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Abstract
Silver nanoparticles (Ag-NPs) arewidely used in daily life and inevitably discharged into the aquatic environment, causing increasingly
serious pollution. Research on the toxicity of Ag-NPs is still in infancy, little information is available on the relationships between
oxidative stress and antioxidant, as well as damaging degrees of Ag-NPs to cellular structural components of Chlamydomonas
reinhardtii (C. reinhardtiii). In the present study, we revealed the toxicity mechanism of C. reinhardtii under Ag-NPs stress using
flow cytometry (FCM), metabolic methods, and transmission electron microscopy. The results showed that the chloroplasts were
damaged and the synthesis of photosynthetic pigments was inhibited under Ag-NPs stress, which inhibited the growth ofC. reinhardtii.
Meanwhile, Ag-NPs also caused C. reinhardtii to produce excessive reactive oxygen species (ROS), increased malondialdehyde
content and changed the permeability of cell membrane, resulting in the acceleration of internalization of Ag-NPs. The decrease of cell
size and intracellular chlorophyll autofluorescence was observedwith FCM. To deal with the induced excessive ROS that could lead to
lethal and irreversible structure damage, C. reinhardtii activated antioxidant enzymes including superoxide dismutase and peroxidase.
This study provides new information for better understanding the potential toxicity risks of Ag-NPs in the aquatic environment.
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Introduction

The rapid development of nanotechnology has a significant im-
pact on the economy, society, and the environment (Ji et al.
2011). Nanomaterials have been used widely in industrial sec-
tors, medicine, and environmental areas because of their small
size, distinctive structure, and surface properties (Froehlich 2012;
Kachynski et al. 2008;Wei et al. 2008). However, while bringing

convenience to human, nanomaterials are inevitably released to
the environment (Manier et al. 2013;Wiesner et al. 2006). In fact,
the interactions between nanoparticles and aquatic organisms
have been clearly identified (Oukarroum 2014), and therefore,
human are increasingly concerning about the impact and poten-
tial risks of nanoparticles to natural environment (Li et al. 2011;
Wiesner et al. 2006).

Silver nanoparticles (Ag-NPs) are noted for excellent broad-
spectrum of antimicrobial properties and their special conductiv-
ity and photochemical properties. They have been extensively
used in antimicrobial agent, electronic devices, and wastewater
treatment (Echavarri-Bravo et al. 2017; Tran et al. 2013; Zhang
et al. 2016). Previous studies found that Ag-NPs enter the aquatic
environment through wastewater discharges as well as absorbing
on soil particles that were transported by surface run-off (Dewez
et al. 2018). Hoque et al. (2012) found that the concentration of
Ag-NPs in the wastewater was 1.9 μg/L from a Canadian waste-
water treatment plant; and Boxall et al. (2007) predicted that Ag-
NPs in surface water could reach above 0.1 μg/L. Therefore, the
potential toxicity of Ag-NPs to various organisms in the aquatic
environment has received widespread attention.
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Previous studies have indicated that Ag-NPs are toxic to
algae, bacteria, zooplankton, and fish (Bruneau et al. 2016;
Choi et al. 2018; Cui et al. 2017; Hazani et al. 2013). For
example, Ag-NPs deteriorated the water splitting system of
photosystem II (PSII) and inactivated the PSII reaction cen-
ters, which led to inhibition of photosynthetic process and
growth of Lemna gibba (Dewez et al. 2018). Ag-NPs also
caused oxidative stress in Escherichia coli K-12, increased
the activity of antioxidant enzymes, and showed obvious dam-
age to cell membranes (Choi et al. 2018). After Ag-NPs ex-
posure, Japanese medaka at early-life stages showed morpho-
logical abnormalities (edema, spinal abnormalities, finfold ab-
normalities, heart malformations, and eye defects) and growth
retardation (Wu et al. 2010). Therefore, Ag-NPs have posed
significant threats to aquatic ecosystems.

