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Abstract: In this study, magnetic Fe3O4 nanoparticles (NPs) were used as an effective enhancer to
increase the biomass and total lipid production of Chlorella sp. UJ-3. It was found that the biomass
of algal cells increased significantly when they were exposed to low concentrations of Fe3O4 NPs
(20 mg/L), while the best total lipid content of algal cells was achieved when they were exposed to
high concentrations of Fe3O4 NPs (100 mg/L). Therefore, we established a strategy to promote the
growth and lipid accumulation of microalgae by initially exposing the algal cells to low concentrations
of Fe3O4 NPs and then treating them with an increased concentration of Fe3O4 NPs after 12 days of
culture. For this strategy, the biomass and total lipid production of algal cells increased by 50% and
108.7%, respectively, compared to the untreated control. The increase in lipid production and change
in the fatty acid composition of Chlorella cells were found to help them to cope with the increased
number of reactive oxygen species produced due to oxidative stress in alga cells after the addition of
Fe3O4 NPs. This study provided a highly efficient way to improve the lipid production of microalgae
using nanoparticles.

Keywords: Fe3O4 nanoparticles; chlorella; biomass growth; lipid production; fatty acid

1. Introduction

With the rapid development of nanotechnology in recent years, nanoparticles (NPs)
have exhibited various special properties due to their extremely small size, such as the
surface effect, quantum size effect, small size effect, and macroscopic quantum tunneling
effect. NPs have been widely used in the fields of optics, electronic biomedicine, food,
cosmetics, environmental energy, and chemistry [1–3]. Additionally, the biological effects
of NPs have also attracted the interest of researchers. It was found that the use of an
appropriate concentration of NPs was beneficial to the growth of biological cells and
the synthesis of target products [4,5]. Recently, it was reported that nanoparticles could
promote the growth of barley, wheat, and Zea mays [6–8]. TiO2 NPs were found to have
a positive effect on the production of unsaturated fatty acids (UFAs) in Pichia pastoris to
fight against oxidative stress [9]. Trace amounts of Se NPs were reported to promote the
growth of Aspergillus niger and Candida albicans in a dose-dependent manner and had a
strong stimulatory effect on the growth of Aspergillus niger [10]. It was found that carbon
nanotubes, nano-Fe2O3, and nano-MgO could increase the content of chlorophyll, protein,
and lipid in Scenedesmus obliquus [5]. In addition, SiO2 NPs were able to enhance the growth
and lipid production of Chlorella vulgaris [11], while SiC and g-C3N4 NPs improved the
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biomass and lipid accumulation of Scenedesmus sp. [12]. However, in the study on the effect
of Fe3O4 NPs on Picochlorum sp., Hazeem et al. observed a decrease in cell concentration
during the exponential growth phase of algal cells after the addition of NPs, while the
growth of algal cells was promoted in the stabilization and decay phase [13]. Zero-valent
iron NPs were applied in the culture of the eustigmatophycean algae and cyanobacteria.
The results showed that trace concentrations of zero-valent iron NPs significantly increased
lipid accumulation in all microalgae [4]. Evidently, the biological effects of NPs possessed
broad application prospects for promoting the biomass growth and synthesis of metabolites.
The related research is still in progress, and the relevant mechanism has remained unclear
until now. Further studies are expected to be carried out and an effective strategy will be
developed and established.

Microalgae are widely distributed across the land and in the ocean. They possess
a high photosynthetic efficiency and are rich in nutrients. They have good application
prospects in the pharmaceutical industry, food industry, and for animal feed and bioen-
ergy [12,14,15]. Chlorella sp., as a nutrient-rich microalgae, is considered to be one of the
most promising commercial algae candidates. Chlorella sp. have also been considered as
one of the candidates for biodiesel production due to their high lipid content [16]. The high
cost of microalgae cultivation is one of the key factors inhibiting the industrial application
of microalgae. Increasing biomass production and/or target product content can be an
alternative means to achieve low-cost microalgae production. Lipid accumulation and fatty
acid composition in microalgal cells changed when microalgae were exposed to physical
or chemical stimuli [17]. Recently, researchers have explored different means to promote
the growth of Chlorella sp. and enhance their lipid productivity. Fan et al. investigated
the growth and lipid accumulation of Chlorella pyrenoidosa under different concentrations
of CO2, and it was found that better algal biomass growth and a high total lipid content
were achieved at 5% CO2 [16]. Microalgae exhibited a higher photosynthetic efficiency
and accumulated more neutral lipids when supplied with high-dose CO2 [18]. The growth
and total oil production of Chlorella vulgaris could be significantly increased by treatment
with indole-3-acetic acid and jasmonic acid during the early growth phase of microalgal
cells [19,20]. Plant hormones such as gibberellin, cytokinin, and abscisic acid possessed
similar effects [21]. Under nitrogen starvation conditions, lipid accumulation was induced
in the cells of Chlorella sp. [22,23]. In addition, a mutant strain of C. vulgaris obtained by
random mutagenesis using ethyl methanesulfonate exhibited a high biomass and high
lipid content [24].

Fe3O4 nanoparticles (Fe3O4 NPs) are less toxic to organisms, and their dissociated
iron ions are essential micronutrients for phytoplankton because they can participate in
cell photosynthesis and respiration [25–28]. The objective of the study was to test the
regulation of Fe3O4 NPs on the growth and the lipid accumulation of Chlorella sp. UJ-3.
Additionally, a new strategy eventually needs to be established to enhance the growth
and lipid accumulation of Chlorella sp. UJ-3 under controlled concentrations of Fe3O4
NPs. Furthermore, the total lipid production, fatty acid composition, oxidative stress, and
antioxidant enzyme activities in algal cells were investigated in this study.

