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A B S T R A C T   

The wide application of α-Fe2O3 nanoparticles (NPs) in different fields has resulted in release and accumulation 
of these materials into the aquatic ecosystem. Therefore, it is important to understand the potential impact of 
these NPs on aquatic organisms especially primary producers i.e., microalgae. Present study aimed to investigate 
the bioavailability and the effect of α-Fe2O3 NPs on growth of iron deprived cells of Chlorella vulgaris. Results 
showed that α-Fe2O3 NPs are not available as iron source to support the growth of C. vulgaris. Moreover，α-Fe2O3 
NPs induced stress condition to C. vulgaris, which were reflected in its growth rates, total lipid contents, fatty acid 
profile and cell morphology. Specifically, low concentrations of α-Fe2O3 NPs (0.1, 0.5, 2.5, 5, 10 mg/L) showed 
similar growth profile and total lipid contents at both exponential and stationary growth phases. At 50 and 100 
mg/L α-Fe2O3 NPs concentrations biomass reduced by 41.2% and 83.7% whereas total lipid contents increased 
by 39.7% and 25.5% respectively at exponential growth phase along with reduction in fatty acids. The results 
illustrated novel insights into the microalgal interaction with nanoparticles, providing fundamental knowledge 
for the development of future microalgae ecology and cultivation technology.   

1. Introduction 

The growth and metabolism of microalgae depends upon the acces-
sibility of elements which are generally alienated into macroelements (i. 
e., Nitrogen, Phosphorus, Potassium, Sulfur etc.) and microelements (i. 
e., Iron, Zinc, Cobalt, Nickel etc.). Macroelements are assimilated by 
cells to synthesize biochemical building blocks of plant body like lipids, 
proteins and sugars, whereas, microelements constitute metallo-center 
of different enzymes involved in various biochemical reactions in the 
cell (Liu et al., 2021). Among the micronutrients iron (Fe) is considered 
vital for growth and metabolism of microalgae (Wan et al., 2014) 
because it is involved in the electron transport chain, nitrogen assimi-
lation, detoxification of reactive oxygen species, DNA, RNA and chlo-
rophyll synthesis (Naito et al., 2005). Previous studies showed that 
microalgal species prefer various Fe sources, i.e. ferrous ammonium 
sulfate induced maximum cell growth in Dunaliella tertiolecta (Rizwan 
et al., 2017), ferric ammonium citrate promoted cell growth of Anabaena 
flos-aquae (Qiu et al., 2019) whereas, Botebol et al. (2014) recom-
mended ferric EDTA (FeCl3-EDTA) as a better Fe source for the growth of 
Ostreococcus tauri, Phaeodactylum tricornutum and Emiliania huxleyi. 

Nanoparticles (NPs) are generally defined as particles with at least 
one dimension less than 100 nm (Oberdörster et al., 2005). Materials at 
nano-scale have been extensively used in consumer products due to their 
high chemical reactivity and distinct physical properties i.e. increased 
catalytic activity and surface to volume ratio (Park et al., 2013). The 
metal based Fe oxide NPs i.e. α-Fe2O3 NPs are the most thermodynam-
ically stable, ubiquitous and less toxic material (Askary et al., 2017) 
therefore, it has been widely studied in both non-biological and 
bio-environmental applications. Non biological applications of α-Fe2O3 
NPs include catalysis, sensing, solar cells, acid mine drainage treatment, 
Li-ion batteries and nanofluids (Fouad et al., 2019). Whereas, 
bio-environmental applications of α-Fe2O3 NPs include wastewater 
treatment, photocatalysis, anticancer activity and antimicrobial activity 
(Vinayagam et al., 2020). Effects of NPs on growth is rather debatable as 
some researches stated NPs promoted crop plants i. e barley (Rostami-
zadeh et al., 2020), Zea mays (Youssef et al., 2020), while other studies 
revealed that α-Fe2O3 NPs did not impose considerable impact on 
growth and promotion of crop plants i.e., Phaseolus vulgaris (Medi-
na-Pérez et al., 2018), Citrullus lanatus (Li et al., 2020) and Hordeum 
vulgare (Tombuloglu et al., 2020). The reduction in plant growth was 
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possibly due to Fe NPs’ induction of reactive oxygen species via Fenton 
type reactions which lead to oxidative injury to macro and micro mol-
ecules of the cell (Rath et al., 2019). 

In recent days, wide applications of α-Fe2O3 NPs in industry and 
laboratory testing are inevitably causing increased accumulation of 
nanostructures into various ecosystems. Certainly aquatic ecosystem is 
the final sink of these NPs (Selck et al., 2016). The biological availability 
of Fe depends upon its interaction with the organisms i.e. chemical 
speciation of Fe, potential of organism to uptake Fe from various 
chemical species and the uptake mechanism (Anghel et al., 2018). 
Furthermore, due to the continuous addition and accumulation of Fe 
NPs into the aquatic ecosystem it is of outmost importance to elucidate 
the complex interactions between Fe-nano forms and various algal 
species, the potential mechanism of action and the impact on the growth 
of microalgae exposed to Fe NP (Pádrová et al., 2015). This fact has 
necessitated comprehensive studies on the effect of NPs on physiology 
and morphology of aquatic plants, especially microalgae. Being primary 
producers microalgae are at the first level of the trophic food pyramid, 
the gradual integration of foreign materials can affect microalgal species 
and probably can disturb the equilibrium of aquatic environment. 

