
plants

Article

Effects of Titanium Dioxide Nanoparticles on
Photosynthetic and Antioxidative Processes of
Scenedesmus obliquus

Zhou Li 1,†, Philippe Juneau 2 , Yingli Lian 1, Wei Zhang 1, Shanquan Wang 1, Cheng Wang 1,
Longfei Shu 1, Qingyun Yan 1, Zhili He 1,3,* and Kui Xu 1,*,†

1 Environmental Microbiomics Research Center, School of Environmental Science and Engineering,
Southern Marine Science and Engineering Guangdong Laboratory (Zhuhai), Sun Yat-sen University,
Guangzhou 510006, Guangdong, China; lizh255@mail2.sysu.edu.cn (Z.L.); lianyli@mail.sysu.edu.cn (Y.L.);
zhangwei26@mail.sysu.edu.cn (W.Z.); wangshanquan@mail.sysu.edu.cn (S.W.);
wangcheng5@mail.sysu.edu.cn (C.W.); shulf@mail.sysu.edu.cn (L.S.); yanqy6@mail.sysu.edu.cn (Q.Y.)

2 Department of Biological Sciences, GRIL-EcotoQ-TOXEN, Ecotoxicology of Aquatic Microorganisms
Laboratory, Université du Québec à Montréal, Succ. Centre-Ville, Montréal, QC H3C 3P8, Canada;
juneau.philippe@uqam.ca

3 College of Agronomy, Hunan Agricultural University, Changsha 410128, Hunan, China
* Correspondence: hezhili@mail.sysu.edu.cn (Z.H.); xukui@mail.sysu.edu.cn (K.X.)
† Both authors contributed equally to this paper.

Received: 22 October 2020; Accepted: 7 December 2020; Published: 10 December 2020
����������
�������

Abstract: The effects of the photocatalytic toxicity of titanium dioxide nanoparticle (nano-TiO2) on
phytoplankton are well understood. However, as UV light intensity decreases sharply with the
depth of the water column, the effects of nano-TiO2 itself on deeper water phytoplankton, such as
green algae, need further research. In this research, we investigated the effects of three sizes of TiO2

(10, 50 and 200 nm) on the photosynthetic and antioxidative processes of Scenedesmus obliquus in the
absence of UV light. We found that 50 nm and 10 nm TiO2 (10 mg/L) inhibited growth rates and the
maximal photosystem II quantum yield compared to the control in Scenedesmus obliquus. The minimal
and maximal fluorescence yields, and the contents of reactive oxygen species and lipid peroxidation,
increased, indicating that photosynthetic energy/electrons transferred to oxygen and induced oxidative
stress in nano-TiO2-treated samples. In addition, we found that aggregations of algae and 10 nm TiO2

were present, which could induce cell membrane disruption, and vacuoles were induced to cope
with nano-TiO2 stress in Scenedesmus obliquus. These results enhance our understanding of the effects
of nano-TiO2 on the photosynthetic and antioxidative processes of green algae, and provide basic
information for evaluating the ecotoxicity of nano-TiO2 in freshwater ecosystems.
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1. Introduction

Since TiO2 nanoparticles (nano-TiO2) are widely used in commercial and industrial fields [1,2],
they are inevitably released into freshwater ecosystems [3,4]. In freshwater ecosystems, it has been
found that the concentration of nano-TiO2 ranges from 0.2 µg/L to 16 µg/L [5–7], and its modeled
concentrations in waste water treatment plant effluents could reach up to 3 mg/L, and this is expected to
dramatically increase in natural ecosystems in the future [8–10]. As abundant small (around 0.6–200µm)
single or clustered cells with high surface-to-volume ratios suspended in freshwater ecosystems [11],
phytoplankton have a high probability of encountering suspended particles, such as TiO2 nanoparticles.
The nano-TiO2 pollution in freshwater ecosystems could bring adverse effects on these photosynthetic
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organisms due to its aggregation with phytoplankton and/or its photocatalytic effects. Phytoplankton
are the dominant primary producers in freshwater ecosystems [12], and thus they are the base of the
aquatic food web and an important component of the carbon cycle, as well as other biogeochemical
cycles [13,14]. Therefore, a better understanding of the toxicological effects and underlying mechanisms
of TiO2 nanoparticles on phytoplankton is essential.

