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Abstract
Micro(nano)plastics  (MNPs)  have  become  persistent  and  widespread  contaminants  in

aquatic ecosystems, raising concerns about their capacity to impair reproductive success and

population renewal in exposed organisms. However, the interpretation of cross-generational

reproductive risks remains fragmented because similar offspring phenotypes can arise from

nonequivalent  causal  routes,  including  direct  maternal  particle  transfer,  parental

physiological  injury,  or  external  exposure  at  embryonic  interfaces.  Here,  we  propose  an

evidence  hierarchy  framework  to  distinguish  true  maternal  particle  transfer  from  broader

cross-generational  toxicity,  encompassing  intergenerational,  multigenerational,  and

transgenerational  effects.  Our  synthesis  reveals  that  transfer  pathways  differ  markedly

among aquatic taxa, ranging from brood chamber exposure and gut–ovary–oocyte transfer

in  cladocerans  to  ovary–oocyte–yolk/chorion  interfaces  in  fish,  yet  conclusive  evidence  for

endogenous  particle  entry  into  offspring's  tissues  remains  scarce  and  requires  rigorous

orthogonal  localization and contamination controls.  Mechanistically,  we link MNP exposure

to  offspring  outcomes  through  a  network  of  barrier  uptake,  oxidative  and  mitochondrial

stress,  inflammation,  apoptosis,  endocrine  disruption,  epigenetic  regulation,  microbiota

dysbiosis,  and  contaminant  vector  effects,  which  collectively  compromise  gamete  quality,

embryonic  development,  and  subsequent  life  history  performance.  Our  synthesis  indicates

that offspring toxicity following parental exposure cannot be equated with maternal particle

transfer,  and  that  environmentally  realistic  risk  assessment  must  prioritize  particle

localization evidence, clean-generation designs, and population-level fitness endpoints over

single-generation toxicity descriptions.

Keywords: MNPs, Maternal  particle  transfer, Cross-generational  toxicity, Reproductive  toxicity, Offspring  effects, Evidence

hierarchy, Aquatic organisms

Highlights
•  An evidence hierarchy separates transfer confidence from exposure-design categories.

•  True maternal particle transfer requires localization plus contamination controls.

•  Offspring phenotypes alone do not demonstrate maternal particle transfer.

•  Transfer pathways differ among taxa and biological interfaces.

•  Clean-generation designs and fitness endpoints improve risk assessment.

 
 

* Correspondence: Neng Yan (yanneng@cug.edu.cn);  Jianbo Shi (jbshi@rcees.ac.cn)

Full list of author information is available at the end of the article.
 

https://doi.org/10.48130/newcontam-0026-0023

 

Li et al.  |  Volume 2  |  2026  |  e026 page 1 of 14

mailto:yanneng@cug.edu.cn
mailto:jbshi@rcees.ac.cn
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023


Graphical abstract

 
 Introduction

Plastic  production  grew  from  234  million  tons  in  2000  to  460  million
tons in 2019, and is projected to reach 1,231 million tons by 2060, with
19–53  million  tons  of  plastic  waste  entering  aquatic  environments
annually[1,2].  Aquatic  environments  act  as  primary  sinks  and
transformation  sites  for  plastic  debris,  receiving  an  estimated  4.8–
12.7  million  tons  of  plastic  waste  from  land  in  2010  alone[3],  which
subsequently  fragments  into  microplastics  (MPs,  1 μm–5 mm)  and
nanoplastics  (NPs,  <  1 μm)  through  photo-oxidation,  abrasion,  and
biological  activity[4,5].  These  particles,  spanning  polyethylene  (PE),
polypropylene  (PP),  polystyrene  (PS),  polyvinyl  chloride  (PVC),
polyamide  (PA),  and  polyethylene  terephthalate  (PET)[6],  are  not
homogeneous  in  their  hazard:  Nanoscale  particles  exhibit  greater
biological  reactivity  and  barrier  penetrability  owing  to  their  high
specific  surface  area[7,8],  whereas  micrometer-sized  particles  primarily
affect  reproduction  through  interference  with  feeding  and  energy
depletion[9].  Consequently,  MNPs  should  be  assessed  within  a
reproductive and developmental risk framework that extends beyond
conventional toxicity metrics.

