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ABSTRACT

Black phosphorus nanosheets (BPNS), a novel two-dimensional nanomaterial, have garnered significant attention
in biomedical and technological applications due to their exceptional physicochemical properties. However, their
widespread use raises concerns about potential environmental risks. In this study, we elucidate the toxicological
mechanisms of BPNS on Daphnia magna (D. magna), a model aquatic organism. The results reveal that BPNS is
efficiently absorbed and accumulates in the intestinal tract of D. magna. Exposure to low concentrations of BPNS
significantly alters developmental and reproductive performance, as evidenced by a 2-day acceleration in the
time to first brood and an increase in body length from 3.1 to 3.3 mm. Furthermore, BPNS exposure induces
oxidative stress in D. magna, characterized by elevated reactive oxygen species (ROS) levels, enhanced activities
of superoxide dismutase (SOD) and catalase (CAT), and increased malondialdehyde (MDA) concentrations. RNA
sequencing analysis indicates that dysregulation of iron homeostasis plays a pivotal role in mediating oxidative
stress in D. magna. Concurrently, detoxification mechanisms are activated, as evidenced by upregulation of genes
associated with chitin and carbohydrate metabolism, as well as cuticle structure components. Additionally, BPNS
exposure modulates key signaling pathways, including the lysosomal pathway, starch and sucrose metabolism,
and steroid biosynthesis, which collectively enhance the stress tolerance of D. magna. These findings provide
critical insights into the ecological implications of BPNS release into aquatic ecosystems, highlighting the need
for comprehensive risk assessments of emerging nanomaterials.

1. Introduction

species (ROS) production and is cytotoxic to mammalian cell lines such
as NIH 3T3 (mouse embryo), HcoEpiC (human colon), and 293T cells

Black phosphorus nanosheets (BPNS) are emerging two-dimensional
nanomaterials with a puckered honeycomb layers of phosphorus atoms.
Unlike conventional nanomaterials, BPNS exhibit tunable band gap,
anisotropy and high carrier mobility, making them promising for ap-
plications in energy technology, biomedicine, optoelectronic devices,
and biosensing (Bigham et al., 2024; Smith et al., 2024; Xu et al., 2020;
Zhao et al., 2022). However, their widespread use raises concern about
environment release and pose potential risks to ecosystems and human
health.

Previous studies have revealed that BPNS can induce reactive oxygen
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(human kidney)(Qiu et al., 2018; Zhang et al., 2017). BPNS can cause
nephrotoxicity through the IREla signaling pathway(Deng et al., 2024;
He et al., 2020). BP quantum dots (BPQDs) can trigger inflammatory
responses after being injected into mice, and accordingly regulate im-
mune responses(Sun et al., 2020). Moreover, BPQDs induced inflam-
mation, oxidative stress and apoptosis in the gut and brain tissues of
zebrafish(Cao et al., 2024). Black phosphorus (BP) disrupts vascular
endothelial growth factor and MAPK pathways in zebrafish, leading to
abnormal cardiovascular development (Yang et al., 2021). In Chlamy-
domonas reinhardtii, BP-induced cell wall aberrations elevate ROS
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formation, causing extensive transcriptome remodeling (Chaloupsky
et al., 2024).

It is noteworthy that BPNS’s susceptibility to oxidation generates
phosphate ions (POy) and dissolved phosphorus (DP), which contribute
to toxicity in aquatic organism (Thurakkal and Zhang., 2020). Studies
have shown that BPNS degrade rapidly in water, with a 73 % degrada-
tion rate within 8 days(Qin et al., 2020). BPNS degradation products
such as phosphate ions, perturb growth in C. vulgaris(Li et al., 2020).
However, the specific contributions of solid BP and intracellular
degraded phosphorus acid remain unclear due to methodological limi-
tations (Wu et al., 2020). Therefore, it is more critical to study the
aquatic toxicity of BPNS itself.

D. magna, a small freshwater crustacean, is widely employed in
ecotoxicological studies due to its sensitivity to pollutants, short growth
cycle, and transparent body (Ni et al., 2025; Yang et al., 2017). Studies
have shown that exposure to nanomaterials (e.g., TiO2, AgNPs, and
graphene oxide) induces complex and diverse toxic effects in D. magna,
including oxidative stress(Lu et al., 2021) and inhibition of growth and
reproduction(Wang et al., 2019). This leads to cellular oedema(Xiang
et al.,, 2024a), and disruption of the feeding behavior of D. magna.
Considering that BPNS are widely used and may be continuously
released into the environment, it is necessary to reveal the molecular
mechanisms underlying the long-term effects of BPNS on D. magna.

