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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• CBNPs could enter mice’s placenta via 
intratracheal instillation.

• CBNPs inflicted placental mitochondria 
and autophagy dysfunction.

• CBNPs inflicted placental ferroptosis by 
mitochondrial and autophagy 
disruption.

• CBNPs evoked placental ferroptosis, ul
timately leading to fetal growth 
restriction.
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A B S T R A C T

Carbon black nanoparticles (CBNPs) are ubiquitous in our daily ambient environment, either resulting from 
tobacco combustion or constituting the core of PM2.5. Despite the potential risk of trafficking CBNPs to the fetus, 
the underlying toxicity of nano-sized carbon black particles in the placenta remains unambiguous. Pregnant 
C57BL/6 mice received intratracheal instillation of 30 nm or 120 nm CBNPs. CBNPs deposited in the lungs could 
infiltrate the red blood cells, further cross into the placenta, and cause fetal growth restriction. Mechanistically, 
we proposed a two-hit hypothesis in placenta response to CBNPs. The first hit was that CBNPs caused 
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Placenta
Fetal growth restriction

mitochondrial damage, reflected in the reduced mitochondrial matrix, the excessive mitochondrial fission, and 
the decreased mitochondrial membrane potential and mtDNA copy number. The second hit was that CBNPs 
disrupted the autophagy-lysosomal degradation system, impeding the removal of dysfunctional mitochondria 
and resulting in ferroptosis. Ferrestatin-1, a ferroptosis inhibitor, and rapamycin, an autophagy promotor, 
reversed ferroptosis and further confirm our suspicion. The findings suggested that CBNPs-triggered double-hit 
evoked placental ferroptosis, leading to fetal growth restriction. The study raised concerns about the potential 
placental toxicity of CBNPs and its impact on the fetal adverse outcome, which may propose potential targets for 
interventions in placental damage.

1. Introduction

Carbon black nanoparticles (CBNPs) have been extensively utilized 
in the fields of novel materials, environment, energy, and biomedicine 
owing to their beneficial properties of superior mechanical robustness, 
pliability, ductility, and adaptable thermal and electrical conductivities 
(Bacakova et al., 2020; Brunella et al., 2021; Andrade-Guel et al., 2022; 
Torrinha et al., 2020). CBNPs have been identified as the core of some 
fine and ultrafine particulate matters (i.e., PMs of PM2.5 and PM0.1) (Hou 
et al., 2020). Also, tobacco combustion could generate carbon black 
nanoparticles (Chang et al., 2022). As part of combustion-derived par
ticulate matter, carbon-related particles have been measured in the 
human placenta (Bové et al., 2019). Therefore, CBNPs-induced potential 
placental toxicity has raised concerns.

The human placenta sits at the interface between maternal and fetal 
vascular beds, which mediates the nutrient and waste exchange to 
maintain fetal health (Maltepe and Fisher, 2015). Trophoblasts are 
important cells to support the regulation of placental homeostasis and 
normal function, which can be damaged by nanoparticles (Manojlović- 
Stojanoski et al., 2022; Yang et al., 2022). Studies showed that black 
carbon could accumulate in the human placenta and affect the placenta 
homeostasis (Zhao et al., 2021; Deyssenroth et al., 2021; Van Pee et al., 
2023). Besides, the rising PM concentration increased the risk of preterm 
birth, low birth weight, and high newborn blood pressure (Lakshmanan 
et al., 2015; van Rossem et al., 2015). Compared with PM2.5, the smaller 
size PM0.1 can generate greater threats to public health due to the 
greater surface area and reactivity (Mukherjee and Agrawal, 2018; 
Terzano et al., 2010). However, the molecular mechanism of nano-sized 
carbon black particles-induced placental toxicity has not been 
elucidated.

Mitochondria have been suggested as the target organelle of PM 
exposure in the placental cells (Li et al., 2019). Maintaining healthy and 
functional mitochondria in the placenta is vital during gestation to 
respond to stress conditions (Sferruzzi-Perri et al., 2019). Mitochondrial 
dysfunction is reflected as increased mitochondrial fission, decreased 
mitochondrial membrane potential, and decreased mitochondrial DNA 
content. All these may result in placenta injury and adverse birth out
comes (Xu et al., 2021; Gillmore et al., 2022). In the present work, we 
hypothesized that mitochondrial damage was involved in the CBNPs- 
induced placental damage.

Multiple studies have demonstrated that exposure to PM increases 
autophagy, which is an evolutionarily conserved process of self-cellular 
component recycling (Deng et al., 2013; Chen et al., 2016; Liu et al., 
2022). Autophagy plays a dual role in the impairment caused by PM 
exposure (Wu et al., 2021; Liu et al., 2023a). Mitophagy may play a 
protective role against inflammation (Zhang et al., 2020). While, PM- 
induced autophagy could enhance pulmonary fibrosis (Kaushik and 
Cuervo, 2018). PARKIN plays a central role in mitochondrial quality 
control, which mediates mitophagy upon environmental pollutants 
exposure (Zhong et al., 2021; Zhang et al., 2020). Besides, chaperone- 
mediated autophagy (CMA), as a special form of autophagy, is quite 
different from macroautophagy in terms of its cargo selectivity and 
delivery (Kaushik and Cuervo, 2018). CMA performs intracellular 
regulation by degrading damaged or harmful proteins. CMA substrates 
are recognized and targeted by a cytosolic chaperone protein-HSC70 

(heat shock cognate 71 kDa protein)-forming the HSC70-substrate 
complex, which binds lysosomal LAMP2A (lysosome-associated mem
brane protein type 2A) for subsequent lysosomal uptake and degrada
tion (Qiao et al., 2021). Thus, autophagy, including mitophagy and 
CMA, is considered to be involved in the process of CBNPs-induced 
placental damage.