Existing  studies  have  predominantly  measured  adult  survival,
tissue injury, and molecular stress markers[10−12].  Although informa-
tive,  these endpoints do not resolve the more ecologically relevant
question:  Whether  parental  MNP  exposure  impairs  the  offspring's
quality  and  population  renewal.  A  deeper  obstacle,  however,  is
conceptual.  Similar  offspring  phenotypes  can  arise  through
nonequivalent causal routes, including true maternal particle trans-
fer,  parental  physiological  injury,  chorion-associated  exposure,
culture medium carryover,  and co-contaminant vector effects[13−15].
Without explicit criteria to distinguish these pathways, the literature
conflates distinct phenomena under the same interpretive umbrella.

In  this  review,  we  propose  and  apply  an  evidence  hierarchy
framework that separates four noninterchangeable concepts:  Inter-
generational  evidence (F0 exposure followed by F1 changes),  multi-
generational  evidence  (continuous  exposure  across F0–F2 or
beyond),  transgenerational  evidence  (persistence  in  unexposed
generations  after  clean culture),  and true maternal  particle  transfer
(direct particle localization inside eggs or embryos, with orthogonal
confirmation  and  contamination  controls).  By  applying  this  frame-
work  across  cladocerans,  rotifers,  copepods,  fish,  and  bivalves,  we
distinguish  transfer  confidence  from  exposure  design  categories,
evaluate  mechanistic  pathways  linking  MNP  exposure  to  offspring

outcomes,  and  identify  critical  knowledge  gaps  that  constrain
environmental risk extrapolation.

 Research landscape and review scope

To  place  maternal  particle  transfer  within  the  broader  field  of  MNP
ecotoxicology,  we  conducted  a  structured  literature  search  covering
studies  published  from  2010  to  May  20,  2026.  Searches  were
performed  using  combinations  of  terms  related  to  MPs,  NPs,
micro(nano)plastics,  uptake,  bioaccumulation,  reproductive  toxicity,
developmental  toxicity,  maternal  transfer,  parental  transfer,
intergenerational  effects,  multigenerational  effects,  transgenerational
effects, co-exposure, and aquatic organisms.

The  retrieved  literature  was  screened  according  to  the  scope  of
this  review,  with  particular  attention to  the  exposure  design,  parti-
cle  localization,  contamination  controls,  and  offspring  endpoints.
Studies  demonstrating  particles  in  eggs,  embryos,  or  offspring
tissues  were  distinguished  from  those  reporting  offspring  pheno-
types  alone,  and  continuous  multigenerational  exposure  was
distinguished  from  persistence  after  clean-generation  or  recovery
conditions.  Because this  review was designed as  a  critical  evidence
classification  synthesis  rather  than  a  formal  systematic  review  or
meta-analysis,  the  structured  search  was  used  primarily  to  support
the interpretation of the evidence rather than quantitative evidence
pooling.

The  broader  literature  dataset  was  further  analyzed  using
VOSviewer  version  1.6.19  to  construct  a  keyword  co-occurrence
network.  Before  network  construction,  synonymous  and  closely
related keyword variants were standardized. Keywords occurring at
least  10  times  were  retained.  The  final  network  contained  40
keywords,  395 co-occurrence links,  and 6 clusters.  Node size  repre-
sents  keywords'  occurrence  frequency,  edge  thickness  represents
co-occurrence strength, and colors indicate keyword clusters (Fig. 1).

The  network  shows  that  the  broader  MNP  ecotoxicology  litera-
ture is dominated by themes related to exposure, bioaccumulation,
organismal  toxicity,  oxidative  stress,  endocrine  disruption,  and
developmental  toxicity.  In  contrast,  maternal  transfer,  parental
transfer,  and  transgenerational  effects  occur  less  frequently  and
occupy  more  specialized  positions,  associated  mainly  with  repro-
ductive toxicity, embryo and larval development and aquatic model
organisms.  The  network  is  therefore  used  only  to  position  these
transfer-related  terms  within  the  broader  MNP  ecotoxicology  land-
scape, rather than to infer causal relationships or transfer certainty.
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The  relatively  specialized  positions  of  these  cross-generational
terms  are  consistent  with  the  still  limited  and  methodologically
heterogeneous evidence base for maternal particle transfer.  Impor-
tantly, offspring phenotypes following parental exposure should not
automatically  be  interpreted  as  evidence  of  true  maternal  particle
transfer.  This  distinction  between  what  has  been  observed
(offspring effects)  and what  has  been demonstrated (particle  local-
ization inside offspring tissues)  constitutes the organizing principle
of this review.