Current aquatic toxicity studies on nanomaterials have the primary
objective of describing effects on conventional toxicological endpoints
such as survival, behavioral changes and hatchability. However, these
data do not provide critical information on the toxicity of nanomaterials.
RNA sequencing technology is characterized by accurate quantification
and a wide detection range, which allows for the differentiation of toxic
effects of pollutants and the assessment of their mechanisms based on a
comprehensive examination of biological responses. The developmental
cardiotoxicity of 2-aminobenzothiazole in D. magna has been reported to
be due to oxidative damage to the heart caused by ferroptosis, leading to
oxygen supply disruption(Chen et al., 2024). Similarly, Ti3CoTy can lead
to metabolic disturbances in D. magna by interfering with lipid and
amino acid metabolic pathways(Xiang et al., 2024b). In addition, tran-
scriptome analyses revealed that the toxicity of antimony trioxide
nanoparticle to D. magna results from the combination of oxidative stress
and nutrient depletion(Gu et al., 2022). Thus, transcriptomic analysis is
crucial for elucidating the molecular mechanisms of BPNS toxicity in
D. magna.

In summary, the environmental risks associated with the widespread
use of BPNS have drawn significant attention. However, toxicological
studies of BPNS on invertebrates remain underdeveloped, and the un-
derlying molecular mechanisms are still unclear. In this study, D. magna
was exposed to BPNS and the environmental hazards of BPNS to aquatic
organisms were assessed by acute toxicity test and measurement of
enzyme activity concentration. Then, the chronic toxicity of BPNS was
determined by exposing D. magna to BPNS for 21d and measuring
changes in calving rate, chest beat frequency, and body length. In
addition, transcriptomic analyses were performed to investigate the
mechanisms of toxicity. This study aims to provide a comprehensive
understanding of the toxic effects and molecular mechanisms of BPNS on
D. magna, and the results will contribute to our further understanding of
the ecological risks of BPNS in the environment.

2. Materials and methods
2.1. Materials

A BPNS dispersion (200 mg/L) was purchased from XFNANO Tech
Co., Ltd. (Nanjing, China) and stored in dark oxygen-free conditions
before the start of the experiments (see Text S1 for details). Liquid ni-
trogen (99.99 %) was purchased from Chengdu Kelon Chemical Reagent
Factory. The TRIzol kit was purchased from Thermo Fisher Technolo-
gies. RNase-free DNase I was purchased from Beijing Wokawei
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Biotechnology Co., LTD. NEBNext® Ultra™ RNA Library Prep Kit for
Illumina® was purchased from Beijing NEB Co., LTD. USER Enzyme was
acquired from Shanghai Qiming Biotechnology Co., LTD.

2.2. Characterization of BPNS

The BPNS suspensions were ultrasonically dispersed using a liquid
crystal ultrasonic cleaner (KS-5200DE, Kunshanjielimei, China) for 5
min at 400 W before use. The morphology of the BPNS was examined by
AFM (BRUKER Dimension Icon), by SEM (HITACHI, SU5000+ Oxford
Instruments Ultim Max), and by TEM (FEI Tecnai G2 F20). The hydro-
dynamic diameter and zeta potential of BPNS in the test water
(CaCly-2H20 294 mg/L, MgS04-7H50 23.3 mg/L, NaHCO3 64.8 mg/L,
KCL 5.8 mg/L, pH 7.8 + 0.2 and the dissolved oxygen > 3 mg/L) were
determined using dynamic light scattering (DLS) with a Zetasizer Nano
ZS (Malvern Instruments). The nominal concentrations were set as 0.1
mg/L, 1 mg/L, and 10 mg/L, respectively.

2.3. Culturing of D. magna

D. magna was cultured in an artificial climate incubator
(MGC350HP-2, Hengyi, China) and fed daily with Chlorella pyrenoidosa
a x 10° cells/mL). The culture solution was prepared from dechlori-
nated tap water, which was aerated for three days and saturated with
dissolved oxygen. The incubator temperature was maintained at 20 + 1
°C, and the light/dark cycle ratio was set at 16:8. Neonates <24 h were
selected as test organisms in this study. All exposure experiments were
carried out in the test water.