Literature showed that algal species respond differently to NPs. Only 
a few studies have been conducted to check the effect of Fe NPs on algal 
growth and physiology. Kadar et al. (2012) recommended the optimum 
concentration of zero-valent nano-Fe (nZVI) compounds on microalgae 
growth and vitality in comparison to the conventional Fe source i.e., 
EDTA-Fe. Another study suggested that spiking of low concentration of 
nZVI in culture media produced stimulating effects on the growth and 
physiological properties of several microalgae (Pádrová et al., 2015). He 
et al. (2017b) reported the stimulatory effect of α-Fe2O3 NPs amended 
media on growth and lipid contents of Scenedesmus obliquus. Rana et al. 
(2020) observed maximum biomass and lipid contents of Chlorella pyr-
enoidosa by supplementing 30 mg L-1 α-Fe2O3. Whereas, Demir et al. 
(2015) reported inhibitory effect of α-Fe2O3 NPs on Nannochloropsis sp. 
and Isochrysis sp. even at low concentrations. Genevière et al. (2020) 
reported that application of γ-Fe2O3 NPs inhibited growth of microalgae 
Micromonas commode whereas, Nannochloris sp. was unaffected. Thus, 
NPs could either promote algal growth and secondary metabolites when 
applied appropriately or retard the cell growth at elevated concentra-
tions (Kang et al., 2014). 

In present study a well-established commercially available eukary-
otic green microalgae Chlorella vulgaris was selected as a model organism 
due to its ubiquitous ecological niche and potential to grow rapidly 
under optimum conditions. C. vulgaris is widely distributed in fresh-
water, marine and terrestrial habitats and possesses efficient photo-
synthetic apparatus. it is a non-motile cell, reproduces asexually, 
generally employed in toxicological studies and regulatory tests 
(Khoshnamvand et al., 2020). In aquatic ecosystem C. vulgaris occupies 
pelagic region i.e., found in water column where it can possibly interact 
with various particulate materials, whatever their density (Romero 
et al., 2020). Due to versatile growth and high value biomolecule con-
tents, C. vulgaris is considered suitable as food supplement and alter-
native renewable feedstock (Ru et al., 2020). 

To unravel the ambiguous behavior of Fe NPs towards algal growth 
and metabolism, we conducted a lab scale experimental study, mainly 
focusing on the metabolic role of α-Fe2O3 NPs as a limiting nutrient. The 
idea is to observe the effect of α-Fe2O3 NPs versus bulk Fe source i.e., 
FeCl3 amended culture media on growth of C. vulgaris to investigate the 
hypothesis that nanoparticles are favorable source of trace elements as 
compared to their bulk form in terms of increasing algal biomass. 
Furthermore, the effect of spiking of α-Fe2O3 NPs was studied to check 
the hypothesis that low concentration of NPs induces algal growth 
whereas, high concentration of NPs induces lipid contents. Additionally, 
micromorphology of C. vulgaris with and without NPs was observed. 
Here, obtained lab scale data can possibly elucidate the behavior of 
phytoplanktons growing in open ocean, whilst continually receiving 
anthropogenic and natural Fe NPs input. 

2. Materials and methods 

2.1. Nanoparticles stock preparation 

The iron (Fe) nanoparticals used in the experiment is α-Fe2O3 NPs 
(20–40 nm), acquired from Skyspring Nanomaterials Inc., in Houston, 
TX, USA. Prior to assay NPs Stock suspension (200 mgL− 1) was prepared 
by sonication for 2 h. All the glassware was acid soaked and washed with 
Milli-Q water before sterilization. 

2.2. Microorganism and culture conditions 

Microalgae Chlorella vulgaris (K-1801) was procured from The Nor-
wegian Culture Collection of Algae (NORCA) and maintained in sele-
nium containing Woods Hole medium (MWC + Se) (Guillard and 
Lorenzen, 1972), prepared in Milli-Q water. The composition of the 
media is as follow: (per liter) CaCl2⋅2H2O 36.8 mg, MgSO4⋅7H2O 37 mg, 
NaHCO3 12.6 mg, K2HPO4⋅3H2O 11.4 mg, NaNO3 85 mg, Na2O3Si⋅9H2O 
28.4 mg, Na2EDTA.2H2O 4.36 mg, FeCl3⋅6H2O 3.15 mg, MnCl2⋅4H2O 
0.18 mg, H3BO3 1 mg, 10 μg CuSO4⋅5H2O, 22 μg ZnSO4⋅7H2O, 10 μg 
CoCl2⋅6H2O, 6 μg Na2MoO4⋅2H2O, Na2SeO3⋅5H2O 2 μg, Biotin 0.5 μg, 
Cyanocobalamin (B12) 0.5 μg, Thiamine HCL (Vitamin B1) 0.1 mg, 
TES-buffer 115 mg. Cultures were aseptically grown at 23–25 ◦C under 
16 h light/8 h dark photoperiod with light intensity 72 μmol m− 2 s − 1. 
Flask cultures were shaken on an orbital shaker at 60 rpm to ensure 
uniform illumination and to prevent cell settling. Furthermore, all the 
experiments were conducted in Suicate. 

2.3. Nanoparticles exposure experiments 

2.3.1. Substitution of iron source by iron nanoparticles 
The comparative effect of Fe source in bulk (FeCl3) and nano form 

(α-Fe2O3 NPs) on growth of Fe-deprived cells of C. vulgaris were studied. 
Cells were harvested by centrifugation (2000 RPM, for 10 min, at 4 ◦C) 
and resuspended in Fe free media and grown for consecutive five gen-
erations in order to wash out the stored Fe. The algae growth assay was 
conducted in 500 ml flask containing the calculated volumes of each Fe 
source (i.e. α-Fe2O3 NPs and FeCl3) from stock solutions to give 0, 0.16, 
0.33, 0.65 and 2.6 mg/L Fe concentrations, in triplicate. Thereafter, Pre- 
cultures of C. vulgaris at exponential phase were inoculated with an 
initial cell density of 1 × 105 cells/ml. 

