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A B S T R A C T

The expanding production of engineered nanomaterials (ENMs) can eventually cause their increased release into
and presence in aquatic ecosystems, potentially threatening the health of aquatic organisms and the stability of
the ecological environment. Generally, ENMs are repeatedly released into real-world aquatic environments in
relatively low concentrations, potentially affecting photosynthesis in primary producers such as algae. However,
knowledge regarding the effects of repeated exposure to ENMs on algal photosynthesis is still lacking. Herein, the
physiological responses of the freshwater algae Chlorella vulgaris following single and repeated exposures to
cerium oxide nanoparticles (CeO2 NPs) were investigated at 10 mg/L, with a focus on photosynthesis. The results
showed that repeated exposures triggered increased photosynthetic pigment contents, oxidative stress levels,
decreased photosynthetic performance, and lower biomass in C. vulgaris compared to a single exposure.
Photosynthesis-related genes (i.e., petA, petB, psaA, atpB, and rbcL) were found to be upregulated following
repeated exposures. Particularly for petB, repeated rather than single exposure treatment significantly upregulated
its expression levels by 2.92–10.24-fold compared to unexposed controls. Furthermore, increased exposure times
could aggravate the interaction between CeO2 NPs and algae, elevating 8.13%, 12.13%, and 20.51% Ce distri-
bution on the algal cell surface or intracellularly, compared to a single exposure. This study is the first to
investigate the effects of ENM exposure times on algal photosynthesis, providing new insights into the assessment
of the risks these materials pose to real-world aquatic environments.
1. Introduction

Recent advances in nanotechnology have dramatically increased the
production of artificially engineered nanomaterials (ENMs), as well as
their inevitable release into ecological systems. Indeed, over 10,000
ENMs-based products have been registered in the Nanotechnology
Product Database as of 2023 [1]. Among these ENMs, cerium oxide
nanoparticles (CeO2 NPs) can significantly transform between Ce(III)
(Ce2O3) and Ce(IV) (CeO2) forms. They have been used as diesel fuel
additives [2], mechanical polishers [3], pharmacological agents [4], and
catalyzers [5]. However, the usage and unanticipated discharge of ENMs,
including CeO2 NPs, into the environment can mean their eventual
migration into bodies of water, where they can pose direct threats to
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aquatic organisms [6]. The Organization for Economic Cooperation and
Development (OECD) has listed CeO2 NPs as one of 13 priority ENMs for
immediate testing and risk assessment since 2008 [7]. To date, several
studies have identified the deleterious effects of CeO2 NPs on aquatic
organisms at environmentally relevant concentrations (i.e.,
1–100 nmol/L) [8–11].

The final concentrations of ENMs in aquatic environments arise from
the combined effects of continuous ENM usage and the repeated
discharge of wastewater containing these substances—which, in turn,
leads to extensive contact between them and aquatic organisms [12–14].
Previous toxicological studies have generally focused on the effects of
single exposure of ENMs on aquatic organisms [15–17], and have thus
overlooked the effects of repeated exposures. Considering that the
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exposure period of pollutants is deeply connected with the physiological
rhythms of the exposed organisms [18], in the long-term biogeochemical
cycle, repeated exposure to ENMs may also cause a chronic impact on
environmental microorganisms, as well as different biological effects in a
single organism, compared to a single exposure [19]. For example,
repeated exposure to TiO2 NPs can induce significant shifts in soil bac-
terial diversity and community structure, owing to the mobility of these
NPs [13]. Regarding aquatic organisms, some studies have found that
repeated exposure to ENMs can trigger weaker nanotoxicity responses
than single exposure. However, in a recent study, Cao et al. [19] found
that although repeated exposure to low concentrations of Ag NPs had
little effect on algal growth, it nevertheless accelerated the intracellular
accumulation of these NPs. Enhanced NPs internalization into the algal
cells suggested that the mode of repeated exposure may aggravate the
aquatic ecological risks of ENMs via their migration through food chains
[20]. Conflicting results in this field may be attributable to
organism-dependent differences in responses to specific ENMs.

Algae represent one of the most important primary producers in many
aquatic ecosystems. Their growth and cellular responses to environ-
mental stresses are highly regulated by the light processed in their
photosynthetic systems [21]. They produce oxygen and consume CO2
through photosynthesis, sequestering ~54.9 to 67.7 tons/ha of CO2
annually via algal photosynthesis, thus representing one of the most
critical carbon sequestration pathways in many ecosystems [22]. They
are thus generally considered to be important contributors to the goal of
achieving global carbon neutrality as soon as possible [23,24]. Zhang
et al. [25] reported that several typical indexes (e.g., photochemical
quantum yield and non-photochemical quenching) for the degree of
photosynthesis in algae were sensitive to ENMs, suggesting photosyn-
thesis as an adjustable parameter through which to adjust the algal
response to ENMs. Algal chloroplasts, a source and reservoir for reactive
oxygen species (ROS) production and accumulation, may be harmed by
exposure to ENMs [26]. Environmental stress-induced ROS over-
production may not only limit CO2 fixation but also disturb the overall
process of photosynthesis [27]. Therefore, photosynthesis can be used as
an effective biological indicator to identify the toxicological effects of
ENMs [25,28]. Previous studies have found that low-dose or long-term
exposure to ENMs not only induced significant variations in growth
and/or photosynthesis, but also significantly regulated gene expression
[29]. Given the important role of photosynthesis in algae, it is reasonable
to hypothesize that changes in exposure to ENMS (e.g., single vs.
repeated exposures) may significantly influence algal growth and
development by regulating photosynthesis at the genetic level.

