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ABSTRACT

With the rapid development of nanotechnology
and widespread use of nanoproducts, concerns
have arisen regarding the ecotoxicity of these
materials. In this paper, the photosynthetic to-
xicity and oxidative damage induced by nano-
Fe;04 on a model organism, Chlorella vulgaris
(C. vulgaris) in aquatic environment, were studied.
The results showed that nano-Fe;O, was toxic
to C. vulgaris and affected its content of chlo-
rophyll a, malonaldehyde and glutathione, CO,
absorption, net photosynthetic rate, superoxide
dismutase activity and inhibition of hydroxyl ra-
dical generation. At higher concentrations, com-
pared with the control group, the toxicity of
nano-Fe;O, was significantly different. It sug-
gested that nano-Fe;0, is ecotoxic to C. vulgaris
in aquatic environment.

Keywords: Nano-Fe3O,; Chlorella vulgaris;
Photosynthetic Toxicity; Oxidative Damage;
Ecotoxicity

1. INTRODUCTION

Nanomaterials have unique physicochemical properties,
high strength, and good magnetic properties, which has
led to their use in electronic, magnetic, optical, biomedical,
pharmaceutical, cosmetic, energy, sensor, and catalytic
applications. Rapid development of nanotechnology and
nanomaterials, and continual expansion of their applications
have resulted in widespread biosafety concerns [1].

Compared with bulk FesO,4, nano-Fe;O4 has unique
characteristics as superparamagnetism, size and quantum
tunnel effects, and so on [2-6]. As an important member
of the spinel ferrite family, Fe;O, is among the most
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widely used soft magnetic materials. It is commonly
used as a recording material, pigment, magnetic fluid
material, catalyst, and in magnetic polymer microspheres
and electronic materials. It also has wide applications in
biotechnology and medicine.

There are concerns about potential pollution of the
aquatic environment through mass leakage of nanoma-
terials during their production, transportation, use, or
disposal. Nanomaterials may also be released to the en-
vironment through pharmaceuticals, cosmetics and sun-
screens that end up in the sewage treatment system from
patient’s feces, laundry or bathing [7]. As primary pro-
ducers, phytoplankton play a key role in aquatic eco-
systems. Consequently, the toxicity of nanomaterials on
phytoplankton and accumulation of nanoparticles in phy-
toplankton can directly or indirectly affect the entire aquatic
ecosystem. However, to date, there have been few re-
ports on the aquatic toxicity of nano-FesO, [8-12].

As excellent aquatic models, microalgae are prevalent
in lakes and seas, easy to culture and propagate, and
sensitive to pollutants. Chlorella vulgaris (C. vulgaris) is
distributed widely in freshwater and seawater and has a
short growth cycle, which make it ideal for aquatic eco-
toxicity studies and it can be used to directly observe
toxicity at the cellular level [13].

In this study, C. vulgaris was used to study the pho-
tosynthetic toxicity and oxidative damage induced by
nano-Fes0,. This preliminary data could be used to sup-
port a thorough ecological safety assessment of nano-
materials.

2. MATERIALS AND METHODS
2.1. Materials and Equipment

C. vulgaris (Figure 1) was supplied by Laboratory of
Aguatic Biology, College of Life Sciences, Huazhong
Normal University, Wuhan, China. Nano-Fe;O, (# < 50
nm) (Figure 2) was supplied by Sigma-Aldrich (St.
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Louis, MO). Malonaldehyde (MDA) and superoxide P e SR AR
dismutase (SOD) kits were supplied by Nanjing Ji- B S e o
ancheng Bioengineering Institute, Nanjing, China. Glu- s S ' :
tathione (GSH) and hydroxyl radical (-OH) kits were it e h it
supplied by Nanjing KeyGen Biotech. Co., Ltd., Nanjing, AT I SR <
China. The instruments used in this study included a A PSR S5
high-speed refrigerated centrifuge (AVANTI J-30I, Be- “oher | B @ T TR R Y
ckman Coulter, Brea, CA), microplate reader (BioTek, B s e 2 T s $is
Winooski, VT), 96 well polystyrene microtiter plates, O S SR ".’
fluorescence microscope (DM4000B, Lecia, Solms, Ger- Figure 1 Fluérescence mic}osco .
many), light incubator (LRH-250-GlI, Yiheng Instru- im%ges of C. vulgaris. P
ments Co., Lit.,, Shanghai, China), ultrasonic homoge-

nizer for cell disruption (UP200S, Hielscher Ultrasonics,
Teltow, Germany), and light oscillation incubator (HZQ-
F, Nanjing Ascent Technology Development Co., Ltd.,
Nanjing, China).