2. Materials and Methods
2.1. Microalgae Strain and Culture Conditions

Chlorella sp. UJ-3 was obtained from the School of Food and Biological Engineer-
ing, Jiangsu University (Zhenjiang, China). The strains were grown in 250 mL Erlen-
meyer flasks containing 100 mL of BG-11 medium, which was composed of 1.5 g/L
NaNO3, 0.04 g/L K2HPO4·3H2O, 0.075 g/L MgSO4·7H2O, 0.02 g/L Na2CO3, 0.036 g/L
CaCl2·2H2O, 0.001 g/L Na2EDTA, 0.006 g/L citric acid, 0.006 g/L ammonium ferric cit-
rate, and 1 mL microelements solution (2.86 g/L H3BO3, 1.81 g/L MnCl2·4H2O, 0.22 g/L
ZnSO4·7H2O, 0.39 g/L Na2MoO4·2H2O, 0.08 g/L CuSO4·5H2O and 0.05 g/L
Co(NO3)2·6H2O) [29]. All chemicals of analytical grade were obtained from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All cultures were incubated at 25 ◦C with
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continuous shaking at 150 rpm under a light intensity of 100 µmol/(m2·s) (16 h light/8 h
dark cycle) in an incubator equipped with fluorescent lamps (HYL-C2, Taicang Qiangle
Experimental Equipement Co., Ltd., Taicang, China).

2.2. Synthesis of Nanoparticles

Totals of 2.703g FeCl3·6H2O and 0.994g FeCl2·4H2O were dissolved in 100 mL of
deionized water at 80 ◦C, then 10 mL of ammonium hydroxide was added and the mixture
was stirred at high speed for 30 min. The precipitate was washed with sterile water three
times, then underwent ultrasonic treatment (100 W, 40 kHz) for 20 min before each use
to prepare a magnetic Fe3O4 nanoparticle suspension. The particle diameter obtained
from the transmission electron microscopy (TEM, HITACHI H-7650, Hitachi of Japan Ltd.,
Tokyo, Japan) image was less than 10 nm (Figure 1).
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Figure 1. Transmission electron microscopic image of Fe3O4 NPs.

2.3. Experimental Design

The microalgae cells were inoculated into fresh BG-11 medium with an initial biomass
of around 0.2 g/L dry cell weight. Suspensions of Fe3O4 NPs with different concentrations
(10, 30, 50, 80, 100, and 200 mg/L) were added into the medium before inoculating the algae
cells. The cultivation conditions were as described above (Section 2.1). Three biological
replicates of each condition were carried out. After 21 days of cultivation, the biomass
and total lipid content of each treatment of algal cultures were determined. Based on a
wide range of screening results, it was found that Fe3O4 NP concentrations had different
effects on the growth and lipid accumulation of Chlorella sp. UJ-3. Then, to obtain the
concentration that best promoted algae biomass growth, the dosage of NP was optimized
in a low concentration range (0–40 mg/L) and the NP dosage in high concentration
range (60–160 mg/L) was investigated in order to obtain the best NP concentration for
lipid accumulation. Subsequently, a new optimal combination strategy was obtained to
increase the total lipid production by adding NP of low concentration at the initial stage
and increasing NP concentration to a high level after the maximal specific growth rate
was obtained.
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2.4. Determination of Biomass and Total Lipids Content

The microalgae cells were obtained by centrifugation at 10,000 rpm for 10 min, dried
by a lyophilizer (FreeZone®, Thermo Fisher Scientific, Waltham, MA, USA), and measured
gravimetrically. The algal biomass was the weight of the dried cells subtracted from the
weight of the nanoparticles added into the medium. Intracellular total lipids were extracted
from a certain amount of algal cells with a mixture of methanol/chloroform (2:1, v/v) [30].
The chloroform layer containing total lipids was removed through nitrogen and the amount
of total extracted lipid was determined gravimetrically. The lipid content was calculated
and expressed as its quality percentage in microalgae biomass. Finally, the lipid production
can be calculated based on the biomass production and lipid content.

The calculation of specific growth rate and was carried out in the software of Origin
2019 (Origin 2019, OriginLab, Waltham, MA, USA). For this purpose, the biomass curve
along with the culture time was fitted by Logistic model and then the 1st derivative of
Logistic fit was applied. After that, the change curve of specific growth rate with respect to
the culture time was achieved and the maximal specific growth rate can be obtained from
the curve.

Lipid productivity was calculated using the following equation:

Lipid productivity (P, mg/L/day) = (χ2 − χ1)/(t2 − t1) (1)

where χ1 and χ2 were the lipid production (mg/L) on days t1 and t2, respectively.
The lipid productivity was calculated for each 3-day interval and the maximal lipid

productivity will be obtained after all calculations.

2.5. Fatty Acids Analysis

The fatty acid content of the microalgae was estimated as the amount of fatty acid
methyl esters (FAMEs), which was obtained using the direct esterification method. The
obtained crude lipid was saponified with KOH-CH3OH and then FAMEs were prepared
by methylene esterification with boron trifluoride in methanol and extracted with n-
hexane [31].