The photocatalytic activity of nano-TiO2 illuminated by UV light can damage algae by directly
reacting with cell membranes or generating reactive oxygen species (ROS) [14], which is accepted as one
of the main toxicity mechanisms of nano-TiO2 on phytoplankton [15–17]. However, some phytoplankton,
such as green algae, are mainly found at depths greater than one meter [18,19], where UV intensity is
less than 1% of that on the surface water in many lakes, such as Taihu Lake in China [20,21]. This low
UV intensity is unlikely to activate nano-TiO2 particles and induce the strong photocatalytic inhibition
of phytoplankton. Therefore, photocatalytic inhibition should not be the main toxicity mechanism
of nano-TiO2 for algae in deeper waters. On the other hand, studies of nano-TiO2 toxicity on green
algae without UV can provide the information needed to better understand the ecotoxicological effects
of nano-TiO2 itself on freshwater ecosystems. However, these toxic effects on green algae are still
uncertain and require further investigation.

The toxicity of nano-TiO2 could also be due to its aggregation with phytoplankton and subsequent
influence on light absorbance and nutrient uptake [22,23]. Moreover, the aggregation between
phytoplankton and TiO2 nanoparticles could also result in phytoplankton cell membrane damage
by increasing the permeability or disrupting the cell membrane [24]. This cell membrane damage
was shown to induce a series of metabolic changes in phytoplankton. Indeed, phytoplankton could
induce exopolysaccharide (EPS) production to cope with nano-TiO2’s adverse effects by decreasing
the direct interaction between nanoparticles and cell membrane [25,26]. If nanoparticles enter into
the cell by permeating the cell membrane, they may react with organelles and therefore compromise
their functions. It has been found that TiO2 nanoparticles could alter the chloroplast functions of
dinoflagellate Karenia brevis, and therefore inhibit photosynthesis [22].

Photosynthesis inhibition could result in reactive oxygen species (ROS) production generated by
the energy transfer from triplet chlorophyll molecules to oxygen or electrons transfer to oxygen [27,28].
As one of the main ROS, singlet oxygen species could react with the photosystem II (PSII) reaction center
D1 protein and degrade it, causing PSII inhibition [29]. Mitochondria are another ROS production site in
plant cells [30], but scarce information exists about the toxicological effects of nano-TiO2 on respiration
in phytoplankton. In order to prevent or cope with ROS, phytoplankton may trigger protection
mechanisms, such as non-photochemical quenching (NPQ) and increasing antioxidant enzymatic
activity [31]. However, we still lack information about how nano-TiO2 induces photosynthetic and
antioxidative protection mechanisms and interacts with green algae in freshwater ecosystems.

In this research, we used Scenedesmus obliquus, a model species for studying the toxicological
effects of pollutants [26,32,33], to investigate the toxicological effect of nano-TiO2 on the photosynthetic
and antioxidative processes under artificial fluorescent light without UV illumination, in order to obtain
a better understanding of the mode of action of these particles. If the cell membrane, photosynthesis
and respiration were affected, we would determine the inhibitory targets of nano-TiO2, and then
how and which, if any, response mechanisms would be triggered to cope with this stress condition.
We found that nano-TiO2 could directly disrupt the algal cell membrane, and inhibit the oxygen
evolution and PSII activity of S. obliquus, while it induced a series of response mechanisms to cope
with these stress conditions.

2. Results

2.1. The Effects of TiO2 on S. obliquus Growth

In order to explore the effect of TiO2 (10 mg/L) on the growth of S. obliquus, cell numbers were
measured daily and growth rates were calculated during a 72 h TiO2 treatment. The effect of three
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sizes of TiO2 on the growth of S. obliquus is shown in Figure 1. Two sizes of nano-TiO2 inhibited the
growth on the second day, and this inhibition was enhanced on the third day in S. obliquus (Figure 1A).
The 72 h growth rate was therefore reduced in the presence of TiO2 particles; the growth rate was
significantly inhibited by 20% when exposed to 50 nm TiO2, while 10 nm TiO2 inhibited the growth
rate strongly by 38%. However, the bulk (200 nm) TiO2 did not induce significant effects on the growth
rate for the studied species.
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Figure 1. Effects of three sizes of TiO2 particles on the growth of S. obliquus. Panel (A): Growth
curves; Panel (B): Growth rate; Different letters on the error bars represent significant (Tukey’s honestly
significant difference (HSD), p < 0.05) differences. Values are represented as means ± SD (n = 6).