2.2. Methods

1) Inoculation and cultivation of C. vulgaris
Under sterile conditions, C. vulgaris was inoculated
into SE medium and cultured for a week. The incubation Figure 2. Scannig electron micro-

was continued under a 12:12 h light-dark cycle with an scopy images of nano-Fez0,.
illumination intensity of 3000 Ix at 25 + 1°C until the
logarithmic growth phase reached. The C. vulgaris test
solution was prepared using an established method
[14-16]. The initial density of C. vulgaris was adjusted
to ODsg = 0.1 - 0.2, then cultured in a light incubator 300000+
with shaking three times a day at regular intervals until
the optical density of C. vulgaris reached ODs4g = 1.0.

2) Treatment of C. vulgaris

Appropriate amounts of nano-Fe;O,4 powders (Figure 1000004
3) were added to the C. vulgaris culture flasks. The final
nano-Fe;O, concentrations were 0, 50, 100, 200, 400,
800, and 1600 mg-L™ and the corresponding Fe concentra-
tions were 0, 37.5, 75, 150, 300, 600 and 1200 mg-L™, 4 20 0 20 40 6 8 100
respectively. Five parallel samples were prepared for Zeta potential (mV)
each concentration. The C. vulgaris treated with nano-
Fe;04 was cultured in the light incubator at 25°C with
shaking for 72 h. The size distribution of nano-Fe;O,4

400000 -

200000

ToiJaI Counts

Figure 3. Zeta potential of nano-Fe;0,.

was determined by scanning electron microscopy (Fig- 404
ure 4). 35+
3) Determination of photosynthetic toxicity 20
a) Determination of the chlorophyll a content _
Phytoplankton biomass is an important indicator in s.\; 25+
aquatic ecosystems. As can be quickly estimated from 2 2]
the phytoplankton biomass, the phytoplankton chloro- %
phyll a content is often used as an important index of i 187

phytoplankton biomass [17]. Internationally accepted 10
extraction methods for the determination of the chloro-
phyll a content include hot-ethanol and acetone methods,
which are followed by spectrometry. Ethanol extraction 0+
has gradually become more common than acetone ex- o 30 % 4 4H S0 5 60
traction, because ethanol is less harmful than acetone Particle size (nm)

[18]. In this study, the hot-ethanol extraction method was Figure 4. Size distribution in the nano-Fe;O, stock solution.
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used to determine the chlorophyll a content. The chloro-

phyll a content was calculated using the ethanol extrac-
tion method [17] and the following formula:

Chla = 27.9%Veganol |:( Eges — E750)_(A565 — Ao ):|

V,

water

where Chla refers to the chlorophyll a concentration
(Mmg:m™), Vemanol is the constant volume of the extract
(ML), Viaer 1S the volume of filtered water (L), Aggs iS
the absorbance of the samples in 665 nm wave, similar to
Asso. Eges indicates the absorbance of the samples acidi-
fied with 1 mol/L HCI in 665 nm wave, similar to E;x,.

b) Determination of the net photosynthetic rate

The CO, absorption rate of plants during photosynthesis
can be quantitatively determined using an infrared gas
analyzer. The net photosynthetic rate of plants (P,) is
usually expressed using the amount of absorbed CO,
(mg-dm=2h™). In the present study, flasks containing C.
vulgaris were placed in a closed bell with a known vol-
ume. The CO, levels were recorded at 0, 2, 4, 6, 8, 10
min, and the net photosynthetic rate (P,) was calculated
as follows:

b (C1_C2)XFX DxK
" A

where P, is the net photosynthetic rate [CO, absorption
(mg-dm™h™)]; Cis the CO, content in the air (ppm); C,
is the CO, content of discharged air after photosynthesis
(ppm); F is the gas flow rate (L-h™), which was fixed in
this experiment and equal to the bell volume (3 L-h™); D
is the CO, density at the experimental temperature
(mg-L™); K is the pressure correction factor, which was
equal to 1; A is the leaf area (dm?), which corresponds to
the area of the base of the conical flask (1 dm?) used in
this experiment.