Furthermore, ferroptosis is confirmed to be involved in the progress 
of PM-induced damage. The findings showed that PM2.5 induces fer
roptosis in human endothelial cells (Wang and Tang, 2019), and lung 
epithelial cells (Guohua et al., 2021). Mitochondrial damage, mitoph
agy, and CMA are thought to be closely related to ferroptosis (Chen 
et al., 2021a; Yu et al., 2022). Ferroptosis is characterized by the small 
mitochondria with low condensed membrane densities, reduction or 
vanishing of crista, and outer membrane rupture for the mitochondria 
(Tang et al., 2021). So far, few reports about mitophagy and CMA in the 
process of particulate matter-induced injury have been reported. And 
few reports are related to the placenta. Thus, we wonder if mitophagy or 
CMA-related ferroptosis is involved in the CBNPs-induced placenta 
injury.

Above all, regarding of placental trafficking of carbon nanoparticles 
from the maternal side to the fetus and inducting placental toxicity, the 
study traced the CBNPs’ targeting of red blood cells and mice’s placenta. 
The study explored the placental toxicity caused by CBNPs in vivo and in 
vitro, respectively. The findings are expected to add some insight into 
understanding the risk aspect of CBNPs or toxicity of airborne PMs in the 
placenta regarding the further impaction on the fetus.

2. Methods

2.1. Characterization of CBNPs

To determine the nano-sized carbon black-induced placental 
toxicity, both 30 nm and 120 nm CBNPs were used in this study. 30 nm 
and 120 nm carbon black nanoparticles were obtained from Orion, 
Germany. Dynamic light scattering size and zeta potential of CBNPs 
were tested with Zetasizer Nano ZS90 (Malvern, Britain). Ultra
violet–visible spectroscopy (UV–Vis) absorption and fluorescence in
tensity (FL intensity) were determined by a microplate reader (Tecan 
Infinite E Plex, Switzerland) with reference to a previous study (Wu 
et al., 2022). BET area was provided by the manufacturer. The distri
bution of particle size was determined by Nano Measurer 1.2. CBNPs 
were ultrasonicated for >10min before experiments to reduce 
agglomeration.

2.2. Animals and dose selection of CBNPs

All C57BL/6 mice (9–10 weeks old) were experimented with 
following the guidelines of the Xiamen University Institutional Com
mittee for the Care and Use of Laboratory Animals (XMULAC20200188). 
Healthy C57BL/6 mice (15 female mice and 6 male mice) were pur
chased from the SLAC Laboratory Animal Center (Shanghai, China) and 
housed under specific pathogen-free conditions at Xiamen University 
Laboratory Animal Center (Xiamen, China). Mice had ad libitum access 
to food and water. After one week of acclimation, females and males 
spend the night in one cage for mating. The following morning, the 
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female with a vaginal plug or sperm observed on the vaginal smear was 
considered as gestational day 0.5 (GD0.5). The exposure pattern is 
consistent with that described in our previous study (Zhang et al., 2021). 
After anesthesia with isoflurane inhalation, the head and neck were 
backward exposed to the airway, and CBNPs suspension (5 mg/mL) 40 
μL was slowly infused into the trachea of the pregnant mice. Saline, 30 
nm CBNPs or 120 nm CBNPs were instilled on GD3.5, GD6.5, GD9.5, 
GD12.5, and GD15.5 (n = 5/group). All pregnant mice were sacrificed 
on GD18.5.

The dose used (200 μg/animal) in this study was chosen for the 
following reasons. First, the dose was based on the Chinese occupational 
exposure limit according to a previous study. The dose was further 
calculated as 1/2 of the maximum dose (He et al., 2020). Second, CBNPs 
were used to study as a core of PM2.5 (black carbon), the maximum of 
black carbon was 3 μg/m3 in the air (Chen et al., 2023; Liu et al., 2023b). 
Healthy adults inhale and exhale approximately 10 L of air every min
ute, and the total volume of air inhaled by the adult was about 14.4 m3/ 
day (10 L/min × 60 min/h × 24 h). Since approximately 90 % of the 
volume of air was exhaled during normal breathing, the adult inhaled 
about 4.32 μg CBNPs/day (3 μg/m3× 14.4 m3/day×10 %). The uncer
tainty factor was set at 100, with interspecies variation (10) and intra
species variation (10) taken into account (He et al., 2020). Therefore, we 
calculated the doses 4.32 μg/day×3 days×100 = 1296 μg. The dose was 
further calculated at about 1/6 of the maximum dose. Third, the expo
sure interval and dose referred to a previous study, which was used to 
demonstrate how CBNPs present in the lungs of heavy smokers and a 
highly ubiquitous pollutant generated from the combustion of organic 
matter promote lung cancer (Chang et al., 2022).

2.3. Cell culture and treatment

Human placental trophoblast cell line HTR-8/SVneo was established 
by introducing into first-trimester human trophoblasts the gene encod
ing simian virus 40 large T antigen and proved to be an important tool 
for the study of placental function (Graham et al., 1993). Human 
placental trophoblast cell line HTR-8/SVneo (MeisenCTCC, China) was 
cultured in RPMI 1640 Medium (Gibco, USA) supplemented with 10 % 
fetal bovine serum (Excell Bio, China) and 1 % Penicillin-Streptomycin 
(VivaCell, China). When cells reached 80 % confluence, cells were 
treated with 30 nm or 120 nm CBNPs for 24 h. To effectively inhibit 
ferroptosis, cells were pretreated with 30 μM ferrostatin-1 (MedChe
mExpress, China) for 2 h and then treated with 30 nm CBNPs at 100 μg/ 
mL for 24 h. To demonstrate autophagy flux, 50 nM Bafilomycin A1 (an 
autophagy inhibitor, MedChemExpress) or 20 nm Rapamycin (an 
autophagy activator, MedChemExpress) was cotreated with 30 nm 
CBNPs at 100 μg/mL for 24 h.

2.4. RNA extraction and quantitative real-time polymerase chain reaction

Total RNA was extracted by using a TRIzol reagent (Sangon Biotech, 
China). All total RNA was of high purity with OD260/280 in the range of 
1.8–2.0. The integrity of RNA was determined by agarose gel electro
phoresis. RNA extracts were quantified using a multi-mode plate reader 
(Gene5, Biotek). 1000 ng RNA was reverse transcribed into mRNA by 
using PrimeScript™ RT Master Mix (TaKaRa, #RR036A, Japan). The 
qRT-PCR was performed on a fluorescence quantitative PCR instrument 
real-time PCR system (Q towere3G, Germany) with the SYBR® Green 
Realtime PCR Master Mix (TOYOBO, #QPK-201) for 40 cycles. GAPDH 
or Actb was used as an internal control for mRNA. Primers are shown in 
Table S1.

