as percentage ± SD with respect to control (100% as 
indicated by the solid line). Asterisks indicate statistically 
significant (*p< 0.05 and **p < 0.001) differences.  

ROS may produce lipid peroxidation starting by the 
removal of hydrogen from an unsaturated fatty acid 
chain and further reaction with oxygen to generate lipid 
peroxyl radicals (Ševcu AEl-Temsah et al., 2009). Lipid 
peroxidation occurs as a normal process in aerobic 
organisms but during stress conditions, it could damage 
the membrane, increasing membrane permeability (von 
Moos and Slaveykova, 2014). Fig. 4 shows that after 
72 h of exposure, both SPION significantly increased 
lipid peroxidation. The analysis was performed by 
quantification of TBARS (thiobarbituric acid reactive 
substances) that are end products of lipid peroxidation, 
predominantly malondialdehyde. Both NPs led to 
membrane lipid peroxidation (measured as MDA 
concentration): over 1700% in the case of IO16 
(p < 0.001) and over 500% (p < 0.005) for IO8 in 
comparison with control cultures. Previous studies have 

observed lipid peroxidation in algae and cyanobacteria 
after the exposure to NPs for 72 h: TiO2 NPs in 
Chlamydomonas reinhardtii (Chen et al., 2012a; Wang 
et al., 2008); Fe3O4 on Chlorella vulgaris (Chen et al., 
2012b) and cationic G5 and G7 PAMAM dendrimers in 
the cyanobacterium Anabaena sp. PCC7120 (Tamayo-
Belda et al., 2019). 

 
Figure 4. Lipid peroxidation levels as relative content of 
TBARS (nmol g−1 DW) of C. reinhardtii exposed to SPION 
during 72 h of exposure. Asterisks indicate statistically 
significant (*p < 0.05 and **p < 0.001) differences. 

3.4. SPION altered several physiological parameters 
of C. reinhardtii 

Intracellular ROS and lipid peroxidation induce damage 
in cytoplasmic membrane and internal organelles. We 
specifically tested cytoplasmic and mitochondrial 
membrane potential, intracellular pH and metabolic 
activity using flow cytometry. This technique allows 
the rapid and quantitative measurement of individual 
cells responses to a toxic stress. Fig. 5 shows the results 
of the physiological evaluation of algal cells exposed to 
IO16 and IO8 at their Ec50. Representative histograms 
and dot plots can be found as Supplementary Material 
Fig. S5.Peroxidised membranes change their 
permeability and, under extreme conditions lose their 
integrity (Ševcu AEl-Temsah et al., 2009). The effect of 
SPION on the cytoplasmic membrane potential of C. 
reinhardtii was studied using the fluorescent dye 
DIBAC4(3). Fig. 5 A shows a significant (p < 0.005) 
increase of membrane hyperpolarization in the case of 
IO16 after 1 and 24 h of exposure. However, no 
significant alteration in the cytoplasmatic membrane 
potential was observed for longer times. In the case of 
IO8, no relevant alteration was observed (Fig. 5 A). To 
check membrane integrity, the fluorescent dye 
propidium iodide (PI) was used since it is unable to 
pass through intact cell membranes (PI−). However, 
when the integrity of the cell membrane fails, PI is able 
to enter and stain nucleic acids (PI+), allowing one to 
discriminate between those cells that emit fluorescence 
and therefore present damage in the cytoplasmic 
membrane and those in which the fluorochrome does 
not penetrate and no fluorescence is emitted and, 
therefore, cells maintain the integrity of the membrane. 
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Fig. S1 shows the PI fluorescence histograms of 
SPION-treated cells with respect to the non-treated 
control cells. No PI + cells were found, indicating no 
relevant damage of the integrity of the cytoplasmic 
membrane in SPION-exposed cells. 

Mitochondria have also been reported as highly 
important in environmental stress caused by pollutants 
(González-Pleiter et al., 2017) and are also subject to 
lipid peroxidation. We measured potential 
mitochondrial dysfunction in C. reinhardtii caused by 

SPION with the fluorescent fluorochrome JC-1. Fig. 5 
B shows the results of the mitochondrial membrane 
potential of the cells after the exposure to the EC50 of 
each SPION. After 1 h of exposure to IO8, a dramatic 
mitochondrial membrane potential depolarization 
(p < 0.001) was observed (around 80% reduction with 
respect to the control) maintained throughout the 72 h 
experiment. After exposure to IO16, C. reinhardtii cells 
presented a gradual mitochondrial membrane potential 
depolarization increasing over time with maximum