2.4. Exposure experiment

2.4.1. Acute toxicity

The acute immobilization tests on D. magna were performed ac-
cording to OECD guideline 202(OECD 2004). A stock suspension of
BPNS was gradually diluted using standard dilution water to obtain
suspensions of BPNS with the following concentrations: 0.1, 1, 2.2, 4.8,
10, 25 and 50 mg/L. Three replicates were tested for each treatment and
each test vessel contained 50 mL of test medium and five D. magna ne-
onates (6~24 h). Immobilisation (I, %) was employed as the endpoint of
mortality assessment, and was defined as the lack of movement for 15 s
after gentle shaking of the test vehicle. At the end of the exposure,
surviving D. magna was transferred to a clean slide and the distribution
of BPNS in D. magna was observed using a light microscope (BK6000).

2.4.2. Growth and reproduction assay

Survival rate, body length, behavioral changes, and hatching success
were monitored. Reproductive impairment, quantified by neonate pro-
duction and time-to-first brood, and developmental abnormalities, such
as molting frequency and thoracic limb beat frequency, were assessed in
compliance with OECD guideline 211. Test concentrations were estab-
lished based on the EC;(y values obtained from acute toxicity data.
D. magna was exposed to BPNS exposure solutions of 0.01, 0.03, 0.09,
0.28 and 0.81 mg/L for 21 d, with ten parallel groups were set up for
each treatment. The test medium was renewed every two days. During
the test period, the time of first laying, number of litters, number of
litters per laying, and number of shedding were recorded for each
D. magna. Exposed D. magna bodies were placed on slides and imaged
with a light microscope (BK6000, Chongging Aote Optical Instrument
Co., Ltd.), and D. magna body lengths were measured with CAM-MS
software (v2.1.3.250, CHN). D. magna body heart rate and thoracic
limb beating frequency were measured with a microscope and a
stopwatch.
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2.5. Oxidative stress test

2.5.1. Detection of ROS in D. magna

2/,7"-dichlorodihydrofluorescein diacetate (DCFH-DA) was used to
detect ROS production. This probe can pass through the cell membrane,
and the intracellular ROS can oxidize non-fluorescent 2/,7'-dichlor-
odihydrofluorescein (DCFH) to produce fluorescent 2',7'-dichloro-
fluorescein (DCF)(Wang et al., 2020). After 24 and 48 h of exposure, five
D. magna individuals in each group were selected, washed three times
using standard dilution water, and then transferred to 10 pM DCFH-DA.
After 30 min of dark incubation, the sampled D. magna were transferred
to centrifuge tubes containing normal saline (0.85 %) and immediately
homogenized using a nucleic acid isolation machine (MP Fastprep24 5
G, USA). The operating conditions were: speed - 5 m/s, time - 40 s. The
fluorescence intensity (Ex/Em = 488/525 nm) of the control group and
the test group was measured using a microplate reader (VLOOOODI,
Thermo Fisher Scientific, USA). The relative content of ROS is expressed
as %, as shown by the following formula:

test group average fluorescence intensity
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quality Reads. the gene expression abundance was quantified using the
normalized FPKM (Fragments per kilobase of exon model per million
mapped reads)(Mortazavi et al., 2008). Gene Ontology (GO,
http://www.geneontology.org/) enrichment analysis of DEGs was
implemented by the GOseq R package. GOseq software(Young et al.,
2010) was used for GO enrichment analysis. GO terms with corrected
P-value < 0.01 were considered significantly enriched by differential
expressed genes. Systematic analysis of differences in metabolic
pathway using Kyoto Encyclopedia of Genes and Genomes (KEGG,
http://www.kegg.jp)(Kanehisa et al., 2008). The significantly enriched
KEGG pathways were identified by corrected P-value < 0.05.

2.8. Statistical analysis

All statistical analyses were conducted with Origin 2018 (Origin Lab,
USA) and SPSS Statistics 26 (IBM, USA). The data are presented as the
mean =+ standard error of the mean. To distinguish significant differ-
ences between the control and treatment groups, one-way analysis of
variance was performed and post hoc multiple comparison (Duncan’s

Total ROS relative content % = (

Under the same conditions, the ROS in the treated D. magna were
visualized using fluorescence microscopy (Ts2R-FL, Nikon Corporation,
Japan).

2.5.2. Biochemical marker assay

D. magna exposed to BPNS (0, 0.1, and 1.0 mg/L) were sampled after
24 h or 48 h of exposure. Groups of 30 D magna were collected inde-
pendently and washed three times using standard dilution water, and
the polyhydric liquid on the surface of D. magna was dried. According to
the ratio of weight (g): volume (mL) = 1:9, a moderate volume of a
phosphate buffer solution (PBS) was added in a lysing matrix dialysis
tube containing the treated D. magna. All samples were collected by
centrifugation at 3500 rpm/min for 10 min at 4 °C. The enzyme activ-
ities of catalase (CAT), superoxide dismutase (SOD) and the malon-
dialdehyde (MDA) content in D. magna were measured using their
respective assay kits (Nkoom et al., 2019a, 2019b).