Notably, once ENMs are released into aquatic environments, they
induce the formation of homo-aggregates or hetero-aggregates with
aquatic organisms [30,31]. In contrast to single exposure, repeated releases
of CeO2 NPs may provide more opportunities for interactions with algae,
owing to the reduction of homo-aggregates. This may explain the differ-
ences in algal growth andphotosynthesis observed as a result of exposure to
CeO2 NPs, but this notion merits further investigation. In this study, both
single and varying levels of repeated exposures (i.e., 2, 3, and 6 times) to
CeO2 NPs were used to investigate the resultant differences in growth,
photosynthesis, and oxidative stress characteristics in the freshwater algae
Chlorella vulgaris. The expression of photosynthesis-related genes was
determined to reveal whether repeated exposures could significantly affect
photosynthesis at the genetic level. Finally, the aggregation, the Ce distri-
bution, and the biological effects of direct contact between CeO2 NPs and
algae were investigated to explain the different mechanisms underlying
algal responses to single and repeated exposures to CeO2 NPs. This study
will, hopefully, provide valuable insights into the ecological risks ENMs
pose to aquatic ecosystems from the perspective of photosynthesis.

2. Materials and methods

The CeO2 NPs used in this study were purchased from Aladdin
Biochemical Technology Co., Ltd. (Shanghai, China) and had a purity of
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>99.95%. The morphology and size of CeO2 NPs were observed via
transmission electron microscopy (TEM; FEI Talos F200x, Thermo Fisher
Scientific, USA). The Ce3þ/Ce4þ ratios on the surface of CeO2 NPs were
determined using X-ray photoelectron spectroscopy (XPS; K-Alpha,
Thermo Fisher Scientific, USA), and each spectrum was calibrated using
its C1s peak at 284.8 eV. The crystal structure of the nanoparticles was
also determined using X-ray diffraction (XRD; Ultima IV, Rigaku Co.,
Ltd., Japan).

2.1. Algal culture and CeO2 NPs exposure

C. vulgaris (strain no. FACHB9) was obtained from the freshwater algae
culture collection at the Institute of Hydrobiology, Chinese Academy of
Science (Wuhan, China). The cultures were pre-cultivated in sterile BG11
medium (pH ¼ 7.0 � 0.2) in conical flasks at 24 �C, using an illumination
shaking incubator at 150 rpm and a light/dark cycle of 14 h/10 h [light
intensity: 100 μmol/(m2�s); red: 23.2%, green: 48.7%, blue: 28.0%]. Once
the algae reached the exponential growth phase, CeO2 NPs were added to
the growth substrate in single and repeated additions. The initial concen-
tration of algae was 1 � 106 cells/mL, which were treated with CeO2 NPs
for 72 h. Before the exposure experiment, 1 g/L of CeO2 NPs stock solution
was prepared and sonicated for 20 min. Toxicological assays over a range
of concentrations (0, 0.1, 1, 5, 10, 50, and 100 mg/L) of CeO2 NPs on
C. vulgariswere conducted to determine the sublethal concentration, which
was then used for the repeated exposure experiment. The algal number,
biomass, and chlorophyll content of the samples exposed to CeO2 NPs for
120 h at varying concentrations are shown in Fig. S2. No significant
changes in cell numbers were observed at any concentration of CeO2 NPs
from 0 to 120 h. However, when exposed to CeO2 NPs at 10 mg/L, both
algal biomass and the ratio of chlorophyll a to b (Chl a/b) were signifi-
cantly decreased (Fig. S2). On the other hand, the ROS levels,
superoxide dismutase (SOD) activity, and catalase (CAT) activity increased
(Fig. S3, p < 0.05). Previous studies have shown that the environmentally
relevant concentration of CeO2 NPs, as well as other nanomaterials in the
aquatic environment, has reached the range of mg/L [19,32,33]. With the
increase in yields of CeO2 NPs, their amount of repeated release would
probably elevate to 10 mg/L and then become a key environmental
concern. In addition, current studies have demonstrated the toxicity of
CeO2 NPs to algae when concentrations reached 4.4–29.6 mg/L [16].
Therefore, 10 mg/L was the concentration selected for comparing the algal
responses following single and repeated exposures to CeO2 NPs. The doses
and addition times of CeO2 NPs for repeated exposures varied with the
incubation time. As shown in Fig. S4, within a 72-h exposure treatment,
the 1/2, 1/3, and 1/6 doses of 10mg/L CeO2 NPs were concurrently added
to algae-contained media at every 36 h, 24 h, and 12 h, respectively. The
control, single exposure, 2� repeated exposure, 3� repeated exposure, and
6� repeated exposure groups were labeled Con, 1-CeO2 NPs, 2-CeO2 NPs,
3-CeO2 NPs, and 6-CeO2 NPs, respectively. The interactions between the
algae and the CeO2 NPs were determined in the 1-CeO2 NPs group via
scanning electron microscopy (SEM; SU8100, Hitachi Ltd., Japan) equip-
ped with energy dispersive X-ray spectroscopy (EDS; UltimMax65, Oxford
Instruments plc., UK). More detailed information regarding the procedure
is shown in the supporting information (SI, Text S1).