2.3.2. Spiking of nanoparticles 
Pre-culture of C. vulgaris at exponential growth phase with cell 

density 1 × 105 cells/ml was inoculated into the fresh MWC + Se growth 
media. Prior to inoculation of algal cells, α-Fe2O3 NPs were spiked into 
the media to make concentrations i.e., 0.1, 0.5, 2.5, 5, 10, 50, 100 and 
200 mg/L. 

2.4. Biomass estimation and growth rate determination 

Change in dry biomass was monitored by optical density measure-
ments conducted at λ = 680 nm using spectrophotometer (DR 2300). 
The dried biomass concentration (mg/L) at any given cultivation time 
was calculated from a prepared calibration curve of the optical density 
at 680 nm versus dried algal biomass (mg/L). Specific growth rates 
(SGR) were calculated during the logarithmic phase by following 
equation K′ = ln (N2/N1)/(t2 − t1) Where, N2 and N1 are the dried 
biomass at the day final (t2) and initial (t1) of exponential growth phase. 

2.5. Analytical procedure 

Algal biomass was collected at exponential and stationary phase for 
quantitative and qualitative analysis of lipids. Morphological examina-
tion (scanning electron microscopy (SEM)) and ultrastructural obser-
vations (transmission electron microscopy (TEM)) of algal cells at 
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stationary growth phase were also done as described in detail in the 
following sections. 

2.5.1. Lipid analyses 
Total lipid contents were analyzed by following the method of 

Axelsson and Gentili (2014) with a few modifications. Briefly, the 
microalgal cells were harvested by centrifugation and washed with 
distilled water and lyophilized to a constant weight. The dried biomass 
was homogenized in chloroform and methanol solvent mixture by using 
homogenizer (VDI 12, VWR), followed by addition of 0.73% NaCl so-
lution to make 2: 1: 0.8 solvent system of chloroform: methanol: water 
(v/v/v). The solvent mixture was centrifuged at 4000 rpm for 5 min. The 
lower phase was obtained with caution and dried under a stream of 
nitrogen to obtain the dried lipids. Total lipids were estimated gravi-
metrically, and results were expressed as μg/mg cell dry weight. 

Prior to Gas chromatography–mass spectrometry (GC-MS) analysis, 
dried lipids were dissolved in Chloroform: methanol solution (2:1, v/v) 
thereafter 200 μl of dissolved lipids were mixed with 300 μl 0.6 M HCl: 
methanol. Tridecanoic acid C13:0 (20 μl of 10 mg/ml) in hexane was 
added as an internal standard. The tubes incubated at 80 ◦C for 60 min 
thereafter cooled down at room temperature before adding 1 ml n- 

Hexane. After vortexing tubes were stand for 60 min for phase separa-
tion. The upper layer was transferred to the GC vial. Chromatographic 
separation is achieved on a 30 m × 0.250 mm I. D x 0.25 μm film 
thickness DB-225MS capillary column (Agilent Technologies). 1 μl 
sample was injected in 10:1 split mode at 270 ◦C. The initial column 
temperature wa set to 80 ◦C for 5 min then ramped at 3 ◦C min-1 to 
240 ◦C. The total run time was 58 min with Helium (1.0 ml min− 1) as 
carrier gas. Detection was achieved using an Agilent 5975C electron 
impact (70 eV) triple-axis mass-selective detector. The mass-selective 
detector temperatures were 230 ◦C for the EI source and 150 ◦C for 
the quadrupole with the transfer line held at 250 ◦C. The spectra were 
monitored in selected ion monitoring (SIM) mode. 

2.5.2. Sample preparation for SEM 
The algal cells were collected by centrifugation at 10,000 rpm for 2 

min and fixed with 4% osmium tetroxide (OsO4) for 30 min. Fixed cells 
were washed with 0.1 M phosphate buffer pH 7.0 and dehydrated by 
successive series of ethanol concentrations i.e., 25%, 50%, 75%, 95% 
and 2 changes of 100% ethanol for 10 min each and dried with critical 
point dryer (Leica EM CPD300). Finally, the sample films were sputtered 
with carbon and loaded for SEM analysis on the AFEG 250 Analytical 

Fig. 1. Cell growth of C. vulgaris shown as dried biomass: (A) by providing FeCl3 and α-Fe2O3 NPs as iron source in culture media; (B) spiking of different con-
centrations of α-Fe2O3 NPs in culture media. 
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ESEM. 

2.5.3. Sample preparation for TEM 
The algal cells were collected by centrifugation at 3000 rpm for 5 

min and fixed with 2.5% glutaraldehyde (v/v) in 0.2 M phosphate buffer 
at pH 7.2 and post fixed with 1% osmium tetroxide for 30 min. After 
washing fixed cells were dehydrated in a series of ethanol concentration 
25, 50, 75, 95 and 2 × 100% for 10 min each followed by 2 × 100% 
propylene oxide for 15 min each. Using EMBed-812 Embedding Kit, 
dehydrated cells were infiltrated in 1:1 embedding medium and pro-
pylene oxide for 1 h followed by 2:1 mixture of embedding medium and 
propylene oxide, overnight, thereafter cells were placed in 100% 
embedding medium for 30 min. The embedded samples were cured at 
60 ◦C for 24 h and ultramicrotomy was done using Leica EM UC7. Thick 
sections (100 nm) were fished and placed on grid (Formvar/Carbon film 
200 Mesh, Nickel FCF200–Ni). The sections were stained with 5 μl of 2% 
uranyl acetate solution for 1 min and TEM imaging was done on the 
Tecnai T12 BioTwin. 