 Evidence for maternal particle transfer

A critical distinction underpins this section: Exposure design categories
and the strength of transfer evidence are not interchangeable. Table 1
classifies  selected  cross-generational  studies  according  to  their
experimental  design,  intergenerational  aspects  (F0 exposure  → F1

changes), multigenerational aspects (continuous exposure across F0–F2

or  beyond),  or  transgenerational aspects  (persistence  in  unexposed
generations  after  clean  culture),  with  co-exposure  added  only  as  a

 

Fig. 1  Keyword co-occurrence network showing the research landscape of MNP ecotoxicology from 2010 to 2026. The network contains 40 keywords and
395  co-occurrence  links  distributed  across  six  clusters.  Node  size  indicates  keywords'  occurrence  frequency,  edge  thickness  indicates  co-occurrence
strength, and colors represent keyword clusters. The network is used only to position cross-generational transfer-related research within the broader MNP
ecotoxicology field and does not provide causal evidence for particle transfer.
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qualifier  when  MNPs  are  combined  with  other  contaminants.  This
classification  describes  what  the  experimental  design  can  demon-
strate, not whether particles have moved from parent to offspring. The
latter requires direct particle localization in eggs, embryos, or offspring
tissues, which we examine below across major taxonomic groups.

 Taxon-specific evidence
Evidence  for  maternal  particle  transfer  varies  markedly  across  taxa,
reflecting  differences  in  reproductive  anatomy,  exposure  interfaces,
and  experimental  tractability.  Three  broad  patterns  emerge:  Direct
localization  with  pathway  quantification  in  cladocerans,  uneven  and
often  conflicting  evidence  in  rotifers  and  copepods,  and  a  predomi-
nance of indirect intergenerational effects in fish, where direct particle
entry into offspring tissues remains rarely demonstrated.

In Daphnia magna, confocal and label-free hyperspectral imaging
after  exposure  to  25  nm  PS-NPs  (50  mg/L)  showed  that  particles
entered  the  brood  chamber  and  were  subsequently  detected  in
eggs, embryos, and ovarian oocytes, with the brood chamber route
accounting for approximately 88% of embryo exposure versus 12%
through  gut–ovary–oocyte  transfer[26].  Size  selectivity  is  clear:  25-
and  50-nm  particles  enter  eggs  or  embryos  more  readily  than
100-nm  particles,  whereas  250-nm  and  even  10-μm  particles  reach
the  brood  chamber  but  are  not  internalized  by  early  embryos[26].
Similar patterns have been observed in Daphnia galeata (52-nm PS-NPs,
5 mg/L), where particles appeared in the thoracic limbs, ovaries, and
brood  chambers  alongside  reduced  parental  survival,  abnormal
embryonic development, and decreased hatching[16]. Notably, how-
ever,  observations  of  brood  chamber  fluorescence  alone  do not
distinguish external embryo contact from genuine internalization—

a  distinction  that  requires  orthogonal  confirmation  (e.g.,  Raman
spectroscopy)  to  rule  out  dye  leakage  or  surface  adsorption[26,27].
The  key  conclusion  for  cladocerans  is  that  two  distinct  processes
operate in parallel: Brood chamber-mediated external embryo expo-
sure  and  a  quantitatively  minor  but  mechanistically  important
endogenous gut–ovary–oocyte transfer route[26] (Fig. 2).