2.2. Photosynthesis and Respiration of S. obliquus under TiO2 Treatments

In order to examine the effect of TiO2 on the photosynthesis and respiration of S. obliquus,
we measured the oxygen evolution, oxygen consumption and chlorophyll induction curves under three
sizes of TiO2 after 72 h exposure (Figure 2). The photosynthetic oxygen evolution was significantly
inhibited by 55% and 66% under 50 and 10 nm TiO2, respectively, while respiration was inhibited by
41% under 10 nm TiO2, but without significance (Figure 2A). The maximal PSII quantum yield (ΦM)
was significantly inhibited by 13% and 17% under 50 and 10 nm TiO2, respectively, compared to the
control, while there was no significant difference between these two sizes of nano-TiO2. A similar
tendency was found for the operational PSII quantum yield (Φ’M), which was significantly inhibited by
13% under both 50 and 10 nm TiO2, but bulk TiO2 did not significantly inhibit ΦM and Φ’M (Figure 2B).
Both 50 nm and 10 nm TiO2 significantly increased F0 by respectively 51% and 80%, while there
was no significant difference in F0 between these two sizes of nano-TiO2. For FM, only the 10 nm
TiO2 significantly increased by 37% compared to the control (Figure 2C). The three sizes of TiO2 (200,
50 and 10 nm) significantly decreased NPQ by 43%, 49% and 63%, respectively, while there was
no significant difference in NPQ among the three sizes of TiO2 (Figure 2D). In order to explore the
photosynthetic responses to TiO2 over the entire exposure time, we also measured the induction curves
of the studied species after 24 h and 48 h, to obtain the PSII quantum yields, NPQ and relative electron
transport rate (rETR) (Supplementary Materials Figure S1). The ΦM, Φ’M and rETR were not inhibited
after 24 h, but showed an inhibition at 48 h and 72 h for two sizes of nano-TiO2 (50 nm and 10 nm)
(Figure S1A–C,G–I). On the other hand, NPQ was stimulated for the 10 nm TiO2-treated samples at
24 h and 48 h compared to control, but was sharply decreased at 72 h of exposure (Figure S1D–F).
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Figure 2. Effects of three sizes of TiO2 on photosynthetic parameters in S. obliquus after 72 h exposure.
(A) Oxygen evolution/consumption under growth light and dark conditions, respectively; (B) PSII
quantum yield; (C) Maximal and minimal fluorescence yields (FM and F0); and (D) non-photochemical
quenching (NPQ). Different letters on the error bars represent significant (Tukey’s HSD, p < 0.05)
differences. Values are represented as means ± SD (n = 3).

2.3. Oxidative Process of S. obliquus under TiO2 Treatments

The effects of three sizes of TiO2 on ROS, SOD and MDA content, after 72 h exposure, are shown
in Figure 3. The 10 nm TiO2 significantly increased the intracellular ROS content by 129% compared to
control, while the 50 nm and bulk TiO2 did not have such an effect compared to the control samples
(Figure 3A). Both nano-TiO2 particles significantly increased the intracellular SOD activity by 128%
(50 nm) and 290% (10 nm) (Figure 3B). Similarly to ROS, MDA content was only significantly increased
by 127% in the presence of the 10 nm TiO2 particles compared to the control (Figure 3C).
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(A) ROS content; (B) SOD activity; and (C) MDA content. Different letters on the error bars show
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2.4. Pigments of S. obliquus under TiO2 Treatments

Both nano-TiO2 sizes (50 and 10 nm) caused a significant decrease in Chl a concentration
(respectively by 56% and 63%) after 72 h exposure compared to the control samples (Table 1). However,
the three tested sizes of TiO2 did not significantly affect Chl b and total carotenoids in the studied
species. It was found that 50 nm TiO2 significantly increased the Chl b/Chl a ratio by 55% compared to
the control cells. We also noticed that 50 and 10 nm TiO2 significantly increased the ratio of Car/Chl a
by 33% and 50%, respectively (Table 1).

Table 1. Effects of three sizes of TiO2 particles on the pigment of S. obliquus after 72 h exposure. Different
letters following values in the same row represent significant difference (Tukey’s HSD, p < 0.05). Values
are represented as means ± SD (n = 3). Chlorophyll a (Chl a), Chlorophyll b (Chl b) and Carotenoid
(Car) contents are expressed as 10−13 g/cell.