2.6. RNA sequencing

A BPNS dispersion was diluted step by step into 0.01, 0.09 mg/L
BPNS exposure suspension, and BPNS was evenly dispersed by ultra-
sonic treatment before exposure. Each beaker was filled with 50 D magna
larvae and 1 L BPNS exposure solution. The test medium was refreshed
every two days, and the whole experiment lasted 21 d. After exposure,
each sample was rapidly cryogenically frozen using liquid nitrogen.
After rapid freezing, the sample was stored in a —80 °C refrigerator.
Subsequently, the mRNA of D. magna samples was sequenced using
Mlumina’s second-generation high-throughput sequencing platform
(Ovisen Genentology Co., Ltd.).

2.7. Bioinformatics analysis

Reads containing a small amount of joint pollution and low quality
pollution were filtered, and the distribution of Qs, Q3¢ and base con-
tents of filtered Reads were calculated to evaluate the data quality.
Based on the reference genome and annotation file of D. magna (https
://www.ncbi.nlm.nih.gov/genome/?term=Daphnia-+magna), the
STAR software was selected to perform alignment analysis on high

control group average fluorescence intensity

) x100%

test) was executed using SPSS 26.0 software. A statistically significant
difference between the control and treatment groups was indicated by p
< 0.05.

3. Results and discussion
3.1. Characterization of the BPNS

As depicted in Fig. 1A, the exfoliated BPNS excellent dispersion in
ultrapure water. The BPNS displayed irregular lamellar structures with
smooth surfaces as observed in the TEM and SEM images (Fig. 1B and
1C). Atomic force microscopy (AFM) analysis of 125 BPNS datasets
revealed an average lateral size and thickness of 73 + 59 nm and an
average thickness 1.8 &+ 0.8 nm (Fig. 1D and 1E). The zeta potential of
BPNS was measured to be —29.6 + 0.4 mV, with an average hydrody-
namic diameter of 337 + 88 nm (Fig. 1F and 1G). Wu et al. (2020) used
DLS to determine the zeta point and hydrodynamic diameter of BP in the
range of —3.5~ —16.4 mv and 448.8 ~1500.6 nm, respectively. It is
important to note that the hydrodynamic diameter measured by DLS
does not represent the absolute particle size due to the nonspherical
morphology of BPNS (Zhou et al., 2021). Therefore, the DLS measured
diameter was primarily used to assess changes in particle size rather
than absolute dimensions.

The stability of nanomaterials is a critical factor influencing their
toxicological effects. To evaluate this, the particle size and zeta potential
of BPNS suspensions were monitored over time (Table S1). During the
exposure period, the average hydrodynamic diameter of BPNS initially
decreased and subsequently increased. After 48 h of exposure, the
average hydrodynamic diameter of the BPNS at concentrations of 0.1, 1
and 10 mg/L increased by 11.9 %, 33.0 %, and 31.8 %, respectively.
These findings suggest that BPNS tend to aggregate and settle over time.
The zeta potential of the BPNS ranged from —13.6 + 0.9 mV to —19.6 +
0.3 mV. In contrast, a zeta potential of approximately —43.4 mV is
generally considered indicative of a stable BP nanofluid system
(Fekete-Kertesz et al., 2020). The experimentally observed zeta potential
values indicat that the BPNS in the D. magna medium were in an un-
stable state, predisposing them to aggregation and sedimentation.
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Fig. 1. Characterization of BPNS. (A) AFM, (B) TEM, and (C) SEM image of BPNS; Statistical analysis of the (D) lateral size and (E) thickness of BPNS by AFM
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Fig. 2. Inhibitory effects of BPNS on D. magna were evaluated under two distinct exposure regimes: (A) acute exposure and (B) chronic exposure.

3.2. Toxicity of BPNS to D. magna 1.9 mg/L (Table S2). According to the Organization for Economic

Cooperation and Development classification criteria, BPNS exhibited
acute toxicity to D. magna, categorized as acute grade II.

