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Introduction: Nanomaterials such as silver nanoparticles (AgNPs) have gained

widespread application across various fields. However, the large-scale

production and application of AgNPs have raised concerns about their

distribution in the environment and potential pollution issues.

Methods: This study investigates the toxic effects of AgNPs on the diatom

Phaeodactylum tricornutum by employing electron microscopy for cellular

observation, quantifying apoptotic cell numbers, and measuring antioxidant

indicators. The research examines how varying concentrations of AgNPs

induce stress in P. tricornutum and the specific mechanisms of the toxic effect.

Results: The findings reveal that AgNPs induce apoptosis in P. tricornutum cells

by triggering a mitochondria-mediated pathway, marked by a decrease in

mitochondrial membrane potential and the activation of caspase enzymes.

Additionally, AgNP exposure results in an overproduction of reactive oxygen

species (ROS) within the algal cells, leading to lipid peroxidation of the cell

membrane and a consequent increase in malondialdehyde (MDA) levels. This

oxidative stress response induces the upregulation of antioxidant enzyme

activities in an attempt to mitigate the excessive ROS.

Discussion: ROS is identified as the primary factor responsible for inducing

mitochondria-mediated apoptosis. The research results will provide a

theoretical basis for understanding the toxic effects and mechanisms of AgNPs

on marine microalgae.
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GRAPHICAL ABSTRACT
1 Introduction

In recent years, nanomaterials have been widely used in various

fields such as medicine, cosmetics manufacturing, and emerging energy

due to their small particle size, which imparts unique properties such as

surface and interface effects, and quantum size effects (Cui et al., 2014;

Hong et al., 2014; Atta et al., 2015). Silver nanoparticles (AgNPs),

among the most widely used nanomaterials, are recognized in the

aquaculture industry as a potential alternative to antibiotics due to

their exceptional antibacterial properties. They are frequently

employed for water sterilization and the prevention of fish diseases

during the aquaculture process. However, with the increasing use of

products containing AgNPs, the environmental levels of AgNPs

have been steadily rising (Zhao, 2018). AgNPs are released into

the environment through various means such as production,

transport, and consumption (Chinnapongse et al., 2011). This

has directly contributed to the increase in AgNPs levels in the

environment, ultimately accumulating in aquatic systems such as

oceans and lakes, posing a threat to the ecological environment

(Tortella et al., 2023).

With the widespread use of AgNPs, the concentration of AgNPs in

water bodies has increased. By 2020, measured AgNPs concentrations

in water have reached 0.01mg L-1 (Huang et al., 2020). Upon entering

the aquatic environment, AgNPs stimulate the organism to produce

large amounts of reactive oxygen species (ROS) (Qu et al., 2023).

Subsequently, they damage biomolecules such as lipids, proteins, and

nucleic acids, disrupting cellular metabolism (Xuerong et al., 2018).

After entering the organism, AgNPs bind to DNA (Zheng and Wang,

2021), disrupting transcription and replication processes, which leads

to DNA damage and subsequently affects cell division. AgNPs can also
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impact the structure and permeability of cell membranes

(Subaramaniyam et al., 2023), ultimately causing cell apoptosis.More

and more studies indicate, nanomaterials can induce stress in marine

organisms, leading to oxidative stress and disrupting cellular

metabolism, ultimately resulting in cell death (Campbell et al., 2019).

Current research indicates that the impact of nanomaterials on the

antioxidant system of Nile tilapia (Oreochromis niloticus) primarily

manifests in the occurrence and intensity of oxidative stress. AgNPs

and Titanium dioxide nanoparticles dioxide can induce an increase in

the activity of antioxidant enzymes such as superoxide dismutase and

glutathione peroxidase in the liver cells of fish, thereby reducing the

degree of oxidative stress (Mansour et al., 2021). The effects on blue

mussels (Mytilus edulis) are also mainly focused on oxidative stress

levels, where aluminum oxide nanoparticles and Titanium dioxide

nanoparticles can affect the activity of redox enzymes and antioxidant

enzymes in the liver and gill tissues of mussels, resulting in aggravated

oxidative stress (Châtel et al., 2018). In the case of wild cherry shrimp

(Neocaridina denticulata), AgNPs can protect them from oxidative

stress damage by increasing the activity of antioxidant enzymes such as

superoxide dismutase and glutathione peroxidase (Pu et al., 2021).

Comparatively, in high concentrations and prolonged exposure

(ranging from 14 to 28 days), fish exhibit oxidative stress reactions

in the initial days, but with increasing exposure time, a certain degree

of recovery is observed (Johnson et al., 2022; Parker et al., 2024).

Presently, research on AgNPs is mostly focused on cultured fish,

crustaceans, and similar species. Studies by Dash (Dash et al., 2012)

have shown that AgNPs can inhibit chlorophyll synthesis in Chlorella

vulgaris, while research by El-Kassas (Elsheekh and Elkassas, 2014)

found that AgNPs suppress the survival ofMicrocystis aeruginosa. The

impact of AgNPs on the antioxidant system of Chlorella vulgaris
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primarily manifests in the incidence and intensity of oxidative stress.