Pigment Control Bulk TiO2 50 nm-TiO2 10 nm-TiO2

Chl a 8.80 ± 2.81 a 8.15 ± 1.16 a,b 3.91 ± 2.06 b,c 3.29 ± 0.16 c

Chl b 2.58 ± 0.83 a 2.58 ± 0.24 a 1.79 ± 0.96 a 1.30 ± 0.20 a

Car 6.75 ± 1.85 a 6.43 ± 0.61 a 3.87 ± 1.43 a 3.87 ± 0.28 a

Chl b/Chl a 0.29 ± 0.01 a 0.32 ± 0.02 a 0.45 ± 0.06 b 0.40 ± 0.08 a,b

Car/Chl a 0.78 ± 0.04 a 0.79 ± 0.04 a 1.04 ± 0.14 b 1.17 ± 0.03 b

2.5. Aggregation between Algae and Three Sizes of TiO2

We found that the aggregation between algae and TiO2 was more obvious as the size of TiO2

decreased (Figure 4). Moreover, we clearly saw that wrinkles were induced outside the algal cell under
both nano-TiO2 samples (Figure 4C,D), but not in the bulk TiO2 samples (Figure 4B). The damaging
effects of 10 nm TiO2 on algal cells and the intracellular structure were largely due to the disruption of
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cell membranes (Figure 5A), and impaired chloroplast and vacuoles were clearly induced under this
nano-TiO2 size (Figure 5B).
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(B) 10 nm-TiO2. Blue arrow shows a vacuole while red arrow shows cell membrane breaking. Chl:
Chloroplast; Nuc: Nucleus.

3. Discussion

The concentrations of nano-TiO2 that were effective on the growth of green alga range widely
from 0.2 to 250 mg/L, according to previous published papers. These variations in the observed effects
are mainly caused by the different experimental designs, the sizes of nano-TiO2, and the studied
species [24,34–38]. However, most of those experiments were performed under artificial fluorescent
light that emits some UV radiations [14]. In this research, we clearly demonstrated that both the size
fractions of nano-TiO2 (10 mg/L) inhibited the growth and photosynthesis of S. obliquus. Moreover,
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bulk TiO2 did not inhibit growth at the concentration of 10 mg/L, suggesting that there is no toxicity
induced by bulk TiO2 for the studied species below this concentration. Therefore, the inhibition of
growth in the studied species induced by nano-TiO2 seems to be mainly caused by the particle size
instead of the TiO2 properties.

When we compare the impacts of different sizes of TiO2, 10 nm nano-TiO2 induced a stronger
growth inhibition compared to 50 nm nano-TiO2 in S. obliquus, but the impact on photosynthesis (Φ’M)
was not different between the two sizes. These different effects between growth and photosynthesis
suggest that other metabolic mechanisms than photosynthesis could have been involved when the
algae were exposed to 10 nm nano-TiO2 compared to 50 nm nano-TiO2. We also demonstrated that the
F0 increased without a significant change of FM (although an increasing trend was observed) under
50 nm nano-TiO2 treatment, while both F0 and FM increased under 10 nm nano-TiO2 treatment in the
studied species. It has been suggested that an increase in F0 without obvious changes in FM indicates a
blockage of the energy transfer among antenna pigments (and/or from antenna pigments to reactions
centers) in cyanobacteria exposed to zinc [39]. We can therefore advance that the 50 nm nano-TiO2

induced mainly a similar impact on energy transfer, while under the 10 nm nano-TiO2 both energy
transfer inhibition and a damaged electron transport chain were observed.

Due to the induced inhibition of PSII quantum yields and oxygen production, we can expect that
the excess energy would be dissipated through non-photochemical quenching (NPQ) mechanisms,
as shown previously [40–42]. Surprisingly, it is interesting to note that NPQ decreased under the
two sizes of nano-TiO2 treatment, which indicates that NPQ is not an induced mechanism to cope
with TiO2 stress conditions in S. obliquus. This decreased NPQ may result from the decreased Chl a
content, which prevents a strong excitation pression at PSII, and also the damaged chloroplast
structure (Figure 5B) necessary for the induction of NPQ [43,44]. Consistently, our recent study found
that NPQ was not induced under stress conditions (mesotrione exposure) for another green alga
Chlamydomonas reinhardtii either [45]. Therefore, these results suggest that NPQ may not be the main
response mechanisms to pollutants (e.g., nano-TiO2 or metals) in green algae [39].