Microalgae are important primary producers that provide
biological energy and oxygen to organisms of other trophic
levels, and play very important roles in maintaining the mate-
rial balance and energy cycle of aquatic ecosystems (Yu et al.
2018). Microalgae are also used as a model organism to assess
the potential toxicity of a harmful substance to aquatic eco-
systems (Jagadeesh et al. 2015; Wang et al. 2011). As a specie
of microalgae, Chlamydomonas reinhardtii (C. reinhardtii) is
a biflagellate photosynthetic unicellular organism that is easy
to cultivate and highly sensitive to environmental pollution
(Nowicka et al. 2016; Pröschold et al. 2005), and thus can
be used as an environmental monitor. C. reinhardtii is wide-
spread in freshwater and it inevitably interacts with Ag-NPs in
the aquatic environment. Previous studies have also compared
the toxicity of Ag-NPs with silver ions (Ag+). Toxicity of Ag+

against algae has been widely studied in previous works, in-
cluding the inhibition of growth and photosynthesis (Hiriart-
Baer et al. 2006; Lee et al. 2005; Ke et al. 2018), the produc-
tion of excessive reactive oxygen species (ROS) (Sendra et al.
2017; Lu et al. 2020), and the increasing of cell membrane
permeability (Lu et al. 2020). Previous researchers also found
that toxicity of Ag+ to organisms was greatly higher than that
of Ag-NPs, such as Escherichia coli K-12 strain (Choi et al.
2018), Daphnia magna (Hu et al. 2018), and Dunaliella
salina (Johari et al. 2018). In fact, previous related researches
suggested that Ag+ and Ag-NPs could both posed extensively
toxic effects to organisms; however, the toxic mechanisms
might be fall in different pathways. For instance, results of
Ke et al. (2018) indicated that both Ag-NPs and Ag+ can
inhibit the growth and photosynthesis of Arabidopsis
thaliana, while Ag-NPs can also regulate shikimate-
phenylpropanoid biosynthesis, and tryptophan and galactose
metabolisms. Research on the toxicity of Ag-NPs is still in
infancy, little information is available on the relationships be-
tween oxidative stress and antioxidant, as well as damaging
degrees of Ag-NPs to cellular structural components of
C. reinhardtiii. Therefore, it is of great interest to comprehen-
sively study the effects of Ag-NPs on these aspects of

C. reinhardtii and obtain the toxicity mechanism, which are
necessary to fully reveal the aquatic environmental risks of
Ag-NPs.

In this study, we investigated the effects of Ag-NPs on
C. reinhardtiii growth (biomass, cell size); photosynthesis
(photosynthetic pigment content, chloroplast damage); oxida-
tive stress (ROS, superoxide dismutase (SOD) activity, and
peroxidase (POD) activity); cell membrane permeability
(malondialdehyde (MDA) content, number of non-viable
cells); and cell ultrastructure. Based on the analysis above,
the toxicity mechanism of Ag-NPs to C. reinhardtiii was
discussed. The results of this study contribute to better under-
standing the toxicity risks of Ag-NPs in aquatic environment.

Materials and methods

Culture of C. reinhardtii

C. reinhardtii (FACHB-265) was obtained from the Freshwater
Algae Culture Collection at the Institute of Hydrobiology
(FACHB), Wuhan, China. C. reinhardtii was inoculated in
Selenite Enrichment (SE) medium (Table S1) and cultured in a
light incubator at 25 ± 1 °C, under light intensity of 2000 ± 50 lx
with 12 h (light): 12 h (dark) cycle. The cultures were shaken 3–5
times daily. The logarithmic algal solution was diluted with SE
medium to obtain an initial cell density of approximately 1 × 106

cells/mL for all experiments.