2.6. Statistical analysis 

The experimental data was subjected to one-way analysis of variance 
(ANOVA) using Statistix v. 8.1. All results are presented as mean-
s±SDEV, compared by least significant difference (LSD) and P equals to 
or values less than 0.05 was considered to be significant. 

3. Results and discussion 

3.1. Bioavailability of α-Fe2O3 nanoparticles to C. vulgaris growth 

Iron (Fe) availability is essentially required to microalgae growth. 
Conventional cultivation media (MWC + Se) provides sufficient Fe as 
FeCl3 (0.65 mg Fe/L) to support a fast growth of green microalgae. 
Nevertheless, ferric compounds and its concentration has not optimized 
yet for any specific algal species. In present study, Fe was provided at 
concentrations of 0.16, 0.33, 0.65 and 2.6 mg Fe/L for the cultivation of 
Fe depleted C. vulgaris cells. A deterioration in microalgae growth was 
observed in negative control (i.e. without iron) as compared to all Fe 
concentrations, demonstrating the indispensable role of this micro-
nutrient in biochemical reactions involved in photosynthesis and cell 
division (Smith et al., 2016). Although a slight increase in biomass yields 
(i.e., 18%) can be observed when Fe concentration was increased from 
0.33 to 0.65 mg Fe/L hence proved to be the optimal Fe concentration 
for C. vulgaris growth. whereas the lowest Fe concentration (0.16 mg 
Fe/L) attributes to over four times higher growth rate than Fe depleted 
cultivation (Fig. 1A). 

The bioavailability of α-Fe2O3 NPs was evaluated by replacing ferric 
compound in the cultivation media with α-Fe2O3 NPs at the same Fe 
concentration. The cell growth yield was significantly reduced at con-
centrations 0.16, 0.33 and 0.65 mg/L Fe as α-Fe2O3 NPs by 89.8%, 
96.6% and 96.3%, respectively compared to the standard cultivation 
media (MWC + Se). Whereas, under concentration 2.6 mg/L Fe as 
α-Fe2O3 NPs; cells did not grow during the entire experimental period 
(Fig. 1A). Effect of different bulk Fe sources have already been well 
studied on growth and metabolic regulation of various algal species. 
Wan et al. (2014) reported 2-fold increase in growth rate and 33% in-
crease in lipid contents of C. sorokiniana under 2.7 and 27 mg/L Fe 
supplementation (i.e., FeCl3⋅6H2O/EDTA), respectively, as compared to 
the control. Polat et al. (2020) reported maximum biomass at 300 mg L 
− 1 FeSO4⋅7H2O whereas, highest saturated fatty acids were produced at 
331.5 mg L − 1 FeCl3⋅7H2O application on microalgae Auxenochlorella 
protothecoides. Furthermore, concentration dependent increase was re-
ported in biomass, lipid accumulation and fatty acid profile under Fe 
supplementation (i.e., (NH4)5[Fe(C6H4O7)2]) on Chlorella sp. NC-MKM, 
Graesiella emersonii NC-M1, Scenedesmus acutus NC-M2, and Chlorophyta 
sp. NC-M5 (Mandal et al., 2019) and Fe supplementation (i.e., 

FeCl3⋅6H2O/EDTA) on Tetradesmus obliquus (Islami and Assareh, 2019). 
Whereas (Liu et al., 2018), reported that FeCl3 is the limiting factor for 
the growth rate of Anabaena flos-aquae and Scenedesmus quadricanda. 
Present study concludes that α-Fe2O3 NPs are not contributing as Fe 
source to support growth of C. vulgaris. On the contrary, it induced 
growth inhibition of microalgae under the applied experimental 
conditions. 

3.2. Effect of spiking of α-Fe2O3 nanoparticles on C. vulgaris growth 

Furthermore, spiking of α-Fe2O3 NPs in MWC + Se growth media was 
done to check the hypothesis that low concentration of NPs induces algal 
growth whereas high concentration enhances lipid contents. C. vulgaris 
cells grown under low concentrations of α-Fe2O3 NPs (0.1, 0.5, 2.5, 5 
and 10 mg/L) showed similar growth patterns at exponential and sta-
tionary growth phases as the control (without addition of α-Fe2O3 NPs) 
(Fig. 1B). The specific growth rates (SGR) remained unaffected and was 
not significantly different then control under low dose treatment of NPs 
i.e. 0.1–5 mg/L (calculated between days 6–18), whilst, at 50 mg/L 
(calculated between day 12–16) and 100 mg/L NPs treatment (calcu-
lated between day 15–25) the SGR reduced significantly (P < 0.05) 
(Fig. 2). These results were in agreement with the findings of He et al. 
(2017a) and Ates et al. (2020). As a survival strategy microalgal defense 
system is activated upon interaction with NPs even at low concentra-
tions that results in the equilibrium between accumulation of antioxi-
dant enzymes, proteins, sugars and the generation of reactive oxygen 
species (He et al., 2017a). This change in cell metabolism could sustain 
the cell to overcome oxidative stress and supports the growth. 
Furthermore, contradictory results were observed by Rana et al. (2020) 
and He et al. (2017b) according to their study, spiking of low to mod-
erate dose of iron nanoparticles promoted biomass of microalgae 
Chlorella pyrenoidosa and Scenedesmus obliquus, respectively. The actual 
mechanism of NPs’ induced growth promotion has not been postulated 
yet, but it could possibly be due to the dissociation of Fe+3 ions from 
α-Fe2O3 NPs and utilization by algal cells. The effect of NPs varies 
differently depending upon the exposure time, concentration, size, type 
as well as algal species (Chen et al., 2019). However, more detailed 
studies are required to understand the actual mechanism by which a 
particular nanoparticle shows hormesis (i.e low dose stimulation and 
high dose inhibition) in one algal specie and toxicity in another (Aga-
thokleous et al., 2019). In present study, exposure of C. vulgaris cells to 
high concentration of α-Fe2O3 NPs i.e., 50, 100 mg/L (Fig. 1 B) resulted 
in reduced biomass concentration by 41.2%, 83.7% at exponential 
growth phase, whereas, 15.5%, 26.9% at stationary growth phase 