Nanomaterials such as AgNPs and nano-TiO2 (Vicari et al., 2018; Jun,

2016) can induce increased activity of antioxidant enzymes, including

superoxide dismutase and glutathione peroxidase, in algal cells, thereby

reducing the extent of oxidative stress. Similarly, their effect on

Microcystis flos-aquae (Zong et al., 2022) is largely concentrated on

oxidative stress levels. AgNPs also affect the activity of oxidoreductase

and antioxidant enzymes in Dunaliella salina (Hassanpour et al.,

2021), exacerbating oxidative stress. In studies on Microcystis

aeruginosa (Huang et al., 2023), AgNPs were found to protect the

cells from oxidative stress by increasing the activity of antioxidant

enzymes, such as superoxide dismutase and glutathione peroxidase.

However, there is still a need for in-depth exploration regarding the

antioxidative mechanisms and cell apoptosis induced by AgNPs

in microalgae.

Diatoms, as a significant component of marine algae, constitute

more than 60% of marine planktonic organisms (Chen et al., 2006).

They play a vital role in marine ecosystems and are among the

primary participants in the carbon cycle. Due to their rich content

of proteins, polysaccharides, vitamins, and other nutrients, as well

as their ease of cultivation, diatoms are commonly used as feed

materials (Yue, 2010). Phaeodactylum tricornutum, as a typical

diatom, is frequently used as a model organism in research

related to ecology, genetics, biogeochemistry, and other fields.

This experiment investigates the toxic effects of AgNPs on marine

diatoms by measuring antioxidative enzymes and related products,

cell apoptosis, and changes in cell membrane potential. The

research results will provide a theoretical basis for understanding

the toxic effects and mechanisms of AgNPs on marine microalgae.

Moreover, it will support the objective evaluation of the safety and

ecological risks of AgNPs as antibacterial agents in aquaculture.
2 Materials and methods

2.1 Microalgae cultures

P. tricornutum, provided by the Algal Center of the Laboratory

of Marine Ecology at Ocean University of China, was cultured in

500 mL conical flasks containing 300 mL of sterile seawater

supplemented with f/2 medium (Qu et al., 2023). The flasks were

incubated in a temperature- and light-controlled chamber set to 20

± 1°C with a light intensity of 65 mmol·m-2·s-1, following a 12 h

light/12 h dark cycle. To prevent microalgal cells from settling at the

bottom, the cultures were gently shaken twice daily. Algal cells in

the exponential growth phase were then used to inoculate fresh

culture media for the toxicity experiments. Seawater was collected

from the coastal waters near Yantai City, filtered through a 0.45 mm
membrane, sterilized at 121°C for 15 minutes, and cooled to room

temperature before use.

According to the results of the pre-experiment and with

reference to the environmental concentrations, five exposure

concentration groups were established in the experiment: 0

(control), 0.01 (ambient concentration), 1, 2, and 4 mg L-1

(Huang et al., 2020).
Frontiers in Marine Science 03
2.2 Experimental design and
sample analysis

The nominal AgNPs concentrations in the seawater were achieved

by adding the appropriate amount of a AgNPs stock solution (5 g L–1)

to the experimental tanks for each treatment. The AgNPs stock

solution was prepared by dissolving the analytical reagent AgNPs

(CAS No. SB25-12DTD; purity ≥ 99.9%; particle size 20 nm; Shanghai

Weina Nano Technology Co., China) in sterile seawater.

To evaluate the effects of AgNPs exposure on the physiological

functions in P. tricornutum, six independent experiments were designed

for Microalgae growth inhibition, cellular submicroscopic analysis,

apoptosis analysis, mitochondrial membrane potential analysis, and

oxidative stress and oxidative damage analysis. In addition, since the N-

acetyl-L-cysteine (NAC) was used in the experiments, a solvent

experiment was performed to determine that NAC had no significant

effect during the experiments. All experiments were performed in

triplicate and each sample was measured by triplicate.

2.2.1 Growth inhibition analysis
Triangular brown algae in the exponential growth phase were

cultured in f/2 medium with an initial seeding density of 2 × 104 cells

ml-1, with the total culture volume was 300 ml. Following inoculation,

all samples were placed in the same photobioreactor and cultured.

Samples were collected at four different time points (24, 48, 72 and

96 h), and 1 mL of culture was extracted at each time point for

analysis. Cell counts were performed using a hemocytometer under

an optical microscope, the algal cell density was calculated following

the method described by Deng (Deng et al., 2017).

2.2.2 Microstructural analysis
Microalgae were exposed to AgNPs with concentrations of 0,

0.01, 2 and 4 mg L-1 for 96 h to observe the cell microstructure.