These  organisms  are  attractive  for  multigenerational  studies
because  of  their  rapid  lifecycles,  yet  the  evidence  for  endogenous
maternal  particle  transfer  remains  heterogeneous.  In Brachionus
koreanus,  parents  exposed  to  50-nm  PS-NPs  (1  and  10 μg/mL)  and
transferred  to  clean  seawater  produced  offspring  (eggs)  with
concentration-dependent particle fluorescence, and egg-only expo-
sure plus dye leaching controls yielded no comparable signals[20],  a
design  that  provides  stronger  support  for  endogenous  transfer.
Conversely, in Brachionus plicatilis exposed to 70-nm PS-NPs for two
generations and then cultured in clean water for two further genera-
tions,  particles  were  found  in  feces  and  on  the  surface  of F1 eggs,
but  not  convincingly  within  embryonic  tissues[28].  This  pattern
points  toward  egg  surface  contact  and  life  history  carryover  rather
than true endogenous transfer. Copepod studies further complicate
the picture: Proteomic changes persisted in F2 after clean recovery in
a two-generation exposure to 6-μm PS-MPs[29], yet such persistence
does not by itself demonstrate particle entry into offspring. Overall,
many rotifer  and copepod offspring effects  may reflect  continuous
exposure,  altered  parental  physiology,  or  egg  surface  contamina-
tion rather than proven particle transfer[20,29] (Fig. 2).

The  relevant  interfaces  shift  from  brood  structures  to  the  ovary,
oocytes,  chorion,  and  yolk  sac,  yet  the  evidentiary  bar  for  true
maternal  particle  transfer  has  rarely  been  met.  In  zebrafish  (Danio

 

Fig. 2  Conceptual summary of taxon-specific maternal particle transfer and embryo exposure interfaces of MNPs in aquatic organisms. Background colors
distinguish  cladocerans,  oviparous  fish,  and  ovoviviparous/viviparous  fish.  Arrows  indicate  proposed  directions  of  particle  movement  or  embryo
exposure.  In  cladocerans,  Pathway  I  represents  intestine–ovary–oocyte  transfer  and  Pathway  II  brood  chamber-mediated  embryo  exposure.  In
ovoviviparous/viviparous  fish,  Pathways  I  and  II  represent  prefertilization  oocyte  loading  and  post-fertilization  maternal  internal  embryo  exposure,
respectively. MNPs, micro(nano)plastics.
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rerio), dietary exposure of parents to ~42-nm PS-NPs (~1 mg/g body
weight,  7  d)  yielded  particle  fluorescence  in  the  yolk  sac,  intestine,
and liver  of F1 embryos,  but  only  in  maternal  and biparental  expo-
sure groups, not after paternal exposure alone[30]. This pattern impli-
cates a yolk-associated maternal route, but fluorescence alone does
not confirm the particles' identity. A 42-d exposure of F0 females to
100-nm  PS-NPs  resulted  in  particle  detection  in F0 and F1 tissues,
reduced mature oocyte numbers, altered F1 hatching and heart rate,
and  disrupted  expression  of  sex  hormone  and  sex  differentiation
genes[31].  Critically,  however,  only  a  handful  of  oviparous  fish
studies  have  directly  localized  particles  inside F1 tissues  using
orthogonal  methods  (e.g.,  confocal  microscopy  plus  Raman  spec-
troscopy).  Most  reported  intergenerational  effects  are  therefore
more  parsimoniously  attributed  to  parental  reproductive  injury,
altered  yolk  provisioning,  or  chorion-associated  exposure  rather
than to demonstrated particle transfer[31−33].

Correlative  evidence  from  other  fish  species  reinforces  this
cautionary  interpretation.  In Paramisgurnus  dabryanus,  PE-MPs  (1
and  10  mg/L,  15  or  30  d)  were  observed  in  the  gonads  alongside
ovarian  follicle  disruption  and  altered F1 hatching  and  body
length[34].  In  marine  medaka  (Oryzias  melastigma),  10-μm  PS-MPs
(60  d)  accumulated  mainly  in  the  gills,  intestines,  and  liver—not  in
the gonads—yet gonadosomatic  index (GSI)  declined,  egg produc-
tion fell, and F1 fertilization, hatching, and heart rate were altered[32].
Even when F1 offspring were reared in clean seawater after a full life-
cycle  of  parental  exposure  to  2 μm  PS-MPs,  they  showed  an
increased heart  rate,  earlier  hatching,  and delayed growth[33].  Such
findings indicate that toxicity in the offspring can arise from gonadal
injury  and  altered  yolk  quality  even  in  the  absence  of  detectable
particle transfer to the ovary[32−34] (Fig. 2).