2.2. Growth inhibition

After 72 h of exposure to CeO2 NPs, algae were collected and counted
using an automatic cell-counting instrument (Countstar, ALIT Life Sci-
ence Co. Ltd., China). The biomass of the algae was then calculated via
the following equation [34]:

Biomass¼ c1 � l1 � d21
c0 � l0 � d20

� Biomass0 (1)

where c1 and c0 represent the concentration of the algal suspensions in
the treatment and control groups, respectively, l1 and l0 represent the
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average lengths of the algal cells in the treatment and control groups,
respectively, and d1 and d0 represent the average diameters of the algal
cells in the treatment and control groups, respectively. Biomass0 repre-
sents the dried algal biomass in the control group, which was prepared
via overnight vacuum drying to achieve a constant weight.

The inhibition ratio of algal growth under the different treatments
was evaluated using the following equation:

Algal growth inhibition ratio ¼ N0 � N1

N0
� 100% (2)

where N0 and N1 represent the algal cell numbers in the control and
treatment groups, respectively.

2.3. Photosynthetic pigment contents and chlorophyll fluorescence
parameters

The photosynthetic pigments (i.e., Chl a and Chl b) of C. vulgaris were
extracted and measured using an ultraviolet–visible light (UV–Vis) spec-
trophotometer (U-3900,Hitachi), following a previously describedmethod
with minor modifications [10]. The steps used for pigment extraction and
measurement are described in detail in Text S2. The chlorophyll fluores-
cence of the algae was determined via pulse amplitude modulated (PAM)
fluorometry (AP110-C, PSI, Czechia), which was dark-adapted for 15 min
before the determination. For each measurement, a 4-mL algal suspension
was prepared and added to a four-sided clear cuvette for the measurement
of chlorophyll fluorescence. Rapid light curves (RLCs) were tested by
exposing the cuvettes to gradients of light intensity [10, 20, 50, 100, 300,
and 500 μmol/(m2⋅s)] to quantify the respiratory rate of the algae, which
were plotted by fitting the relative electron transport rate against the
photosynthetically active radiation (PAR) using a double exponential
decay equation. The final slope (β) of the RLCs reflected the efficiency of
light energy consumption. Several indexes—including non-photochemical
quenching (NPQ), photochemical quenching (qL), photochemical quan-
tumyield (ΦPS II), and chlorophyllfluorescence transient (OJIP test)—were
used to evaluate the algal photosynthesis activity under single and repeated
exposures to CeO2NPs. Detailed information regarding the formula used to
calculate the fluorescence parameters is described in Table S1.

2.4. Oxidative stress

The methods used to measure oxidative stress via the selected phys-
iological indexes have been described in our previous report [35].
Briefly, algal pellets were collected via centrifugation (3,000g at 4 �C for
10 min), treated with liquid nitrogen for 20 min, thawed for 30 min at
4 �C, and centrifuged for 10 min (10,000 rpm at 4 �C). The freeze-thaw
step was repeated three times to obtain the homogenate for determining
the activity levels of the intracellular enzymes. The activity levels of two
of the antioxidant enzymes, CAT and SOD, were detected using A007-1-1
and A001-3-2 assay kits (Nanjing Jiancheng Bioengineering Institute,
China), respectively. Soluble protein content was also determined using
the Coomassie brilliant blue G250 staining method to calculate CAT and
SOD activities. To determine the level of intracellular ROS, algal sus-
pensions were treated with 20,70-dichlorodihydrofluorescein diacetate
(DCFH-DA) under dark conditions for 15 min, after which fluorescence
was detected at an excitation/emission wavelengths of 485/525 nm
using a fluorescent microplate reader (Spark, TECAN, Switzerland). The
activity of extracellular lactate dehydrogenase (LDH) was measured
using an LDH cytotoxicity detection kit (C0016, Beyotime Institute of
Biotechnology, China). Before the determination, the samples were
centrifuged at 3,500g for 15 min, and the supernatants were collected.

2.5. Quantification of photosynthesis-related gene expression

The expression levels of photosynthesis-related genes in C. vulgaris
were determined via quantitative real-time polymerase chain reaction
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(qRT-PCR). They included the psbA, psbD, petA, petB, psaA, atpB, and rbcL
genes. The amplification of 18S rRNA was used as an internal control
reference gene. Prior to the qRT-PCR experiment, algal pellets were ob-
tained from the algal suspension (20 mL) following centrifugation at
8,000 rpm for 15 min. RNA was extracted from the algal pellets using a
HiPure Plant RNA Mini Kit (R4151-02, Magen Biotechnology Co. Ltd.,
Guangzhou, China). The synthesis of cDNA was done using a First Strand
cDNA Synthesis Kit (11141, YEASEN Biotechnology Co. Ltd., Shanghai,
China). The primers to amplify the target genes were designed using
Primer Premier v.6.0 software (Premier Biosoft International, Palo Alto,
CA, USA) based on information pulled from the National Center for
Biotechnology Information (www.ncbi.nlm.nih.gov). The sequences of
the primers are listed in Table S2. The qRT-PCR analysis was conducted
with the aid of a 2� Hieff PCR Master Mix (10102ES03, YEASEN) and a
real-time PCR thermocycler (ABI 7300, Thermo Fisher Scientific).

