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Abstract The toxicity of ZnO nanoparticles (NPs) has been
widely investigated because of their extensive use in consumer
products. The mechanism of the toxicity of ZnO NPs to algae is
unclear, however, and it is difficult to differentiate between
particle-induced toxicity and the effect of dissolved Zn2+. In
the work discussed in this paper we investigated particle-
induced toxicity and the effects of dissolved Zn2+ by using the
chiral perturbation approach with dichlorprop (DCPP) as chiral
perturbation factor. The results indicated that intracellular zinc is
important in the toxicity of ZnO NPs, and that ZnO NPs cause
oxidative damage.According to dose–response curves forDCPP
and the combination of ZnO NPs with (R)-DCPP or (S)-DCPP,
the toxicity of DCPP was too low to perturb the toxicity of ZnO
NPs, so DCPP was suitable for use as chiral perturbation factor.
The different glutathione (GSH) content of algal cells exposed to
(R)-DCPP or (S)-DCPP correlated well with different production
of reactive oxygen species (ROS) after exposure to the two
enantiomers. Treatment of algae with ZnO NPs and (R)-DCPP
resulted in reduced levels of GSH and the glutathione/oxidized
glutathione (GSH/GSSG) ratio in the cells compared with the
control. Treatment of algae with ZnO NPs and (S)-DCPP, how-
ever, resulted in no significant changes in GSH and

GSH/GSSG. Moreover, trends of variation of GSH and
GSH/GSSG were different when algae were treated with
ZnSO4·7H2O and the two enantiomers. Overall, the
chiral perturbation approach revealed that NPs aggravat-
ed generation of ROS and that released Zn2+ and NPs
both contribute to the toxicity of ZnO NPs.
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Introduction

Zinc oxide nanoparticles (ZnO NPs) are important
nanomaterials (NMs) that have been extensively used in in-
dustrial and consumer products, resulting in the increasing
presence of NMs in the environment [1]. For example, it is
estimated that 1,000 tons of skincare products containing ZnO
NPs are produced annually for the global market [2]. Italian
researchers have calculated that at least 25 % of the amount of
sunscreen applied to the skin is washed off during bathing and
swimming [3]. This implies that approximately 250 tons of
these nanomaterials are potentially discharged into the water
environment [4]. Compared with normal materials, the risks to
health and the environment of the novel properties of NPs are
unknown. The toxicity of ZnONPs in aquatic ecosystems has,
therefore, aroused much concern.

ZnO NPs have been shown to be toxic to algae [5–8],
crustaceans [9, 10], bacteria [11], and fish [12, 13]. Studies
of the biotoxicity of ZnO NPs suggest several mechanisms of
action. Overproduction of reactive oxygen species (ROS) is
believed to be a major mechanism of the toxicity of NPs [14].
Because of the large specific surface area of NPs, which
endows them with high reactivity and electron density, they
can interact with biomolecules [15]. During this process,
chemical reactions occur and result in increased formation of
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the superoxide radical (O2
−), which leads to ROS accumula-

tion and oxidative stress [16]. It has been reported that ZnO
NPs disturb the balance between oxidation and anti-oxidation
processes and cause oxygen stress responses in different or-
gans of fish [13]. This mechanism of toxicity has been mainly
observed in fish and cells. However the mechanism of toxicity
to algae has been mostly attributed to particle dissolution [17].
The effect of particle dissolution in the mechanism of toxicity
of ZnO NPs has been demonstrated in many studies. Franklin
et al. [5] conducted toxicity experiments using the freshwater
alga Pseudokirchneriella subcapitata and revealed the toxic-
ity of ZnO nanoparticles, bulk ZnO, and ZnCl2 was compa-
rable; with the 72-h IC50 value of approximately 60 μg
Zn L−1; the toxicity of ZnO NPs was attributed solely to
dissolved zinc. Because dissolution of nano-ZnO can be affect-
ed by water chemistry, for example ionic components, pH, and
dissolved organic matter, the effects of water chemistry on the
toxicity of ZnO NPs have been investigated by several re-
searchers [11, 18, 19]. Whether the properties of NPs are re-
sponsible for the toxicity of nano-ZnO has rarely been reported.
Nano-ZnO not only has physicochemical properties associated
with NPs but can also release free zinc ions which can syner-
gistically enhance the production of ROS and cause oxidative
damage in cells. Because it is challenging to distinguish between
these two types of effect of nano-ZnO on algae, the exact
mechanism is not clear.