Energy transfer among antenna and the blockage of photosynthetic electron transfer could result
in excess energy accumulation [28]. As mentioned, this excess energy should normally be dissipated
through NPQ; otherwise, excess energy could form triplet chlorophylls that transfer energy to oxygen
to produce singlet oxygen [46]. This increased singlet oxygen in theory could therefore contribute to the
increase in ROS under nano-TiO2 treatment, but this needs to be further explored. On the other hand,
the relative electron transport rate inhibited under nano-TiO2 treatment (Figure S1I) may also lead to
the forming of ROS when electrons react with oxygen, and therefore also contribute to the increase in
ROS. Superoxide, as an important ROS, may be generated through Mehler reaction at the PSI level,
resulting in oxygen consumption. The increased SOD activity detected for the nano-TiO2-treated
samples suggests an increased Mehler reaction activity, and therefore a higher superoxide production.
Those increased ROS could compete with oxygen evolution at PSII, which can explain why the oxygen
evolution was much more inhibited than the PSII quantum yield under nano-TiO2 treatment. Moreover,
respiration also seems to be inhibited by this particle size, although not significantly, which suggests
that respiration may also contribute to ROS production and subsequently induce cell membrane lipid
peroxidation under 10 nm nano-TiO2. Additionally, an increased ROS content could damage the
thylakoid membranes and the structure of the light-harvesting complexes [47]. The increased SOD
activity observed in the 50 nm nano-TiO2 treatment may also explain the small damage caused by
ROS in these treated cells, while the scavenging system was not strong enough to scavenge the ROS
produced under 10 nm nano-TiO2. Therefore, the decreased energy transfer from light-harvesting
complexes to reaction centers and/or electron transfer after PSII should occur, leading to an increased
production of ROS due to the energy accumulation at the light-harvesting complexes and/or the
inhibition of electron transfer.

We clearly demonstrated that aggregation between algae and nano-TiO2 was more abundant as
the size of TiO2 decreased, as was also seen with nano and bulk ZnO in Phaeodactylum tricornutum [48].
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This aggregation was suggested to be blocking light absorption and inhibiting algal growth,
a phenomenon called the shading effect [35,36]. NPQ decreased under bulk TiO2, which may suggest
that the photosynthetic energy absorption efficiency was increased, which implied a shading effect
under bulk TiO2 treatment samples. However, growth rate, F0 and chlorophyll content were not affected
in the samples exposed to bulk TiO2, suggesting that the shading effect was not induced, at least not
obviously, by bulk and nano-TiO2 particles. Therefore, aggregation between algae and the nano-TiO2

should induce other adverse effects on algae than the shading effect. Indeed, from the TEM results,
we found that 10 nm TiO2 disrupted algal cell membranes and induced holes in algal cell membranes.
Similar results were also induced by nano-ZnO in another green alga, Pseudokirchneriella subcapitata [37].
These broken cell membranes may allow the entrance of nano-TiO2 particles into the algal cell and
induce more damages. One of the most obvious damages induced by nano-TiO2 was the destruction
of thylakoid membrane stability, which was demonstrated by the loss of intact chloroplasts, and this
is in agreement with previous studies showing the chloroplast impairment/degradation induced
by nano-TiO2 in the green alga Chlorella pyrenoidosa and the higher plant Arabidopsis thaliana [49,50].
Therefore, this damage could impact the structural pigment–protein complexes and finally inhibit the
energy transfer from light-harvesting complexes to reaction centers, which is also suggested by the
chlorophyll fluorescence yield changes (F0 and FM) as discussed above. We therefore propose that the
light-harvesting complex may be one of the main photosynthetic apparatus targets of nano-TiO2 in
the studied species. In order to more efficiently cope with intracellular nano-TiO2, the studied species
induced vacuoles to isolate nano-TiO2 and protect the thylakoid membrane. This protection mechanism
(vacuole accumulation) was shown to be sufficient to isolate metals (such as Cu and Cd), and therefore
to play an important role under metal stress conditions in green algae and higher plants [51,52].