4) Determination of oxidative damage

Kit instructions were followed to determine the MDA
and GSH contents, SOD activity, and inhibition of -OH
generation.

2.3. Statistical Analysis

The data were analyzed by one-way analysis of vari-
ance using SPSS 13.0 (IBM, Endicott, NY), and the
LSD test package. Statistical significance was evaluated
using significance levels of 0.01 and 0.05.

3. RESULTS
3.1. Changes in the Chlorophyll a Content

Figure 5 shows the effects of different concentrations
of nano-FesO, on the chlorophyll a content in C. vul-
garis. Compared with the control group, the chlorophyli
a concentrations of the exposure groups decreased as the
nano-Fe;0, concentration increased. At the low nano-

Copyright © 2012 SciRes.

FesO,4 concentrations (50 mg-L™ and 100 mg:L™), the
chlorophyll a concentration decreased but not significantly.
At nano-Fe;O, concentrations of 200 mg-L‘l to 1600
mg-L™, the chlorophyll a concentration decreased sig-
nificantly (p < 0.05). The decreases at 400 mg:L™, 800
mg-L™" and 1600 mg:L™ were only slightly different to
that in the 200 mg-L™ group.

3.2. Changes in the Amount CO, Absorbed
during Photosynthesis

Figure 6 shows the effect of different concentrations
of nano-Fe;0,40n the amount of CO, absorbed during C.
vulgaris photosynthesis. The vertical axis represents the
CO, content in the container where C. vulgaris in, and
the abscissa represents time, so the CO, absorptions

1200

Chl a content (mg-m™)

0 50 100 200 400 800 1600

nano Fe O, concentration (mg-L'1)

Figure 5. Effects of nano-Fe30, on the chlorophyll a content in
C. vulgaris (F = 5.78; *p < 0.05, compared with the control

group).
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Figure 6. Effects of nano-Fe;O, on the amount of CO, ab-
sorbed in C. vulgaris photosynthesis.
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equals the initial concentration of CO, minus the final
concentration of CO,. Compared with the control, in all
exposure groups, the CO, absorption decreased as the
nano-Fe;0, concentration increased over the 10 min that
samples were analyzed.

3.3. Changes of the Net Photosynthetic
Rate

Figure 7 shows the effect of different concentrations
of nano-Fe;0,0on the net photosynthetic rate of C. vul-
garis. As the nano-Fe;O, concentration increased, the net
photosynthetic rate decreased. This decrease was sig-
nificant (p < 0.01) in all exposure groups except for the
lowest concentration (50 mg-L™) exposure group.

3.4. Changes in the MDA Content

Figure 8 shows the effects of different concentrations of
nano-FesO, on the MDA content in C. vulgaris. Com-
pared with the control group, as the nano-Fe;O,4 con-
centration increased the MDA content also increased.
However, in the 50 - 400 mg-L™ groups the increases in
the MDA content were not significant. In the 800 mg-L™
and 1600 mg-L™ groups, the increases in the MDA con-
tent were significant (p < 0.05 for 800 mg-L™, and p <
0.01 for 1600 mg-L™).

3.5. Changes in the GSH Content

Figure 9 shows the effects of different concentrations
of nano-Fe;O40n the GSH content in C. vulgaris. Com-
pared with the control group, as the nano-Fe;O4 concen-
tration increased, the GSH content decreased. In 50 - 200
mg-L™ groups the decreases were not significant, where-
as in the 400 - 1600 mg:-L™* groups the decreases were
significant (p < 0.01).