2.6. Quantification of cell-associated CeO2 NPs contents

The 100 mL algae-CeO2 NPs suspension was concentrated via
centrifugation (3,500g for 15 min) for the Ce quantification experiments
using a density gradient centrifugation. According to the specific method
of density gradient centrifugation used [36,37], the suspended CeO2 NPs
were removed, and algae-CeO2 NPs aggregates were kept, as shown in
Fig. S5. The solid samples were then washed with 0.1 M
phosphate-buffered saline (PBS), vacuum-dried, and digested using nitric
acid in a microwave digestion instrument (Mars 6, CEM Co. Ltd., USA).
The concentration of total Ce that included both the NPs attached to the
algae and the ones internalized within the algal cells was determined via
inductively coupled plasma optical emission spectrometry (ICP-OES;
5110, Agilent Technologies Co. Ltd., USA). The Ce content was calculated
according to the biomass of the algal cells.

2.7. Determination of homo- and hetero-aggregation

To compare the differences between single and repeated exposures on
the aggregation status of CeO2 NPs, the hydrodynamic diameters of the
CeO2 NPs in the algal media under different concentrations (10, 10/2,
10/3, and 10/6 mg/L, corresponding to the amount added each time in
the single, 2�, 3�, and 6� exposure treatments) were determined using
dynamic light scattering (DLS, NanoBrook Omni, Brookhaven In-
struments Co., USA) at 0 and 30 min.

Visual image analysis was used to measure the size distribution of
algae-CeO2 NPs' aggregates and the percentage of hetero-aggregation.
Briefly, microscopic images of the algal populations were obtained and
analyzed using automatic cell counting and analysis instrument
(Countstar, ALIT Life Science Co. Ltd., China) along with its accompa-
nying software (Countstar Algae version 1.1, ALIT Life Science Co. Ltd.,
Shanghai, China). For each treatment, >10,000 cells were collected,
and any aggregates composed of >3 cells were counted. The percentage
of aggregation (PA) was measured five times for each sample and
calculated according to a previously described method, with minor
modifications [38,39]. The PA values were calculated using the
following equation:

PA¼Aggregates number � Average cell number in aggregates
Total algal cell number

� 100% (3)

2.8. Poly(acrylic acid) stabilized CeO2 NPs preparation and its effects on
the algae

An aqueous dispersion of poly(acrylic acid) stabilized CeO2 NPs (CeO2
NPs-PAA) was prepared in a precipitation-redispersion process, according
to a previous study [40]. Briefly, both pristine CeO2 NPs and PAA solutions
were prepared at the same concentration (1 wt.%) with a pH of 1.4. The
two initial solutions were mixed at the ratio of VCeO2 /VPAA ¼ 2, where
VCeO2 and VPAA represent the volumes of the CeO2 NPs and PAA solutions,

http://www.ncbi.nlm.nih.gov
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respectively. Subsequently, the pHwas gradually increased by the addition
of ammonium hydroxide (NH4OH) with continuous stirring. Once the pH
reached 9.5, the suspensionwas neutralized to pH 7.0with HCl. The effects
of CeO2 NPs-PAA on algal growth and photosynthesis were determined as
compared to pristine CeO2 NPs with the same exposure mode. The hy-
drodynamic diameters of pristine CeO2 NPs and CeO2 NPs-PAA in water
with a concentration of 10 mg/Lwere determined using time-resolved DLS
from 1 to 1,800 s.

2.9. Statistical analysis

All treatments were done in at least three independent replicates
(n � 3). The experimental data are presented as the mean value and
standard deviation (mean � SD). One-way analysis of variance (ANOVA)
with Fisher's least significant difference (LSD) multiple comparison was
performed to analyze the significant differences for each physiological
index across the different treatments, with the aid of SPSS version 22.0
(IBM Corp., Armonk, NY, USA). A p-value of <0.05 was considered sta-
tistically significant.