 
Figure 5. Alterations on relevant parameters of C. reinhardtii after 1, 24 and 72 h of exposure to SPION as measured by flow 
cytometry using different fluorochromes: (A) plasma membrane potential, (B) mitochondrial membrane potential, (C) intracellular 
pH and (D) metabolic activity. Control ( ), IO16 ( ) and IO8 ( ). Results are shown as percentage of variation of each 
parameter with respect to control (100% as indicated by the solid line). Asterisks indicate statistically significant (*p < 0.05 and 
**p < 0.001) differences. (See also Fig. S5). 

depolarization after 72 h of exposure (significant at 
p < 0.001). It has been previously reported that different 
NPs could depolarize the mitochondrial membrane of 
C. reinhardtii (Martín-de-Lucía et al., 2018; Xia et al., 
2006), but this is the first time that depolarization in the 
mitochondrial membrane potential is found in a 
microalga after exposure to SPION. 

To evaluate changes in the intracellular pH, we used the 
green/red fluorescence ratio of BCECF dye that 
increases when intracellular pH increases and decreases 
when it decreases. Fig. 5C shows a significant 
(p < 0.05) alkalinisation of the cytoplasm at 24 h caused 
by IO8. pH values recovered at longer exposure times 
(72 h). The alkalinisation of cytoplasm at shorter 
exposure times has been correlated with oxidative stress 

in microalgae exposed to metals (Cid et al., 1996). In C. 
reinhardtii, this cytoplasmic alkalinisation has been 
observed in cells exposed to organic pollutants like 
triclosan (González-Pleiter et al., 2017) or paraquat 
(Prado et al., 2012). 

The fluorescent dye FDA was used to study the 
metabolic activity based on the measure of non-specific 
esterases activity of C. reinhardtii (Prado et al., 2012) 
after 1, 24 and 72 h of exposure to SPION at their Ec50 
concentration. Fig. 5 D shows a drastic and significant 
(p < 0.001) decrease of esterase activity following the 
exposure to IO8. However, after the exposure to IO16 
the metabolic activity of the cells showed a significant 
(p < 0.001) decrease only after 24 h. After 72 h of 
exposure to both NPs, the cells showed a decrease of 
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esterase activity to around 60% of the control. A 
decrease of esterase activity has been reported before 
for C. reinhardtii after exposure to different pollutants 
such as triclosan or atrazine (Esperanza et al., 2015; 
González-Pleiter et al., 2017) indicating decreased in 
metabolic activity. A decrease of esterase activity was 
also observed in C. reinhardtii after exposure to 
graphene oxides (Martín-de-Lucía et al., 2018). 

3.5. Photosynthetic response of C. reinhardtii to 
SPION and shading effect 

The decrease of metabolic activity has been previously 
correlated with a decrease of the photosynthetic activity 
in unicellular microalgae (Brookes et al., 2000). To 
check potential oxidative damage of SPION to 
photosynthesis, we studied the photosynthetic activity 
of the cells after exposure to both SPION as O2 
evolution. The decrease of photosynthetic activity of C. 
reinhdartii upon exposure to different toxicants has 
been reported elsewhere (Prado et al., 2012; Esperanza 
et al., 2015; Chen et al., 2012a; González-Pleiter et al., 
2017; Navarro et al., 2015; Saison et al., 2010). 
Specifically concerning SPION, a negative effect 
towards photosynthetic activity of C. vulgaris and 
Lemma gibba was reported before (Barhoumi and 
Dewez, 2013; Barhoumi et al., 2015). 

Specifically concerning the reduction of photosynthetic 
activity due to shading effect, our results showed that 
cells in contact with IO16 showed similar 
photosynthetic activity than cells kept apart from NPs 
(Table 3). This suggests that the decrease in 
photosynthesis was due to a shading effect in the case 
of IO16. However, cells without direct contact with IO8 
showed less photosynthetic inhibition than the cells in 
direct contact with the NPs, indicating that part of 
photosynthesis inhibition was directly caused by IO8 
contact (Table 3). Fig. 6 shows chlorophyll a content as 
well as total chlorophyll content (a + b); as can be 
observed, both, chlorophyll a content as well as total 
chlorophyll content are significantly reduced by 
exposure to SPION, these results are in total agreement 
with those of O2 evolution reported in Table 3, 
corroborating the negative effect of SPION on 
photosynthesis. In the case of IO16, the observed 
decrease in chlorophyll content was clearly due to 
shading effect (no significant differences were found 
between the chlorophyll content of cells in direct 
contact with SPION vs. that of cells not directly 
exposed to them, p ˂ 0.05). However, in the case of 
IO8, shading inhibited chlorophyll a and total 
chlorophyll content by 30% while those cells in direct 
contact with the SPION had a significantly (p ˂ 0.05) 
lower chlorophyll content (an inhibition of almost 70% 
in total chlorophyll content, Fig. 6). Previous works 
observed a shading effect caused by ZnO, TiO2 and 
CuO NPs to Pseudokirchneriella subcapitata (P. 
subcapitata) (Aruoja et al., 2009), by carbon nanotubes 
to C. vulgaris and P. subcapitata (Schwab et al., 2011), 
and by Co NPs to the microalgae Platymonas 