Ovoviviparous and viviparous fish represent  a  theoretically  more
permissive pathway because embryos develop within the maternal
body  and  are  exposed  to  the  maternal  internal  environment  for
extended  periods.  After  pregnant  guppies  (Poecilia  reticulata)  were
exposed  to  ~23-nm  PS-NPs  (50 μg/L,  30  d),  the  pregnancy  rate
dropped  from  87.5%  to  37.3%,  embryo  number  decreased,  and
embryonic  protein  and  carbohydrate  levels  shifted,  alongside
elevated  reactive  oxygen  species  (ROS)  and  antioxidant  enzyme
activities[35]. These phenotypes are consistent with altered maternal
provisioning and redox status,  but  do not  prove particle  entry  into
embryos. Detection of multiple polymer types, including PS, PE, PET,
PP,  and  polymethyl  methacrylate  (PMMA),  in  embryos  of  the
viviparous  blue  shark Prionace  glauca[36] extends  the  ecological
relevance of this concern, yet continuous localization from maternal
blood  or  ovarian  fluid  into  embryonic  tissues  remains  to  be
demonstrated (Fig. 2).

 Checklist for evaluating claims of true maternal
particle transfer in aquatic organisms
Across all  taxa,  Criteria  1  and 2 represent the minimum requirements
for classifying a study as demonstrating true maternal particle transfer.
Criterion  3  is  additionally  required  when  persistence  in  unexposed
generations  is  claimed,  whereas  Criterion  4  strengthens  the  quanti-
tative assessment of transfer magnitude and biological relevance:

1. Direct particle localization in eggs, embryos, or offspring tissues
using  orthogonal  methods  (e.g.,  confocal  microscopy  +  Raman
spectroscopy  or  pyrolysis  gas  chromatography/mass  spectrometry
[Py-GC/MS]);

2.  Controls for external contamination: No detectable particles in
the culture medium after exposed parents are transferred to a clean
medium;  no  surface  adsorption  on  egg/embryo  chorion  (or  signal
removed  by  washing);  dye  leakage  controls  (e.g.,  unexposed

embryos  co-incubated  with  labeled  particle  supernatants  show  no
signal);

3.  Clean-generation  follow-up  when  transgenerational  persis-
tence  is  claimed:  At  least  one  generation  reared  in  an  uncontami-
nated medium with verified absence of particles in water and on the
offspring's surfaces;

4.  Quantification  of  particle  burden  in  offspring's  tissues:  The
particle  burden should be quantified whenever  technically  feasible
(e.g.,  particles  per  mg  tissue)  to  distinguish  incidental  detection
from quantitatively meaningful transfer.

If  a  study  reports  only  the  offspring's  phenotypes  (e.g.,  reduced
hatching,  altered  behavior)  without  direct  particle  localization  and
adequate  controls  for  external  contamination,  the  findings  should
be described according to the exposure design as intergenerational,
multigenerational,  or  transgenerational  effects,  or  carryover  of
parental effects rather than as maternal particle transfer.

 Transfer pathways across biological interfaces
Maternal particle transfer and embryo exposure pathways of MNPs can
be  conceptualized  as  four  biological  interfaces,  which  differ  funda-
mentally  in  their  anatomical  basis,  barrier  properties,  and  evidentiary
requirements.  These  are  as  follows:  (1)  brood  chamber-mediated
external embryo exposure, (2) endogenous gut–ovary–oocyte transfer,
(3)  pre- and  post-spawning  yolk  sac/chorion-associated  interfaces  in
oviparous  fish,  and  (4)  maternal  internal  embryo  interfaces  in
ovoviviparous  or  viviparous  fish.  Each  is  evaluated  below  against  the
evidence hierarchy defined earlier (Fig. 2).

 Brood chamber–embryo interface
In cladocerans, the brood chamber is not a closed maternal barrier. Its
opening allows ambient particles to enter and directly contact the egg
membrane,  embryonic  surface,  or  mouthparts  of  late  embryos[26,16].
This  mechanism  explains  how  particles  too  large  for  endogenous
transfer (e.g.,  250 nm or 10 μm) can still  exert extra-embryonic effects
on  development.  Crucially,  however,  brood  chamber  fluorescence
alone  does  not  distinguish  external  contact  from  embryo
internalization.  Studies  reporting  only  chamber-localized  signals
should not be classified as evidence for endogenous maternal transfer
without  orthogonal  confirmation  (e.g.,  Raman  spectroscopy)  to  rule
out surface adsorption[26,27] (Fig. 2).