2.5. Western blot

Tissues or cells were lysed with RIPA (Solarbio, China) supplemented 
with a 1 % Protease Inhibitor Cocktail, 1 % Phosphatase Inhibitor 
Cocktail I, and 1 % Phosphatase Inhibitor Cocktail II (MedChemExpress, 

China). Supernatants were collected after a 12,000 × rpm centrifuge for 
10–20 min. Protein quantified by BCA kit (Beyotime, China) was de
natured with 5 × SDS-PAGE loading buffer (with DTT) (Solarbio, 
China). 20–30 μg protein was separated with 8 %–12 % sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis gels and transferred into a 
polyvinylidene fluoride membrane (PALL, USA). The bands were 
blocked with 5 % skimmed milk for 1 h at room temperature and 
incubated overnight at 4 ◦C with primary antibodies against GAPDH 
(Proteintech, 10494-1-AP, 1:10,000), DRP1 (Abclonal, A17069, 
1:1000), Phospho-DRP1 (Ser637) (Beyotime, AF5791, 1:1000), 
SQSTM1/p62 (CST, #39749, 1:1000), LC3B (CST, #3868, 1:1000), 
PARKIN (Proteintech, 66674-1-Ig, 1:1000), GPX4 (Santa, sc-166570, 
1:500) and MFN1 (Abclonal, A15474, 1:1000), MFN2 (Abclonal, 
A19678, 1:1000), OPA1 (Abclonal, A9833, 1:1000), FIS1 (Beyotime, 
AF8268, 1:1000), HSC70 (Beyotime, AF1132, 1:1000), LAMP1 (Beyo
time, AF7353,1:1000), and LAMP2A (Beyotime, AF1036,1:1000). The 
bands were incubated with secondary antibodies (Thermofisher, 
1:4000–1:10,000) for 1–1.5 h at room temperature. The bands were 
visualized using an ECL chemiluminescence detection system (Tanon 
4600, China) and the intensity of the bands was quantified by Image J 
software (National Institutes of Health, USA).

2.6. Cell viability assay

The method was described in the previous study (Li et al., 2021). 
Cells were seeded in 96-well plates and incubated with 10 % CCK-8 
solution (Biosharp, China) after exposure to 0, 10, 50, 100, 200, and 
400 μg/mL of CBNPs for 24 h. Optical density was determined by a 
microplate reader at 450 nm (Varioskan Flash, Thermo Fisher Scientific) 
after incubating with CCK-8 solution for 30 min.

2.7. Oxidative stress and lipid peroxidation detection

Cells were seeded in the 10-cm dish, and collected with 0.25 % 
trypsin (VivaCell, China) after exposure. The method was used in a 
previous study (Wei et al., 2020a). The level of glutathione, oxidized 
glutathione (GSSG), and malondialdehyde (MDA) in the lysates were 
measured with GSH and GSSG Assay Kit (Beyotime, China), and Lipid 
Peroxidation Malondialdehyde (MDA) Assay Kit (Beyotime, China) ac
cording to the manufacturer’s instructions. The optical density was 
detected by a microplate (Varioskan Flash, Thermo Fisher Scientific).

2.8. mtDNA copy number detection

Cells were seeded in a 6-well plate, and collected with 0.25 % trypsin 
after exposure. DNA was extracted using TaKaRa MiniBEST Universal 
Genomic DNA Extraction Kit Ver 5.0 (TaKaRa, #9765, Japan). mtDNA 
copy numbers were determined by the Human Mitochondrial DNA 
Monitoring Primer Set (TaKaRa, #7246). All total DNA was of high 
purity with OD260/280 in the range of 1.80–1.90. The integrity of DNA 
was determined by agarose gel electrophoresis. The quantitative real- 
time polymerase chain reaction was performed on a fluorescence 
quantitative PCR instrument real-time PCR system (ABI7500, Applied 
Biosystems, USA) with the TB Green Premix Ex Taq II (Tli RNaseH Plus) 
(Takara, Japan) for 40 cycles. 50 ng genomic DNA was used per 
reaction.

2.9. Reactive oxygen species (ROS) detection

Cells were seeded in 96-well black-walled plates and treated with 10, 
25, 50, and 100 μg/mL CBNPs. Cells were incubated with 10 μM 
DCFHDA (Sigma, USA) for 30 min after CBNPs exposure. The fluores
cence was detected using a microplate reader (Varioskan Flash, Thermo 
Fisher Scientific, USA) at ex488/em525.
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2.10. Mitochondrial membrane potential (MMP) detection

Cells were seeded in confocal dishes. MMP was detected with a 
mitochondrial membrane potential assay kit with JC-1 (Beyotime, 
China). Cells were stained with JC-1 staining solution for 20 min at 
37 ◦C, washed with PBS, and observed with Laser confocal microscopy 
(Nikon A1R, Japan) at ex488/em525 and ex561/em590.

2.11. Transmission electron microscope (TEM)

For CBNPs, 0.1 mg/mL CBNPs were dropped into copper grids and 
allowed to adsorb for 10 min. The excess sample solution was removed, 
and the copper mesh was stained with 1 % uranyl acetate for 15 s. The 
sample was allowed to air-dry at room temperature for 3 h and then 
observed using a transmission electron microscope. For cells, red blood 
cells, or tissues, the method was consistent with the previous study (Wei 
et al., 2020a). Here, we made some minor modifications. Cells were 
seeded in 6-cm dishes, collected with 0.25 % trypsin, and fixed in 2.5 % 
glutaraldehyde. For red blood cells, blood was collected and centrifuged 
at 3000 ×g for 15 min. The bottom layer is red blood cells. Red blood 
cells were cut into small pieces and fixed in 2.5 % glutaraldehyde. Tis
sues were cut into small pieces and fixed in 2.5 % glutaraldehyde. Cells 
or tissues were washed with 1 × PB, fixed with 1 % OsO4, and dehy
drated with graded alcohol. Acetone replacement was performed at 
room temperature and tissues or cells were embedded in resin, and cut 
using an ultramicrotome (Leica, German). The sections were mounted 
on copper grids, stained with uranyl acetate and lead citrate, and then 
observed with a transmission electron microscope (HT-7800, Hitachi, 
Japan, or G2 Spirit Biotwin, Tecnai Spirit, Netherlands).