subcordiforus, Chaetoceros curvisetus and Skeletonema 
costatum (Chen et al., 2018). In line with these studies, 
the shading effect caused by SPION was probably due 
to their heteroaggregation with the cells (Fig. S6). 

Table 3. Photosynthetic activity (as O2 evolution) of C. 
reinhardtii exposed for 72 h to IO16 and IO8 with and 
without direct contact (Shading effect) with SPION. 

Particle  Control 
(μmol O2 mg 
chl−1 h−1) 

Direct 
contact (μmol 
O2 mg chl−1 
h−1) 

Shading 
effect (μmol 
O2 mg chl−1 
h−1) 

IO16 143.7 ± 12.0 92.3 ± 17.5 94.0 ± 9.4 

IO8 143.7 ± 12.0 68.0 ± 11.9 118.2 ± 29.2 

 

3.6. Effect of SPION in the ultrastructure of C. 
reinhardtii cells and potential internalization 

TEM images of C. reinhardtii cells after 72 h of 
exposure to their EC50 concentrations are shown in Fig. 
7. Fig. 7 A to D show TEM images of non-exposed C. 
reinhardtii with intact ultrastructural morphology, 

 

Figure 6. Chlorophyll a and total chlorophyll content (a+b) 
in C. reinhardtii after 72 h of exposure to SPION. Results are 
presented as percentage of variation of each parameter ± SD 
with respect to control (100% corresponding to the control is 
indicated by the solid line). Values with the same superscript 
letter were not significantly different (ANOVA, p < 0.05) 
within each condition assayed. 

including cell wall, plasma membrane, chloroplast, 
pyrenoids, nucleus and other organelles. Fig. 7 F to I 
and Fig. 7 K to N show TEM images of C. reinhardtii 
exposed to IO16 and IO8, respectively. In both cases, a 
plasmolysis phenomenon and the presence of many 
starch grains were observed. Plasmolysis and the 
formation of starch grains have been previously 
reported in C. reinhardtii exposed to different NPs 
(Chen et al., 2012a; Martín-de-Lucía et al., 2018). They 
have been attributed to a self-defense mechanism. 
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Interestingly, in both cases, the formation of autophagic 
vacuoles were observed (Fig. 7 F, G, H, K, L, M and N) 
and was further confirmed by TEM-XEDS that they 
contained Fe of the SPION (Fig. 7 E, J, O) while no Fe 
was found in the autophagic vacuoles of unexposed 
cells (Fig. 7 A). In fact, these autophagic vacuoles 
containing the SPION might have been originated by 
fusion with endocytic vesicles engulfing the SPION, 
perhaps as a detoxifying mechanism (Fig. 6 I, K, L, M 
and N) (Liou et al., 1997).  

Few studies have shown evidence of particle 
internalization in microalgae using CuO, AgO, CeO2 or 

TiO2 NPs (Chen et al., 2012a; Melegari et al., 2013; 
Perreault et al., 2012; Taylor et al., 2016; Wang et al., 
2016). Particularly, internalization of SPION has been 
observed in animal cell lines (Calero et al., 2014; 
Villanueva et al., 2009) but here we show for the first 
time that SPION can be internalized by microalgae and 
give ultrastructural evidence (TEM-XEDS) which 
indicates that endocytosis is the most plausible 
internalization pathway. Many works have studied the 
machinery related to endocytosis in higher plants (Irani 
and Russinova, 2009; Low and Chandra, 1994) 
However, little is known about this process in algae. 