Toxicological studies

Ag-NPs (60–120 nm in diameter; 99.5% purity) were from
Aladdin Reagent Co., Shanghai, China. The chemical compo-
sition of Ag-NPs was analyzed by inductively coupled plasma
mass spectrometry (7700 ICPMS, Agilent Technologies Inc.,
America). The morphology of the Ag-NPs was characterized
with a scanning electron microscope (SEM) (Sigma 300,
Japan) with scanning voltage of 8 kV. To achieve stock sus-
pensions of 500 mg/L, 0.25 g Ag-NPs was uniformly dis-
persed in 500 mL SE medium with 2 h ultrasonic treatment
(200 W, 40 KHz). Different volumes of stock solution were
added to the original algal solution for exposure tests. The
concentration of Ag-NPs used in acute tests was 0, 1, 5, 10,
30, and 50 mg/L, respectively. Particle size distribution and
zeta potential of Ag-NPs in the culture media were performed
by using dynamic light scattering (DLS) analysis with a Laser
Nanometer Particle Size Analyzer (Zetasizer-Nano-ZS,
Malvern Instruments, UK). The Ag+ content was determined
by atomic absorption spectrophotometry (TAS-990, Beijing
Purkinje General Instrument Co., Ltd., China). After 24, 48,
72, 96, and 120 h exposure, C. reinhardtii cells were counted
by a hemocytometer under a light microscope (YS100,
Shanghai Lichi Measuring Instrument Co., Ltd., China).
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Inhibitory rate of growth was determined by the following
formula:

IRð Þ% ¼ 1−N=N0ð Þ � 100%

where N is the cell density (cells/mL) in the Ag-NPs treated
culture, and N0 is the cell density (cells/mL) in the control
culture. The medium effective concentration (EC50) of cell
growth inhibition was calculated by SPSS software.

Chlorophyll pigments determination

Twentymilliliters of algal cell suspension was filtered through
a 0.45-μm membrane. The membrane was then cut into strips
and suspended in 5 mL of 80% acetone. The extracted algal
solution was crushed in an ice bath environment (0–4 °C) for
6 min and then centrifuged at 5000 r/min for 10 min. Acetone
was used as a blank, and absorbance values of the supernatant
at 663 nm, 646 nm, and 470 nm were measured with a UV-
visible spectrophotometer (UV-245, Shimadzu Enterprise
Management Co., Ltd., China). The chlorophyll pigments
were calculated by using the following formula:

Ca ¼ 12:21A663−2:81A646

Cb ¼ 20:13A646−5:03A663

Cxþc ¼ 1000A470−3:27� Ca−104� Cb

229

CΤ ¼ Ca þ Cb

where Ca, Cb, Cx + c and CT are the concentration of chloro-
phyll a, chlorophyll b, carotenoids, and total chlorophylls,
respectively.

Flow cytometry analysis

Cell size, intracellular chlorophyll autofluorescence, cell via-
bility, and oxidative stress were measured by flow cytometry
(BD LSR Fortessa 4, Becton, Dickinson and Company,
USA). Forward-scattered light (FSC), side-scattered light
(SSC), and red autofluorescence (FL4 channel: 660–
700 nm) indicate cell size, cell complexity, and chlorophyll,
respectively. Propidium iodide (PI) is a fluorescent dye that
binds to a nucleic acid macromolecular substance and pro-
duces orange fluorescence under blue light excitation. PI only
passes through damaged membrane. In this study, fluores-
cence of cells stained with PI was measured to determine the
cell viability and membrane integrity (Suman et al. 2015). The
permeable dye indicator 2′,7′-dichlorodihydrofluorescein
diacetate (H2DCFDA, green fluorescence) is a non-polar com-
pound that can be used to determine the production of intra-
cellular ROS such as H2O2, hydroxyl radical (•OH) and su-
peroxide anion radical (•O2

−) (Oukarroum 2014).

Algal cell suspension (1 mL) was stained with 60 μMPI or
80 μM H2DCFDA and incubated for 30 min in the dark. The
cells were harvested by repeating centrifugation twice (at
3500 r/min for 10 min), washed with 1 mL precooled phos-
phate buffer solution (PBS, pH = 7), and then resuspended in
1 mL PBS. The mixture was then filtered through a 200-mesh
screen. Experiment data was collected from 10,000 cells. The
cell viability and production of intracellular ROS were mea-
sured by using orange fluorescence (FL3 channel: 533/30 nm)
and green fluorescence (FL1 channel: 605–635 nm). Positive
controls for cell viability and ROS production were 100%
heat-damaged cells at 99 °C for 30 min and 0.1 mM H2O2-
treated cells, respectively. Negative controls were cells with-
out Ag-NPs treatment.