200000 -
180000
160000
140000
-
120000
o
100000 -
80000
60000 =

40000

net photosynthetic rate (mg- dm? h™)

0 50 100 200 400 800 1600
nano-Fe O, concentration (mg: L'1)

Figure 7. Effects of nano-Fe;O,4 on the net photosynthetic rate
in C. vulgaris (F=3.69; p < 0.01, with the control group).
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Figure 8. Effects of nano-Fe;0, on MDA content in C. vul-
garis (F = 2.61; p <0.05and p < 0.01, compared with the
control group).
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Figure 9. I;jfects of nano-Fe;0, on GSH content in C. vulgaris
(F=3.31; p<0.01, compared with the control group).

3.6. Changes in the SOD Activity

Figure 10 shows the effects of different concentra-
tions of nano-FesO, on SOD activity in C. vulgaris.
When the nano-Fe;0, concentrations were <400 mg:-L™,
the SOD activity significantly increased (p < 0.01). With
nano-Fe;0, concentrations > 400mg-L™, the SOD activity
decreased, and in the 1600 mg-L™ group the SOD activ-
ity was significantly lower than that of the control group
(p < 0.05).

3.7. Changes in the Inhibition of -OH
Generation

Figure 11 shows the effects of different concentra-
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tions of nano-Fe;O40n the inhibition of -OH generation
in C. vulgaris. When the nano-Fe;O, concentrations were
<200 mg-L™, inhibition of -OH generation slightly in-
creased. With >200 mg:-L™ nano-Fe;0,, inhibition of -OH
generation decreased. In the 400 mg-L™ and 800 mg-L™*
groups (p < 0.05) and 1600 mg:-L™ group (p < 0.01) the
inhibition of -:OH generation was significantly lower
than that of the control group.

4. DISCUSSION

Nanomaterials are new type of pollutant, and they can
affect organisms at all levels in aquatic ecosystems. Many

0.8 -
07
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0.4
03 .

0.2

SOD activity (U'mg”_ )

0.1

0.0 -
0 50 100 200 400 800 1600

nano—Feao , concentration (mg-L'*)
Figure 10. Effects of nano-Fes0, on SOD activity in C. vul-

garis (F = 6.40; "p < 0.05 and ~p < 0.01, compared with the
control group).

OH'inhibition (U-mg”_ )

0 50 100 200 400 800 1600

nano-Fe304 concentration (mg-L’1)

Figure 11. Effects of nano-Fe394 on inhibitiog*of -OH genera-
tion in C. vulgaris (F = 5.11; p <0.05and p < 0.01, com-
pared with the control group).
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studies have investigated the toxicity of nanomaterials on
mammals, fish and other higher forms of life [19-21].
Toxicity of nano-FesO, and photosynthetic effects of
nanomaterials have also been reported [22], but few. In
the present study, the toxicity of nano-Fe;O,4, which is an
important nanomaterial, to C. vulgaris was investigated.

As primary producers in aquatic ecosystems, algae
can utilize solar energy for photosynthesis. Chloroplasts
in the algae use the solar energy to covert CO, and water
into glucose while generating oxygen.

Chlorophyll

12H,0+6CO, + light ———=*— C,H,,0,(glu cose)
+60,+6H,0

This process is crucial for the survival of almost all
organisms in aquatic ecosystems. If the photosynthetic
balance is upset, both the oxygen supply and nutrient
balance of carbon in aquatic ecosystems are directly af-
fected. Therefore, photosynthesis is essential to the sta-
bility of the entire aquatic environment.

Chlorophyll is an important participant in the photo-
synthetic reaction. The main chlorophyll species in-
volved in phytoplankton photosynthesis are chlorophyll
a, b and c. Chlorophyll a is present in all types of phyto-
plankton, and its concentration is related to the level of
photosynthesis and is an important indicator of phyto-
plankton biomass. The amount of chlorophyll a is rou-
tinely determined in biological monitoring of lakes, res-
ervoirs, and other water bodies.