Microalgae, the primary producers in the food chain, are
more sensitive to contaminants than are fish and invertebrates;
they are, therefore, important organisms for monitoring water
quality and aquatic toxicity. Investigating the toxicity of ZnO
NPs to algae and explaining the mechanism clearly is, there-
fore, of great importance and can potentially lead to strategies
to remediate the potentially adverse effects of engineered
NMs on the environment [20].

Glutathione (GSH), the most prevalent non-protein thiol in
cells, is one of the most effective radical scavengers, because
of its reaction with superoxide, singlet oxygen, and hydroxyl
radicals to form oxidized glutathione (GSSG) [21]. GSSG is
then reduced to GSH by glutathione reductase (GR). In addi-
tion, GSH has affinity for heavy metals through its sulfhydryl
group or by forming phytochelatins. The glutathione redox
cycle is therefore important in the toxicity caused by both
oxidative stress and exposure to heavymetals. The glutathione
redox cycle is a dynamic system and amounts of GSH and
GSSG are affected by such chemical contaminants as chiral
pesticides [22, 23]. Enantiomers of chiral pesticides may
behave differently in the environment when undergoing iden-
tical physical and chemical processes and reactions [24].
Dichlorprop (DCPP) is a widely used chiral herbicide with
low toxicity which does not significantly perturb Cu(II) tox-
icity [23]. Inducing the production of ROS has been reported
to be a mechanism of its toxicity, and only the (R)-form is an
active herbicide [25]. The responses of glutathione

system should therefore be enantioselective after DCPP
treatment. Therefore, we assumed chiral perturbation was
small enough not to induce an enantioselective shift in the
glutathione system when dissolved zinc combined mainly
with GSH, and the enantioselective shift in the glutathione
system can be observed by chiral perturbation if induced
generation of ROS is the cause of the toxicity of nano-ZnO.

In the work discussed in this paper a new chiral perturba-
tion method was used, for the first time, to investigate the
toxicity of nano-ZnO. The chiral herbicide dichlorprop was
used as chiral perturbation factor andChlorella vulgaris as test
organism for evaluating the toxic mechanism of nano-ZnO.
The objective was to evaluate the contributions of the proper-
ties of ZnO NPs and released Zn ion to the toxicity to algae.

Experimental

Chemicals and materials

ZnO NPs were purchased from Beijing Nachen S&T. Particle
size and purity were determined by transmission electron
microscopy (TEM; Tecnai G2 F30; Philips-FEI, Holland)
and inductively coupled plasma mass spectrometry (ICP–
MS; Elan DRC-e; Perkin Elmer, USA) respectively. The
characteristics of the ZnO NPs are given in the Electronic
SupplementaryMaterial (Table S1, Fig. S1). Stock suspension
of ZnO NPs was prepared in algal culture medium BG11 and
sonicated for 30 min before use. Zn2+ stock solution
(200 mg L−1) was prepared by dissolving zinc sulfate
heptahydrate (ZnSO4·7H2O) in the same medium. (R)-DCPP
and (S)-DCPP of 99% purity were kindly provided by the Liu
W. P. research group at Zhejiang University, China. All other
reagents were analytical grade. All glassware was acid washed
in 10 % concentrated HNO3, thoroughly rinsed with Milli-Q
water, and sterilized before use.