After filtering through a membrane, the cells were washed and

subjected to low-speed centrifugation at 2000 rpm for 5 min. The

collected cells were mixed with a 4% formaldehyde solution diluted

in PBS and stored in a refrigerator at 4°C. The cells underwent

dehydration using ethanol with a 10% increment rate, followed by

infiltration, embedding, and curing. The samples were then

sectioned and subjected to double staining with 3% uranyl acetate

and lead citrate. Use transmission electron microscopy (TEM) and

scanning electron microscope (SEM) to observation.

2.2.3 Apoptosis analysis
The cultivation method for P. tricornutum, as described in Section

2.2.1. Cell viability is a crucial parameter for assessing the normalcy of

cells. To examine the impact of AgNPs on cell apoptosis, cells were

stained using the Anexin V-FITC Cell Apoptosis Detection Kit and

analyzed with a flow cytometer. In normal cells, phosphatidylserine

(PS) is distributed only on the inner side of the lipid bilayer of the cell

membrane. During the early stages of apoptosis, membrane PS flips

from the inner side to the outer side of the lipid bilayer. Annexin V, a

phospholipid-binding protein, has a high affinity for

phosphatidylserine and binds to the cell membrane of early
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apoptotic cells by interacting with the externally exposed PS.

Therefore, Annexin V serves as a sensitive marker for detecting

early apoptosis in cells. Caspase-9 plays a role in the regulation and

signal transduction processes of apoptosis. Upon activation, regulatory

caspase-9 can catalyze the activation of executioner caspase-3, thereby

initiating the cascade reaction of apoptosis. To detect cell apoptosis

and measure Caspase-3 and Caspase-9 enzyme activity, the Anexin V-

FICT Cell Apoptosis Detection Kit, Caspase-3 Fluorometric Assay Kit,

and Caspase-9 Fluorescent Assay Kit from Nanjing Jiancheng

Bioengineering Research Institute were used.

2.2.4 Measurement of mitochondrial membrane
potential (Dym)

MMP is one of the important indexes reflecting the normal

function of mitochondria. Loss of Dym may occur in the early

stages of apoptosis. Therefore, after exposure to AgNPs for 96 h,

samples from all experimental groups were collected, stained with

live cells, then MMP was evaluated using flow cytometry

(BeamCyte-1026M) to make a measurement, MMP was evaluated

with reference to JC-1 mitochondrial membrane potential assay kit

(Beyotime Biotechnology) for all parameters, and the changes in cell

fluorescence were observed.
2.2.5 Determination of changes in ROS levels and
malondialdehyde content

Following the cultivation procedure described in Section 2.2.1,

samples were taken at 24, 48, 72, and 96 h, maintaining an algal cell

concentration of 3×107 cells mL-1. Samples were collected by

centrifugation (6000 rpm, 15 min), followed by three washes with

phosphate-buffered saline (PBS 0.1 mol/L, pH = 7.2, 4°C). Cell pellets

were collected and reserved for further use. ROS was detected using live

cells. In the presence of ROS inside the cell, the green fluorescent

compound DCF is measured using flow cytometry, indicating the level

of ROS. Before measuring Malondialdehyde (MDA), the cells were

disrupted using an ultrasonic disruptor (With 3s of disruption followed

by 2s of rest, for a total working time of 5 min.). The cell homogenate

was centrifuged (6000 rpm, 5 min, 4°C), and the supernatant was

collected. The above operations are carried out in accordance with the kit

instructions purchased by Nanjing Jiancheng Bioengineering Institute.
2.2.6 Determination of antioxidant enzyme
activity and antioxidants

The sample was prepared as in 2.2.5, and the supernatant was

taken for determination according to the kit purchased Superoxide

dismutase (SOD), Catalase (CAT), Peroxidase (POD), Glutathione

peroxidase (GPx), Glutathione reductase (GR) and Glutathione

(GSH) by Nanjing Jiancheng Biological Company.
2.2.7 Experiment with the addition of the reactive
oxygen species inhibitor N-acetyl-L-cysteine

NAC (powder, purity ≥ 99%) was purchased from Sigma-Aldrich.

Prior to use, the concentration of NAC was determined through

preliminary experiments to be 300 mM, and NAC stock solution was

prepared accordingly. It was ensured that NAC had no significant

impact on algal cell growth. The experimental groups included a blank
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control group, an NAC group, an AgNPs group, and an NAC+AgNPs

group. The experimental and control groups were pretreated with 300

mMNAC for 30 min. Subsequently, the corresponding concentrations

of AgNPs were added for cell counting experiments. Simultaneously,

at 96 h of AgNPs exposure, measurements of ROS levels and cell

apoptosis were conducted following the methods outlined in Sections

2.5 and 2.6. Throughout the experimental procedure, stringent aseptic

techniques were maintained to ensure the experiments remained free

from contamination.
2.3 Data analysis

All data were expressed as the mean ± standard deviation (SD).