Fig. 2. One way ANOVA followed by LSD comparison testing the statistical 
significance of the effect of the spiking of NPs in culture media on the specific 
growth rates (SGR) of C. vulgaris calculated in exponential growth phase (e.g. 
between days 6–18 (Control and 0.1–10 mg/L NPs), 12–16 (50 mg/L NPs) and 
15–25 (100 mg/L NPs). Means that do not share a letter are significantly 
different (P < 0.05). 
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respectively as compared to the control, followed by remarkably pro-
longed lag phase. This fact suggests that the 50 and 100 mg/L NPs could 
have inhibitory and not lethal effect on C. vulgaris cells since microalgae 
were capable to grow after a prolong period of adaptation. Cell growth 
was completely hindered under highest concentration of α-Fe2O3 NPs i. 
e., 200 mg/L, hence, due to insufficient biomass production cells were 
excluded for lipid analysis, afterwards. Chen et al. (2019) reviewed the 
estimated concentration of some NPs ranges from ng/L to μg/L in sur-
face water. Whereas, in industrial effluents/wastewater the concentra-
tion of nanoparticles could be considerably higher. From the results of 
current study, the present of α-Fe2O3 NPs is unlikely to effect the growth 
of C. vulgaris in natural environments. However, consideration should be 
taken when C. vulgaris is cultivated in industrial effluents where has 
potentially higher NP concentration. 

The possible toxicity mechanism of NPs in microalgae cells involved 
the generation of reactive oxygen species leading to oxidative damage to 
proteins and other macromolecules and finally, cellular organelle’s 

injury (Pikula et al., 2020). Studies argued differently about the 
behavior and toxic effects of NPs on living cells, it could either be 
exerted by NPs themselves (Li et al., 2017), by ions released from NPs 
(Salas et al., 2019) or cumulative effect of both NPs and their released 
ions (Sousa et al., 2019). In present study algal cells previously grown 
for few generations in Fe free media and completely devoid of stored Fe, 
when incubated in media contained α-Fe2O3 NPs as source of Fe 
revealed the fact that either there is no, or fewer metal ions released 
from NPs. Possibly, Fe from α-Fe2O3 NPs is not released as available form 
to microalgae C. vulgaris. Considering the supportive effect of α-Fe2O3 
NPs for other microalgae species (He et al., 2017; Rana et al., 2020), the 
Fe release mechanism of α-Fe2O3 NPs needs further clarification. 

Substantially not available to be taken up by cells. Wang et al. (2016) 
studied the antibacterial effect of metal oxide NPs and their released ions 
and reported that cytotoxicity of α-Fe2O3 NPs were caused by the NPs 
themselves and not by metal ions, since only insufficient release of metal 
ions from NPs into the growth media was taking place. Cell wall in 
microalgae is permeable in nature i.e., pores range in size from 5 to 20 
nm are present throughout the cell wall. In present study 20 nm size 
α-Fe2O3 NPs could possibly crossed the cell wall and caused impaired 
cell growth. Moreover, newly reproduced cells could have more and 
wider pores thus results more internalization of NPs (Yan and Wang, 
2021). Another possible explanation of lower cell growth under α-Fe2O3 
NPs treatment could be the lack of available nutrients uptake required 
for cell growth. Aravantinou et al. (2017) reported that cell growth of 
microalgae Scenedesmus rubescent was hampered under high concen-
trations of ZnO NPs treatments and a constant level or negligible 
decrease in nitrate, phosphate and sulphate levels in culture media 
evidenced that the presence of NPs affected the nutrient uptake by 
microalgae. Salt ions present in growth media could crystallize on to the 
surface of NPs and lead to form agglomerates (Smekalova et al., 2018). 
As a result of aggregation and sedimentation of NPs, cytotoxicity was 
observed in microalgae (Schiavo et al., 2018). 

Fig. 3. Total lipid contents of C. vulgaris at exponential and stationary growth 
phases; grown in media spiked with α-Fe2O3 NPs. Asterisks above the column 
showed significant difference with respect to control (P < 0.05). 

Fig. 4. Heat map representing the fatty acid composition (%) of C. vulgaris at exponential and stationary growth phases; grown in media spiked with different 
concentrations of α-Fe2O3 NPs i. e 0.1, 0.5, 2.5, 5, 10, 50 and 100 mg/L. SCFA (Short Chain Fatty Acids, LCFA (Long Chain Fatty acids). Absolute data was taken from 
Table S1 (supplementary information). 
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3.3. Effect of spiking of α-Fe2O3 nanoparticles on total lipid contents 

Total lipid contents and fatty acid profile of C. vulgaris biomass 
spiked with different concentrations of α-Fe2O3 NPs at both exponential 
and stationary growth phases were determined. No significant differ-
ence was observed between total lipid contents of control and each of 
treatments 0.1, 0.5, 2.5, 5 and 10 mg/L also, no remarkably significant 
difference between total lipid contents at exponential and stationary 
growth phases at above said concentrations (Fig. 3). 