Algae bioassays

The unicellular green algae (Chlorella vulgaris) used in this
study were obtained from the Institute of Wuhan Hydrobiol-
ogy, Chinese Academy of Sciences. The algal cells were
cultured in the BG11 medium at 23±1 °C in an incubator
under illumination at 4500 lux with daily cycles of 12-h light
and 12-h dark. The algal cells, in logarithmic growth phase,
were cultured in 100 mL culture medium in the presence or
absence of the test materials in 250-mL Erlenmeyer flasks.
The initial cell density was 1×106 cells mL−1. During incu-
bation, the cultures were shaken five times per day to ensure
optimum growth. Chlorella vulgaris were exposed to a series
of concentrations of nano-ZnO and Zn2+ (1, 5, 10, 20, 50, and
100 μmol L−1), and (R)-DCPP and (S)-DCPP (20, 50, 100,
200, and 400 μmol L−1). To investigate the effect of the chiral
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herbicide DCPP on ZnO NPs, the two enantiomers of DCPP
(50 μmol L−1) with three concentrations of ZnO NPs or Zn2+

(5, 10, or 20 μmol L−1) were added to the medium for 72 h,
and inhibition of algal growth was monitored as an index to
evaluate the toxicity of the materials. Three replicates were
performed for each concentration. Cell density was monitored
spectrophotometrically at 684 nm every 24 h by use of a
spectrophotometer (UNICO 2802S) combined with a he-
mocytometer. The regression equation for the relationship
between cell density (y×106 cells mL−1) and absorption at
684 nm (x) was calculated as y=25.45x−0.737 (p<0.01,
R=0.996).

ICP–MS detection of elemental Zn concentration

ICP–MS was used to quantify zinc ion released from ZnO
NPs upon their interaction with the algae. The cell-wall-bound
and intracellular Zn2+ content were determined by use of the
procedure of Wang et al. [26]. After incubation for 72 h,
treated algae were collected to analyze zinc concentration.
Before quantification, the treated algae were centrifuged
(4,000 rpm, 15 min). The algal pellets were rinsed with PBS
to remove unbound zinc, then rinsed with EDTA to complex
Zn bound to cell walls, and finally centrifuged. The collected
supernatant was measured as cell-wall-bound zinc. The algal
pellets were acid-digested and analyzed for intracellular zinc
by use of ICP–MS.

Assessment of oxidative damage

The concentration of malondialdehyde (MDA), a molecular
indicator of lipid peroxidation, was determined by use of the
thiobarbituric acid (TBA) reaction. Superoxide dismutase
(SOD) activity, which reflects the ability of organisms to
remove superoxide radicals, was assayed by use of the xan-
thine–xanthine oxidase and hydroxylamine system. Commer-
cial kits for measurement of all biochemical data were pur-
chased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, China).

Determination of GSH and GSSG

Algae were incubated with different concentrations of the test
materials for 72 h. After centrifugation, the algal pellets were
frozen and thawed five times then centrifuged at 10,000 rpm
for 5 min at 4 °C. The supernatant was collected for use.
GSSG content was measured by use of the 5,5 -dithiobis(2-
nitrobenzoic acid) (DTNB) and GSH (GSSG) recycling sys-
tem. The amount of GSH was calculated by subtracting the
amount of GSSG from total glutathione [27]. The GSH and
GSSG Assay Kit was purchased from Beyotime Institute of
Biotechnology (Nanjing, China).

Transmission electron microscopy (TEM)

The ultrastructure of C.vulgaris, treated and untreated with
ZnO NPs, was observed by TEM (H-7650; Hitachi, Japan).
After exposure for 72 h, C.vulgaris, treated or untreated with
20 μmol L−1 ZnO NPs, was collected by centrifugation,
followed by double fixation, dehydration, infiltration, embed-
ding, and ultrathin sectioning for TEM analysis.

Statistical analysis

Experimental data were analyzed by use of the Origin 7.5 and
SPSS 17.0 software packages in accordance with the methods
provided by the manufacturers of the test kits. Each of the
toxicity data sets was compared with its corresponding con-
trol. The differences were considered statistically significant
when p was less than 0.05.