Prior to running ANOVA, the normality and homogeneity of

variance in the data were tested using the Kolmogorov−Smirnov

and Levene’s tests, respectively. The data met both assumptions and

were analysed by ANOVA to examine whether there is significance

between groups. If significance was detected, post hoc multiple

comparisons for between-group differences (LSD multiple

comparison) were conducted. Differences were considered

significant at P < 0.05, P<0.01 was considered to have a very

significant difference. Data analyses and Graphs were conducted

using SPSS 24.0 and Origin 2021.
3 Result

3.1 Microstructural Changes in
P. tricrnutum Cells Induced by
AgNPs Exposure

With the increase in AgNPs concentration, a significant

inhibition (P<0.05) of P. tricrnutum population growth was

observed, showing a concentration-dependent effect (Table 1). The

control group of P. tricrnutum cells exhibits a complete tri-radiate

form, with well-defined internal organelles and distinct boundaries

(Figure 1). The chloroplast lamellae were closely packed and clear,

and the mitochondria cristae were intact and clear.

In comparison to the control group, various degrees of

morphological changes were observed in P. tricrnutum cells under

AgNPs stress (Figure 1). At 0.01 mg L-1 stress, there was no

significant structural difference in cells compared to the control

group. In the 2 mg L-1 group, vacuolization of cells intensifies,

mitochondria show signs of rupture, and chloroplast membranes

exhibit damage, with a looser arrangement of lamellae and some

layers appearing fractured. The cell membrane boundary becomes

fuzzy, indicating an imminent dissolution of the overall cell

structure. In the 4 mg L-1 group, chloroplast damage is

significant, with loose lamellar structures, chloroplast membranes

dissolving, and extensive dissolution of mitochondria. Additionally,

the elevated concentration of AgNPs resulted in a significant

augmentation in the cellular count of mitochondria, enabling the

cell to effectively meet its heightened energy requirements.

Observation from the scanning electron microscopy images

(Figure 2), the control group cells were plump, with intact cell
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membranes and no external attachments. In the stress groups

compared to the control group,0.01 mg L-1 had the number of

mitochondria increased, other than the control group did not

change significantly. 2 and 4 mg L-1 had cells exhibit noticeable

shrinkage, cell walls collapse, some rupture, and cell contents leak

out, with the accumulation of AgNPs on the cell walls. This

indicates severe internal damage in P. tricrnutum under AgNPs

stress, with compromised functionality of various organelles.
3.2 Impact of AgNPs exposure on
apoptosis, Caspase-3 and Caspase-9
activity in P. tricrnutum

The apoptosis rate was determined by the combined proportion

of early apoptosis (lower right quadrant) and late apoptosis (upper

right quadrant) cells. AgNPs induced apoptosis in P. tricrnutum cells

in a dose-dependent manner (Figures 3A, B). In the 0.01 mg L-1 and
Frontiers in Marine Science 05
1 mg L-1 groups, the number of apoptotic cells slightly increased with

AgNPs concentration compared to the control group, with apoptosis

rates increasing by 203.6% and 214.4%, respectively. In the 2 mg L-1

and 4 mg L-1 groups, a significant increase in apoptotic cells was

observed, with a respective rise of 337% and 556% (P < 0.05).

Approximately half of the cells in the 4 mg L-1 group were in the

apoptotic phase. These results indicate that AgNPs exposure

significantly increases the number of apoptotic cells in P. tricrnutum.

At 72 h of exposure, caspase-3 activity showed an initial

increase followed by a decrease with rising AgNPs concentration

(Figure 3C). Except for the 4 mg L-1 group, which did not show a

significant increase compared to the control group, the other three

groups exhibited a significant increase in caspase-3 and Caspase-9

activity, reaching a peak at 1mg L-1, approximately 4.06 times

higher than the control group (P < 0.05). At 96 h of exposure,

except for the 4 mg L-1 group, the caspase-3 activity in the other

three groups remained significantly elevated compared to the

control group (P < 0.05). Caspase-9 activity, however, showed a

significant increase only in the 0.01 mg L-1 and 1 mg L-1 groups,

with no significant differences in the other three groups compared

to the control group.
3.3 Impact of AgNPs exposure on
mitochondrial membrane potential

There was no significant change in the 0.01 mg L-1 group

compared to the control group (Figure 4). However, in the other

groups, with the increase of AgNPs concentration, the percentage of

JC-1 monomers significantly increases compared to the control group,
FIGURE 1

Scanning electron microscopy of P. tricrnutum cells in the control group (A) and AgNPs-exposed after 96 h (B) 0.01 mg L-1; (C) 2 mg L-1; (D) 4 mg L-1.
TABLE 1 Effective concentration (EC10, EC20, EC50 and EC90) of AgNPs
for P. tricornutum growth inhibition at different cultivation times.