 
Figure 7. Selected transmission electron microscopy (TEM) images of non-exposed cells (A, B, C, D) accompanied with XEDS 
spectra (E) and cells exposed to IO16 (F, G, H, I) and IO8 (K, L, M, N) accompanied with XEDS spectra (J, O). cw = cell wall, 
pm = plasma membrane, n = nucleus, c = chloroplast, m = mitochondria, sg = starch grains, av = autophagic vacuoles, 
ev = endocytic vesicles pl = plasmolysis. The red circles indicate the location of XEDS spectra. 
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This study provides novel information on the 
toxicological mechanisms of SPION in aquatic 
photosynthetic organisms. Furthermore, the calculated 
EC50 of SPION are lower than those that might be used 
for site remediation whose potential concentration may 
oscillate between 2000 and 30,000 mg/L (Yan et al., 
2013). These data suggest that SPION might be a 
potential risk for the aquatic environment if used at 
such high concentrations and that toxicity assessments 
with environmental relevant organisms must be done 
before their use for such applications. 

Such as every aerobic organism, C. reinhardtii cells are 
susceptible to suffer oxidative stress. As previously 
summarized by von Moos and Slaveykova (2014), there 
exist diverse mechanisms that induce the formation of 
ROS by NPs. In the present work, one of the main 
physiological parameters altered was the elevated ROS 
formation after the exposure to SPION. Elevated ROS 
production may change membranes permeability, in 
this regard each SPION caused different alterations; 
IO8 did not change plasma membrane potential, 
however IO16 provoked a transient hyperpolarization 
of the plasma membrane. Moreover, ROS formation 
triggered lipid peroxidation in both cases, although 
higher in IO16 case, confirming that the plasma 
membrane resulted more affected after the exposure to 
IO16 than after the exposure to IO8. Lipid peroxidation 
may create pores in the lipid bilayer that might lead to 
non-specific membrane ion permeability further 
facilitating the entrance of SPION. These changes in 
membrane permeability have been described previously 
by Prado et al. (2012) and Esperanza et al. (2015) after 
the exposure of C. reinhardtii to pollutants such as to 
paraquat and to atrazine.  

Oxidative stress, that may be generated in the 
mitochondria and other cell locations, is also a mediator 
of apoptosis and may induce cell death by depolarizing 
the mitochondrial membrane potential (Ghazizadeh and 
Nazıroğlu, 2014; González-Pleiter et al., 2017; Uguz et 
al., 2012). Changes in mitochondria after the exposure 
and internalization of NPs such as mitochondrial 
membrane depolarization have been previously 
reported in animal cell lines (Arvizo et al., 2010; 
Teodoro et al., 2011).  

In this study we observed mitochondrial membrane 
potential depolarization in the cells after the exposure 
and internalization of both SPION. This mitochondrial 
membrane potential depolarization has been previously 
observed in C. reinhardtii after its exposure to different 
emergent pollutants (González-Pleiter et al., 2017; 
Martín-de-Lucía et al., 2018; Xia et al., 2006). 

Shading effect has been previously seen in microalgae 
with different NPs causing algal growth inhibition due 
to impairment of photosynthesis. In our work, we found 
that one of the most affected parameters of C. 
reinhardtii after exposure to SPION was 
photosynthesis. This alteration in the photosynthetic 
system was mostly due to a shading effect in the case of 

IO16 (explaining almost the 100% of the decrease in 
photosynthetic activity) but not in the case of IO8 
where the shading effect did not explain all the decrease 
in photosynthesis. 

In view of the results presented in this study, after the 
exposure of C. reinhardtii to IO16 and IO8, oxidative 
stress was caused which triggered many physiological 
alterations. Furthermore, a decrease in photosynthesis 
activity was observed mostly by a shading effect. 
Finally, internalization of the SPION by endocytosis 
and further sequestering in autophagic vacuoles was 
observed in C. reinhardtii. 