POD, SOD, and MDA assays

The POD and SOD activities and stress indicator MDA were
determined with different assay kits (POD: A084-3-1; SOD:
A001-1-1 ; MDA: A003-1-2; Nanj ing J iancheng
Bioengineering Institute, China). Forty milliliters of algal cell
suspension was centrifuged at 3500 r/min for 5 min. The collect-
ed algal cells were washed twice and re-susupended with differ-
ent precooled buffers (POD: 0.05 mol/L PBS, pH= 5.5; SOD:
0.05 mol/L PBS, pH = 7.8; MDA: 5% trichloroacetic acid). The
cell suspensions were crushed in ice bath for 3 min by ultrasonic
cell crusher (Scientz-IID, Ningbo Xinzhi Biotechnology Co.,
Ltd., China) and then centrifuged at 3500 r/min for 20 min.
The supernatants were transferred to new microtubes for POD,
SOD, and MDA analyses according to the manufacturer’s
instructions.

TEM observation of algal cells

The effects of Ag-NPs on the ultrastructure of C. reinhardtii
were observed with a biological transmission electron micro-
scope (TEM, H-7650, Hitachi, Japan). Fifty milliliters control
(in logarithmic growth phase) and 72-h Ag-NPs-treated (1, 10,
and 50 mg/L of Ag-NPs) algal cell suspensions were centri-
fuged and the supernatant was discarded. Then, these samples
were treated by double fixation, washing, dehydration, infil-
tration, and embedding according to the method of (Perreault
et al. 2012). The treated samples were cut into 70–90 nm
slices, stained with uranyl acetate (saturated solution in 50%
ethanol) for 10 min and lead citrate solution for 10 min, and
analyzed by the TEM. Each sample was analyzed for multiple
fields of view at different magnifications.

Statistical analysis

All treatments were conducted in triplicates. Mean and stan-
dard deviation were calculated for each treatment. Significant
differences between means were determined by analysis of
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one-way ANOVA (IBM SPSS, Statistics 19 program). P
values < 0.05 were considered to be significantly different.
All flow cytometry (FCM) data were analyzed by using
FlowJo V10 software. Origin 9 was used to plot graphs.

Results

Characterization of Ag-NPs

The composition analysis of the Ag-NPs used in this study
was shown in Table S2. It can be observed from Table S2 that
the used Ag-NPs are composed of 99.9% simple substance of
silver. SEM image confirmed that the morphology of Ag-NPs
was mostly spherical particles with a diameter range of 60–
120 nm (Fig. 1a). The particle size of Ag-NPs in SE medium
analyzed by DLS showed a normal distribution with a median
diameter of 68.1 nm (Fig. 1b). The zeta potential of the Ag-
NPs suspension was − 18.8 mV, indicating that Ag-NPs sur-
face was negatively charged and the suspension was relatively
stable. About 0.45% of the Ag-NPs were present as Ag+,
indicating that the amount of Ag+ released was very little.

Effects of Ag-NPs on the growth of C. reinhardtii

The effects of 0–50 mg/L Ag-NPs after exposures of 0–120 h
on the biomass of C.reinhardtii are shown in Fig. 2a. The
biomass of C. reinhardtii still increased with 1–30 mg/L Ag-
NPs, while it declined dramatically when Ag-NPs concentra-
tion reached 50 mg/L. The inhibitory effect became more and
more obvious with the increase of exposure concentrations
and time as shown in Fig. 2a and b. At 96 h, the inhibition
rates of 1, 5, 10, 30, and 50 mg/L Ag-NPs were 4.45 ± 0.50%,
13.74 ± 0.30%, 15.34 ± 0.07%, 28.01 ± 0.16%, and 81.47 ±
0.13%, respectively. The maximum inhibition rate (88.08 ±
0.07%) occurred at 50 mg/L Ag-NPs after exposure of 120 h.
The 96-h EC50 of Ag-NPs to C. reinhardtii was 32.19 mg/L.