Time
(h)

Value of ECX (mg L-1) Regression
equation R2

EC10 EC20 EC50 EC90

24 0.752 1.338 4.025 21.527 y=1.73x-1.04 0.947

48 0.902 1.383 3.133 10.881 y=2.38x-1.18 0.990

72 0.580 0.885 1.984 6.783 y=2.33x-0.67 0.976

96 0.553 0.831 1.817 5.979 y=2.39x-0.59 0.978
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showing a concentration-dependent relationship. This indicates a

decrease in MMP levels and damage to the mitochondrial membrane.
3.4 Impact of AgNPs Exposure on MDA and
ROS content in P. tricornutum

After 24 h of exposure, the ROS levels increased with the

concentration of AgNPs, and except for the 0.01 mg L-1 group, all

other groups showed a significant rise compared to the control group

(Figure 5A), (P < 0.05). After 48 h of exposure, there was a significant

increase in ROS levels in the stressed groups compared to the control

group. After 72 h of exposure, the ROS levels in the 0.01 mg L-1 group

showed no significant difference from the control group (P > 0.05),

while all other groups still significantly exceeded the ROS levels of the

control group (P < 0.05). Overall, exposure to AgNPs resulted in a

pronounced rise in ROS and MDA levels within the cells. The

experimental results showed that with the increase of AgNPs

concentration, ROS levels were significantly higher than those in the

control group. After 96 h of exposure, the existing environmental

concentration of AgNPs did not notably influence the ROS levels in

algal cells.

At 24 h of exposure, MDA content increased with the increase of

AgNPs concentration, which was significantly higher than that of the

control group (P < 0.05) (Figure 5B). When the exposure time

exceeded 48h, the MDA content increased first and then decreased,

but it was still significantly higher than that of the control group (P <

0.05). At 72 h after exposure, MDA content in exposed groups was
Frontiers in Marine Science 06
still higher than that in control group (P < 0.05). When the exposure

time was 96h, there was no significant difference in MDA content

between the 0.01mg L-1 group and the control group (P > 0.05). In

general, with the increase of AgNPs content, MDA content showed

an obvious trend of first increasing and then decreasing, and MDA

content in the stress group was higher than that in the control group.
3.5 Impact of AgNPs Exposure on
Antioxidant Enzyme Content in
P. tricornutum

During the 24 h exposure, the SOD activity at various

concentrations showed no significant changes (P>0.05)

(Figure 6A). After 48 h of exposure, the SOD activity at 0.01 and

1 mg L-1 increased by 37.37% and 83.55% respectively, compared to

the control group, while the activity at 4 mg L-1 decreased by

23.63%. At 72 h, the SOD activity at 0.01 and 1 mg L-1 was

significantly higher than that of the control group (P<0.05), while

the 2 and 4 mg L-1 groups were significantly lower (P<0.05). After

96 h of exposure, SOD activity at 1, 2 and 4 mg L-1 showed a

significant decrease compared to the control group (P<0.05).

For POD activity, during the 24 h exposure (Figure 6B), there

was no significant difference between the 0.01 and 1 mg L-1 groups

and the control group (P>0.05), whereas the 2 and 4 mg L-1 groups

showed a significant increase (P<0.05), rising by 39.40% and 41.03%

respectively. After 48 h, the POD activity continued to increase in

the 2 and 4 mg L-1 groups, with the 1 mg L-1 group also showing an
FIGURE 2

Transmission electron microscopy of P. tricrnutum cells in the control group (A) and AgNPs-exposed after 96 h (B) 0.01 mg L-1; (C) 2 mg L-1; (D) 4 mg L-1)
Chl, chloroplast; M, mitochondria; Pg, plastoglobuli; CW, cell wall; N, nucleus.
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increase, all significantly higher than the control group (P<0.05). At

72 h, there were no significant differences between all exposure

groups and the control group (P>0.05). By 96 h, the POD activity at

1, 2 and 4 mg L-1 showed a significant decrease compared to the
Frontiers in Marine Science 07
control group (P<0.05), with reductions of 38.26%, 70.81% and

74.81% respectively.

Regarding CAT activity, during the 24 h exposure (Figure 6C),

the 1, 2 and 4 mg L-1 groups exhibited significant increases compared
FIGURE 3

Impact of AgNPs Exposure on Apoptosis and Caspase-3, Caspase-9 Activities in P. tricrnutum (A) Histogram of flow cytometry, (B) column diagram
of flow analysis, (C) caspase activity.
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to the control group (P<0.05), with increases of 43.15%, 64.46% and

83.32% respectively. After 48 h, the 1, 2 and 4 mg L-1 groups still

showed significant increases compared to the control group (P<0.05),

with increases of 17.79%, 47.48% and 57.21% respectively. At 72 h,

there was no significant difference in CAT activity between the 0.01

and 1 mg L-1 groups and the control group (P>0.05), while the 2 and

4 mg L-1 groups showed a significant decrease (P<0.05). After 96 h of

exposure, the CAT activity at 1, 2 and 4mg L-1 significantly decreased

compared to the control group (P<0.05), with reductions of 58.64%,

81.77% and 74.96% respectively.