The qualitative and quantitative analyses of the lipid sample were carried out using
a GC-2030AF gas chromatograph (Shimadzu, Tokyo, Japan) equipped with a DB-Wax
capillary column (30 cm, 0.32 mm ID, 0.5 µm film thickness) and a flame ionization detector
(FID). The temperature program was as follows: initially kept 120 ◦C for 3 min; then
increased to 190 ◦C at 10 ◦C/min, where the temperature was maintained for 1 min;
then increased to 230 ◦C at 2 ◦C/min and held there for 15 min with a split ratio of 10:1.
Nitrogen was used as a carrier gas at a flow rate of 3 mL/min. Fatty acids were identified by
comparing the peak and retention time of the reference standard 21-component fatty acid
methyl ester mix (NU-CHEK-PREP, INC). The relative and absolute contents of fatty acids
were quantified by the area normalization method using methyl heptadecanoate purchased
from Sigma-Aldrich (Merck & Co., Kenilworth, NJ, USA) as an internal standard.

2.6. Oxidative Stress Assessment and Determination of Antioxidant Enzyme Activities

The algal cultures were collected by centrifugation at 10,000 rpm for 10 min at 4 ◦C,
then the pellet was resuspended in 2 mL of 0.05 M sodium phosphate buffer solution (PBS,
pH 7.8) and immediately disrupted by sonication (JY92-IIDN, Ningbo Scientz Biotech-
nology CO., LTD, Ningbo, China) for 5 min with a 3 s pause after each 3 s pulse in an
ice bath. The cell homogenate was centrifuged at 4000 rpm for 10 min at 4 ◦C and the
supernatant was recovered for the assessment of enzyme activities, the malondialdehyde
(MDA) level, and the hydrogen peroxide (H2O2) content. The soluble protein content was
determined using the method of Bradford [32]. The H2O2 content was measured by a
commercial assay kit (Nanjing Jiancheng Biology Engineering Institute, Nanjing, China)
following the manufacturer’s instructions and the result was expressed as mmol H2O2/mg
protein. The lipid peroxidation (LPO) was determined by measuring the MDA (a product
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of lipid peroxidation) content, which was measured based on the thiobarbituric acid (TBA)
method [33]. The MDA content was expressed as nmol MDA/mg protein. Catalase (CAT)
activity was estimated by recording the decrease in the absorbance of H2O2 at 240 nm using
a UV–vis spectrophotometer (UV2150, Unico (Shanghai) Instruments Co., LTD., Shanghai,
China). One unit of CAT activity (U) was defined as the quantity of enzyme required
to decompose 1 µmol of H2O2 per mg of soluble protein per minute [34]. The enzyme
activities were calculated per mg of protein. The activity of superoxide dismutase (SOD)
was measured based on its ability to inhibit the photochemical reduction of nitroblue
tetrazolium (NBT) [35]. The reaction mixture consisted of 0.3 mL of phosphate buffer
(0.05 M, pH = 7.8), 0.3 mL of methionine (130 mM), 0.3 mL of NBT (0.75 mM), 0.3 mL of
edetate disodium (0.1 mM),0.3 mL of riboflavin (0.02 mM), and 1.5 mL of enzymatic extract.
The reaction mixture was incubated under visible light conditions for 20 min at room
temperature. The absorbance was measured at 560 nm using a UV–vis spectrophotometer.
One unit of SOD activity (U) was defined as the quantity of enzyme required to inhibit the
photochemical reduction of NBT by 50%.

2.7. Statistical Analysis

All statistical analyses were carried out using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
The data are expressed as the mean values with standard deviation values (mean ± SD) of
triplicate treatments. Data were analyzed using one-way analysis of variance (ANOVA)
and differences were considered statistically significant at p < 0.05.

3. Results and Discussion
3.1. Growth Characteristics and Lipid Accumulation of Microalgae under Different
Nanoparticle Concentrations

The biomass of Chlorella sp. UJ-3 increased with the addition of Fe3O4 NPs in a certain
concentration range, but further increases in the concentration of Fe3O4 NPs resulted in
a decrease in biomass (Figure 2). Pádrová et al. also found similar trends in experiments
on various microalgae with zero-valent iron nanoparticles [4]. High concentrations of
nanoparticles have been shown to inhibit algal biomass growth, probably because the
addition of nanoparticles creates a shadowing effect that blocks photosynthetic electron
transport and affects photosynthesis, ultimately affecting the growrth of algal cells [36,37].
The total lipid content of Chlorella sp. UJ-3 did not change significantly at low concen-
trations of Fe3O4 NPs, while at high concentrations of Fe3O4 NPs the total lipid content
increased significantly (Figure 2). Although the biomass of algal cultures decreased at
higher concentrations of Fe3O4 NPs, the total lipid production increased due to the increase
in total lipid content. However, the total lipid production was lower at 200 mg/L of Fe3O4
NPs because of the sharp decrease in algal biomass. The composition and content of fatty
acids are shown in Table S2. It was found that Chlorella sp. UJ-3 has a variety of fatty
acids, in which the saturated (C16:0 and C18:0), monounsaturated (C16:1 and C18:1), and
polyunsaturated (C18:2, C18:3, C20:5) fatty acids are the major fatty acids in Chlorella sp.
UJ-3. The results showed that the composition and content of fatty acids were almost
unchanged when algal cells were exposed to low concentrations of Fe3O4 NPs. However,
the polyunsaturated fatty acids (PUFA) content of Chlorella sp. UJ-3 increased when higher
concentrations of Fe3O4 NPs were applied (Figure 3).
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3.2. Effects of Low Concentration NPs on the Growth of Chlorella sp. UJ-3