3. Results and discussion

3.1. Characterization of CeO2 NPs

As shown in Fig. 1A–D, most of the CeO2 NPs were spherical, with
diameters of ~10 to 20 nm and had lattice fringe spacings of ~0.312 nm,
which was attributed to (111) reflection. XPS results showed that the
percentage of Ce3þ content on their surface was ~15.06%. CeO2 NPs
entered the algal medium and interacted with the algae to form algae-
CeO2 NPs hetero-aggregates (Figs. 1 and S5). After being treated with
ethylenediaminetetraacetic acid (EDTA), the surface-bound CeO2 NPs
could not be removed from the algal cell surface (Fig. S5), suggesting the
presence of an interaction between CeO2 NPs and the algal cells. The
presence of the CeO2 NPs structurally disrupted the algal cells, as was
revealed through SEM (Fig. 1). It was thus hypothesized that the varying
exposure times of CeO2 NPs to algae led to different responses induced by
varying levels of surface-bound CeO2 NPs on the algal cells.
Fig. 1. Characterization of CeO2 NPs and algae-CeO2 NPs hetero-aggregates. (A) Rep
XPS analysis of CeO2 NPs. (D) XDS analysis of CeO2 NPs. (E) Structural damage induce
aggregates and elemental disturbance of O (G) and Ce (H) mapping by EDS in the 1-
dots. (I) Merged image of G and H. CeO2 NPs, cerium oxide nanoparticles; TEM, t
scanning electron microscopy; EDS, energy dispersive X-ray spectroscopy.

293
3.2. Repeated exposure to CeO2 NPs reduced algal biomass

After both single and repeated exposures to CeO2 NPs for 72 h, no
significant effects on the number of algal cells were observed in the
1-CeO2 NPs and 2-CeO2 NPs groups (Fig. 2A). The 3-CeO2 NPs group
showed growth inhibition of 10.97% but the 6-CeO2 NPs group had an
increased growth of 110.3% (Fig. S6). This agreed with the results of
previous studies, which also found that low concentrations of ENMS
stimulated algal growth [41,42]. This is attributable to the hormesis
response of algae to ENMs, regardless of the exposure pattern [43].
Notably, repeated exposure to CeO2 NPs in six doses induced higher algal
cell numbers but also resulted in a significant reduction to 76.12% of the
total biomass when compared to the single exposure group (Fig. 2A and
B). This inconsistency was mainly attributed to differences in cell sizes
(Fig. S7), which likely resulted from inhibited photosynthesis. Notably,
the algal biomass in the 6-CeO2 NPs group was even lower than that of
the group exposed to one addition of 100 mg/L CeO2 NPs. A similar trend
was also found during photosynthesis was assessed, as discussed in the
next section. These results indicated that: 1) the negative effects of
repeated exposure to CeO2 NPs cannot be overlooked and may trigger
severe cellular toxicity compared to single-exposure treatments, even
when the latter are at high concentrations, such as 100 mg/L; 2) the
evaluation of algal growth inhibition under ENM-induced stress should
focus on both cell number and biomass; and 3) repeated exposures may
cause significant differences in intercellular photosynthetic efficiency in
algae, compared to single ones.

3.3. Repeated exposure disturbed the photosynthetic performance of algae

Photosynthesis, an essential energy-producing physiological pro-
cess, is a sensitive biomarker that adjusts to environmental stresses
[44]. In addition to photosynthesis, pigment content, changes in chlo-
rophyll fluorescence measured using a pulse amplitude-modulated
fluorometer can also reflect photosynthetic performance [45]. As
demonstrated by the RLC results, the relative electron transport rate
(rETR) first increased with the elevation of PAR, which then decreased
in all treatment groups (Fig. 3A–E). The β values for RLC were higher in
resentative TEM image of CeO2 NPs and (B) their size distribution by image. (C)
d by CeO2 NPs (arrow). (F) Representative SEM image of algae-CeO2 NPs hetero-
CeO2 NPs group (10 mg/L). The boundaries of the algal cells are represented by
ransmission electron microscopy; XPS, X-ray photoelectron spectroscopy; SEM,



Fig. 2. Effects of CeO2 NPs on (A) cell number, (B) biomass, (C) Fv/Fm, and (D)
Chl a/b. The 1-CeO2 NPs-10 and 1-CeO2 NPs-100 labels denote the groups
exposed to one addition of 10 mg/L and 100 mg/L CeO2 NPs, respectively. The
2-CeO2 NPs-10, 3-CeO2 NPs-10, and 6-CeO2 NPs-10 ones denote exposures to
two, three, and six additions of 10 mg/L, respectively.
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the 2-CeO2 NPs and 3-CeO2 NPs groups compared to the control and
1-CeO2 NPs groups, suggesting that repeated exposures could induce a
higher consumption efficiency of light energy than single exposure
(Fig. 3F). In addition, both single and repeated exposures were able to
elevate NPQ values relative to the control group. In particular, the
3-CeO2 NPs and 6-CeO2 NPs treatments induced higher NPQ but lower
qL and ΦPS II than the 1-CeO2 NPs and 2-CeO2 NPs ones (Fig. 3G–I). The
ΦPS II value represents the global photochemical effective quantum
yield [46], and the lower ΦPS II values observed following repeated
exposures suggest that overall photosynthesis was inhibited by CeO2
NPs. Compared to the control and 1-CeO2 NPs groups, increased NPQ
and decreased qL values were observed following the 2-CeO2 NPs,
3-CeO2 NPs, and 6-CeO2 NPs treatments. This indicated that repeated
exposure to CeO2 NPs elevated algal heat dissipation and inhibited
photosynthesis [47,48].