In this study, the chlorophyll a content was observed
to decrease as the nano-Fe;O, concentration increased.
However, among exposure groups with nano-Fe;O,
concentrations > 100 mg:-L™ the changes were relatively
flat. These results show when the concentrations are
higher than a certain level (100 mg:L™), nano-Fe;O, has
a significant toxic effect on the chlorophyll a content in
C. vulgaris. And as the concentration (200 mg:L™) in-
crease, the toxicity change is relatively flat.

CO, is a raw material in photosynthesis, and its con-
centration and amount absorbed directly affect the effi-
ciency of photosynthesis. The net photosynthetic rate (P,,)
is an important index in plant photosynthesis research,
and is usually expressed as the amount of CO,absorbed
by the plant during photosynthesis per unit area and unit
time (mg-dm==h™). In this study, as the nano-Fe;O, con-
centration increased, both the amount of CO, absorbed
over a certain period and the net photosynthetic rate de-
creased in C. vulgaris. These results illustrate that nano-
Fe;0,4 has a significant toxic effect on CO, absorption
and the net photosynthetic rate. These results agree with
the chlorophyll a results on the toxic effect of nano-
Fe304 in C. vulgaris.

It was noted that when the nano-Fe;O, concentration
was only 50 mg:L™, the photosynthetic toxicity of nano-
Fe;04 in C. vulgaris was not significant. Therefore, we
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propose that 50 mg-L"is a safe concentration for nano-
Fe30,4to avoid photosynthetic toxicity.

One of the commonly accepted mechanisms of nanoma-
terial toxicity is through induced reactive oxygen species
(ROS) generation [21] and subsequent oxidative stress
[23].

Oxidative stress can be quantitatively evaluated using
three types of markers. The first category includes ROS
such as superoxide anions (O%), -OH, and hydrogen
peroxide (H,O,). In our study, -OH was selected as a
marker for quantitative evaluation of oxidative stress.
The Fenton reaction produces -OH from H,0,, and the
amount of H,0, used in the reaction is proportional to
the amount of -OH produced. The second category in-
cludes lipid peroxidation products such as ketones and
other carbonyl compounds, hydroxyl compounds, and
malondialdehyde (MDA). MDA is an important marker
of lipid peroxidation and cellular oxidative damage.
Lipid peroxidation turns ROS into the active chemical
agents by non-free radical decomposition products of
lipids, and amplifies the role of ROS by chain or
branched chain reactions. ROS induces cell damage by
peroxidation of polyunsaturated fatty acids in the biomem-
brane, and through the decomposition products of lipid
hydroperoxide. Determination of the MDA content can
reflect the extent of lipid peroxidation and indirectly re-
flect the degree of cell damage. The third category in-
cludes enzymes that are active in the ROS elimination
system and non-enzymatic and enzymatic antioxidants.
Non-enzymatic antioxidants include vitamin C, vitamin
E, and glutathione (GSH). GSH is a low molecular
weight scavenger for species such as the 0% and H.0,.
GSH is a major non-protein thiol and a substrate for
erythrocyte glutathione peroxidase and glutathione S-
transferase, indispensable for their decomposition of hy-
drogen peroxide. GSH can also stabilize thiol-containing
enzymes. Therefore, it is important to determine the
GSH content when evaluating the antioxidant capacity.
Superoxide dismutases (SODs) are important enzymatic
antioxidants that catalyze the reaction of superoxide with
hydrogen ions to generate H,O,and O,. SODs scavenge
superoxide anion radicals to prevent cell damage, and
play a vital role in the balance between oxidation and
antioxidation. Under normal conditions, antioxidants will
eliminate excess oxygen free radicals and achieve a dy-
namic balance. However, under external stress, the level
of oxygen free radicals in the cell will increase, which
will in turn increase enzyme activity in the antioxidation
system to effectively remove the excess harmful sub-
stances. Once the oxygen free radical content exceeds a
certain level, the free radicals are not efficiently removed
by the antioxidation system, and excess free radicals
accumulate and decrease the enzyme activity in antioxi-
dation [24].

The MDA content in C. vulgaris gradually increased

Copyright © 2012 SciRes.

as the nano-Fe;O,4 concentration increased, and the MDA
content was significantly different to that in the control
group with >400 mg-L™ nano-Fe;0,. These results indi-
cate that nano-Fe;O, stress increases the MDA content in
C. vulgaris, exacerbates lipid peroxidation of C. vulgaris,
and leads to membrane damage in the algal cells.