Effects of Ag-NPs on chlorophyll and carotenoid con-
tents of C. reinhardtii

After exposure of Ag-NPs, the contents of chlorophyll a, chlo-
rophyll b, total chlorophylls, and carotenoids in C. reinhardtii
cells decreased significantly, and the inhibitory effect tended
to increase with increasing Ag-NPs concentrations (Fig. 3a–

Fig. 1 Scanning electron microscope (SEM) image of Ag-NPs (a) and
particle size distribution of Ag-NPs suspension (b)

Fig. 2 Effects of Ag-NPs on the biomass (a) and inhibition rate (b) of
C. reinhardtii
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d). The maximum inhibition rate was observed for carotenoids
(72.38%) after exposure to Ag-NPs at 50 mg/L for 72 h,
followed by chlorophyll a, chlorophyll b, and total chloro-
phylls (66.48%, 47.80%, 61.46%, respectively). Compared
to 0 mg/L, the decreased chlorophyll and carotenoid contents
of C. reinhardtii under the exposure of Ag-NPs indicated that
the photosynthesis was inhibited, which is a potential indica-
tor to show the ecotoxicity effect of Ag-NPs to aquatic
organisms.

Cell size, cell viability, and oxidative stress

After 24 h exposure, an obvious decrease (P < 0.05) of cell
size signal with the increase of Ag-NPs concentration was
observed (Fig. 4a). Cell size fluorescence of C. reinhardtii
in the control group was 5.5 × 104 ± 72.83, while it was
4.45 × 104 ± 1161.07 under the exposure to 50 mg/L Ag-
NPs, which was a decrease of 19%. However, the change
trend of cell size fluorescence with different Ag-NPs concen-
trations was not obvious after 48 h and 72 h of exposures.

The intracellular chlorophyll autofluorescence increased
with exposure time (Fig. 4b). And exposure to increased con-
centration of Ag-NPs can cause a significant decrease
(P < 0.05) of chlorophyll autofluorescence. Ag-NPs induced
cytotoxicity displayed a dose-response relationship. The re-
sults were consistent with the results of chlorophyll contents

(Fig. 4a). The reduction of surviving cells in the collected
10,000 cells will also directly lead to a decrease in chlorophyll
autofluorescence, indicating that Ag-NPs caused cell apopto-
sis of C. reinhardtii.

PI staining method confirmed the apoptosis of
C. reinhardtii. As shown in Fig. S1a, it can be clearly seen
that 100% heat-damaged cells (positive control) were signifi-
cantly deviated from normal cells (negative control). Non-
viable cells with damaged cell membranes were shifted from
the left to the right (Fig. S1a). The treated cells (50 mg/L Ag-
NPs, 72 h) significantly deviated from the normal cells (0 mg/
L, 24 h) (Fig. S1b) and had a large overlap to the positive
control cells (Fig. S1c).

After algae exposure to Ag-NPs, non-viable cells increased
compared to the control group (Fig. 4c), especially for higher
concentrations of Ag-NPs (10, 30, and 50 mg/L). Exposure of
algae to 50 mg/L Ag-NPs for 72 h induced a 27.85 ± 0.92%
increase of non-viable cells for C. reinhardtii, compared to the
control. These results proved that high concentration of Ag-NPs
and prolonged exposure can cause changes in cell membrane
permeability, resulting in severe cell damage and even death.

As observed in Fig. 4d, the percentage of affected cells pro-
ducing oxidative stress increased with increasing exposure con-
centrations of Ag-NPs. The percentage of algae cells producing
oxidative stress was 35.20% at 50 mg/L Ag-NPs after 72 h of
exposure. However, no significant differences were observed

Fig. 3 Effects of Ag-NPs on the contents of chlorophyll a (a), chlorophyll b (b), total chlorophyll (c), and carotenoid (d) of C. reinhardtii
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with the increase of the exposure days except 50 mg/L Ag-NPs.
The percentage of oxidative stress-producing cells at low expo-
sure concentrations (< EC50) even slightly decreased with the
increase of exposure time. According to the contour plots of cells
producing ROS (Fig. S2a-d), the complexity of cells increased,
the number of cells in normal state decreased, and the number of
cells under oxidative stress increased. Cells dispersed significant-
ly at 50 mg/L after 72 h, which may be due to excessive toxicity
that resulted in death of algal cells.