2.12. Plasmid transfection

Cells were seeded on confocal dishes overnight. 1.5 μg pCMV-GFP- 
LC3B or pCMV-mCherry-GFP-LC3B (Beyotime, China) was transfected 
with HighGene transfection reagent (Abclonal, China) before treatment 
with CBNPs.

2.13. Mitochondria and lysosome labeling

The method referred to a previous study (Chen et al., 2021b). Cells 
were seeded into confocal dishes and exposed to CBNPs. Cells were 
incubated in 200 nM Mitotracker (ThermoFisher) and 200 nM Lyso
Tracker (ThermoFisher) for 30 min at 37 ◦C after exposure. The fluo
rescence was located with confocal microscopy (Zeiss LSM 880, 
German) at ex488/em525 and ex561/em590. When mitochondria are 
wrapped by lysosomes, red light and green light overlap to form yellow 
light.

2.14. Calcein-AM and PI staining

Cells were seeded into confocal dishes and exposed to CBNPs. Cells 
were incubated in 2 μM Calcein-AM (Yeasen, China) and 4.5 μM PI 
(Yeasen, China) for 15 min at 37 ◦C after exposure. The fluorescence was 
located with confocal microscopy (Zeiss LSM 880, German).

2.15. Immunochemistry

Placenta slices were dewaxed and placed in a 1 × Tris-EDTA (0.1 mM 
EDTA, pH 6.0) and boiled for 15 min for antigen repair. Then, the slices 
were blocked with 5 % bovine serum albumin at 37 ◦C for 1 h and 
incubated with primary antibody (Ki67, 1:100, Servicebio, GB111141) 
overnight at 4 ◦C. On the second day, after rewarming for 50 min, the 
slides were washed three times with PBS and reacted with a secondary 
antibody for 50 min, added DAB, and stained with hematoxylin for 2 
min.

2.16. Dark-field hyperspectral imaging (HSI)

Dark-field hyperspectral imaging was a novel strategy for visualizing 
and tracing nanoparticles. The method used in this study referred to 
previous studies (Wang et al., 2023; Cary et al., 2023). Placentas were 
separated from pregnant mice and immersed in fixed liquid (Servicebio, 
China). The fresh tissue was fixed over 24 h, dehydrated with gradient 
alcohol and xylene, embedded with wax, and cut into 5 μm sections. 
Sections were dewaxed and sealed with resin. HSI was performed with a 
CytoViva darkfield microscope equipped with a pixelFly CCD camera. 
ENVI 4.8 software was used to capture and process the images and to 
acquire spectra. The dark-field images were captured and then scanned 
for HSI. We shot with 15× eyepieces and 60× objectives. CBNPs alone 
were used to acquire the spectral library of CBNPs with a region of in
terest function of ENVI 4.8. The placenta is divided into the decidua, 
junctional layer, and labyrinth layer. Three areas were taken pictures 
separately. Spectral libraries obtained from CBNPs were filtered with 12 
control pictures (3 pictures/area, n = 4). The remaining spectral li
braries were used for spectral angle mappers.

2.17. Statistical analysis

Most data were presented as the mean ± SD where possible. Com
parisons between the two groups were performed using one-way 
ANOVA followed by the LSD test. CCK-8 assay and ROS assay were 
tested with two-way ANOVA. Statistical analysis was performed using 
SPSS 19.0. The data were considered significant when a value of P <
0.05 or P < 0.01.

3. Results

3.1. Characterization of CBNPs

TEM images of CBNPs were shown in Fig. 1A and C. A total of 50 
particles were measured. Fig. 1A and B showed that the average size of 
CBNPs was approximately 30 nm. Fig. 1C and D showed that the average 
size of CBNPs was approximately 120 nm. And BET area for 30 nm 
CBNPs was 103 m2/g, and for 120 nm CBNPs was 20 m2/g (Fig. 1E). The 
average dynamic light scattering size of 30 nm CBNPs and 120 nm 
CBNPs in different dispersed solutions was shown in Fig. 1F, and G. Both 
30 nm and 120 nm CBNPs in normal saline and PBS formed larger sizes, 
indicating CBNPs easily got agglomerated in normal saline and PBS. The 
zeta potential of 30 nm and 120 nm CBNPs in four solvents was all 
negative. The average zeta potential of 30 nm CBNPs was − 56.3 mV in 
water. The average zeta potential of 120 nm CBNPs was − 28.0 mV in 
water (Fig. 1H, I). For UV–Vis absorption, a peak of 30 nm and 120 nm 
CBNPs was found at 560 nm in the medium. (Fig. 1J, K). When assessing 
their photoluminescence, a fluorescence intensity peak was found in 
RPMI 1640 medium solvents (The emission wavelength of 30 nm carbon 
black in the medium was 440 nm) (Fig. 1L, M).

3.2. CBNPs entered the mice’s placenta and caused fetal growth 
restriction

A schematic of animal experimental design was shown in Fig. 2A. To 
determine whether maternal exposure to CBNPs during gestation 
resulted in adverse outcomes in placentas and fetuses, mice were 
sacrificed after CBNPs exposure on GD18.5. As shown in Fig. 2B–D, 
maternal weight decreased after 120 nm CBNPs exposure. Though the 
number of fetuses did not manifest a significant change, the fetal body 
length and body weight decreased upon both 30 nm and 120 nm CBNPs 
exposure (Fig. 2C–E). Of note, both 30 nm and 120 nm CBNPs were 
deposited in the maternal lungs upon exposure, and lung weight 
remained unchanged (Fig. S1). They could also be found in red blood 
cells detected by TEM (Fig. 2F) and placenta detected by HSI (Fig. 2G, 
H). The placenta was an important organ for the exchange of nutrients 
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and wastes. Interestingly, 30 nm CBNPs could be found in the both 
junctional zone and labyrinth zone, and 120 nm CBNPs could only be 
discovered in the labyrinth zone. The results proved that CBNPs could 
flow into the placenta by blood circulation, which was demonstrated in 
Fig. 2I. The results indicated that CBNPs, which were instilled through 
the trachea, entered the bloodstream through the lungs and then entered 
the placenta. Taken together, we found that CBNPs could enter the 
mice’s placenta and further lead to fetal growth restriction.