In the low-concentration range (0–40 mg/L) tested, the biomass of algal cells first
increased and then decreased with the increase in the concentration of Fe3O4 NPs, and
the algal culture had the highest biomass at 20 mg/L of Fe3O4 NPs (Figure 4). The
biomass increased by 52.9% and the total lipid production increased by 65.3% compared
to the control without Fe3O4 NPs. The promotion of algal growth might be related to the
dissociation of trace ions of nanoparticles [5]. The increased growth of microalgae supports
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the hypothesis that nanoparticles represent an appropriate source of trace elements [38].
Iron is essential for plant growth and metabolism, as it is associated with photosynthetic
electron transport chains [26]. Trace concentrations of zero-valent iron nanoparticles (nZVI)
caused the overproduction of biomass and lipids during the cultivation of cyanobacterial
and microalgae [4]. The authors believed that nZVI could provide a suitable source of iron
and induce biomass growth and metabolic changes, resulting in increased lipid production
and changes in fatty acid composition [4]. However, the change of dissolved iron in the
culture medium showed that no obvious increased dissolved iron was observed in the
culture medium after Fe3O4 NPs addition. There was enough iron for cell growth since
more than 40% iron remained in the culture medium (Figure S1). Iron supply was not
the reason for biomass enhancement in this study. The iron recovery rate of Fe3O4 NPs
also proved that no digestion of Fe3O4 NPs occurred during the culture (Table S1). In
addition, Jeon et al. demonstrated that the growth rate and fatty acid methyl ester (FAME)
productivity of microalgae could be enhanced by improving the gas–liquid mass transfer
rate through the addition of nanoparticles [11]. In the delayed biomass growth period
(0–9 days) at 20 mg/L NPs, the effect of nanoparticles on biomass growth was not obvious,
but after entering the logarithmic growth period (after nine days) the biomass concentration
of the treated cells gradually became different to that of untreated cells and continued
to increase, eventually reaching about 1.2 g/L (dry cell weight), which was about 54.8%
higher than that of the control (Figure 5). This indicated that low concentrations of Fe3O4
NPs can improve algal biomass growth. The total lipid content of Chlorella sp. UJ-3 exposed
to 20 mg/L Fe3O4 NPs did not change much throughout the whole growth period. The
lipid production showed a gradual increase due to the increased biomass. The total lipid
content and fatty acid composition did not change significantly under the concentration of
Fe3O4 NPs tested (Figures 4 and 6, Table S3).
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3.3. Effects of High Concentration NPs on Lipid Accumulation in Chlorella sp. UJ-3

The biomass and total lipid content of Chlorella sp. UJ-3 at high concentrations of
Fe3O4 NPs are shown in Figure 7. As the concentration of Fe3O4 NPs increased, the biomass
of algae decreased gradually. The addition of the Fe3O4 NPs increased the lipid content of
Chlorella sp. UJ-3, which reached a maximum value at 100 mg/L of Fe3O4 NPs. Compared
with the control algal cultures, the total lipid content increased by 42.9% and the total lipid
production increased by 71.7%. However, cultures with more than 120 mg/L of Fe3O4
NPs ended up with lower lipid production due to their loss of biomass (Figure 7). The
addition of nanoparticles could potentially stimulate a significant increase in lipid content
in microalgae, as stress conditions can induce the accumulation of lipids in oily microalgae
as a source of energy storage [17].
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Figure 7. Biomass, total lipid content, and lipid production of Chlorella sp. UJ-3 exposed to various
concentrations of Fe3O4 NPs (Culture time: 21 days; Different letters on the top of column indicate
significant differences between means: a, b, c, d; a’, b’, c’, d’; A, B, C, D; p < 0.05).

The content and composition of fatty acids of Chlorella sp. UJ-3 are summarized in
Table S4. At the Fe3O4 NP concentration of 100 mg/L, the total fatty acid content was the
highest, being 235.33 ± 3.49 mg/g of dry cell weight, representing an increase of 50.6%
compared with normal cultured cells. As the concentration of Fe3O4 NPs increased, the
content of palmitic acid (16:0) increased slightly as the main saturated fatty acid (SFU) in
Chlorella sp. UJ-3. The main monounsaturated fatty acid (MUFA) is oleic acid (18:1), whose
content showed a downward trend (Table S4). In contrast, the content of polyunsaturated
fatty acids (PUFA) in Chlorella sp. UJ-3 increased gradually (Figure 8). This increase may be
related to the self-protection mechanism of algal cells. When exposed to 100 mg/L of Fe3O4
NPs, the percentage of UFA in microalgae increased, the percentage of MUFA decreased,
and the percentage of SFA slightly increased compared with that of untreated microalgal
cells (Figure 8). This phenomenon may be due to the oxidative stress induced by Fe3O4
NPs. Under conditions of oxidative stress, a variety of free radicals produced by cells can
affect various physiological functions. PUFAs have the potential for free radical scavenging,
which helps to protect cells from further increases in the reactive oxygen species (ROS)
level [39]. This indicated that a high accumulation of PUFAs may play an important role in
the protective mechanism.