Results and discussion

Toxicity of ZnO NPs, Zn2+, and DCPP to C.vulgaris

The concentration–response curves obtained after treatment of
C.vulgaris with ZnO NPs, ZnSO4·7H2O, (S)-DCPP, and (R)-
DCPP, and the ultrastructure ofC.vulgaris treated and untreat-
ed with ZnO NPs are shown in Figs. S2–S4 (Electronic
Supplementary Material). The TEM images show that ZnO
NPs are toxic to C.vulgaris as a result of induction of ultra-
structural alterations of the algal cells. ZnO NPs can be
adsorbed by cells’ membranes and a small amount of the
NPs can enter the cells. This causes damage to chloroplasts
and membranes in algal cells. The toxicity of all the materials
tested was dose-dependent. Inhibition of algae by
ZnSO4·7H2O, used as a source of free zinc ions, was greater
than that by the same concentration of ZnO NPs. This sug-
gests that Zn2+ is more toxic than ZnO NPs. Inhibition of C.
vulgaris by 50μmol L−1 (S)-DCPP and (R)-DCPPwas 3.61%
and 8.52%, respectively, after exposure for 72 h. Inhibition by
(R)-DCPP seemed slightly greater than that by (S)-DCPP,
which is consistent with the report by Wen et al. [28] that
the (R) enantiomer induced greater production of ROS [28].
The toxicity of 50 μmol L−1 DCPP to C.vulgaris was low
compared with the toxicity of ZnO NPs and ZnSO4·7H2O.

The toxicity to the algae of ZnO NPs at three concentra-
tions combined with 50 μmol L−1 DCPP is shown in Fig. 1a.
Inhibition increased when C.vulgaris was exposed to ZnO
NPs with DCPP, especially (R)-DCPP. The observed com-
bined toxic effect correlated well with ZnO NPs concentra-
tion. The results indicated that DCPP enantioselectively in-
creases the toxicity of nano-ZnO, and the combined toxicity
was mainly attributed to ZnO concentration. Similar tenden-
cies were also observed after treatment of C.vulgaris with
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ZnSO4·7H2O and 50 μmol L−1 DCPP (Fig. 1b). We therefore
chose a concentration of 50 μmol L−1 DCPP for subsequent
research.

Release of Zinc Ion

The Zn2+ released from nano-ZnO, including intracellular
zinc and zinc bound to the cell wall of C.vulgaris, were
detected by ICP–MS. As shown in Fig. 2, the concentrations
of both intracellular and cell-wall-bound zinc increased as the
concentration of ZnO NPs increased. When C.vulgaris was
treated with ZnO NPs (5 μmol L−1, 10 μmol L−1, and
20 μmol L−1), the cell-wall-bound and intracellular Zn2+

concentrations were in the range 31.3–217.4 μg L−1 and
4.11-14.6 μg L−1, respectively. Hence, most of the dissolved
Zn2+ was bound to the cell walls of the algae. Similar results
were reported by Ma et al. [29] and Wang et al. [26].

The cell wall is the first and primary barrier to uptake of
NPs, and it has been reported that most of the algal cell wall
consists of carbohydrates, including uronic acids [30], so most
of the Zn2+may combine with functional groups present in the
algal cell wall. The amount of cell-wall-bound zinc was
almost the same when algae were exposed to the same con-
centration of ZnO NPs and ZnSO4·7H2O (Fig. 3a), but the
concentration of intracellular zinc was significantly different
(p<0.05) after these treatments (Fig. 3b). Free Zn2+ in culture
medium after treatment with ZnSO4·7H2O was greater than
after treatment with the same concentration of ZnO NPs,
because ZnO NPs did not dissolve completely. Inhibition of
C.vulgaris by ZnSO4·7H2O was greater than by ZnO NPs
(Fig. S1). These results indicate that released Zn2+ was one of
the causes of the toxicity of ZnO NPs and that the amount of
intracellular zinc was important in the mechanism of toxicity.