GSH-Px activity exhibited an initial increase followed by a

decrease with the rise in AgNPs concentration and exposure time

(Figure 7A). h After 24 h of exposure, GSH-Px activity significantly

increased compared to the control group (P < 0.05). At 48 h of

exposure, the 1, 2 and 4mg L-1 groups showed a significant increase

compared to the control group (P < 0.05), while the 0.01 mg L-1

groups exhibited no significant difference (P>0.05). At 72 h of
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exposure, GSH-Px activity showed an increasing trend with AgNPs

concentration, with significant increases in the 0.01, 1 and 2 mg L-1

groups compared to the control group (P < 0.05). At 96 h of

exposure, the 2 and 4 mg L-1 groups exhibited a significant decrease

compared to the control group (P<0.05), with activity reductions of

23.28% and 33.94% respectively. The 0.01 and 1 mg L-1 groups

showed no significant change in GSH-Px content compared to the

control group (P>0.05).

GR activity exhibited a trend of initial increase followed by a

decrease with the rise in AgNPs concentration (Figure 7B). After 24

h of exposure, all stress groups showed a significant increase in GR

activity compared to the control group (P < 0.05), reaching a peak at

1 mg L-1. At 48 h of exposure, stress groups still displayed a

significant increase in GR activity compared to the control group

(P < 0.05). After 72 h of exposure, GR activity increased first and

then decreased, and was significantly higher than that of the control

group at 0.01,1 and 2 mg L-1(P <0.05); h the 4 mg L-1 group showed
FIGURE 4

Impact of AgNPs Exposure on MMP (A) Histogram of flow cytometry, (B) column diagram of flow analysis, * means that JC-1 monomers differ
significantly from the control group, # means that J-aggregate differs significantly from the control group).
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no significant change compared to the control group (P < 0.05). At

96 h of exposure, the 0.01, 1 and 2 mg L-1 groups showed activity

increases of 30.24%, 27.04% and 20.03% (P < 0.05) respectively,

compared to the control group. The 4 mg L-1 group exhibited a

significant decrease compared to the control group.
3.6 Impact of AgNPs Exposure on the
Antioxidant Substance Content within
P. tricornutum

The content of GSH in P. tricornutum exposed to AgNPs

exhibited a trend of initial increase followed by a decrease with

increasing exposure time (Figure 8). At 24 h of exposure, the GSH

content increased with increasing AgNPs concentration. When the
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concentration reached 1 mg L-1, there was a significant difference in

GSH content compared to the control group (P < 0.05). When the

concentration reached 2 mg L-1, it peaked, showing a 34.42% increase

compared to the control group. In the 4 mg L-1 group, there was a

significant downward trend compared to the control group (P <

0.05), and with increasing exposure time, the GSH content in the 4

mg L-1 group showed little change. At 48 h of exposure, the GSH

content peaked in the 1 mg L-1 group, with a 28.59% increase

compared to the control group. Although the GSH content in the 2

mg L-1 group decreased compared to 24 h, it still showed a significant

increase compared to the control group (P < 0.05). With increasing

exposure time, the GSH content in the 0.01 mg L-1, 1 mg L-1, and 2

mg L-1 groups gradually returned to values similar to the control

group. Although the GSH content was slightly higher than that of the

control group, there were no significant differences (P < 0.05).
FIGURE 5

Effects of AgNPs exposure at different concentrations on MDA and ROS content in P. tricornutum (A) column diagram of flow analysis,
(B) MDA content).
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FIGURE 6

Effects of AgNPs exposure at different concentrations on SOD (A), POD (B) and CAT (C) activity of P. tricornutum.
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3.7 Impact of NAC on the Growth, ROS
Levels, and Apoptosis of P. tricrnutum
Under AgNPs Exposure

The influence of the addition of NAC on cell growth was shown

(Figure 9A). Compared to the control group, the addition of 300

mM NAC did not significantly affect algal growth, indicating its

suitability as an experimental additive. After the addition of AgNPs,

the cell count in the 0.01 mg L-1 group showed no significant change

compared to the control group, while the cell count in the other

three groups decreased with increasing AgNPs concentration.

Simultaneously, the addition of AgNPs and NAC resulted in a
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significant increase in cell count in all groups, with no significant

change compared to the control group.

The variation in ROS levels after the addition of NAC was

depicted (Figures 9B, C). Adding only NAC showed no significant

change in ROS levels compared to the control group. However, in

the 2 mg L-1 AgNPs group, the addition of NAC led to a significant

reduction in ROS levels, approximately a 41.5% decrease. Moreover,

the addition of NAC effectively inhibited cell apoptosis (Figure 10),

with the proportion of cells in the apoptotic phase showing no

significant difference compared to the control group in all stress

groups. Therefore, the addition of NAC can effectively suppress

ROS production and reduce AgNPs-induced cell apoptosis.
FIGURE 7

Effects of AgNPs exposure at different concentrations on GSH-Px (A) and GR (B) activity of P. tricornutum.
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4 Discussion

AgNPs is widely used because of its characteristics, and it will

cause harm to Marine organisms when it gathers into the ocean in

various ways. Current studies have shown that AgNPs can cause cell

apoptosis in aquatic animals, and at the same time, it can destroy

cell structure and cause cells to be unable to perform normal

physiological activities. However, there is no systematic study on

the toxin production mechanism and toxic effects of AgNPs causing

cell apoptosis. Therefore, in this paper, the damage of AgNPs to

Marine algae was investigated by measuring the changes of

apoptosis and antioxidant system of P.tricornutum after

AgNPs stress.