ROS scavenging enzymes and lipid peroxidation

The changes of SOD and POD activities in cells were caused
by oxidative stress. As shown in Fig. 5a, SOD activity in-
creased with increasing Ag-NPs concentrations, but decreased
with increasing exposure days. At 72 h exposure, SOD activ-
ity of each exposure concentration (1, 5, 10, 30, and 50 mg/L
Ag-NPs) was 1.27-, 1.50-, 1.58-, 1.70-, 1.72-fold, respective-
ly, compared to the control. Interestingly, there was almost no
difference between the values for 50 mg/L and 30 mg/L Ag-
NPs at 72 h, but the differences were significant among the
other groups. Compared with the control group, the increase
of SOD activity may be due to the excessive production and
accumulation of superoxide in C. reinhardtii cells.

In the antioxidant defense system, POD is also a key en-
zyme that converts the generated free radical H2O2 into water

and oxygen. As observed in Fig. 5b, POD activity fluctuated
with Ag-NPs concentrations and exposure time. The activity
of POD in algal cells was up to 12.08 U/106 cells at 50 mg/L
Ag-NPs after 24 h of exposure. The activity of POD at 1 mg/L
after 48 h was 1.96 times higher than that of the control group.
After 72 h, POD activity reduced to 1.30 U/106 cells for the
case of 50 mg/L Ag-NPs, while the activities restored to those
at 24 h for other Ag-NPs concentrations. These data indicated
that Ag-NPs stress could stimulate the activities of antioxidant
enzymes and thereby eliminate the damage induced by the
environmental stress.

MDA is a molecular indicator of lipid peroxidation,
which may damage the structure and function of the cell
membrane system (Wang et al. 2008). The degree of lipid
peroxidation indicated by the determination of MDA con-
tent in C. reinhardtii cells in the presence or absence of
Ag-NPs. As shown in Fig. 5c, MDA content increased
with increasing Ag-NPs concentrations. Compared with
the 24 h exposure, MDA levels increased at 48 h for 1,
5, 10, and 30 mg/L Ag-NPs. While for Ag-NPs at 50 mg/
L, MDA content was almost constant at different (24–
72 h) exposure durations. Although MDA is cytotoxic,
MDA is also present in algae cells without Ag-NPs stress.
The MDA content of the control group (0 mg/L, 24 h)
increased by 9.49% at 48 h was far less than that under
Ag-NPs stress.

Fig. 4 Effects of Ag-NPs on the cell size fluorescence (a), chlorophyll
autofluorescence (b), non-viable cells (c), and percentage of ROS cells
produced (d) of C. reinhardtii. In Fig. C–D, the percentage is relative to

the control. Significant difference (p < 0.05) between two treatments is
presented by different lowercase letters. Error bars represent standard
deviation (n = 3)
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Effects of Ag-NPs on the ultrastructure of
C. reinhardtii

The influence of Ag-NPs on the ultrastructure of
C. reinhardtii was investigated with the TEM measurement
in Fig. 6. In the control group, the cell morphology of
C. reinhardtii was complete, the cell membrane was closely

connected with the cell wall, and there was no plasmolysis
(Fig. 6a). And, the internal structure (chloroplast, pyrenoid)
of the control cells was intact, the vacuoles were clear and
transparent, and no impurities entered (Fig. 6a). After expo-
sure to Ag-NPs at 1 mg/L for 72 h, the cell structure was
complete, but Ag-NPs were observed to enter into the wall
membrane space, cytoplasm, vacuoles, and other organelles,
and no significant plasmolysis was observed (Fig. 6b). After
72 h exposure to 10 mg/L Ag-NPs, the cell structure was
destroyed, and a lot of Ag-NPs particles were observed to
enter the cells, and the algal cells showed plasmolysis
(Fig. 6c).

At 50 mg/L Ag-NPs for 72 h, the protoplasts of some
treated cells showed a contracted state, the volume was sig-
nificantly reduced, the plasma membrane was detached from
the cell wall, and the cell wall became thinner (Fig. 6d). In
other treatment cells, the cell wall and plasma membrane were
completely degraded, the internal structure of the cells were
severely damaged, and the cells were damaged and dead
(Fig. 6e). These results indicated that Ag-NPs significantly
altered the ultrastructure of algal cells, and the excessive con-
centration of Ag-NPs could even lead to the death of algal
cells.