The initial total lipid content of the algal cells was approximately 19% of dry cell
weight and the content of treated cells (100 mg/L) continued to increase significantly
during the culture period, eventually reaching 42.1% of dry cell weight, while the control
was only 29.2% of dry cell weight (Figure 9). The increase in the biomass of the algal cultures
treated with Fe3O4 NPs at the later stage may have contributed by the accumulation of
lipids. Since the total lipid content of the algal cells was significantly increased, the lipid
production of the treated algae was significantly higher than that of the control. Similar
results were found in a study of other nanoparticles [40]. Kang et al. demonstrated that
a higher amount of lipids was accumulated after the exposure of C. vulgaris UTEX 265 to
0.1 g/L of TiO2 nanoparticles [40].
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3.4. NPs Induced Oxidative Stress and Cellular Antioxidant Defenses

In many metabolic reactions, including photosynthesis and respiration, plant cells
produce reactive oxygen species (ROS), such as superoxide radicals (O2

−), singlet oxygen
(1O2), hydroxyl radicals (HO•), and hydrogen peroxide (H2O2) [41]. ROS are produced
as by-products of photosynthetic electron transport in photosynthesis. ROS can also be
produced in mitochondria, peroxisomes, and plasma membranes by NADPH oxidases [42].
In addition, ROS are also generated during cell division, differentiation, growth, and
apoptosis [43]. To control the ROS in cells, cells have evolved into an ROS scavenging
system of enzymatic and nonenzymatic antioxidants, such as catalase (CAT), superoxide
dismutase (SOD), peroxidase (POD), ascorbate peroxidase (APX), ascorbic acid (AsA),
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glutathione, tocopherol, carotenoid, etc. [43,44]. Plants and algae can activate multiple
defense systems simultaneously to effectively remove different ROS.

Adverse conditions, such as glare, drought, salinity, and nutritional restrictions, have
been shown to enhance the production of ROS in plant cells [44]. Nanomaterials can
induce the production of reactive oxygen species (ROS), triggering the mechanism of
oxidative stress in cells [45]. To assess the level of oxidative stress induced by Fe3O4 NPs,
the intracellular H2O2 and malondialdehyde (MDA) content were determined during the
growth of Chlorella sp. UJ-3. As a kind of superoxide free radical, H2O2 will accumulate in
the body and cause damage to the organism when subjected to external stress. By regulating
the activity of antioxidase, the organism will eliminate excess H2O2 to a stable and tolerable
level, thereby reducing the threat and damage to organisms. If ROS in algal cells cannot
be cleared quickly, it will cause lipid peroxidation, which will lead to the membrane
dysfunction. As a product of lipid peroxidation, MDA can be used to determine the lipid
peroxidation and oxidative damage of cells. The content of H2O2 and MDA in normal
cultured Chlorella sp. UJ-3 initially increased gradually with the incubation time, reached
a maximum during logarithmic growth, and then decreased gradually (Figure 10a,b). A
similar trend in MDA expression of Chlorella vulgaris was also observed by Zhao et al.
(2017) [46]. During biomass growth, the metabolic reactions of algal cells themselves
produce ROS, the level of which is highest in the logarithmic growth phase. Then, as
the antioxidant defense systems of cells were activated, the cells produced antioxidant
enzymes and antioxidants to regulate the ROS levels. SOD and CAT, two key antioxidant
enzymes, play important roles in scavenging excessive ROS. SOD is a key enzyme that
removes free radicals in living organisms. It can catalyze the disproportionation reaction of
excessive ROS in biological cells to generate hydrogen peroxide, which can be converted
into non-toxic and harmless H2O and O2 by CAT so as to scavenge ROS and protect cells
from their stress [47]. The change in enzyme activities in algal cells was similar to that of
ROS (Figure 10c,d). Increases in CAT and SOD activities have been suggested to be an
adaptive trait that possibly helps to overcome tissue damage by reducing ROS levels [48].
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Exposure to nanoparticles resulted in an increase in ROS levels throughout the whole
culture period of the algal cells. On the 12th day, the H2O2 and MDA contents of algal cells
exposed to low concentrations (20 mg/L) of Fe3O4 NPs were increased by 42.9% and 51.2%,
respectively, compared to untreated algal cells (Figure 10a,b), indicating that oxidative
stress was generated in the cells. At this time, algal cells attempted to attenuate the effects of
ROS by increasing their antioxidant enzyme activity. Compared with untreated algal cells,
the activities of CAT and SOD increased by 56.7% and 61%, respectively (Figure 10c,d).
The increase in antioxidant enzyme activity can substantially offset the increase in ROS
induced by the nanoparticles. Cells do not need to be cleared of ROS by other means, so low
concentrations of Fe3O4 NPs have little effect on the lipid content and fatty acid composition
of algal cells. At high concentrations (100 mg/L) of Fe3O4 NPs, compared with the control,
the contents of H2O2 and MDA and the activities of CAT and SOD were increased by 131.3%,
136.4%, 88.3%, and 95.3%, respectively (Figure 10). The activities of CAT and SOD was
significantly increased, which may have been caused by the excessive production of ROS
in algal cells under stress as the concentration of Fe3O4 NPs increased, thus increasing the
content of antioxidant enzymes in algal cells [49]. These increased amounts of antioxidant
enzyme were insufficient to remove the ROS induced by the nanoparticles, and the algal
cells exposed to 100 mg/L of Fe3O4 NPs at this time may accumulate PUFAs with free
radical scavenging ability through the nonenzymatic antioxidant system to scavenge
excess ROS.