TEM and SEM results showed that AgNPs particles were

attached outside the cell, cell surface was crumped, cell

membrane was broken, organelles were damaged, and

chloroplasts and mitochondria were seriously damaged. This will

lead to insufficient energy supply of the cell itself and changes in the

cellular environment, which may result in a series of reactions such

as oxidative stress (Gurgueira and Franco, 2011). To this end, we

examined the substances produced by cellular mitochondria and

cellular oxidative stress.

Apoptosis refers to the process of gene-controlled, orderly,

autonomous cell death that maintains homeostasis (Lugovaya

et al., 2020). When apoptosis occurs, a large amount of PS is

externalized on the cell membrane surface, serving as an “eat me”

signal released by apoptotic cells, thereby mediating apoptosis

(Meehan et al., 2016). The number of PS-externalized cells is

considered a marker for monitoring phytoplankton cell

apoptosis. In this study, flow cytometry and morphological

changes showed that apoptosis occurred within a short period,

and the number of PS-externalized cells increased with higher
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concentrations of AgNPs (Figure 3). Meanwhile, the proportion

of non-apoptotic cells gradually decreased, indicating that AgNPs

induced apoptosis in P.tricornutum. Mitochondrial-mediated

apoptosis is a crucial pathway for cell apoptosis. In the early

stages of apoptosis, the mitochondrial structure is disrupted,

membrane permeability increases, and the MMP declines or

even disappears. The decrease in MMP is considered one of the

earliest biological changes during apoptosis. In this study, AgNPs

significantly reduced the MMP of P.tricornutum (Figure 4) and

caused morphological changes such as lighter mitochondrial

matrix, shorter and fewer cristae, and vacuolization of

mitochondria (Figure 1). This is similar to the mitochondrial

damage observed in Chlorella vulgaris exposed to AgNPs (Barreto

et al., 2019). Moreover, studies have shown that exposure to

pollutants can stimulate the activity of caspase family enzymes,

thereby inducing apoptosis. Caspase-9 plays a role in regulating

and signaling apoptosis; once activated, it can catalyze the

activation of executioner caspase-3, initiating the apoptotic

cascade. This study found that AgNPs stress increased the

activity of caspase-3 and caspase-9, indicating that AgNPs can

enhance the activity of these enzymes to trigger programmed cell

death. Therefore, AgNPs may initiate mitochondrial-mediated

apoptosis by disrupting mitochondrial structure, decreasing

MMP, and increasing the activity of caspase family enzymes

in P.tricornutum.

ROS are widely present in organisms and are by-products of

normal oxygen metabolism. They participate in normal material

circulation and signal transduction within the body. When cells are

subjected to harmful external factors, a large amount of ROS can be

produced, which can damage cell membranes, DNA, and protein

structures, leading to the loss of cellular homeostasis. The results of

this study also indicate that exposure to AgNPs leads to a significant
FIGURE 8

Effects of AgNPs exposure at different concentrations on GSH content in P. tricornutum.
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increase in ROS levels within algal cells, demonstrating that

P.tricornutum experiences oxidative stress under AgNPs stress.

Excess ROS cancause lipid peroxidation, leading to the

production of MDA (Liu et al., 2019). High levels of MDA can

aggregate with macromolecules such as proteins within cells,

thereby disrupting cell membrane structure (Huang et al., 2020),

leading to organelle damage.In this experiment, as the

concentration of AgNPs exposure increased, the MDA content

significantly increased, indicating that AgNPs induce an increase

in ROS levels, causing lipid peroxidation in P.tricornutum and

thereby damaging algal cells. Cell electron microscopy analysis

showed that under 2 mg L-1 AgNPs exposure, mitochondrial

damage prevented normal respiration. Mitochondria are also a

primary source of oxidative stress, generating substantial amounts

of ROS during oxidative phosphorylation. The increase in ROS
Frontiers in Marine Science 13
levels triggers an antioxidant response within the organism, aiming

to mitigate the damage caused by ROS (Chaufan et al., 2006). In

algal cells, SOD, CAT, and POD represent the first line of defense

against oxidative stress. These enzymes are typically considered

among the most direct biological indicators of oxidative stress.

When algal cells are subjected to stress, they can mitigate the

damage caused by ROS, thereby maintaining cellular stability. In

this experiment, when P. tricornutum was exposed to AgNPs, the

activities of SOD, CAT, and POD significantly increased to

eliminate excess ROS and prevent membrane lipid peroxidation.