Fatty acid profile of C. vulgaris cells spiked with different NPs con-
centrations showed short chain fatty acids (SCFA) C8, C10, C12 and C14 
mostly appeared at stationary phase (Fig. 4). At NPs concentrations of 
2.5, 5 and 10 mg/L only, C8 (Caprylic acid) was produced. Meanwhile, 
C10 (Capric acid) and C12 (Lauric acid) were significantly higher 

compared to the control at 10 mg/L NPs i.e., 125% and 176% respec-
tively. The short chain fatty acids (SCFAs) contents are generally low 
under normal growth conditions, whereas, change in culture conditions 
tends to induce them (Ördög et al., 2016; Gong and Miao, 2019). Gong & 
Miao (2019) proposed a possible pathway of SCFA synthesis in Syn-
echococcus sp. PCC 7942 by proposing involvement of enzyme 
β-ketoacyl ACP synthase (KAS). It was proposed that CO2 after fixation 
tend to form malonyl-ACP, which subsequently enters into the fatty acid 
synthesis pathway, where KAS I/II (fabB/F) and KAS III (fabH) located 
on to the cell membrane could catalyze the condensation reactions in 
order to accumulate different chain length fatty acids of less than 18 
carbon atoms. 

At exponential phase, cells incubated with 50 and 100 mg/L NPs 
produced higher total lipid contents i.e., 39.7% and 25.5% as compared 

Fig. 5. Scanning electron microscopic images of algal cells after exposure to α-Fe2O3 NPs. (A) control; (B) 50 mg/L NPs; (C, D, E) 100 mg/L NPs and (F and G) 200 
mg/L NPs. Yellow arrows show the agglomeration of NPs and EPS. Red arrow shows the fissure in algal cell. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.) 
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to the control. Conversely, at stationary phase, significant decline in 
total lipid contents was observed for both tested NPs concentrations i.e., 
49.6% and 39.8% as compared to the control (Fig. 3). Regarding the 
obtained data, the percentage of long chain fatty acids (LCFA) i.e., C16, 
C16:1, C18:1, C18:2 increased significantly in control and each of NPs 
treatments at stationary phase as compared to the exponential phase. 
Above mentioned LCFA, under NPs treatments 0.1, 0.5, 2.5, 5 and 10 
mg/L either decreased or varied insignificantly whereas at higher con-
centrations i.e., 50 and 100 mg/L, a significant decline occurred as 
compared to the control both at exponential and stationary phases 
(Fig. 4). Furthermore, under 50 and 100 mg/L NPs treatments at sta-
tionary phase, C20 fatty acid contents increased significantly compared 
to the control. 

According to the structure microalgal lipids, are grouped into non- 
polar (Neutral, acylglycerols, sterols, free fatty acids, wax, and steryl 
esters) and polar lipids (phosphoglycerides, glycosylglycerides and 
sphingolipids). In this trial high concentration of NPs i.e., 50 and 100 
mg/L reduced the algal growth whereas, increment in total lipids was 

observed at exponential growth phase, furthermore, among total lipids, 
neutral lipids repressed quantitatively. These results are in contradiction 
with other studies (He et al., 2017b; Kaliamurthi et al., 2019). These 
studies reported that under stress condition microalgae tend to accu-
mulate neutral lipids as a vital source of carbon and energy. Moreover, 
increased accumulation of total lipids along with reduction in neutral 
lipids showed accumulation of other types of lipids such as glycol lipids 
(GL), phospholipids (PL) and sterols that are imperative structural 
components of biological membranes i.e., external membrane and 
membrane of chloroplast and the endoplasmic reticulum. Meanwhile 
lipids like inositol lipids, sphingolipids, and oxidative products of 
polyunsaturated fatty acids may act as key intermediates in the cell 
signaling pathways and play a vital role in sensing changes in the 
environment (He et al., 2017b; Zhu et al., 2020). Therefore, buildup of 
polar lipids could occur as a defense mechanism for the cells to sustain 
ultra-structural organelles by entailing membrane fluidity, functioning 
and proliferation under stress condition. 

Fig. 6. Transmission electron microscopic images of algal cells after exposure to NPs. (A) control; (B, C, D) 50 mg/L NPs; (E–F) 100 mg/L NPs and (G–H) 200 mg/L 
NPs. Rectangular frames show EPS entrapped NPs. Red arrow shows cell internalized NPs. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.) 

M. Bibi et al.                                                                                                                                                                                                                                     



Chemosphere 282 (2021) 131044

8

3.4. Effect of spiking of α-Fe2O3 nanoparticles on cell morphology 

In present study obtained scanning electron microscopy (SEM) re-
sults showed the possible mechanism of α-Fe2O3 NPs induced toxicity on 
algal cells. Fig. 5 showed cell size and presence of NPs on the surface of 
C. vulgaris. Shrank, distorted cells with irregular morphology and 
wrinkles on external surface were observed under NPs treatments. 
Fissure in cell wall (Fig. 5 E) was observed at 100 mg/L NPs. Whereas, 
collapsed cells were observed at 200 mg/L α-Fe2O3 NPs (Fig. 5F–G). 
Similarly, Morphological deformations were also reported on C. vulgaris 
cells under high ZnO NPs concentrations (Suman et al., 2015). In present 
study under α-Fe2O3 NPs concentrations i.e. 50 and 100 mg/L formation 
of extracellular polymeric substances (EPS) were observed that could 
possibly a feedback response of living cells against imposed stress (Yang 
et al., 2021). Furthermore, EPS might possibly involve in adhering algal 
cells together and entrapped the nanoparticles as well. Cell aggregation 
and secretion of EPS after nanoparticles exposure might be a defense 
mechanism to avoid physical contact of NPs to algal cells. Conversely, 
cell gathering and entrapment of nanoparticles in EPS causes shading 
effect that could limit algal growth (Peng et al., 2017; Fazelian et al., 
2019). Corresponding studies reported that EPS can reduce the 
bioavailability of NPs by reversing their surface charge and altering the 
surface adsorption of NPs on algae by electrostatic interactions and 
chemical bonding (Adeleye and Keller, 2016). (Hund-Rinke et al., 2020) 
concluded that under NPs stress, instead of promoting cell growth, 
metabolic energy is employed to produce and alter the composition of 
EPS in order to protect cells against stress condition. Whereas, other 
studies reported change in EPS composition under NPs exposure and 
reported a quantitative shift in high molecular weight to low molecular 
weight compounds entailed to improve the stabilization of NPs sus-
pension (Taylor et al., 2016; Morelli et al., 2018). 