Discussion

Previous studies have found that Ag-NPs are toxic to various
plants and animals (Cui et al. 2017; Zhang et al. 2019). The
toxicity of Ag-NPs is caused by the internalization of Ag-NPs,
the adsorption and shading effect of Ag-NPs, the release of
Ag+ (Li et al. 2014a; Oukarroum et al. 2012; Sendra et al.
2017; Stampoulis et al. 2009). The characterization of Ag-
NPs suspension is important because it provides a better un-
derstanding of the toxic effects to the organism under test
(Lalau et al. 2020). The zeta potential of the Ag-NPs suspen-
sion in this experiment indicated that the Ag-NPs surface was
negatively charged. Surface charge affect the ability to gener-
ate ROS, determine binding sites of receptors, affect disper-
sion, and aggregation of particles, and thereby affect cytotox-
icity (Froehlich 2012). During the experiment, the dissolution
of Ag+ from Ag-NPs was about 0.45%, indicating that the
release of Ag+ was small. Therefore, we could speculate that
contribution rate of Ag+ toxicity was relatively low, and the
toxicity of Ag-NPs itself might be the main toxicity. Hu et al.
(2018) found that the released Ag+ contributed to but not key
toxicity of Ag-NPs.

Our experimental results show that Ag-NPs significantly
inhibit the growth and reproduction of C. reinhardtii, and the
calculated 96 h-EC50 is 32.19 mg/L. Liang et al. (2018) indi-
cated that Ag-NPs showed a significant inhibitory effect on
the growth of protonemata in a concentration-dependent man-
ner. The ROS (H2O2, •OH and •O2

−) induced by the redox

Fig. 5 Effects of Ag-NPs on SOD activity (a), POD activity (b), and
MDA content (c) of C. reinhardtii. Significant difference (p < 0.05) be-
tween two treatments is presented by different lowercase letters. Error
bars represent standard deviation (n = 3)
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process can destroy almost all types of organic biomolecules
(carbohydrates, nucleic acids, lipids, proteins, DNA, and ami-
no acids), so ROS-induced oxidative stress in NPs is consid-
ered to be the main mechanism of nanotoxicity (Gong et al.

2019). Our study confirmed that Ag-NPs stress leads to ex-
cessive production of ROS by using FCM. Furthermore, our
study revealed that, compared to the control, the degree of
injury of C. reinhardtii exposed to 50 mg/L Ag-NPs for

Fig. 6 Transmission electronmicroscope (TEM) images ofC. reinhardtii
cells in the control (a) and after 72 h exposure to 1 mg/L Ag-NPs (b),
10mg/LAg-NPs (c), and 50mg/LAg-NPs (d–e). The red arrows indicate
Ag-NPs entered the cell through endocytosis, and the green arrows

indicate Ag-NPs aggregation in vacuole and cytoplasm. CW, cell wall;
CM, cell membrane; C, chloroplast; Py, pyrenoid; Os, osmiophilic gran-
ules; S, starch grain; T, thylakoids; and V, vacuole
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72 h was in the following order: inhibit growth (78.18%) >
carotenoids (72.38%) > chlorophyll a (66.48%) > total chloro-
phylls (61.46%) > chlorophyll b (47.80%) > cell viability
(27.85%, by non-viable cells).

C. reinhardtii growth is inhibited due to its photosynthesis
being affected. Previous studies have shown that, under cer-
tain stress, the effective quantum yield of PSII is reduced, and
photosynthetic pigments are reduced (Liu et al. 2012; Sendra
et al. 2018). Our TEM observation revealed that the chloro-
plast was destroyed, and the channel connecting the pyrenoid
and thylakoid region was no longer obvious (10 mg/L and
50 mg/L Ag-NPs). However, after 1 mg/L Ag-NPs exposure,
the chloroplast was not damaged, but the photosynthetic pig-
ment content was still reduced, which was probably due to the
decrease of thylakoids. Liang et al. (2018) also found that after
exposure to Ag-NPs at 2 μg/mL, structural of proton cells was
not obviously damaged, but the number of thylakoids in chlo-
roplasts was reduced. Chloroplast damage and reduction of
thylakoids lead to the photosynthetic pigments content (chlo-
rophyll a, chlorophyll b, total chlorophylls, and carotenoids)
gradually decreased with the increase of Ag-NPs concentra-
tion, and the decrease of intracellular chlorophyll autofluores-
cence was observed with FCM. Other groups have reached
similar conclusions by using other creatures (Lalau et al. 2020;
Liang et al. 2018).