3.3. CBNPs exposure during gestation caused mitochondrial injury, 
disabled autophagy, and ferroptosis in mice’s placenta

To investigate the potential mechanism of placental injury after 
CBNPs exposure, the ultrastructure of the placenta was observed by 
TEM. The images manifested that the morphology of mitochondria was 
observably altered due to the CBNPs exposure. There are a lot of 
damaged mitochondria in the placenta upon CBNPs exposure, reflected 
by the diminishment of the mitochondrial matrix and mitochondrial 
cristae (Fig. 3A). The balance of mitochondrial fission and fusion is of 
importance to mitochondrial quality. So, we examined the mitochon
drial fission protein (FIS1, DRP1, and pDRP1(Ser637)) and mitochon
drial fusion protein (MFN1, MFN2, and OPA1) in mice’s placenta after 
CBNPs exposure. Mitochondrial fission protein FIS1 increased and 
pDRP1(Ser637) decreased upon both 30 nm and 120 nm CBNPs expo
sure (Fig. 3B, C). The results demonstrated that CBNPs exposure 
devastated placental mitochondria via enhancing mitochondrial fission 
in mice’s placenta, which was mainly through the DRP1 

dephosphorylation at the site of Ser637 and the increase of FIS1.
Mitophagy is a pathway to eliminate damaged mitochondria. CMA is 

a pathway to selectively degrade protein in lysosomes to maintain cell 
homeostasis. Mitophagy-related protein (PARKIN) decreased upon 30 
nm and 120 nm CBNPs exposure. CMA-related protein (LC3BII, P62, and 
LAMP2A) elevated after 30 nm and 120 nm CBNPs exposure, while 
HSC70 decreased upon 120 nm CBNPs exposure (Fig. 3D, E). Due to 
mitochondrial damage and autophagy were both found to result in 
ferroptosis, we examined ferroptosis-related indexes. GPX4 protein was 
only found to descend upon 120 nm CBNPs (Fig. 3F). Gpx4 and Scl7a11 
mRNA decreased in both 30 nm and 120 nm CBNPs (Fig. 3G, H). Ki67 
staining showed that cell proliferation declined upon 30 nm and 120 nm 
CBNPs exposure in mice’s placentas (Fig. 3I). The results suggested that 
the unbalanced mitochondrial homeostasis and disrupted autophagy 
could result in ferroptosis upon CBNPs exposure in mice’s placenta.

3.4. CBNPs exposure caused mitochondrial dysfunction in human 
placental trophoblast cells

To investigate the potential mechanism of the toxicity of 30 nm and 
120 nm CBNPs in the placenta, we used human placental trophoblast 
cells to explore potential mechanisms in vitro. HTR-8/SVneo cells 
exposed to 30 nm and 120 nm CBNPs caused a significant decrease in 
cell viability in vitro (Fig. 4A). Next, we explored the ROS and mito
chondrial membrane potential. The results manifested that both 30 nm 
and 120 nm CBNPs caused an increase in ROS level and a decrease in 
MMP reflected by the decreased red fluorescence and the increased 

Fig. 1. Characterization of CBNPs. (A) TEM image of 30 nm CBNPs. (B) Histogram of size-distribution analysis of 30 nm CBNPs. (C) TEM image of 120 nm CBNPs. 
(D) Histogram of size-distribution analysis of 120 nm CBNPs. (E) BET area of CBNPs. (F) Distribution of 30 nm CBNPs DLS size in different solvents. (G) Distribution 
of 120 nm CBNPs DLS size in different solutions. (H) Zeta potential of 30 nm CBNPs in different solvents (n = 3). (I) Zeta potential of 120 nm CBNPs in different 
solvents (n = 3). (J) UV–vis absorption of 30 nm CBNPs in different solutions. (K) UV–vis absorption of 120 nm CBNPs in different solutions. (L) Fluorescence of 30 
nm CBNPs in different solutions (excitation wavelength = 350 nm). (M) Fluorescence of 120 nm CBNPs in different solutions. (excitation wavelength = 350 nm).
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Fig. 2. CBNPs entered the mice’s placenta and caused fetal growth restriction. (A) Schematic of animal experimental design. (B) Maternal body weight decreased 
upon 120 nm CBNP exposure. (n = 3–4) (C) The number of fetus remained unchanged. (D) CBNPs exposure during gestation caused fetal crown-rump length decline. 
(n = 4) (E) CBNPs exposure during gestation caused fetal body weight decline. (n=4) (F) TEM images of red blood cells. (G, H) Dark-field hyperspectral mages of 
mice’s placenta. (I) Structure of placenta and mouse labyrinth zone. Scale bar = 20 μm. Data were presented as the mean ± SD. *: P < 0.05, #: P < 0.01 vs. cor
responding control.
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green fluorescence (Fig. 4B, C). Subsequently, mitochondrial fission and 
fusion protein were also tested in vitro. As shown in Fig. 4D, E, pDRP1 
(Ser637) reduced in the 30 nm CBNPs group. And mitochondrial fusion 
protein remained unchanged. Besides, 30 nm CBNPs caused a significant 
decrease in mtDNA copy number (Fig. 4F). Furthermore, the cellular 
ultrastructure of HTR8-Svneo cells was observed (Fig. 4G). TEM images 
showed the disappearance of mitochondrial crista and matrix upon 
CBNPs exposure. The images manifested that CBNPs exposure caused 
mitochondrial damage. In addition, CBNPs could be seen in the lyso
somes, which demonstrated that CBNPs could be swallowed by the 
lysosome, and may affect the function of lysosome. The results indicated 
that CBNPs exposure could cause mitochondrial fission and mitochon
drial dysfunction in vitro.