TEM images also showed that exposure of NPs leads to reduce cell 
wall integrity and cells could not maintain its shape (Fig. 6). Whereas 
cytoplasmic contraction was observed under 100 mg/L NPs exposure 
(Fig. 6E–F). Saxena (2019) also reported cell wall damage, cytoplasm 
shrinkage and reduced cell growth in Coelastrella terrestris in response to 
ZnO NPs. Entrapment of nanoparticles in EPS and internalization of NPs 
inside the cytoplasm and cell organelles could be clearly observed in 
Fig. 6. Under NPs stress, Wang et al. (2019) reviewed that, structural 
damage, increased porosity of cell wall, endocytosis and passive diffu-
sion at cell membrane allow the internalization of NPs (Kavitha et al., 
2019). reported that deterioration of cell barrier (i.e., cell wall and cell 
membrane) and high membrane fluidity induces passive permeability in 
cell and release of vital contents from cell i.e. ions, sugar, enzymes that 
leads to cell deterioration. Overall, SEM and TEM analysis revealed that 
high concentration of NPs induced cytological abnormalities owing to 
retard algal growth. 

4. Conclusions 

Present study provides insight of effects of α-Fe2O3 NPs released in 
aquatic environment and their interaction with model organism 
C. vulgaris. α-Fe2O3 NPs are proved to be not available to C. vulgaris as a 
source of iron. On the contrary, α-Fe2O3 NPs caused obvious toxicity in 
C. vulgaris by retarding cell growth. Specifically, spiking of low con-
centration of α-Fe2O3 NPs in growth media did not entail any effect on 
cell growth, total lipid contents and fatty acid profile while high con-
centration of NPs showed impaired algal growth. Interestingly, total 
lipid contents at exponential growth phase under high concentration of 
α-Fe2O3 NPs increased significantly but fatty acid contents suppressed. It 
anticipated that NPs assisted stress induces more lipids to accumulate 
probably in order to protect cell organelles against damage. SEM and 
TEM images showed morphological deformities, cell aggregation, NPs 
internalization and secretion of EPs. 
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Salas, P., Odzak, N., Echegoyen, Y., Kägi, R., Sancho, M.C., Navarro, E., 2019. The role of 
size and protein shells in the toxicity to algal photosynthesis induced by ionic silver 
delivered from silver nanoparticles. Sci. Total Environ. 692, 233–239. 

Saxena, P., 2019. Toxicity assessment of ZnO nanoparticles to freshwater microalgae 
Coelastrella terrestris. Environ. Sci. Pollut. Res. 26 (26), 26991–27001. 

Schiavo, S., Oliviero, M., Li, J., Manzo, S., 2018. Testing ZnO nanoparticle ecotoxicity: 
linking time variable exposure to effects on different marine model organisms. 
Environ. Sci. Pollut. Res. 25 (5), 4871–4880. 

Selck, H., Handy, R.D., Fernandes, T.F., Klaine, S.J., Petersen, E.J., 2016. Nanomaterials 
in the aquatic environment: a European Union–United States perspective on the 
status of ecotoxicity testing, research priorities, and challenges ahead. Environ. 
Toxicol. Chem. 35 (5), 1055–1067. 
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Zbořil, R., 2018. Culture medium mediated aggregation and re-crystallization of 
silver nanoparticles reduce their toxicity. Appl. Mater. Today 12, 198–206. 

Smith, S.R., Gillard, J.T., Kustka, A.B., McCrow, J.P., Badger, J.H., Zheng, H., New, A.M., 
Dupont, C.L., Obata, T., Fernie, A.R., 2016. Transcriptional orchestration of the 
global cellular response of a model pennate diatom to diel light cycling under iron 
limitation. PLoS Genet. 12 (12). 

Sousa, C.A., Soares, H.M., Soares, E.V., 2019. Metal (loid) oxide (Al2O3, Mn3O4, SiO2 and 
SnO2) nanoparticles cause cytotoxicity in yeast via intracellular generation of 
reactive oxygen species. Appl. Microbiol. Biotechnol. 103 (15), 6257–6269. 

Suman, T., Rajasree, S.R., Kirubagaran, R., 2015. Evaluation of zinc oxide nanoparticles 
toxicity on marine algae Chlorella vulgaris through flow cytometric, cytotoxicity and 
oxidative stress analysis. Ecotoxicol. Environ. Saf. 113, 23–30. 

Taylor, C., Matzke, M., Kroll, A., Read, D.S., Svendsen, C., Crossley, A., 2016. Toxic 
interactions of different silver forms with freshwater green algae and cyanobacteria 
and their effects on mechanistic endpoints and the production of extracellular 
polymeric substances. Environ. Sci. Nano 3 (2), 396–408. 

Tombuloglu, H., Slimani, Y., AlShammari, T.M., Bargouti, M., Ozdemir, M., 
Tombuloglu, G., Akhtar, S., Sabit, H., Hakeem, K.R., Almessiere, M., 2020. Uptake, 
translocation, and physiological effects of hematite (α-Fe2O3) nanoparticles in barley 
(Hordeum vulgare L.). Environ. Pollut. 266, 115391. 