OJIP transient diagrams were constructed to reflect the perfor-
mance of the photosynthetic system (Figs. 2C, 3J, and S9). As shown
in Fig. 2C, a significant reduction in the maximum photochemical
quantum yield of photosystem II (Fv/Fm) was observed in all repeated
exposure treatments (in contrast to any single exposure treatment),
regardless of the exposure concentration. Specifically, the Fv/Fm value
was significantly reduced from 0.745 in the control group to 0.732 in
the 2-CeO2 NPs one, 0.733 in the 3-CeO2 NPs one, and 0.739 in the 6-
CeO2 NPs one (Fig. 2C), suggesting that the mode of repeated expo-
sure weakened the photosynthetic activity [29]. The increases
observed in minimal fluorescence (F0) and maximal fluorescence (Fm)
and the decreased Fm/F0 and Fv/F0 ratios in the 2-CeO2 NPs, 3-CeO2
NPs, and 6-CeO2 NPs groups indicated that repeated exposure treat-
ments could trigger irreversible damage to photosystem II (Fig. 3J). In
addition, the fluorescence relative variable values in the J (Vj) and I
phases (Vi) were also obtained from the OJIP transient value, repre-
senting the electron flow resistance from QA to QB in photosystem II
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and from plastoquinone (PQ) to photosystem I, respectively [49,50].
As shown in Fig. 3J, both single and repeated exposure treatments
decreased Vj and elevated Vi, indicating that the electron flow resis-
tance from QA to QB was mitigated, but it was increased from PQ to
photosystem I. Compared to single exposure, repeated exposures to
CeO2 NPs were able to increase the resistance of electron flow. It is
reasonable to believe that the blocked electron flow from PQ to
photosystem I during photosynthesis may lead to electron accumula-
tion and ROS generation [51].

In terms of photosynthetic pigments, CeO2 NPs exposure lowered the
Chl a/b ratio mainly through an increased chlorophyll b (Chl b) content
(Figs. 2D and S8). Under unfavorable conditions, Chl b can be converted
into chlorophyll a (Chl a) as a self-defensive mechanism [52]. The
elevated Chl b content in the CeO2 NPs-treated groups indicated that the
photosynthetic system of the algae was perturbed, and its defense
mechanism was activated. In line with these results, previous studies
have also reported the inhibition of photosynthetic pigment synthesis by
CuO NPs and nanodiamonds, likely owing to the overgeneration of ROS
in chloroplasts [25,53].

3.4. Repeated exposure triggered oxidative stress

Indeed, repeated exposure treatments stimulated higher levels of ROS
than single exposure, with the increases ranging from 154.95% to
166.29% (Fig. 4A). The overgenerated ROS indicated that CeO2 NPs at a
concentration of 10 mg/L could trigger oxidative stress in algal cells,
which might result from electron transfer in the bio-nano interface [54].
SOD and CAT, as two important antioxidative enzymes in response to
oxidative stress, varied significantly with the change in exposure times.
SOD can scavenge intracellular superoxide anion (O2�

�) to hydrogen
peroxide (H2O2), and CAT is mainly responsible for the elimination of
excessive H2O2 to water and O2 [55]. Single-exposure treatment of
10 mg/L CeO2 NPs induced higher SOD activity than any repeated
exposure treatment or control treatment (p< 0.05, Fig. 4B). The elevated
SOD activity in CeO2-exposed treatments played a role in the balance of
oxidative stress levels to protect algae from extrinsic pollutants, which
was inconsistent with previous work [56]. Similarly, the repeated
exposure treatments also induced lower CAT activities than the single
exposure treatment. However, compared to the control, the activity of
CAT was lowered after exposure to CeO2 NPs, both in single and repeated
treatments (Fig. 4C), which is in line with the change under 10 mg/L
biochar nanoparticle exposure [57]. This is probably due to the low levels
of Ce3þ/Ce4þ redox-state ratios on the surface of CeO2 NPs, as shown in
the results of XPS (Fig. 1C). A previous study found that the relatively low
and high Ce3þ/Ce4þ redox-state ratios could exhibit CAT and SOD
mimetic activity, respectively [58,59]. This explains why the lower CAT
activities were determined in CeO2 NP-exposure treatments than the
control, attributing to the involvement of CeO2 NPs themselves for H2O2
scavenging. Therefore, it is reasonable to believe that the CeO2 NPs used
in our study may act as an H2O2 but not an O2�

� scavenger (Fig. 4D).
Repeated exposures may not exceed the antioxidant defense capacity of
algae; however, according to the decreased biomass, this may still be at
the expense of the overall algal energy budget. In addition, both mem-
brane lipid peroxidation induced by excessively accumulated ROS and
the physical characteristics of CeO2 NPs could damage the algal cell
membrane [60], which can be revealed by the activity of extracellular
LDH. In our work, no significant change was observed in repeated
treatments, but an elevation to 116.89% was observed in a single treat-
ment (Fig. S10A). Consistent with our study, Cao et al. [19] also deter-
mined more injured membrane cells in a single exposure to AgNPs than
in repeated exposures. In general, ENMs could damage cell membranes
via physical contact and/or chemical oxidation [35]. Indeed, considering
the correlation between intracellular ROS levels and extracellular LDH
activity was not significant (Fig. S10B), the membrane damage was
triggered by both physical destruction and oxidative stress.