3.5. CBNPs exposure caused inactivated autophagy in human placental 
trophoblast cells

Based on the results above, the mitophagy and CMA-related proteins 
were also determined after CBNPs exposure in vitro. We found LC3BII, 
P62, and LAMP2A increased both in the 30 nm and 120 nm. PARKIN 
decreased after 30 nm exposure, and HSC70 decreased after 30 nm and 
120 nm CBNPs exposure (Fig. 5A, B). Furthermore, the fluorescence of 
GFP-LC3B (green dots) was heightened obviously in the CBNPs-treated 
groups (Fig. 5C). In addition, mCherry-GFP-LC3B fluorescence was 
one way to reflect the autophagy flux. After the formation of autopha
golysosome, GFP fluorescence (green) was quenched in an acidic envi
ronment, but mCherry fluorescence (red) was not affected. Our results 
showed that CBNPs exposure did not eliminate green fluorescence and 
yellow dots (GFP and mCherry colocalization) increased, indicating that 
autophagy was blocked in the process of formation of autolysosomes by 
both 30 nm and 120 nm CBNPs (Fig. 5D). The mitochondria and lyso
somes labeling suggested the increased lysosomes upon 30 nm and 120 
nm CBNPs exposure. Besides, no obvious colocalization was found be
tween mitochondria and lysosomes (Fig. 5E). The result suggested that 
autophagy was inactivated by CBNPs exposure.

3.6. CBNPs exposure caused ferroptosis in human placental trophoblast 
cells

Mitochondrial damage and disabled autophagy were related to 

ferroptosis. To investigate the ferroptosis caused by 30 nm and 120 nm 
CBNPs in vitro, cells were treated with 30 nm and 120 nm CBNPs 
treatment at 100 μg/mL, respectively. GPX4 protein and ferroptosis- 
related mRNA (GPX4 and SLC7A11) decreased upon 30 nm CBNPs 
exposure (Fig. 6A–C). The changes in ROS, lipid peroxidation, and GSH 
level are hallmarks of ferroptosis. GSH: GSSG declined upon 30 nm 
CBNPs exposure (Fig. 6D). MDA as a parameter of lipid peroxidation 
increased upon 30 nm CBNPs exposure (Fig. 6E). Propidium iodide (PI) 
is a red-fluorescent cell viability dye that is excluded from live cells as it 
is impermeable to the cell membrane. Calcein-AM is a cell-staining re
agent that can fluorescently label living cells. Calcein-AM/PI staining 
indicated cell death/cell damage was caused by both 30 nm and 120 nm 
CBNPs (Fig. 6F). These results showed that CBNPs could cause ferrop
tosis in human placental trophoblast cells.

Based on the above results, ferrostatin-1, as a specific inhibitor for 
ferroptosis was used to ameliorate the ferroptosis caused by 30 nm 
CBNPs. These results indicated that CBNPs-induced ferroptosis could be 
reversed by ferrostatin-1, reflected by the increased cell viability, GSH: 
GSSG level, GPX4 protein, GPX4 and SCL7A11 mRNA, and the decreased 
ROS and MDA content (Fig. 6G–M). The results further confirmed that 
ferroptosis could be triggered by CBNPs in human placental 
trophoblasts.

3.7. Rapamycin promoted autophagy and inhibited ferroptosis in CBNPs- 
treated human placental trophoblast cells

Our results demonstrated that CBNPs exposure caused notable 
autophagy suppression and ferroptosis in mice’s placentas and human 
trophoblast cells. To investigate whether autophagy and ferroptosis 
influenced cell homeostasis, an activator of autophagy, rapamycin was 
used to promote autophagy and inhibit ferroptosis. 30 nm CBNPs were 
cotreated with rapamycin to verify the mechanism as an in vitro model. 
Notably, rapamycin cotreatment enhanced autophagy and inhibited 
ferroptosis upon 30 nm CBNPs exposure (Fig. 7A–D). The results man
ifested that cell death, cell viability, and ROS could be recovered by 
rapamycin (Fig. 7E–G). Bafilomycin cotreatment inhibited autophagy 
and promoted ferroptosis upon 30 nm CBNPs exposure (Fig. S2). These 
results illustrated that ferroptosis could be relieved by rapamycin in 
human placental trophoblast cells upon 30 nm CBNPs exposure. The 
results further confirmed autophagy suppression was the main cause of 

Fig. 2. (continued).
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Fig. 3. CBNPs exposure during gestation caused mitochondrial injury, disabled autophagy, and ferroptosis in mice’s placenta. (A) TEM images of mice’s placentas. 
Yellow arrow: mitochondria, N (red): cell nucleus. (B) Mitochondrial fusion protein remained unchanged upon CBNPs exposure (n = 4). (C) Mitochondrial fission 
protein increased upon CBNPs exposure (n = 4). (D, E) CBNPs caused disrupted autophagy in mice’s placenta. (F–H) GPX4 protein decreased upon CBNPs exposure 
(n = 4). Ferroptosis-related mRNA (Gpx4 and Slc7a11 mRNA) decreased upon CBNPs exposure (n = 4). (I) Cell proliferation decreased upon CBNPs exposure re
flected by a decrease of Ki67+ cells in mice’s placenta (n = 4). scale bar = 100 μm. All data were presented as the mean ± SD. *: P < 0.05, #: P < 0.01 vs. cor
responding control.
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ferroptosis after CBNPs exposure in human placental trophoblast cells.

4. Discussion

Due to its small size, nanomaterial can play different physiological 
effects when compared with bulky material. The smaller size of PM0.1 
can generate greater threats to public health due to the greater surface 
area and reactivity compared with the fine particles (PM2.5) (Mukherjee 
and Agrawal, 2018; Terzano et al., 2010). Furthermore, as the core of 
the airborne particulate matters, carbon-related particles were found in 
cord blood, confirming the ability of these particles to cross the placenta 
and enter the fetal circulation system (Bongaerts et al., 2022). Maternal 
inhalation of carbon black nanoparticles could induce 

neurodevelopmental changes in mouse offspring (Umezawa et al., 
2018), increase preterm birth (Fang et al., 2022), and induce liver DNA 
damage in the mothers and the in-utero exposed offspring (Jackson et al., 
2012). Besides, few studies have focused on the core of PM2.5 or CBNPs- 
induced toxicity in the placenta. Hence, we traced the CBNPs and 
investigated the nano-sized carbon black particles-induced toxicity in 
the placenta, which could improve our understanding of the CBNPs 
toxicity in the placenta and even fetal growth restriction.