Vinayagam, R., Pai, S., Varadavenkatesan, T., Narasimhan, M.K., Narayanasamy, S., 
Selvaraj, R., 2020. Structural characterization of green synthesized α-Fe2O3 
nanoparticles using the leaf extract of Spondias dulcis. Surf. Interf. 20, 100618. 

Wan, M., Jin, X., Xia, J., Rosenberg, J.N., Yu, G., Nie, Z., Oyler, G.A., Betenbaugh, M.J., 
2014. The effect of iron on growth, lipid accumulation, and gene expression profile 
of the freshwater microalga Chlorella sorokiniana. Appl. Microbiol. Biotechnol. 98 
(22), 9473–9481. 

Wang, D., Lin, Z., Wang, T., Yao, Z., Qin, M., Zheng, S., Lu, W., 2016. Where does the 
toxicity of metal oxide nanoparticles come from: the nanoparticles, the ions, or a 
combination of both? J. Hazard Mater. 308, 328–334. 

Wang, F., Guan, W., Xu, L., Ding, Z., Ma, H., Ma, A., Terry, N., 2019. Effects of 
nanoparticles on algae: adsorption, distribution, ecotoxicity and fate. Appl. Sci. 9 
(8), 1534. 

Yan, N., Wang, W.-X., 2021. Novel imaging of silver nanoparticle uptake by a unicellular 
alga and trophic transfer to Daphnia magna. Environ. Sci. Technol. 

Yang, Q., Xu, W., Luan, T., Pan, T., Yang, L., Lin, L., 2021. Comparative responses of cell 
growth and related extracellular polymeric substances in Tetraselmis sp. to 
nonylphenol, bisphenol A and 17α-ethinylestradiol. Environ. Pollut. 274, 116605. 

Youssef, O.A., Tammam, A.A., Bakatoushi, R.F., Elframawy, A.M., Emara, M.M., El- 
Sadek, L.M., 2020. Hematite nanoparticles influence ultrastructure, antioxidant 
defenses, gene expression, and alleviate cadmium toxicity in Zea mays. J. Plant 
Interact. 15 (1), 54–74. 

Zhu, G., Yin, N., Luo, Q., Liu, J., Chen, X., Liu, L., Wu, J., 2020. Enhancement of 
sphingolipid synthesis improves osmotic tolerance of Saccharomyces cerevisiae. Appl. 
Environ. Microbiol. 86 (8). 

M. Bibi et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S0045-6535(21)01516-2/sref18
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref18
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref18
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref19
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref19
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref19
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref20
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref20
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref20
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref21
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref21
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref21
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref21
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref22
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref22
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref22
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref23
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref23
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref23
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref23
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref24
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref24
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref24
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref25
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref25
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref25
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref26
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref26
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref26
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref27
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref27
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref28
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref28
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref28
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref29
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref29
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref29
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref30
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref30
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref30
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref30
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref31
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref31
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref31
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref32
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref32
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref33
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref33
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref33
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref33
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref34
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref34
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref34
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref34
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref35
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref35
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref35
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref35
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref36
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref36
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref36
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref37
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref37
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref37
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref38
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref38
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref38
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref38
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref39
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref39
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref39
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref40
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref40
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref41
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref41
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref42
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref42
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref42
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref43
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref43
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref43
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref44
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref44
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref44
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref45
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref45
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref45
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref46
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref46
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref46
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref47
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref47
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref47
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref48
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref48
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref49
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref49
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref49
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref50
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref50
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref50
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref50
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref51
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref51
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref51
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref52
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref52
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref52
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref52
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref53
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref53
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref53
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref54
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref54
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref54
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref55
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref55
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref55
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref55
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref56
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref56
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref56
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref56
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref57
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref57
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref57
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref58
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref58
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref58
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref58
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref59
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref59
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref59
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref60
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref60
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref60
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref61
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref61
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref62
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref62
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref62
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref63
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref63
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref63
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref63
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref64
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref64
http://refhub.elsevier.com/S0045-6535(21)01516-2/sref64

	Bioavailability and effect of α-Fe2O3 nanoparticles on growth, fatty acid composition and morphological indices of Chlorell ...
	1 Introduction
	2 Materials and methods
	2.1 Nanoparticles stock preparation
	2.2 Microorganism and culture conditions
	2.3 Nanoparticles exposure experiments
	2.3.1 Substitution of iron source by iron nanoparticles
	2.3.2 Spiking of nanoparticles

	2.4 Biomass estimation and growth rate determination
	2.5 Analytical procedure
	2.5.1 Lipid analyses
	2.5.2 Sample preparation for SEM
	2.5.3 Sample preparation for TEM

	2.6 Statistical analysis

	3 Results and discussion
	3.1 Bioavailability of α-Fe2O3 nanoparticles to C. vulgaris growth
	3.2 Effect of spiking of α-Fe2O3 nanoparticles on C. vulgaris growth
	3.3 Effect of spiking of α-Fe2O3 nanoparticles on total lipid contents
	3.4 Effect of spiking of α-Fe2O3 nanoparticles on cell morphology

	4 Conclusions
	Credit author statement
	Declaration of competing interest
	Acknowledgment
	Appendix A Supplementary data
	References