3.5. Effects of Low-High Concentration NPs Treatment on Growth and Lipid Accumulation of
Chlorella sp. UJ-3

For the Chlorella sp. UJ-3 exposed to 20 mg/L of Fe3O4 NPs, the specific growth rate
reached its maximum value on the 12th day (Figure 11). The specific growth rates for
algal cell without NPs treatment or with the exposure to 100 mg/L of Fe3O4 NPs also
changed with the time course and reached a maximal specific growth rate at a certain
time. In addition, the maximal specific growth rate at 20 mg/L of NPs was higher than
those without treatment or at 100 mg/L of Fe3O4 NPs (Figure S2). In order to obtain
high-yield and high-lipid algae, the algal cells were first exposed to a low concentration of
Fe3O4 NPs (20 mg/L) for 12 days, then the concentration of Fe3O4 NPs was increased to
100 mg/L when the specific growth rate reached the maximum. Additionally, the algal cells
turned the metabolism towards the accumulation of lipids, which allowed large amounts of
lipids to accumulate, and the total lipid production was approximately doubled compared
to the untreated algal culture (Figure 12). The effect of different transition time on the
combination strategy also indicated that low-high transition of Fe3O4 NPs concentration
on day 12 provided the best biomass and lipid production (Table S5). This strategy not only
ensured the increase in microalgae biomass, but also promoted the accumulation of lipids.
The composition and content of fatty acids are shown in Table 1. The biomass, total lipid
content, and total fatty acid production increased by 50%, 42.9%, and 116.7%, respectively,
compared to the control algal cells (Table 2). Furthermore, the maximum specific growth
rate (µmax) and maximum lipid productivity (Pmax) were also calculated and were found to
increase by 23.1% and 133.5%, respectively, compared with the control (Table 2). The results
showed that this strategy is effective and useful for high lipid production by Chlorella
sp. UJ-3.
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Figure 12. The effect of the concentration change of NPs from low (20 mg/L) to high (100 mg/L) on
the growth, lipid content, and lipid production of Chlorella sp. UJ-3 (NP concentration change was
conducted on day 12).

Table 1. Fatty acid contents and compositions of Chlorella sp. UJ-3 under control conditions and NP stress.

Condition Control NPs Stress

Fatty Acids Content
(mg/gDW)

Composition
(%Total FA)

Content
(mg/gDW)

Composition
(%Total FA)

C12:0 2.07 ± 0.08 1.35 ± 0.22 3.42 ± 0.10 1.55 ± 0.25
C14:0 1.32 ± 0.14 0.86 ± 0.04 0.98 ± 0.03 0.45 ± 0.02
C16:0 54.12 ± 1.52 35.20 ± 0.38 72.68 ± 1.89 32.98 ± 0.55
C16:1 2.96 ± 0.23 1.92 ± 0.08 5.80 ± 0.43 2.63 ± 0.09
C18:0 6.29 ± 0.79 4.09 ± 0.14 18.78 ± 1.65 8.52 ± 0.92
C18:1 41.13 ± 0.67 26.75 ± 0.24 40.87 ± 1.74 18.55 ± 0.82
C18:2 6.59 ± 0.54 4.29 ± 0.23 8.47 ± 1.20 3.85 ± 0.78

C18:3n6 3.15 ± 0.42 2.05 ± 0.15 9.61 ± 0.70 4.36 ± 0.24
C18:3n3 25.24 ± 1.34 16.41 ± 0.85 36.69 ± 1.55 16.65 ± 0.49

C20:0 0.22 ± 0.05 0.14 ± 0.04 0.38 ± 0.03 0.17 ± 0.01
C20:1 0.56 ± 0.10 0.36 ± 0.03 2.25 ± 0.15 1.02 ± 0.07
C20:5 9.24 ± 0.43 6.01 ± 0.22 18.81 ± 0.86 8.83 ± 0.40
C22:0 0.88 ± 0.05 0.57 ± 0.03 1.64 ± 0.07 0.75 ± 0.03
Total 153.77 ± 3.45 100.00 220.39 ± 4.38 100.00
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Table 2. Biomass, lipid content, lipid production, maximum specific growth rate (µmax), and maxi-
mum lipid productivity (Pmax) of Chlorella sp. UJ-3 under control and NP stress.

Condition Control NPs Stress

Biomass (g/L) 0.78 ± 0.01 1.17 ± 0.02
Total Lipid content (% DW) 28.85 ± 2.05 41.22 ± 1.62

Lipid production (g/L) 0.23 ± 0.02 0.48 ± 0.03
µmax (d−1) 0.13 ± 0.01 0.16 ± 0.01

Pmax (mg L−1 d−1) 15.65 ± 0.12 36.55 ± 0.18
Fatty acids production (g/L) 0.12 ± 0.02 0.26 ± 0.02

SFA composition (%) 42.21 ± 0.44 44.42 ± 2.57
MUFA composition (%) 29.04 ± 2.26 22.20 ± 0.71
PUFA composition (%) 28.76 ± 0.79 33.39 ± 0.62

4. Conclusions

Fe3O4 nanoparticles were found to increase the biomass and lipid production of
Chlorella sp. UJ-3 under test conditions. When the algal cells were exposed to 20 mg/L
and 100 mg/L of Fe3O4 NPs, a better biomass production and a higher lipid content were
obtained, respectively. Based on these results, a new strategy was established to increase
the lipid production of Chlorella sp. UJ-3 using Fe3O4 NPs, where the algal cells were
initially exposed to low concentrations of Fe3O4 NPs and then treated with increased
concentrations of Fe3O4 NPs after the maximal specific growth rate, was achieved. This
strategy could potentially increase the total lipid production of algal cells by 108.7% com-
pared to untreated algal cells. In addition, Fe3O4 NPs can affect the activity of antioxidant
enzymes and the composition of fatty acids in algal cells. This study provided useful infor-
mation on the biological effects of nanoparticles. At the same time, these results indicated
that nanoparticles can be considered as an effective enhancer of the lipid production of
microalgae using a suitable strategy. Environmental safety assessments and economic
analyses of the application of this strategy in microalgae culture remain to be completed in
further studies.
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exposed to low concentrations of Fe3O4 NPs, Table S4: Fatty acid contents and compositions of
Chlorella sp. UJ-3 exposed to high concentrations of Fe3O4 NPs, Table S5: Effect of transition time on
combination strategy with low-high concentration NPs treatment, Figure S1: Change of dissolved
Fe in the culture medium, Figure S2: The specific growth rate of Chlorella sp. UJ-3 cells without
treatment (a) and with the treatment at 100 mg/L of NPs (b).
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nanoparticles cause overproduction of biomass and lipids during cultivation of cyanobacteria and microalgae. J. Appl. Phycol.
2015, 27, 1443–1451. [CrossRef]