Considering that the growth rate, the maximal PSII quantum yield and the NPQ were not significantly
affected by TiO2 exposure in the first 24 h, and that the inhibition of growth and photosynthesis was
gradually observed from 24 to 72 h (Figure S1), we speculate that nano-TiO2 particles firstly disrupt
cell membranes and thylakoid membranes, then impact the structural pigment–protein complexes,
and inhibit light energy transfer from light-harvesting complexes to reaction centers and photosynthetic
electron transport rate, then finally induce oxidative stress and growth inhibition in S. obliquus.

In this study, we revealed the effects of the toxicity and protection mechanisms of nano-TiO2 on
membrane stability, photosynthetic energy transfer processes and anti-oxidative processes in S. obliquus.
We clearly demonstrated the possible inhibition of these particles, at high concentrations, of the growth
and photosynthesis of freshwater green algae found in deeper waters, and therefore the present study
provides new insights into our understanding of the toxicity of nano-TiO2 on phytoplankton. Although
the current environmental concentrations of nano-TiO2 do not reach the concentration used in the
present study, these findings are essential to better understand what will happen eventually, since water
concentrations of nano-TiO2 are expected to dramatically increase in the near future [53].

4. Materials and Methods

4.1. Algae and Nano-TiO2

Scenedesmus obliquus FACHB416 (hereafter S. obliquus) was obtained from the Freshwater Algae
Culture Collection of the Institute of Hydrobiology, the Chinese Academy of Sciences. This alga was
grown in a 250 mL flask containing 150 mL BG11 medium [54] placed on a constant rotary shaker
(100 rpm), which was in a growth chamber under a 14:10 h light/dark cycle with a light intensity of
150 µmol photons m−2

·s−1 and 24 ◦C. In order to avoid the UV emission from artificial fluorescence
light, light came sideways into the flasks and a thick glass was placed between the fluorescence light
tubes and flasks. We confirmed that the UV (290–390 nm) intensity was zero inside the flasks by
a UV light meter (UV−340A, Lutron, Taipei, China). Cells were kept in their exponential growth
phase and cell count was determined using a MultisizerTM 3 Coulter Counter® (Beckman Coulter Inc.,



Plants 2020, 9, 1748 9 of 13

Brea, CA, USA). The growth rate was calculated as µ = (ln(A3) − ln(A0))/3, in which A3 and A0 are the
cell numbers of samples at the start day and the third day, respectively.

Anatase nano-TiO2 and bulk TiO2 (three different average sizes: 10, 50 and 200 nm) were
purchased from Shanghai Aladdin Biochemical Technology CO., Ltd., Shanghai, China. The size and
properties of nano-TiO2 and bulk TiO2 were confirmed by SEM (details in 2.4) and X-ray Diffraction
(XRD; Ultima IV, Rigaku Corporation, Tokyo, Japan). Stock solutions of nano-TiO2 and bulk TiO2

(10,000 mg/L) were prepared with sterile MQ water and were kept at 4 ◦C until use. Nano-TiO2 and
bulk TiO2 (equal volume of sterile MQ water for control) were sonicated for 30 min and then added
to the cultures with a final nominal concentration of 10 mg/L, which was the lowest concentration
inducing effects on the studied species. The original cell concentration in each flask was approximately
1 × 104 cells/mL. After adding the three size fractions of TiO2 to the cultures, the cells were grown under
the above conditions for 72 h (usual duration for studying toxicity of nano-TiO2 on phytoplankton for
short-term exposure).

4.2. Oxygen Evolution/Consumption and Chlorophyll a Fluorescence Measurement

After 72 h exposure, oxygen evolution/consumption under growth light/dark was measured by a
YSI 5100 Dissolved Oxygen Meter (YSI, Yellow Springs, OH, USA) and the concentrations of samples
were kept the same at around 2 × 105 cells/mL. A fluorescence induction curve was measured by
a WATER-PAM Chlorophyll Fluorometer (Walz GmbH, Effeltrich, Germany) according to Ref. [55].
In brief, cultures were dark-acclimated for 15 min, and then minimal fluorescence yield (F0) and
maximal fluorescence yield (FM) were measured respectively before and after being pulsed with
a saturating light (800 ms, 3000 µmol photons m−2

·s−1). After that, an actinic light with the same
intensity as the growth light was turned on for 6.5 min, and every half minute a saturating light was
applied to get the fluorescence yield F’ and F’M before and after the saturating light pulse. Maximal
PSII quantum yield (ΦM) and operational PSII quantum yield (Φ’M) were calculated following these
equations: ΦM = (FM − F0)/FM [56] and Φ’M = (F’M − F’)/F’M [57]. Non-photochemical quenching was
calculated as: NPQ = (FM − F’M)/F’M [58]. NPQ and Φ’M are the average values calculated from the
last three saturating light measurements.