Fig. 3. Effects of CeO2 NPs on photosynthetic performance and gene expression levels of photosynthesis-related genes in C. vulgaris after exposure to CeO2 NPs in
single and repeated doses. (A–E) RLC. (F) β of RLC. (G) ΦPS II. (H) NPQ. (I) qL. (J) Critical OJIP parameters. (K) The expression levels of seven genes related to
photosynthesis in C. vulgaris. RLC, rapid light curves; NPQ, nonphotochemical quenching.
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3.5. Repeated exposure regulated the expression of photosynthesis-related
genes

The expression levels of seven photosynthesis-related genes were
further determined to reveal the different photosynthetic responses of
algae to single and repeated CeO2 NPs exposures at the transcriptional
level. Single and repeated exposures induced the same variation trends
in the gene expression levels of algal cells, with five of seven analyzed
genes being upregulated following exposure to CeO2 NPs compared to
the control treatment. However, significant differences in these gene
expression levels were also determined between single and repeated
exposures. For example, the relative expression levels of the petA, petB,
psaA, and atpB genes were upregulated to 9.64, 3.57, 1.32, and 4.31-
fold higher levels, respectively, in the 3-CeO2 NPs group. The upregu-
lation of photosynthesis-related genes indicated that C. vulgaris took
compensatory measures to maintain essential activities in response to
CeO2 NPs-induced stress at the experimental concentration [61]. The
Cyt b6/f-complex was responsible for the rate-limiting step of the
photosynthetic electron transport chain [62,63]. The relative expres-
sion levels of the petA gene were upregulated to 1.44, 9.64, and
6.47-fold increases in the 2-CeO2, 3-CeO2, and 6-CeO2 NPs groups,
respectively. Similarly, the relative expression levels of the petB gene
were upregulated to 10.24, 3.57, and 2.92-fold higher levels in the
2-CeO2, 3-CeO2, and 6-CeO2 NPs groups, respectively. The repeated
exposure to CeO2 NPs may have significantly upregulated the expres-
sion levels of petA and petB, suggesting that the thylakoid Cyt
b6/f-complex suffered more severe effects from multiple exposures
295
compared to a single one [29]. This is consistent with the result of an
elevated electron flow resistance from PQ to photosystem I that was
observed in the repeated treatment groups, as indicated by higher Vi
values (Fig. 3J). Additionally, the atpB gene, involved in producing
adenosine triphosphate synthetase (ATPase) and thus determining
adenosine triphosphate (ATP) synthesis levels, was upregulated in both
the single and repeated exposure groups. Damaging the light reaction
may lower the levels of ATP and nicotinamide adenine dinucleotide
phosphate (NADPH) are subsequently provided to the Calvin cycle and
hinder the efficiency of carbon fixation [64]. This may explain the
observed upregulation of the rbcL gene, which encodes the large subunit
of Rubisco and catalyzes carbon fixation in the 3-CeO2 and 6-CeO2 NP
groups. However, compared to the control, the mRNA level of psbD in
all of the CeO2 NP-exposed treatment groups was significantly down-
regulated, regardless of the exposure mode. The reduced expression of
psbD may be related to weakened electron resistance from QA to QB in
photosystem II, as indicated by a lower Vj [65] (Fig. 3J).

All of the examined C. vulgaris genes were altered, indicating that the
whole electron transport chain was damaged after being exposed to CeO2
NPs, as illustrated in Fig. 5. The upregulation of photosynthesis-related
genes was generally explained as resulting from stimulation by low
doses of the ENMs [29,66]. However, the decreased photosynthetic ef-
ficiency was observed concurrently with the upregulation of
photosynthesis-related genes. Therefore, it was hypothesized that the
upregulation of photosynthesis-related genes was a compensatory mea-
sure to maintain the essential physiological processes in response to the
stresses induced by the ENMs.



Fig. 4. (A) The DCF intensity, (B) SOD activity, and (C) CAT activity of C. vulgaris exposed to CeO2 NPs in a single and repeated pattern. (D) Schematic diagram
illustrating the role of CeO2 NPs in reducing peroxide. (E) The content of algal-associated Ce. (F) The ratio of algal-associated CeO2 NPs and suspended CeO2 NPs. (G)
Correlation analysis between Ce content and algal biomass. (H) Hydrodynamic diameters of CeO2 NPs with 10 mg/L, 10/2 mg/L, 10/3 mg/L, and 10/6 mg/L additions
at 0 and 30 min, respectively. SOD, superoxide dismutase; CAT, catalase.