Response of antioxidant defenses

Lipid peroxidation byC.vulgaris exposed to different concen-
trations of ZnO NPs was measured (Fig. 4). Lipid peroxida-
tion is an indicator of oxidative damage to cell membrane
lipids and has been used extensively as a biomarker of oxida-
tive stress in vivo [31]. It is estimated by measuring the MDA
content of cells. Increasing MDA values indicated that nano-
ZnO caused dose-dependent oxidative damage. SOD activity
varied with the concentration of nano-ZnO to which C.
vulgariswas exposed. The highest SOD activity was observed
after exposure to 5 μmol L−1 nano-ZnO. SOD activity then
decreased to 1.2, 1.1 times that of the control, with increasing
nano-ZnO concentration. A similar phenomenon was reported
by Hao et al. for different organs of carp; the activity of
antioxidant enzymes followed a changing trend of being acti-
vated by low concentrations of nano-ZnO and inhibited by
higher concentrations [13]. The activity of antioxidative

Fig.1 (a)Toxicity to C.vulgaris of ZnO NPs, with or without
50 μmol L−1 DCPP, after 72 h. NP5, NP10, and NP20 indicate ZnO NP
concentrations of 5 μmol L−1, 10 μmol L−1, and 20 μmol L−1, respec-
tively. (b) Toxicity to C.vulgaris of ZnSO4·7H2O, with or without
50 μmol L−1 DCPP, after 72 h. Zn5, Zn10, and Zn20 indicate
ZnSO4·7H2O concentrations of 5 μmol L−1, 10 μmol L−1, and
20 μmol L−1, respectively. Bars with the same letter are not statistically
significantly different (p<0.05)

Fig. 2 Contents of zinc dissolved in the intracellular of cells and bound
to the cell wall of C.vulgaris exposed to different concentrations of ZnO
NPs for 72 h. Bars with the same letter are not statistically significantly
different (p<0.05)
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enzymes in cells is in dynamic balance. For relatively low
levels of exposure (5 μmol L−1), SOD activity was activated
for self-protection. When the self-scavenging capacity of the
antioxidant defense systems was exceeded by over-
accumulation of free radicals caused by high nano-ZnO con-
centration, the activity of SOD decreased. These results

suggested that nano-ZnO could cause oxidative stress. How-
ever, the exact cause of this oxidative stress is difficult to
determine, because ZnO NPs can also release Zn2+ (Fig. 2)
which can also cause this effect. Thus further experiments
were conducted to determine the primary cause of oxidative
stress.

Chiral perturbation of the glutathione redox cycle
of C.vulgaris

The chiral perturbation approach introduced by Chen et al.
[23] was used to assess whether the oxidative stress caused by
NPs is responsible for the toxicity of ZnO NPs. The chiral
chemical chosen as the chiral perturbation factor in the chiral
perturbation approach should be enantioselective during the
production of ROS and in the response of glutathione system.
Its toxicity should also be too low to disturb the toxicity of
ZnO NPs to C.vulgaris. The toxicity of ZnO NPs may result
from direct induction of generation of ROS by the NPs and/or
from zinc dissolved from the NPs. When C.vulgaris was
exposed to the chiral chemical with ZnO NPs, an
enantioselective shift in the glutathione system should be
observed if induced generation of ROS is the cause of the
toxicity of nano-ZnO. However, the chiral perturbation should
be small enough not to induce enantioselective shift in the
glutathione system when the dissolved zinc is mainly com-
bined with GSH. In this research, the toxicity of the two
enantiomers of DCPP was low enough compared with that
of ZnO NPs and ZnSO4·7H2O. Compared with the control, an
obvious decrease in GSH level and GSH/GSSG ratio was
observed for algal cells treated with (R)-DCPP. However, an
obvious difference in GSH level was not observed after treat-
ment with (S)-DCPP, as shown in Fig. 5. (R)-DCPP, which
induced production of ROS, caused the enantioselective re-
sponse of the glutathione redox cycle to protect against algal
cell damage. These results confirmed that DCPP was suitable
to be chosen as the chiral perturbation factor.