5. He, M.; Yan, Y.; Pei, F.; Wu, M.; Gebreluel, T.; Zou, S.; Wang, C. Improvement on lipid production by Scenedesmus obliquus
triggered by low dose exposure to nanoparticles. Sci. Rep. 2017, 7, 1–12. [CrossRef] [PubMed]

6. Rostamizadeh, E.; Iranbakhsh, A.; Majd, A.; Arbabian, S.; Mehregan, I. Green synthesis of Fe2O3 nanoparticles using fruit extract
of Cornus mas L. and its growth-promoting roles in Barley. J. Nanostructure Chem. 2020, 10, 125–130. [CrossRef]

7. Manzoor, N.; Ahmed, T.; Noman, M.; Shahid, M.; Nazir, M.M.; Ali, L.; Alnusaire, T.S.; Li, B.; Schulin, R.; Wang, G. Iron oxide
nanoparticles ameliorated the cadmium and salinity stresses in wheat plants, facilitating photosynthetic pigments and restricting
cadmium uptake. Sci. Total. Environ. 2021, 769, 145221. [CrossRef] [PubMed]

8. Elbakatoushi, R.; Tammam, A.; El-Sadekc, L.; Alframawyb, A.M. Hematite nanoparticles influence ultrastructure, antioxidant
defenses, gene expression, and alleviate cadmium toxicity in zea mays. J. Plant Interact. 2020, 15, 54–74.

9. Yu, Q.; Liu, Z.; Xu, H.; Zhang, B.; Zhang, M.; Li, M. TiO2 nanoparticles promote the production of unsaturated fatty acids (UFAs)
fighting against oxidative stress in Pichia pastoris. RSC Adv. 2015, 5, 41033–41040. [CrossRef]

10. Kazempour, Z.B.; Yazdi, M.H.; Rafii, F.; Shahverdi, A.R. Sub-inhibitory concentration of biogenic selenium nanoparticles lacks
post antifungal effect for Aspergillus niger and Candida albicans and stimulates the growth of Aspergillus niger. Iran. J. Microbiol.
2013, 5, 81–85. [PubMed]

11. Jeon, H.-S.; Park, S.E.; Ahn, B.; Kim, Y.-K. Enhancement of biodiesel production in Chlorella vulgaris cultivation using silica
nanoparticles. Biotechnol. Bioprocess Eng. 2017, 22, 136–141. [CrossRef]

12. Ren, H.Y.; Dai, Y.Q.; Kong, F.; Xing, D.; Zhao, L.; Ren, N.Q.; Ma, J.; Liu, B.F. Enhanced microalgal growth and lipid accumu-lation
by addition of different nanoparticles under xenon lamp illumination. Bioresour. Technol. 2019, 297, 122409. [CrossRef]

13. Hazeem, L.J.; Waheed, F.A.; Rashdan, S.; Bououdina, M.; Brunet, L.; Slomianny, C.; Boukherroub, R.; Elmeselmani, W.A. Effect of
magnetic iron oxide (Fe3O4) nanoparticles on the growth and photosynthetic pigment content of Picochlorum sp. Environ. Sci.
Pollut. Res. 2015, 22, 11728–11739. [CrossRef] [PubMed]

14. Rawat, I.; Kumar, R.R.; Mutanda, T.; Bux, F. Dual role of microalgae: Phycoremediation of domestic wastewater and biomass
production for sustainable biofuels production. Appl. Energy 2011, 88, 3411–3424. [CrossRef]

15. Razeghifard, R. Algal biofuels. Photosynth. Res. 2013, 117, 207–219. [CrossRef] [PubMed]
16. Fan, J.; Xu, H.; Luo, Y.; Wan, M.; Huang, J.; Wang, W.; Li, Y. Impacts of CO2 concentration on growth, lipid accumulation, and

carbon-concentrating-mechanism-related gene expression in oleaginous Chlorella. Appl. Microbiol. Biotechnol. 2015, 99, 2451–2462.
[CrossRef]

17. Hu, Q.; Sommerfeld, M.; Jarvis, E.; Ghirardi, M.; Posewitz, M.; Seibert, M.; Darzins, A. Microalgal triacylglycerols as feedstocks
for biofuel production: Perspectives and advances. Plant J. 2008, 54, 621–639. [CrossRef]

18. Sun, Z.; Dou, X.; Wu, J.; He, B.; Wang, Y.; Chen, Y.-F. Enhanced lipid accumulation of photoautotrophic microalgae by high-dose
CO2 mimics a heterotrophic characterization. World J. Microbiol. Biotechnol. 2015, 32, 1–11. [CrossRef]

19. Jusoh, M.; Loh, S.H.; Chuah, T.S.; Aziz, A.; Cha, T.S. Indole-3-acetic acid (IAA) induced changes in oil content, fatty acid profiles
and expression of four fatty acid biosynthetic genes in Chlorella vulgaris at early stationary growth phase. Phytochemistry 2015,
111, 65–71. [CrossRef]