Fig. 5. Schematic diagram of the effect of CeO2 NPs on the photosynthetic electron transport chain, ATP synthesis, and subsequent carbon assimilation in C. vulgaris.
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Fig. 6. (A) Representative image of algae-CeO2 NPs aggregates in each group. The boundaries of the aggregates are represented by green lines. (B) The distribution of
colony size. (C) The agglomeration rate in each group. (D) Correlation analysis between cell number and the algal agglomeration.
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3.6. Different mechanisms of single and repeated exposures to CeO2 NPs

The Ce contents in both the algae-associated and suspended CeO2 NPs
were determined. Increases in the repeated exposure times of CeO2 NPs
elevated the algae-associated Ce contents from 0.008 to 0.017 mg/mg
cells and ratios from 29.55% to 50.06% compared to suspended Ce ions
(Fig. 4E and F). It was, therefore, thought that repeated low-dose expo-
sures could provide more opportunities for CeO2 NPs to interact with the
algae, ultimately attaching to the cellular surfaces or entering inside. In
addition, the algae-associated CeO2 NP content correlated negatively
with the algal biomass (r ¼ �0.988; Fig. 4G), indicating that the algal
energy utilization was mainly inhibited by the surface-attached or
internalized CeO2 NPs.

Various exposure modes at each time interval provided different
concentrations of CeO2 NPs in the culture medium. This induced differ-
ences in homo-aggregation, further influencing physical contact with the
algae. The time-resolved DLS results showed that 10 mg/L of CeO2 NPs
could rapidly homo-aggregate, while 5 mg/L, 3.33 mg/L, and 1.67 mg/L
of CeO2 NPs were relatively stable (Fig. 4H). This indicated that repeated
exposures could elevate the interaction between CeO2 NPs and algae. In
addition, an aqueous dispersion of CeO2 NPs-PAA was prepared to verify
the role that aggregation played in the differences in toxicity observed
among the various exposure groups. The DLS results suggested that ag-
gregation was not observed in the CeO2 NPs-PAA group (Fig. S11). The
72-h algal growth (i.e., cell number, Chl a, and biomass) and
photosynthesis-related indexes (i.e., OJIP, NPQ, qL, and ΦPS II) of
C. vulgaris were also investigated under exposure to CeO2 NPs-PAA. As
shown in Figs. S13 and S14, no significant differences in algal biomass
and photosynthetic physiological indexes were observed among the
different treatments. The Chl a content decreased to 1.92, 2.09, 2.06, and
2.21 mg/L in the 1-CeO2 NPs-PAA, 2-CeO2 NPs-PAA, 3-CeO2 NPs-PAA,
and 6-CeO2 NPs-PAA, respectively (Fig. S13). In addition, the value of
Fv/Fm was decreased to 0.71 in all of the treatment groups (Fig. S14).
These results suggested that increased repeated exposure times of CeO2
NPs in the algal medium could enhance their direct contact with algae via
mitigating homo-aggregation, which was responsible for the significant
differences observed in growth and physiological indexes when
compared to a single exposure.
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Finally, the effects of CeO2 NP exposure times on hetero-aggregation
were investigated, finding that 2-CeO2 NPs and 3-CeO2 NP treatments
were highly prone to forming larger aggregates, as shown in Fig. 6A–C.
The percentage of aggregated algal cell numbers rose to 23.39% and
28.51% in the 2-CeO2 NPs and 3-CeO2 NPs treatment groups, respec-
tively, compared to the 16.24% and 17.92% levels observed in the
control and 1-CeO2 NPs groups. However, given the lower aggregated
cell number percentage in the 6-CeO2 NPs group compared to all others,
it was thought that repeated exposures of >3 times would not be
beneficial for the formation of algae-CeO2 NPs aggregates (Fig. 6A). The
algae-CeO2 NPs hetero-aggregates traveled vertically and settled at the
bottom of the medium [67]. Furthermore, these formed
hetero-aggregates could reduce the light available to the algae, even-
tually altering their growth conditions [9,39]. Analogously, algae bal-
ance light harvesting with available light energy for cellular growth
when their living space is limited [68]. Similar to the results of a pre-
vious experiment [39], a strong negative correlation between the per-
centage of aggregates and cell number was also observed in this study
(r ¼ �0.98, p < 0.05; Fig. 6D), but not with other biomarkers (Fig. S15),
suggesting a potential relationship between aggregation and cell pro-
liferation in the presence of CeO2 NPs.

4. Conclusion

The repeated discharge of CeO2 NPs into aquatic environments is
widespread, and their effects on freshwater algae can no longer be
overlooked. This study found that while single exposures to CeO2 NPs at
experimental concentrations (10 mg/L) did not significantly affect algal
growth, repeated exposures could either inhibit or stimulate the prolif-
eration of C. vulgaris, depending on the number of repeated exposures.
The differences in oxidative stress suggested that repeated exposures
could increase the contributions of CeO2 NPs acting as CAT scavengers
but not SOD ones. In addition to photosynthetic performance, the upre-
gulation of photosynthesis-related genes (i.e., petA, petB, psaA, atpB, and
rbcL) played a compensatory rather than a positive stimulatory role in
algal responses to repeated CeO2 NPs exposure. Compared to a single
exposure, repeated exposure can exhibit different regulatory effects on
algae, as revealed by mitigating homo-aggregation. This study
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emphasized the importance of taking exposure time into account when
assessing the nanotoxicity of ENMs in real-world environments. Notably,
photosynthesis-related indexes, particularly at the transcriptional level,
can be used to evaluate algal responses to ENMs, providing novel infor-
mation to understand the safety of ENMs in aquatic ecosystems.
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