4. Conclusions 

In conclusion, this is the first time that C. reinhardtii 
has been used as an experimental model to study the 
effect of SPION. Concerning the SPION concentrations 
which were toxic for C. reinhardtii, we can say that this 
microalga is, to date, the ecologically relevant organism 
tested most sensitive to SPION. We found that SPION, 
over certain concentrations, could be a potential risk for 
the environment because they inhibited algal growth 
and induced the production of ROS which derived in an 
increase in lipid peroxidation. Moreover, SPION also 
altered the photosynthesis of C. reinhardtii by 
diminishing the access of light as revealed by the 
shading effects experiments. The internalization of 
SPION into C. reinhardtii has been observed for the 
first time highlighting the potential effect of these NPs 
through the trophic chain. The actual SPION 
concentrations in environment are not clear right now 
but the concentrations used in some remediation 
processes are much higher than the concentrations that 
were toxic for C. reinhardtii. Therefore, the use of 
SPION for site remediation may result in increased 
concentrations in aquatic environment and their fate 
and biological effects need to be known before actual 
damage to the aquatic biota occurs. This study provides 
valuable information about the potential risks of SPION 
in the environment and could encourage the study of 
the toxicity of nanoparticles on environmentally 
relevant organisms in the future. 
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Figure S1. Effect of SPION (after 72 h of exposure) on cell membrane integrity of C. reinhardtii by 
FCM using the fluorochrome PI. Histograms show the distribution of fluorescence intensity of PI 
(Y-axis: cell number, X-axis: fluorescence intensity in arbitrary units, a.u.). A) Unexposed cells in 
TAP/6 growth medium (PI data of cells in TAP growth medium without dilution were identical) ,B) 
cells after 72 h of exposure to IO16 and C) cells after 72 h of exposure to IO8. H1 region represents 
cell subpopulations comprising intact cell (PI-). 

Figure S2. Representative illustration of shading effect experiments. A, represents the regular 
toxicity assays, where C. reinhardtii is exposed to SPION in direct contact. B, represents the 
shading effect experiments, where C. reinhardtii is not in direct contact with the SPION. C 
represents the control (untreated cells) in the shading experiments. 

Figure S3. Effect of SPION on intracellular ROS production of C. reinhardtii using the 
fluorochrome H2DCFDA after 0.5, 24, 48 and 72 h of exposure. H2DCFDA fluorescence is 
expressed as arbitrary units (a.u) ± SD. A, represents ROS production of C. reinhardtii after the 
exposure to IO16 and B represents ROS production of C. reinhardtii after the exposure to IO8. 

Figure S4. Effect of IO16 with and without contact (shading effect) on intracellular ROS 
production of C. reinhardtii cells using the fluorochrome H2DCFDA after 30 minutes of exposure. 
Results are presented as percentage ± SD with respect to the control (100% as indicated by the solid 
line). Asterisks indicate statistically significant (* p ˂ 0.05) differences. 

Figure S5. Flow cytometry analysis of physiological parameters after 1, 24 and 72 h of exposure of 
C. reinhardtii to SPION. Representative results of the different fluorochromes which measure (A) 
plasma membrane potential, (B) mitochondrial membrane potential, (C) intracellular pH and (D) 
metabolic activity. A and D are represented as histograms where Y-axis represent cell number and 
X-axis represent fluorescence intensity in arbitrary units, a.u. The changes in the fluorescence 
intensity are observed along the X-axis. B and C are shown as dot plots where Y- axis and X- axis 
represents FL3 and FL1 in C and FL1 and FL 3 in D respectively. In both cases (B and C) R-1 
represents the cellular subpopulations affected by exposure to SPION. In all cases, control is 
represented in green, IO16 in blue and IO8 in red.  

Figure S6. Bright-field micrograph of C. reinhardtii where the effect of heteroaggregation of 
SPION with the cells is observed. 
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Figure S4. Effect of IO16 with and without contact (shading effect) on intracellular ROS 
production of C. reinhardtii cells using the fluorochrome H2DCFDA after 30 minutes of exposure. 
Results are presented as percentage ± SD with respect to the control (100% as indicated by the solid 
line). Asterisks indicate statistically significant (* p ˂ 0.05) differences. 
 



Chemosphere, 238, 124562, 2020 

 

Figure S5. Flow cytometry analysis of physiological parameters after 1, 24 and 72 h of exposure of 
C. reinhardtii to SPION. Representative results of the different fluorochromes which measure (A) 
plasma membrane potential, (B) mitochondrial membrane potential, (C) intracellular pH and (D) 
metabolic activity. A and D are represented as histograms where Y-axis represent cell number and 
X-axis represent fluorescence intensity in arbitrary units, a.u. The changes in the fluorescence 
intensity are observed along the X-axis. B and C are shown as dot plots where Y- axis and X- axis 
represents FL3 and FL1 in C and FL1 and FL 3 in D respectively. In both cases (B and C) R-1 
represents the cellular subpopulations affected by exposure to SPION. In all cases, control is 
represented in green, IO16 in blue and IO8 in red.  
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Figure S6. Bright-field micrograph of C. reinhardtii where the effect of heteroaggregation of SPION 
with the cells is observed. 