The chronic toxicity of BPNS to D. magna was also investigated, as
shown in Fig. 2B. During the first four days of exposure, BPNS at 0.27
mg/L significantly inhibited D. magna activity, while 0.81 mg/L BPNS
resulted in complete inhibition. After 21 d of exposure, inhibition rates
of 20 %, 10 %, 90 %, and 100 % were observed at BPNS concentrations
of 0.03, 0.09, 0.27, and 0.81 mg/L, respectively. These results further
underscore the time and concentration-dependent nature of BPNS
toxicity in chronic exposure scenarios.

The acute toxicity of BPNS to D. magna has not been previously
documented. In this study, no significant behavioral inhibition was
observed in D. magna during the initial 24 h exposure period at BPNS
concentrations below 10 mg/L. However, under prolonged exposure
(36-48 h), pronounced inhibitory effects were observed except at the
lowest concentrations (0.1 mg/L and 1.0 mg/L). These findings indicate
that the toxic effects of BPNS on D. magna are both time- and
concentration-dependent (Fig. 2A). Notably, substantial black particu-
late matter was detected in the intestinal tracts of (Fig. S1), suggesting
that BPNS appeared to migrate through the intestinal coils (Text S2).
The 48 h ECs( for D. magna immobilization by BPNS was calculated to be
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Fig. 3. (A) Concentration and duration dependent alterations in the relative levels of reactive oxygen species (ROS) in D. magna following BPNS exposure. (B-D)
impacts of BPNS on oxidative stress biomarkers: (B) MDA content, (C) SOD activity, and (D) CAT activity in D. magna.

3.3. Oxidative stress test

3.3.1. Effects of BPNS on ROS formation in D. magna

The relative content of ROS in D. magna increased with the exposure
concentration and exposure time of BPNS (Fig. 3A). Compared with the
control group, the relative ROS content in D. magna exposed to BPNS at
0.1 mg/L and 1.0 mg/L after 24 h exposure was 108.2 and 123.4 %,
respectively. After 48 h of exposure, the relative content of ROS in
D. magna exposed to BPNS at 0.1 mg/L and 1.0 mg/L was increased to
111.5 and 128.5 %, respectively. The higher concentration of BPNS (1.0
mg/L) thus significantly induces more ROS generation in D. magna
compared with the control group. These results suggest that exposure to
BPNS can induce ROS accumulation in D. magna and then leads to
oxidative stress. In addition, this result is further corroborated by the
presence of significant ROS fluorescence signals in D. magna exposed to
high concentrations of BPNS (Text S3, Fig. S2).

3.3.2. Effect of BPNS on enzyme activity of D. magna

The changes of MDA content in D. magna exposed to BPNS are shown
in Fig. 3B. BPNS at 0.1 or 1.0 mg/L increased the MDA contents in
D. magna as compared with the control group after 24 h of exposure.
Moreover, the lengthening of the exposure time significantly increased
the MDA contents in D. magna exposed to 1.0 mg/L of BPNS. Some
studies have shown that ROS produced in the body can react with
polyunsaturated fatty acids in biofilms, causing lipid peroxidation and
thus forming lipid peroxides. Lipid peroxide MDA is often used as one of
the markers to reflect the degree of biofilm damage(Wang et al., 2025).
The content of MDA thus often reflects the degree of lipid peroxidation
in the body(Lee et al., 2024; Yuan and Zhang, 2025). The results of our
study showed that exposure to BPNS resulted in excessive ROS forma-
tion, enhanced lipid peroxidation, and damaged cell membranes.

SOD and CAT are the main antioxidant enzymes that can scavenge

extra ROS and promote healthy cells in the physique. SOD is the first line
of defense in the antioxidant system. It can target oxygen radicals and
catalyze the conversion of Oz to HpOs. HyOs is still a substance with
oxidant toxicity in vivo. CAT can degrade H0O5 to water and oxygen (Li
and Ko, 2012; Li et al., 2021). Elevated SOD activity in D. magna after
exposure to 0.1 and 1.0 mg/L BPNS (Fig. 3C) is induced because
excessive ROS may have increased SOD activity to defend the D. magna
against oxidative stress. After 48 h of exposure, the CAT activity in
D. magna increased by 67.6 and 391 %, respectively compared to the
control group (Fig. 3D). Judging from the increase in CAT, prolonged
exposure to BPNS causes oxidative damage to organisms, forcing or-
ganisms to increase CAT activity to remove excess HyO2. From the re-
sults it can be inferred that the production of free radicals increases in
D. magna under chemical stress. Thus, excessive ROS may have
increased the activity of SOD and CAT to defend itself against oxidative
stress.