20. Jusoh, M.; Loh, S.H.; Chuah, T.S.; Aziz, A.; Cha, T.S. Elucidating the role of jasmonic acid in oil accumulation, fatty acid
composition and gene expression in Chlorella vulgaris (Trebouxiophyceae) during early stationary growth phase. Algal Res. 2015,
9, 14–20. [CrossRef]

21. Josephine, A.; Niveditha, C.; Radhika, A.; Shali, A.B.; Kumar, T.; Dharani, G.; Kirubagaran, R. Analytical evaluation of different
carbon sources and growth stimulators on the biomass and lipid production of Chlorella vulgaris–Implications for biofuels.
Biomass- Bioenergy 2015, 75, 170–179. [CrossRef]

22. Agirman, N.; Cetin, A.K. Effects of nitrogen starvations on biomass growth, protein and lipid amount of Chlorella vulgaris.
Fresen. Environ. Bull. 2015, 24, 3643–3648.

23. Zhu, S.; Wang, Y.; Shang, C.; Wang, Z.; Xu, J.; Yuan, Z. Characterization of lipid and fatty acids composition of Chlorella
zofingiensis in response to nitrogen starvation. J. Biosci. Bioeng. 2015, 120, 205–209. [CrossRef]

http://doi.org/10.1016/j.fuel.2020.118598
http://doi.org/10.3109/17435390.2012.715312
http://www.ncbi.nlm.nih.gov/pubmed/22834480
http://doi.org/10.1016/j.envsci.2019.10.013
http://doi.org/10.1007/s10811-014-0477-1
http://doi.org/10.1038/s41598-017-15667-0
http://www.ncbi.nlm.nih.gov/pubmed/29138451
http://doi.org/10.1007/s40097-020-00335-z
http://doi.org/10.1016/j.scitotenv.2021.145221
http://www.ncbi.nlm.nih.gov/pubmed/33736258
http://doi.org/10.1039/C5RA02366A
http://www.ncbi.nlm.nih.gov/pubmed/23466957
http://doi.org/10.1007/s12257-016-0657-8
http://doi.org/10.1016/j.biortech.2019.122409
http://doi.org/10.1007/s11356-015-4370-5
http://www.ncbi.nlm.nih.gov/pubmed/25854208
http://doi.org/10.1016/j.apenergy.2010.11.025
http://doi.org/10.1007/s11120-013-9828-z
http://www.ncbi.nlm.nih.gov/pubmed/23605290
http://doi.org/10.1007/s00253-015-6397-4
http://doi.org/10.1111/j.1365-313X.2008.03492.x
http://doi.org/10.1007/s11274-015-1963-6
http://doi.org/10.1016/j.phytochem.2014.12.022
http://doi.org/10.1016/j.algal.2015.02.020
http://doi.org/10.1016/j.biombioe.2015.02.016
http://doi.org/10.1016/j.jbiosc.2014.12.018


Nanomaterials 2021, 11, 2802 16 of 16

24. Sarayloo, E.; Simsek, S.; Ünlü, Y.S.; Cevahir, G.; Erkey, C.; Kavakli, I.H. Enhancement of the lipid productivity and fatty acid
methyl ester profile of Chlorella vulgaris by two rounds of mutagenesis. Bioresour. Technol. 2018, 250, 764–769. [CrossRef]

25. Aruoja, V.; Pokhrel, S.; Sihtmäe, M.; Mortimer, M.; Mädler, L.; Kahru, A. Toxicity of 12 metal-based nanoparticles to algae, bacteria
and protozoa. Environ. Sci. Nano. 2015, 2, 630–644. [CrossRef]

26. Raven, J.A. Predictions of Mn and Fe use efficiencies of phototrophic growth as a function of light availability for growth and of
C assimilation pathway. New Phytol. 1990, 116, 1–18. [CrossRef]

27. Wan, M.; Jin, X.; Xia, J.; Rosenberg, J.N.; Yu, G.; Nie, Z.; Oyler, G.A.; Betenbaugh, M.J. The effect of iron on growth, lipid
accu-mulation, and gene expression profile of the freshwater microalga Chlorella sorokiniana. Appl. Microbiol. Biotechnol. 2014,
22, 9473–9481. [CrossRef] [PubMed]

28. Bibi, M.; Zhu, X.; Munir, M.; Angelidaki, I. Bioavailability and effect of α-Fe2O3 nanoparticles on growth, fatty acid composition
and morphological indices of Chlorella vulgaris. Chemosphere 2021, 282, 131044. [CrossRef] [PubMed]

29. Rippka, R.; Stanier, R.Y.; Deruelles, J.; Herdman, M.; Waterbury, J.B. Generic assignments, strain histories and properties of pure
cultures of cyanobacteria. Microbiology 1979, 111, 1–61. [CrossRef]

30. Bligh, G.; Dyer, W. A rapid method for total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917. [CrossRef]
31. Metcalfe, L.D.; Schmitz, A.A.; Pelka, J.R. Rapid Preparation of Fatty Acid Esters from Lipids for Gas Chromatographic Analysis.

Anal. Chem. 1966, 38, 514–515. [CrossRef]
32. Bradford, M.M. A rapid and sensitive method for quantitation of microgram quantities of protein utilizing the principle of

protein–dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]
33. Piotrowska-Niczyporuk, A.; Bajguz, A.; Zambrzycka-Szelewa, E.; Godlewska-Żyłkiewicz, B. Phytohormones as regulators of
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