4.3. ROS, SOD and MDA Measurements

2’-7’-Dichlorofluorescin Diacetate (DCFH-DA) was purchased from Shanghai Aladdin Biochemical
Technology CO., Ltd., China and used to measure reactive oxygen species in the studied algae following
the instruction of the manufacturer. In brief, after 72 h TiO2 treatment, 10 mL of samples were collected
by centrifugation (8000× g) for 10 min. Two ml DCFH-DA were added to the pellet and incubated at
37 ◦C for 30 min, then 2 mL fresh PBS buffer was used to wash the samples three times to remove the
DCFH-DA in the solution. At last, the 522 nm fluorescence emission was recorded by exciting the
samples at 488 nm with a microplate reader (Thermo Fisher, Waltham, MA, USA).

SOD activity and the MDA content were determined by using two different reagent kits
(Nanjing Jiancheng Biotechnology Institute, Nanjing, China). In brief, after 72 h exposure, we collected
cells by centrifugation (8000× g) at 24 ◦C for 10 min, and the pellets were homogenized in PBS (pH = 7.2).
Then we followed the reagent kit’s detailed procedures. The SOD activity and MDA content were
analyzed by measuring the absorbance at 550 nm and 532 nm, respectively, with a microplate reader
(Thermo Fisher, Waltham, MA, USA).

4.4. Pigment Measurements

Chlorophyll a and Carotenoid were determined spectrophotometrically. In brief, after 72 h
exposure, the well-mixed cultures were centrifuged at 8000× g for 10 min to remove all the
supernatant, and the pellets were homogenized with 100% ethanol. Then the mixtures were vigorously
shaken with a vortex and placed at −20 ◦C for 24 h. The extracts were centrifuged at 8000× g for
5 min, and the absorbance of the supernatants was evaluated by microplate reader (Thermo Fisher,
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Waltham, MA, USA). The contents of Chl a, Chl b and carotenoids were calculated according to
Ref. [59], based on their absorbances at 470 nm, 649 nm and 665 nm.

4.5. SEM and TEM Measurements

After 72 h TiO2 treatment, the cell morphology and surface information were obtained by Scanning
Electron Microscope (SEM) (JSM-6330F, JEOL, Tokyo, Japan) following the method of Ref. [60]. In brief,
we fixed samples in 2.5% glutaraldehyde for 1 h, then rinsed them with PBS buffer three times to wash
out the residual glutaraldehyde. The samples were gradually put in gradient concentrations of ethanol
(50%, 70%, 85%, 95% and 100%) to dehydrate the cells and dry them in a critical point dryer with liquid
CO2. Finally, the samples were coated with gold–palladium and prepared for SEM observations.

After 72 h TiO2 treatment, the algal cell ultrastructure was obtained by transmission electron
microscope (TEM). In brief, we collected the cells by centrifugation (8000× g) at 24 ◦C for 10 min,
and the pellets were fixed in 4% glutaraldehyde overnight at 4 ◦C. The samples were then washed
with PBS (pH = 7.2) by centrifugation (3800× g) three times (10 min each time). Samples were
then stained with 1% osmium tetroxide for 1 h at 4 ◦C and washed again with PBS. Samples were
successively dehydrated with ethanol, embedded and solidified overnight, then we obtained an
ultrathin section by ultra-microtome, and finally the samples were prepared for TEM (JEM-1400, JEOL,
Tokyo, Japan) observation.

4.6. Statistics Analysis

Statistical analyses were performed using Origin 2018 (OriginLab Corporation, Northampton,
MA, USA) and GraphPad Prism 7 (GraphPad Software, San Diego, CA, USA). Data were evaluated by
one-way analysis of variance (ANOVA), and Tukey’s honestly significant difference (HSD) test were
performed to confirm significant differences between treatments. Statistical significance was set at
p < 0.05. All data shown in this study are presented as mean ± SD with three or more replicates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2223-7747/9/12/1748/s1,
Figure S1: Three chlorophyll a fluorescence parameters calculated from induction curves in S. obliquus after
24, 48 and 72 h TiO2 treatments.
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