 Gut–ovary–oocyte interface
This is a stricter pathway: Particles must cross the intestinal epithelium,
enter  circulation  or  the  coelomic  fluid,  reach  the  ovary,  and  be
internalized  by  oocytes.  In D.  magna,  25-nm  PS-NPs  were  directly
observed  in  gut,  ovary,  and  oocytes  using  label-free  hyperspectral
imaging,  which  circumvents  artifacts  of  fluorescence  leakage[26].
Quantitatively,  this  route contributed only ~12% of  embryo exposure
versus ~88% via the brood chamber, and particles measuring ≥ 50 nm
were  poorly  detected  in  the  ovary,  highlighting  the  strong  size
selectivity  of  ovarian  barriers[26].  The  cellular  mechanisms  underlying
epithelial crossing, endocytosis, paracellular transport, or passive entry
after injury are size- and surface-dependent and are discussed further
in the mechanism section (Fig. 2).

 Yolk sac and chorion–embryo interface in oviparous fish
This  interface  operates  in  two  temporally  distinct  phases.  Before
spawning,  the  relevant  barrier  is  the  ovarian  follicle,  comprising
vascular  supply,  follicular  cells,  and  the  zona  radiata,  through  which
particles  or  particle-bound  contaminants  may  enter  the  oocyte  or
associate with yolk precursors (e.g., vitellogenin, lipid droplets)[37].  The
observation  of F1 yolk  sac  signals  after  maternal  but  not  paternal
exposure  supports  the  biological  plausibility  of  this  yolk-associated
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route[30].  After  spawning,  the  embryo  is  no  longer  connected  to  the
maternal  environment,  and the interface shifts  to  exogenous chorion
contact.  Chorion  adsorption  may  delay  hatching  or  induce  local
hypoxia[38],  but  does  not  by  itself  demonstrate  particle  entry  into
embryonic tissues. Internalization of smaller NPs into the yolk sac, liver,
and  other  organs  has  been  documented  in  direct  embryo  exposure
studies,  with  accompanying  effects  on  heart  rate,  body  length,  and
locomotor  activity[39].  The  key  distinction  is  therefore  between
maternal  provisioning  (pre-spawning,  potentially  true  transfer)  and
external  embryonic  contact  (post-spawning;  exposure,  not  transfer)
(Fig. 2).

 Maternal internal embryo interface in ovoviviparous and
viviparous fish
Here, embryos are retained within the maternal reproductive tract for
extended  periods,  creating  a  two-stage  pathway.  The  first  stage
parallels that of oviparous fish: Particles may enter maternal circulation
and  reach  ovarian  follicles  or  oocytes  before  fertilization.  The  second
stage is  distinctive:  After  fertilization,  retained embryos may continue
to interact with the maternal internal environment through interfaces
such  as  residual  yolk,  ovarian  or  uterine  fluid,  trophotaenia,  or
placenta-like  structures.  Gestational  exposure  in  guppies[35] and
particle  detection  in  blue  shark  embryos[36] support  the  relevance  of
this  pathway,  yet  continuous  localization  from  maternal  blood  or
ovarian  fluid  into  embryonic  tissues  remains  absent.  Future  evidence
must  demonstrate  not  only  particles  in  maternal  compartments  but
also their traversal of embryo-associated barriers and presence within
embryonic tissues (Fig. 2).

 Offspring toxicity after parental exposure

This section describes phenotypic and life history endpoints observed
in  the  offspring  following  parental  MNP  exposure.  Mechanistic
pathways (oxidative stress, endocrine disruption, epigenetics, etc.) are
addressed  separately  in  Section  entitled  'Mechanisms  linking  MNP
exposure to offspring effects'. Here, we focus on three interconnected
endpoints: Parental reproductive injury, embryonic development, and
offspring's  growth  and  reproduction,  organized  along  the  life  history
continuum from gamete formation to population recruitment.