(R)-DCPP and (S)-DCPP were added into the algae culture
medium, with nano-ZnO or ZnSO4·7H2O, to assess the

Fig. 4 Relative expression ofMDA and SOD inC.vulgaris after exposure to 0 μmol L−1, 5 μmol L−1, 10μmol L−1, and 20 μmol L−1 ZnONPs for 72 h.
MDAvalue and SOD activity for the control were normalized to 1 unit and values after other treatments were expressed relative to this value. Asterisks
denote significant differences from the control at the 95 % confidence level

Fig. 3 Concentrations of Zn2+ bound to the cell wall (a) and in the
intracellular contents (b) of C.vulgaris cells exposed to ZnO NPs and
ZnSO4·7H2O (5μmol L−1, 10μmol L−1, and 20μmol L−1). Bars with the
same letter are not statistically significantly different (p<0.05)
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enantioselective shift in the glutathione system. When treat-
ment was with nano-ZnO only, the changes in GSH level and
GSH/GSSG ratio were small compared with the control.
When treatment was with nano-ZnO and (R)-DCPP, there
was an obvious decrease both in GSH level and in GSH/
GSSG ratio, but this phenomenon was not observed after
treatment with nano-ZnO and (S)-DCPP (Fig. 6). This re-
vealed that ZnO NPs caused cell toxicity to C.vulgaris by
aggravating the generation of ROS which resulted in the
response of the glutathione system. Because free zinc ions
can enhance production of ROS, further experiments were
conducted with ZnSO4·7H2O and DCPP to avoid the effect
of dissolved Zn2+ on the glutathione system. As shown in
Fig. 7, enantioselective differences were not observed when
the algae were exposed to ZnSO4·7H2O and the two enantio-
mers of DCPP. Also, after exposure to ZnSO4·7H2O, levels of
GSH and GSH/GSSG ratio decreased significantly compared

with the control. The results demonstrated that Zn2+ ions were
mainly bound to GSH in the glutathione system. Compared
with ZnSO4·7H2O treatment alone, the combined effect of
DCPP and ZnSO4·7H2O induced a rise in GSH production.
Because the carboxyl group of DCPP can complex with metal
ions to form complexes [28], there would be fewer free zinc
ions to form GSH–Zn. All these results provided indirect
evidence that the NP properties of ZnO NPs are the cause of
the ROS which induce cell damage in C.vulgaris.

Conclusions

On the basis of these experimental results we concluded that
ZnO NPs were toxic to algae and the toxicity was dose-
dependent. Analysis of Zn2+ concentrations indicated that
although most of the zinc was bound to the cell wall, intracel-
lular zinc is important in the toxicity of nano-ZnO. By assess-
ment oxidative damage we demonstrated that ZnO NPs can
cause oxidative stress. Enantioselectivity was clearly observed
for GSH level and GSH/GSSG ratio after exposure to ZnO
and DCPP together. Compared with treatment with
ZnSO4·7H2O and DCPP, however, the enantioselective shift
in the dynamic glutathione systemwas not obvious. The chiral
perturbation approach revealed that NPs could increase ROS
production. In conclusion, the toxicity of ZnO NPs was
caused by the properties of both the NPs and the zinc. Hence,
the effect of neither the characteristics of the NPs themselves
nor release of Zn2+ ion from the NPs should be ignored when
evaluating the toxicity of ZnO NPs. To understand and miti-
gate the negative effects of these particles, methods and tech-
niques should be further developed to thoroughly explain the
mechanism(s) of the toxicity of nano-ZnO in future studies.

Fig. 7 Change of GSH level and GSH/GSSG ratio in algal cells after
exposure to 20 μmol L−1 ZnSO4, and 20 μmol L−1 ZnSO4 with
50 μmol L−1 (S)-DCPP or (R)-DCPP. GSH and GSH/GSSG levels for
the control were normalized to 1 and values after other treatments were
expressed relative to this value. Bars with the same letter are not statis-
tically significantly different (p<0.05)

Fig. 6 Change of GSH level and GSH/GSSG ratio in algal cells after
exposure to 20 μmol L−1 ZnO NPs, and 20 μmol L−1 ZnO NPs with
50 μmol L−1 (S)-DCPP or (R)-DCPP. GSH and GSH/GSSG levels for the
control were normalized to 1 and values after other treatments were
expressed relative to this value. Bars with the same letter are not statis-
tically significantly different (p<0.05)

Fig. 5 Effect of 50 μmol L−1 of the two enantiomers of DCPP on the
GSH cycle. GSH and GSH/GSSG levels for the control, were normalized
to 1 and values after other treatments were expressed relative to this value.
Bars with the same letter are not statistically significantly different
(p<0.05)
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