GSH-Px and GR belong to the phase II detoxification enzyme

family (Li et al., 2023). GSH-Px is widely present in organisms and

prevents protein hydrolysis by combining with GSH to remove excess

ROS from the body (Penninckx and Jaspers, 1993). Under AgNPs

stress, GSH-Px activity is enhanced, promoting the binding of GSH to
FIGURE 9

Effect of NAC on ROS levels of P. tricornutum under AgNPs (A) growth inhibition (B) column diagram of flow analysis AgNPs concentration: 2 mg L-1).
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ROS and thereby reducing ROS-induced cellular damage.

Concurrently, the substantial consumption of GSH stimulates GR

activity to reduce oxidized glutathione (GSSH) back to GSH (Mufeed
Frontiers in Marine Science 14
et al., 2018), maintaining intracellular antioxidant stability and

preventing excess ROS-induced damage. In this experiment, as the

concentration of AgNPs increased, the activities of GSH-Px and GR

also increased to counteract the oxidative damage caused by ROS to

P.tricornutum. However, with prolonged exposure to AgNPs, the

activities of SOD, CAT, POD, GSH-Px, and GR showed a significant

decline compared to the control group, exhibiting a trend of initial

increase followed by a decrease over time. This phenomenon may be

attributed to significant damage to various cellular organelles over

time, resulting in reduced antioxidant enzyme production.

Additionally, damage to mitochondria and chloroplasts could

impair the cell’s ability to generate sufficient energy to combat

oxidative stress, further diminishing antioxidant enzyme activity.

Similar trends have been observed in studies on the Halamphora

veneta and Surirella crumena (Jia, 2019), where the activities of
TABLE 2 Pearson’s correlation coefficients of some test indicators of
P. tricornutum cells under AgNPs stress (96 h).

IR(%) ROS
JC-1

monomers
J-

aggregates

ROS 0.847**

JC-1 monomers 0.983** 0.924**

J-aggregates -0.983** -0.924** -1.000**

Apoptotic rate 0.897** 0.947** -0.929** 0.931**
**Significant differences at the P < 0.01 level.
FIGURE 10

Effect of NAC on apoptosis of P. tricornutum cells treated by AgNPs (AgNPs concentration: 2 mg L-1 (A) Histogram of flow cytometry, (B) column
diagram of flow analysis).
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antioxidant enzymes initially increased and then decreased with

rising concentrations of cadmium and lead.

Previous studies have suggested that pollutants can induce the

accumulation of ROS in microalgal cells, with the resulting oxidative

damage potentially serving as a mechanism of toxicity to aquatic

organisms exposed to these pollutants (Lobato et al., 2023). In this

study, Pearson correlation analysis (Table 2) revealed a positive

correlation between ROS levels and both growth inhibition rate (r

= 0.847) and apoptosis rate (r = 0.897), suggesting that increased

oxidative stress is associated with enhanced growth inhibition and

cell apoptosis. Furthermore, pretreatment with the ROS inhibitor

NAC can attenuate AgNPs-induced cell apoptosis and growth

inhibition. Therefore, excessive production of ROS may be involved

in AgNPs-induced cell apoptosis and AgNPs-mediated growth

inhibition. Regarding how excessive ROS mediates the toxicity of

AgNPs in P. tricrnutum, we speculate that its mechanism is related to

mitochondria, which are the main source of ROS in cells and also the

target of ROS. Indeed, accumulation of excessive ROS may lead to

increased permeability of the mitochondrial membrane, resulting in a

decrease or even disappearance of MMP, ultimately leading to cell

apoptosis. TEM images obtained in this study showed that in the high

AgNPs concentration group, the mitochondria of algal cells were

significantly disintegrated (severely vacuolated), with the internal

structure tending to be simple, indicating that they were on the

verge of disintegration. These morphological features are consistent

with the reported expression of apoptotic morphological markers in

single-cell photosynthetic plants by Kasuba et al (Mohammadi et al.,

2021; Lin et al., 2023). Under ROS-mediated stress conditions, the

observed organelle-specific oxidative stress pattern and antioxidant

capacity appear to modulate cell apoptosis. Therefore, we propose a

positive feedback loop of apoptosis signaling: AgNPs stress causes the

generation of ROS in mitochondria and the enhancement of the

activity of intracellular antioxidant enzymes. With the accumulation

of ROS, the mitochondrial membrane is further damaged to

accelerate the generation of apoptosis, and at the same time, the

activity of intracellular antioxidant enzymes is decreased.

In conclusion, this study found that AgNPs exhibit an

inhibitory effect on the growth of P. tricornutum, induce changes

in cell morphology, and trigger oxidative stress responses in a

concentration-dependent manner. The experimental data

demonstrated that exposure to AgNPs generates ROS, leading to

lipid peroxidation and membrane damage, which disrupts

membrane integrity and causes changes in mitochondrial

membrane potential (MMP). These effects ultimately alter the

physiological and biochemical functions of the cells, resulting in

apoptosis. The findings of this study contribute to a better

understanding of the ecological risks posed by AgNPs released

into aquatic environments and provide valuable data for assessing

their impact on the marine ecosystem.
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