3.4. Growth and reproduction responses

Exposure to low concentrations of 0.01, 0.03, and 0.09 mg/L of BPNS
resulted in earlier time to first parturition and an increased number of
births in D. magna compared to controls. The high exposure concen-
tration (0.27 mg/L) showed no significant differences in response
compared to the control group. Similarly, the first litter number and
average litter number of exposed D. magna showed the same trend
(Fig. 4A and 4B). Studies have shown that in an aquatic water envi-
ronment with low pollution levels, D. magna can maintain the normal
reproduction capacity of its population by adjusting the time of sexual
maturity and the number of single offspring. That is to compensate for
the environmental stress caused by environmental stress(An et al.,
2022). Therefore, the above results suggest that D. magna, living for a
long time in a water environment containing low concentrations of



T. Luo et al.

Aquatic Toxicology 283 (2025) 107333

24 ; 8 o
2 (A) § L, 2
2 204 ab ab -° °
g a ”* ------ ¥ ro é
T6] d o 5
i= . :

Ka)
812{ . ab Toba B
= b T ]
= L hd S
3 L3 o
g 89 £
2 2 &
0 4] &
£ 1S
= 2
0 T . . r . 0=
0 0.01 0.03 0.09 0.27
Concentration of BP(mg/L)
7 -70
©) }b

6+ b o L 60
£ ; ¥ g

54 & -8, \ - Ls) o
£ ¢ g r)
Z 4 -40 %
O T S =
CEY ' 30 3
> <
-8 24 120 "5

Y9
= T
14 L 10
0 T T T T T 0
0 0.01 0.03 0.09 0.17

Concentration of BP(mg/L)

20
27 ® $.. L4
2 . TTo@-. . bed
B . e ab »
5164, .- -9 32
o L 3 ¢ =
"5 u Lo f
D124 - o
£ 3
= b [
o 8 b ? T g
en T =
£ a Lo =S
& i g
g H L E
&
T ool— . . . —L
0 0.01 0.03 0.09 0.27
Concentration of BP(mg/L)
(D) b b L60
124 % ab 2 * """ ¢ -
SR St 4 g
. . 45 ©
3 94 ab % l_vrc % =
g 2 T E
éﬁ F30 o
= z
§ o
. wn
3 s 2
Q
0 T T T T T 0
0 0.01 0.03 0.09 0.27

Concentration of BP(mg/L)

Fig. 4. Reproductive and developmental toxicity of BPNS in D. magna: (A) time and number of first births; (B) average number and total number of births; (C) body
length and heartbeat rate; (D) thoracic limb movement frequency and number of molts.

BPNS, responds to the damage caused by BPNS through reproductive
changes.

Contrary to reproductive outcomes, the body length, heart rate and
thorax beat frequency of D. magna did not change significantly at low
concentrations of 0.01, 0.03 and 0.09 mg/LBPNS, but increased signif-
icantly at high concentrations of 0.27mg/L (Fig. 4C and 4D). Compared
with the control group, the times of molt of D. magna increased under
different concentrations of BPNS. Physiological indexes such as body
length, heart rate, chest and leg beating frequency can reflect the
changes of growth and development, feeding behavior and of the blood
circulatory system of D. magna under the influence of pollutants(Huang
et al., 2011; Pan et al., 2017; Tkaczyk et al., 2021). The results showed
that the increase of the heart rate and the beating frequency of the chest
and limb may be due to the intake of more energy in response to the
damage caused by BPNS, and with the increase of energy intake, the
basic metabolism of D. magna was improved.

3.5. Analysis of differentially expressed genes (DEGs) and GO enrichment

Transcriptional analyses of D. magna were performed to further un-
derstand the molecular mechanisms behind BPNS-induced chronic
toxicity. More DEGs were found in the 0.01 mg/L exposure group than in
the 0.09 mg/L exposure group, with a total of 1818 DEGs. Compared
with the control treatment, there was more up-regulation than down-
regulation of differential genes in D. magna under BPNS exposure,
indicating that BPNS altered the differential gene expression of D. magna
to different degrees. Cluster plot analysis showed that BPNS altered the
gene expression pattern of D. magna (Fig. 5A-5D).