Heavy metals can cause lipid peroxidation through ROS
production (Wahsha et al. 2012). Lipid peroxidation can cause
damage to cell membranes, and its main product is MDA
(Juganson et al. 2017; Pourrut et al. 2013). In this study, the
content of MDA increased with increasing exposure concen-
tration of Ag-NPs, suggesting that lipid peroxidation oc-
curred. Cell membrane permeability and integrity were im-
paired by excess ROS attack. The internalization of Ag-NPs
could be observed as the increase of membrane permeability.
The apoptosis of C. reinhardtii exposed to high level of Ag-
NPs (50 mg/L) occurred, which was characterized by the in-
crease of non-viable cells, decrease of cell size, and phenom-
enon of plasmolysis. With the increase of exposure durations,
the change of MDA content may be due to the decrease of
ROS production under low exposure concentration, and the
algal cells will restore MDA content to the normal level
through their own regulatory ability to reduce cell membrane
damage (Li et al. 2014b). However, when the concentration of
Ag-NPs reached 50 mg/L, the MDA content was still high
because the damage was difficult to recover. The number of
non-viable cells at 72 h was almost the same as that at 24 h,
which also confirmed the above results.

Plants can use defense mechanisms to resist the harmful
effects of ROS (Movafeghi et al. 2017), for instance, the acti-
vation of antioxidant enzymes such as SOD and POD. SOD is
considered to be the first line of defense in the antioxidant
system (Li et al. 2016), which can turn •O2

− into O2 or H2O2

(Khataee et al. 2012). With the increase of exposure days, the

decrease of SOD activity may be due to the decrease of ROS
production at low exposure concentrations (Li et al. 2019).
With the increase of Ag-NPs concentration, the increase of
SOD activity may be due to the direct response of SOD to
the production and accumulation of excess superoxide.
Previous studies have reached similar conclusions under dif-
ferent creatures and toxic substances stress (Hafsi et al. 2011;
Li et al. 2014a). POD is regarded to be the second line of
defense in the antioxidant system (Li et al. 2016), which con-
verts H2O2 into one of the key enzymes of H2O and O2,
preventing the formation of •OH (Hazani et al. 2013). When
the concentration of Ag-NPs was 50 mg/L for 48 h, the POD
activity decreased rapidly, which may be due to the overpro-
duction of ROS, resulting in the change of enzyme molecular
structure and damage to the defense system (Van der Oost
et al. 2003). The decrease in SOD activity at high exposure
concentrations may also be the cause.

Conclusion

In summary, through the systematic experiments of growth
inhibition, photosynthesis, oxidative stress, and ultrastructure,
we found that Ag-NPs have a significant toxic effect to
C. reinhardtii. Ag-NPs can damage chloroplasts and inhibit
the synthesis of photosynthetic pigments, and thereby inhibit
the growth of C. reinhardtii. Meanwhile, Ag-NPs will also
make the algal cells produce excessive ROS, increase the ac-
tivities of antioxidant enzymes (SOD and POD), increase the
content of MDA, change the cell membrane permeability,
destroy the ultrastructure of the cell, and even cause death of
algal cells. The degree of injury of Ag-NPs on various biolog-
ical elements ofC. reinhardtii is in the following order: inhibit
growth > photosynthesis > membrane permeability > ROS
production > cell viability. This study is acute toxicity exper-
iments designed to reveal the toxicity mechanism of Ag-NPs.
Since the presence of Ag-NPs in the aquatic environment is
trace, we will study the chronic toxicity of Ag-NPs to
C. reinhardtii in the future to lay the foundation for compre-
hensively evaluating the toxicity of Ag-NPs in the aquatic
environment.
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