In this study, preliminary experiments have showed that 50 μg/mice 
CBNPs significantly influenced placental mitochondria, however, no 
significant change for fetal body weight and GPX4 protein expression 
has been observed (Fig. S3). To trace the mitochondrial effect related 
potential fetal outcome, pregnant mice were exposed to an increased 

Fig. 4. CBNPs exposure caused mitochondrial dysfunction in human placental trophoblast cells. (A) Cell viability decreased after exposure to CBNPs (n = 4). (B) ROS 
level increased after exposure to CBNPs detected by a microplate reader (n = 4). (C) Mitochondrial membrane potential decreased after exposure to CBNPs. Scale bar 
= 50 μm. (D) Mitochondrial fission protein (pDRP1 (S637)) declined upon 30 nm CBNPs exposure (n = 3). (E) Mitochondrial fusion protein (OPA1, MFN1, MFN2) 
remained unchanged upon CBNPs exposure (n = 3). (F) Mitochondrial DNA copy number decreased after exposure to 30 nm CBNPs (n = 3). (G) TEM image of HTR- 
8/SVneo cells indicated mitochondrial damage upon CBNPs exposure. Red arrow: CBNPs. Yellow arrow: mitochondria. Scale bar = 1 μm. All data were presented as 
the mean ± SD. #: P < 0.01 vs. corresponding control as indicated.
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200 μg CBNPs of 30 nm and 120 nm. The high doses have showed us a 
comprehensive profile of toxic characterization of CBNPs from maternal 
exposure to fetal adverse outcome during pregnancy, which may be the 
mechanism supporting for the epidemiological observarions 
(Lakshmanan et al., 2015; van Rossem et al., 2015).

After exposure, both 30 nm and 120 nm CBNPs were deposited in the 
maternal lungs and first found in red blood cells traced by TEM and 
mice’s placenta traced by HSI. We have reasoned that CBNPs can enter 
the blood vessels from the lungs and circulate to the placenta. Red blood 
cells may be the transport carriers of CBNPs into other organs. Red blood 

cells were reported to inspire strategies for nanomedicine (Zhang et al., 
2022). Here, we found red blood cells could also load CBNPs into other 
organs. Furthermore, CBNPs exposure caused the reduction of placental 
cell proliferation, and fetal growth restriction, suggesting that placental 
and fetal health were dramatically interfered with CBNPs.

We put forward that the two-hit hypothesis may play a vital 
importance in the placenta upon CBNPs exposure. The first hit to the 
placenta is mitochondria upon CBNPs exposure. Mitochondrial damage 
is thought to be one of the main causes of placental dysfunction 
(Deyssenroth et al., 2021; Brunst et al., 2022). To explore the potential 

Fig. 5. CBNPs exposure caused inactivated autophagy in human placental trophoblast cells. (A, B) Mitophagy and CMA-related protein (LC3BII, P62, PARKIN, 
LAMP2A, and HSC70) changed in human placental trophoblast cells after exposure to CBNPs (n = 3). (C) GFP-LC3B fluorescence (green dots) increased upon CBNPs 
exposure. Scale bar = 20 μm. (D) mCherry-GFP-LC3B fluorescence (yellow dots: red dots and green dots colocalization) increased upon CBNPs exposure. (E) 
Mitochondrial and lysosomal markers did not show significant fusion upon CBNPs exposure. Scale bar = 5 μm. All data were presented as the mean ± SD. *: P < 0.05, 
#: P < 0.01 vs. corresponding control as indicated.

J. Li et al.                                                                                                                                                                                                                                         Science of the Total Environment 959 (2025) 178167 

10 



mechanism of CBNPs-induced placental damage, the ultrastructure of 
the placental cells upon CBNPs exposure was observed in vivo and in 
vitro. The morphology of mitochondria has changed dramatically in vivo 
and in vitro. The decrease in mitochondrial membrane potential and 
mtDNA damage were the manifestations of mitochondrial dysfunction 
(Li et al., 2019; Zou et al., 2021). We found that mitochondrial mem
brane potential decreased after 30 nm and 120 nm CBNPs exposure. 

mtDNA copy number decreased after exposure to 30 nm CBNPs in 
human placental trophoblast cells. In addition, phosphorylation of DRP1 
at the 637 site reduced after CBNPs exposure, which indicated CBNPs 
caused excessive mitochondrial fission/fragmentation (Yang et al., 
2020). Mitochondrial fragmentation would lead to oxidative phos
phorylation imbalance and even cell death (Sprenger and Langer, 2019). 
Abnormal phosphorylation of Drp1 promotes excessive mitochondrial 

Fig. 6. CBNPs exposure caused ferroptosis in human placental trophoblast cells. (A) GPX4 protein went down after exposure to 30 nm CBNPs (n = 3). (B, C) 
Ferroptosis-related mRNA (GPX4 and SLC7A11 mRNA) changed after exposure to CBNPs (n = 3). (D) GSH:GSSG level declined after exposure to 30 nm CBNPs (n =
3). (E) MDA content increased after exposure to 30 nm CBNPs (n = 3). (F) Calcein-AM/PI staining indicated CBNPs caused cell death of human placental trophoblast 
cells. (G) Ferrostatin-1 promoted cell viability upon CBNPs exposure (n = 4). (H) ROS level went down by ferrostatin-1 detected by a microplate reader (n = 4). (I) 
GSH:GSSG level, (J) MDA content, (K) GPX4 protein, and (L, M) ferroptosis-related mRNA (GPX4 and SLC7A11 mRNA) were reversed by ferrostatin-1 (n = 3). All 
data were presented as the mean ± SD. *: P < 0.05, #: P < 0.01 vs. corresponding control. &: P < 0.05 vs. 30 nm CBNPs group.
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fragmentation, which is also associated with placental dysfunction 
(Ausman et al., 2018). Our results demonstrated that CBNPs caused 
placental mitochondrial dysfunction.