 Parental reproductive injury and gamete quality
Parental  gonadal  damage represents  the earliest  point  at  which MNP
exposure  can  compromise  the  offspring's  quality[9].  In  crustaceans,
MNPs delay  first  spawning,  reduce total  offspring output,  and induce
gonadal tissue injury[9],  reflecting a forced reallocation of energy from
reproduction  to  survival.  Similar  patterns  are  evident  in  fish.  Female
zebrafish  exposed  to  0.5-μm  PS-MPs  (50–500 μg/L,  60  d)  showed
gonadal  particle  accumulation,  altered  GSI,  ovarian  damage,  and
reduced  reproductive  rate[40].  In  males,  1-μm  PS-MPs  (10–1,000 μg/L,
21 d) induced testicular oxidative stress and upregulation of apoptosis-
related  genes  (p53, Bax, caspases),  with  increased  germ-cell
apoptosis[41].

At the gamete level,  the consequences extend to heritable cellu-
lar  integrity.  In zebrafish,  acute exposure to 45-nm PS-NPs (5 mg/L,
96  h)  altered  sperm  chromatin  compaction  and  motility,  shifted
oocyte-stage  proportions,  and  changed  the  expression  of  genes
involved  in  meiosis  and  DNA  repair[42].  Paternal  exposure  alone
can  be  consequential:  Brief  pre-fertilization  exposure  of  European
whitefish (Coregonus lavaretus) sperm to 50-nm carboxylated PS-NPs
reduced  sperm  motility,  and  offspring  hatched  earlier,  weighed
less,  and  swam  less  effectively[43].  In  bivalves,  even  when  particles
remain largely in the digestive tract rather than gonads, as observed
in  Pacific  oysters  (Magallana  gigas)  exposed  to  2- and  6-μm  PS

microspheres during gamete maturation, oocyte number and diam-
eter, sperm swimming speed, and D-larval yield declined[44], indicat-
ing  that  energy  allocation  and  gamete  quality  are  independent
routes to offspring injury.

 Embryonic development and early life toxicity
The  embryonic  period  represents  a  particularly  vulnerable  develop-
mental  window  for  MNPs'  effects[45,46].  Cell  division,  organogenesis,
cardiovascular,  and  neuromotor  development  occur  simultaneously,
and interference can manifest as delayed hatching, altered heart rate,
reduced body length, malformation, or abnormal movement, whether
from  direct  particle  contact,  reduced  yolk  quality,  parental  endocrine
disruption, or residual culture medium exposure[38,47].

Direct  embryo exposure  studies  confirm that  once  nanoparticles
enter  internal  compartments,  distributing  to  the  yolk  sac,  liver,
heart, and brain, they can induce oxidative stress, inflammation, and
apoptosis  alongside  developmental  and  behavioral  changes[39,45].
More  ecologically  relevant  are  maternal  exposure  designs.  Female
zebrafish exposed to europium-labeled 50-nm PS-NPs (1–100 μg/L,
120  d)  and  paired  with  unexposed  males  produced F1 embryos
with reduced head area and body length, increased malformation at
72  h  post-fertilization  (hpf),  and  reduced  swimming  distance  at
144  hpf[48].  These  effects  cannot  be  explained  solely  by  direct
embryonic exposure; they are likely to reflect maternal alterations in
egg composition, mitochondrial status, or energy provisioning[48].

 Offspring growth, behavior, and reproduction
For population-level risk, the critical question is whether F1 individuals
can  complete  feeding,  growth,  sexual  maturation,  and  reproduction.
Many  MNP  exposures  cause  no  severe  embryonic  malformation  yet
produce  delayed  reproduction[18,19],  altered  life  history  timing,  or
reduced metabolic  reserves  in  later  life[33].  For  population renewal, F1

reproductive  capacity  and F2 recruitment  are  more  relevant  than any
single embryonic endpoint.