The enriched GO terms are shown in Fig. 5E and 5F. Metal ions play
important roles in maintaining normal physiological processes in or-
ganisms, such as ATP, DNA and protein synthesis. Compared with
controls, enriched genes were mainly associated with ion homeostasis,
including cellular transition metal ion homeostasis and iron ion ho-
meostasis. It has been shown that iron homeostasis in organisms is

associated with oxidative stress. In the present study, structural com-
ponents of the stratum corneum and chitin-binding processes were
significantly enriched. The Genes involved in cuticle formation are
essential for molting in D. magna, and chitin contributes to chitin bio-
activities such as antibacterial, immune stimulation and promotion of
wound healing. The significant up-regulation of these genes suggests
that detoxification is a common feature of the response to stress in
D. magna. In studies elucidating the toxicity mechanisms of graphene in
D. magna, analogous upregulation of stress-responsive genes was
observed, further indicating that D. magna activates self-regulatory
pathways to counteract environmental stressors(Huang et al., 2023).

Furthermore, differential expression of genes for carbohydrate
metabolic processes and glycosyl hydrolase activity was significantly
enriched to provide more energy for detoxification compared to con-
trols. Similarly, differentially expressed genes for serine proteases, a
type of endopeptidase found to be involved in digestion, development
and immunity, were significantly enriched in D. magna compared to
controls. When D. magna was subjected to a variety of stress responses
brought about by external stimuli, a number of peptidases, including
serine protease, were significantly enriched in the body. These results
indicated that D. magna accelerates the detoxification process of BPNS
by increasing the expression of relevant differential genes.

3.6. KEGG pathway analysis of DEGs

KEGG enrichment analysis demonstrated the top 20 pathways
exhibiting the most significant differential gene enrichment in both
groups, predominantly within the primary pathways of metabolism,
cellular processes, and environmental information processing. Notably,
higher numbers of differentially expressed genes were observed in the
pathways of ascorbate and aldarate metabolism, starch and sucrose
metabolism, and steroids. The differentially expressed genes in these
enriched pathways were predominantly up-regulated genes compared to
the controls (Fig. 6).
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Fig. 5. Transcriptomic profiling of BPNS-exposed D. magna: (A) venn diagram of DEGs in the exposure groups; (B) hierarchical clustering of DEG expression profiles;
(C, D) dose-responsive differential expression (volcano plots) at 0.01 and 0.09 mg/L BPNS, respectively; (E, F) the five most significantly enriched GO pathways in the
samples collected from the 0.01 and 0.09 mg/L groups. The value of the horizontal axis represents strength.

Exposure to BPNS induced significant upregulation of lysosomal
pathway-associated genes in cellular processes and signaling, including
those encoding acid hydrolases (e.g., gha) and membrane proteins (e.g.,
lamp). As central degradation hubs, lysosomes counteract BPNS-
mediated metabolic perturbations through coordinated mechanisms:
the increased expression of glucocerebrosidase (gha) enhances lipid
catabolism to alleviate BPNS-induced glycolipid accumulation in
D. magna, while elevated acid ceramidase (asahl) levels suggest a dy-
namic equilibrium between ceramide-activated pro-apoptotic pathways
(e.g., p53 signaling) and antioxidant defenses. Furthermore, studies
have demonstrated that BPNS and graphene, owing to their sharp-edged
layered structures, exhibit a "mano-knives effect, causing physical
damage to bacterial cell membranes (Xiong et al., 2018; Chaloupsky
et al., 2024; Pham et al., 2015). Concurrently, the overexpression of
lysosomal membrane proteins (lamp) likely mitigates such "nano-knives
effect"” membrane injury by reinforcing lysosomal integrity to prevent
enzymatic leakage. These findings collectively underscore an adaptive
cellular strategy to counteract both biochemical and physical disrup-
tions caused by BPNS, highlighting the critical role of lysosomal
pathway activation in maintaining cellular homeostasis under nano-
material stress.

Genes associated with the enzymatic antioxidant system, purine
metabolism and retinol metabolism were significantly up-regulated in
the antioxidant system signaling passages. The increase of ROS in vivo
under BPNS exposure in D. magna stimulates the antioxidant defense
system, leading to oxidative stress. Up-regulation of genes in the enzy-
matic and non-enzymatic antioxidant systems can mitigate the damage
coming from oxidative stress (Wang et al., 2021). The upregulation of
sod and cat in the enzymatic antioxidant system aligns with their roles in

ROS scavenging: SOD converts O2"- to H202, which is subsequently
neutralized by cat into H20 and O, leading to a significant reduction in
ROS levels(Calvani et al., 2022; Sun et al., 2012). In the non-enzymatic
system, xanthine dehydrogenase gene (xdh)driven uric acid synthesis
effectively quenches -OH radicals, while dhrs4 enhances vitamin A
bioavailability by modulating retinol metabolism(Malea et al., 2022),
thereby amplifying its antioxidant capacity to counteract oxidative
stress.