The second hit to the placenta is inactivated autophagy upon CBNPs 
exposure. Mitophagy is a selective autophagic process that degrades 
non-functional mitochondrial fragments produced by fission (Kurihara 
et al., 2012). Clearance of damaged mitochondria via mitophagy is 
significant in preventing cells from oxidative imbalance (Livingston 
et al., 2019). Here, the decline of PARKIN upon CBNPs exposure man
ifested the suppression of mitophagy (Ashrafi and Schwarz, 2013). CMA 
regulates intracellular homeostasis by degrading damaged or harmful 
proteins. CMA-related protein, HSC70 went down, indicating CAM was 
also suppressed by CBNPs. Meanwhile, the autophagy flux indicator, 
mCherry-GFP-LC3B, and mitochondria-lysosome labeling, together with 
the results of rapamycin or bafilomycin A1 cotreatment with CBNPs 
demonstrated that CBNPs could inhibit the formation of autolysosomes 
and inhibit the clearance of damaged mitochondria and damaged pro
tein. The results hinted that CBNPs inhibited autophagy, which resulted 
in obstacles in the elimination of damaged mitochondria and damaged 
proteins, and finally caused an imbalance in cell homeostasis.

Ferroptosis was also distinguished upon CBNPs exposure as the result 
of two-hit of CBNPs in the placenta. Ferroptosis is considered a type of 

mitochondria-related or autophagy-related cell death (Yu et al., 2022; 
Zhou et al., 2020). Ferroptosis is a recently observed way of regulating 
cell death, and it has been proved that mitochondrial dysfunction could 
lead to ferroptosis in arsenic-induced pancreatic injuries and graphene 
quantum dots-induced neurotoxicity (Wei et al., 2020b; Wu et al., 
2020). Currently, GPX4, lipid peroxidation, and ROS are biomarkers to 
identify ferroptosis (Wei et al., 2020b), which may be coupled with the 
changes of Slc7a1l, Acls4, or other genes (Guohua et al., 2021; Zhou 
et al., 2020). Cystine transporter SLC7A11 could give rise to cystine 
uptake, which subsequently promotes both GPX4 protein synthesis and 
GSH synthesis (Dodson et al., 2019). Our data revealed that cell viability 
decreased after 30 nm CBNPs exposure at 100 μg/mL or higher con
centrations. ROS level, MDA content increased, and GSH/GSSG ratio 
decreased after exposure to 30 nm CBNPs in human placental tropho
blast cells. GPX4 protein and ferroptosis-related genes changed after 
CBNPs exposure in vivo and in vitro. Moreover, ferroptosis is character
ized morphologically by the small mitochondria with condensed mito
chondrial membrane densities, reduction or vanishing of mitochondria 
crista, and outer mitochondrial membrane rupture (Xie et al., 2016). In 
this study, the mitochondrial morphology in TEM images showed 
similar changes in vivo and in vitro. Ferrostatin-1, the specific inhibitor of 
ferroptosis, alleviated environmental chemicals-induced ferroptosis 

Fig. 7. Rapamycin promoted autophagy and inhibited ferroptosis in CBNPs-treated human placental trophoblast cells. (A) Rapamycin promoted autophagy upon 
CBNPs exposure. (B–D) Rapamycin increased GPX4 protein and ferroptosis-related mRNA expression upon CBNPs exposure. (E) Rapamycin reduced ROS production 
upon CBNPs exposure. (F) Rapamycin increased cell viability upon CBNPs exposure. (G) Rapamycin mitigated cell death (red) caused by CBNPs. All data were 
presented as the mean ± SD. *: P < 0.05, #: P < 0.01 vs. corresponding control as indicated. &: P < 0.05 vs. 30 nm CBNPs group.
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(Wei et al., 2020b; Zeng et al., 2021), involving nanoparticles (Qin et al., 
2021). Ferrostatin-1 was found to lighten the ferroptosis induced by 30 
nm CBNPs in HTR-8/SVneo cells. Rapamycin could enhance autophagy 
and inhibit ferroptosis. Hence, our findings suggested that CBNPs 
exposure could lead to ferroptosis and eventually cause fetal growth 
restriction. The results may result from two-hit of CBNPs, mitochondrial 
dysfunction, and the depression of autophagy in the placenta, 
respectively.

Previous studies have shown that PM caused oxidative stress or 
inflammation on pregnant mice or placental cells. Few studies focused 
on the adverse outcomes or the mechanism of placental injury caused by 
PM (Table S2). Compared with the previous research, as a core of PM 
simulant or tobacco combustion or industrial product, CBNPs were 
confirmed to cause fetal growth restriction. We put forward the “two- 
hit” hypothesis of placental injury caused by CBNPs. The study provides 
an in-depth look at the potential developmental toxicity of CBNPs 
exposure during pregnancy and provides a key empirical basis for this 
area. These findings cannot be ignored for the formulation of a safe 
exposure dose threshold and risk assessment of pregnant women.

The limitation of the study includes some potential toxicities that are 
ambiguous when illustrating the tests in vitro and in vivo, respectively. 
For example, even though 30 nm CBNPs induced more severe injuries in 
vitro, the damages seemed to be more apparent in vivo. However, 
placental cell proliferation in vivo and fetal body weight had no signif
icant difference between the 30 nm and 120 nm CBNPs groups. There
fore, some additional information needs to be further addressed 
regarding the CBNPs’ morphology and toxicology, especially their size- 
dependent bio-molecular modification (i.e., protein corona), interaction 
(cell surface receptor clustering) and their toxicokinetics (i.e., cellular 
uptake and internalization) in vivo and in vitro.

Taken together, this study identified that CBNPs caused placental 
injury via two-hit of CBNPs, including mitochondrial damage and 
inactivated autophagy-derived ferroptosis, thereby causing fetal growth 
restriction.
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