The GSH content in C. vulgaris decreased as the
nano-Fe;0, concentration increased, and GSH content
was significantly different to that in the control group
with >200 mg-L‘l nano-Fe;0,. In the low concentration
of nano-Fe;O, stress, small increases in GSH content
were observed, which may be an adaptative response of
C. vulgaris to the stress. By increasing formation of
GSH, C. vulgaris enhances its resistance to ROS damage
by increasing the efficiency of ROS scavenging. By
contrast, the GSH content decreased in the high concen-
tration of nano-Fe;0, stress, which may be attributed to
the consumption of a large amount of the GSH in a
variety of detoxification processes. In the high concen-
tration of nano-Fe;O, stress, destruction of antioxidation
structures and a decrease in the level of antioxidants
probably occurs, which results in rapid accumulation of
ROS.

As the nano-Fe;O, concentration increased, the SOD
activity change in a unimodal manner. When the nano-
FesO, concentrations were <400 mg:L™, the SOD activ-
ity significantly increased. This shows that at low nano-
Fe30,4 concentrations, production of SOD is induced in C.
vulgaris to remove excess ROS and protect the organism.
When the nano-Fe;O, concentrations were >400 mg-L™,
the SOD activity decreased gradually. This indicates that
at high nano-Fez;O,4 concentrations, the C. vulgaris cell
structure is destroyed because the self-protection sys-
tems of the organism cannot function at this level.

The curve for the change in inhibition of -OH generation
as the nano-Fe;O, concentration increased was also uni-
modal. When the nano-Fe;O, concentrations were <200
mg-L™, the inhibition of -OH generation slightly in-
creased. This indicated that under stress of low concen-
trations of nano-Fe;0,, the self-scavenging capacity of C.
vulgaris for -OH improves to protect the organism. The
changes in the inhibition of -OH generation at nano-
FesO, concentrations > 200 mg-L™ were significant,
which suggested that significant oxidative damage oc-
cured. This concentration (200 mg-L™) can be taken as
safe concentration to avoid oxidative damage of -OH
generation induced by nano-Fe;0y.

5. CONCLUSIONS

This is the first study to investigate the ecotoxicity of
nano-Fe;0, in a model organism, C. vulgaris. Nano-
Fe;O, was found to have a significantly effect on the
contents of chlorophyll a, MDA and GSH, amount of
CO, absorbed, net photosynthetic rate, SOD activity and
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inhibition of -OH generation in C. vulgaris. At higher
concentrations, compared with the control group, the
toxicity of nano-Fe;O, was significantly different.

To date, most studies have focused on the toxicological
effects of nanomaterials on fish, but studies on other
aquatic organisms such as phytoplankton have been lim-
ited, and there have been no studies on the photosyn-
thetic toxicity effects of nanomaterials. As primary pro-
ducers in the aquatic environment, algae provide energy
for the entire aquatic ecosystem. Adverse effects of
nanomaterials on algal photosynthesis could directly
damage the ecological balance in aquatic environments
and negatively impact the entire ecosystem.

Because of rapid development in the nanotechnology
industry, the use of nano-Fe;O, has gradually become
more common in catalysis, biomedicine, and microwave
absorbing materials. However, there is a lack of data on
the toxicological effects of nano-Fe;O,. A preliminary
investigation of these effects was conducted in the pre-
sent study, and it can be concluded that the ecotoxicity
and environmental effects of nanomaterials cannot be
ignored. Further studies of nanomaterial pollution are
required to determine the pathway and extent of pollu-
tion, to systematically determine the ecotoxicity of na-
nomaterials, and to establish guidelines for evaluation of
the ecological safety of nanomaterials. This will help
reduce the environmental and health risks associated
with widespread use of nanomaterials, and ultimately
allow scientific and effective management of nanomaterial
use. This will ensure that the development of nanotech-
nology can meet actual needs without undermining the
principles of sustainable development.
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