The major pathways significantly enriched in metabolic signaling
pathways are glucose metabolism, lipid metabolism and amino acid
metabolism. During glucose metabolism, up-regulation of related genes
can catalyze enzymatic reactions to generate more ascorbic acid (AsA).
In the ascorbic acid pathway, EC 1.13.99.1 is a redox-related enzyme
that catalyzes the reduction of nitrite (NO2") to nitric oxide (NO). NO
contributes to antioxidant defense by activating antioxidant genes (e.g.,
SOD) or directly scavenging ROS, thereby establishing a secondary
antioxidant barrier. AsA alleviates BPNS-induced oxidative stress
through direct ROS neutralization and regeneration of other antioxi-
dants (e.g., vitamin E). The upregulation of EC 1.13.99.1 may indirectly
support this process by modulating NO levels. Furthermore, AsA miti-
gates oxidative damage caused by BPNS by chelating free iron ions(Pal
and Jana, 2020; Wang et al., 2022), thereby suppressing Fenton
reaction-driven ROS generation (Fe** + H202 — ROS).

Furthermore, genes for starch and sucrose metabolism and galactose
metabolism were significantly up-regulated. This is consistent with the
gene expression of glycosyl compound hydrolases in GO enrichment, all
providing energy for large stilbene detoxification. In the lipid meta-
bolism pathway, BPNS affects the biosynthesis of steroids, including
sterols and steroid hormones. EC 1.3.1.72 is a key enzyme involved in
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steroid biosynthesis. In arthropods such as insects, its homologous
enzyme participates in the process of synthesizing ecdysone from
cholesterol precursors. For D. magna, the upregulation of EC 1.3.1.72
may accelerate the steps of steroid synthesis, leading to an increase in
the synthesis amount of ecdysone and other related steroid hormones.
Ecdysone plays a central role in the growth and development of
D. magna, promoting molting. If the synthesis of ecdysone increases
abnormally, it will change the molting frequency of D. magna, interfere
with the normal growth rhythm, affect the body size and development
rate, and thus indirectly have an adverse effect on the reproductive
ability. In amino acid signaling metabolism, BPNS significantly affected
histidine biosynthesis compared to controls. This may be attributed to
the accumulation of BPNS in the gut, which caused damage to the
gastrointestinal mucosa of the D. magna, whereas histidine could alle-
viate the damage caused by inflammation. These results suggest that
BPNS significantly interfered with the physiological processes of glucose
metabolism, lipid metabolism and amino acid metabolism in the meta-
bolic pathway.

3.7. RNA quality control

Sequences and base contents after quality control were >95 % of
those before quality control, Q¢ was >97.9 %, and Q3o was >93.9 %
(Table S3). The ratio of Total Mapped Reads or Fragments that can be
compared to reference sequences is higher than 96 %. (Table S4). Cor-
relation examination and PCA analysis were performed on the tran-
scriptomes among all samples, and it was found that R? values in

correlation examination were >0.971 (Fig. S3), indicating a high cor-
relation among all samples. In summary, the RNA sequencing results of
all samples in this study were reliable.

4. Conclusions

Suspensions of BPNS are unstable in aquatic environments and tend
to aggregate and deposit. The 48h-ECso of D. magna exposed to BPNS
was 1.9 mg/L, which entitles the BPNS as being Level II toxic according
to OECD standards. BPNS not only accumulated in the intestinal tract of
D. magna, but also showed yellow and red ‘fat bubbles’ around the in-
testine, which indicated that high concentrations of BPNS could affect
lipid metabolism in D. magna. After chronic exposure (21 d), BPNS
reduced the survival rate of D. magna, inhibited its growth and repro-
duction, and affected its reproduction and development. This demon-
strated that BPNS poses a hazard risk to the aquatic environment.
Further transcript sequencing showed that, compared with the control
group, most of the differential genes were enriched in molecular func-
tions, and the expression of the differential genes in these processes
promoted the detoxification reaction by D. magna of BPNS. The regu-
lation of energy and cuticle pathways may be the main reasons for the
increase of the heart rate, the beating frequency of the chest limbs and
the number of molting of D. magna. The regulation of the pathway of
KEGG concentration and significant enrichment may be an effective
means for D. magna to deal with the oxidative stress reaction and the "
nano-knife effect " injury caused by BPNS. In the lipid metabolism
signaling pathway, D. magna may up-regulate the genes in the steroid
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pathway, advance the sexual maturity time, increase litter size and litter
frequency, and thus compensate for BPNS stress.
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