In D.  magna,  exposure  to  6-μm  MP  fibers  (10–100  particles/L)
reduced  total  offspring  number  and  increased  infertility  risk  across
continuous F0–F2 exposure;  even  offspring  reared  in  clean  water
after  parental  exposure  showed  delayed  reproduction[18].  In  a
stricter  transgenerational  design, F0 animals  were  exposed  to
PE/benzophenone-3  (BP-3)  fragments  (5  mg/L,  21  d),  whereas  the
F1–F3 generations were reared in clean media. Survival did not differ
across  generations,  but  reproduction  showed  early  injury  followed
by  recovery  or  delayed  manifestation,  alongside  DNA  methylation
changes persisting from F0 to F3

[19]. Such designs are more informa-
tive  than  single-generation  embryo  tests  because  they  connect
parental exposure to population renewal.

 Exposure design and evidence classification
Terminology  determines  interpretive  strength  (Fig.  3).  Intergenera-
tional  effects  refer  to changes in F1 after  exposure of F0.  Multigenera-
tional  effects  involve  continuous  exposure  across F0, F1,  and  beyond.
Transgenerational  effects  require  persistence  in  generations  not
directly exposed, after excluding residue carryover, surface adsorption,
and  renewed  exposure.  By  this  standard,  clean-generation  tracking
and contamination controls provide stronger evidence for transgenera-
tional effects[18,19], whereas continuous exposure designs better reflect
chronic environmental pressure. The evidence classification framework
proposed  here  is  intended  as  an  interpretive  tool  rather  than  a  fixed
consensus  standard  and  may  be  refined  as  analytical  methods  and
cross-generational evidence continue to develop.

Notably,  cross-generational  responses  are  not  necessarily  mono-
tonic;  higher  concentrations  or  additional  generations  do  not
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consistently  yield  stronger  effects[17,49].  Variation  may  reflect  parti-
cle  size,  surface  properties,  exposure  design,  compensatory
responses,  or  reproductive  trade-offs[50,51].  The  findings  should
therefore be interpreted as  exposure design-dependent life  history
responses unless direct localization and clean-generation criteria are
met. Representative studies are summarized in Table 1.

 Mechanisms linking MNP exposure to
offspring effects

The  mechanistic  pathways  connecting  parental  MNP  exposure  to
offspring-related  outcomes  can  be  organized  into  three  intercon-
nected layers  (Fig.  4).  The first  layer  comprises  initial  interface events,
including  corona  formation  and  barrier  uptake,  which  determine
whether  the  particles  reach  reproductive  tissues.  The  second  layer
encompasses core cellular stress responses, including oxidative stress,
mitochondrial  dysfunction,  inflammation,  and  apoptosis,  which
directly  compromise  gamete  and  embryo  quality.  The  third  layer
involves  systemic  and  persistent  signals,  including  endocrine  disrup-
tion,  epigenetic  regulation,  and  microbiota  dysbiosis,  which  can
propagate  effects  across  generations.  Co-contaminant  vector  effects
act as modifiers across all three layers by altering the effective dose and
tissue distribution of the associated pollutants.

 Corona formation and barrier uptake
Upon entering an organism, MNP surfaces rapidly adsorb biomolecules
(proteins, lipids, polysaccharides) to form a bio-corona that determines

the surface charge, hydrophobicity, and receptor recognition, thereby
governing  mucus  retention,  cellular  internalization,  and  access  to
reproductive  compartments[52−55].  Barrier  crossing  occurs  through
transcellular  endocytosis  (clathrin-,  caveolin-,  or  phagocytosis-
mediated),  paracellular  leakage following tight-junction disruption,  or
passive entry after tissue injury[56]. Positively charged particles (e.g., PS-
NH2)  exhibit  stronger  retention  and  greater  inhibition  of  population
growth  than  carboxylated  or  pristine  particles[21].  In  zebrafish,  PS-NPs
alter intestinal villi,  tight-junction genes,  and the gut microbiota,  with
concomitant  changes  in  brain  neurotransmitters  and F1 embryonic
endpoints[57].  These  barrier  effects  may  provide  an  indirect  link
between  intestinal  exposure  and  reproductive  or  embryonic
consequences even when direct particle transfer is limited.

 Oxidative stress, mitochondrial dysfunction, and
energy reallocation
Oxidative  stress  provides  a  direct  mechanistic  link  between  particle
exposure and reproductive cost[58,59]. Membrane perturbation, electron
transport chain leakage, and antioxidant depletion generate ROS that
first  compromise  adenosine  triphosphate  (ATP)  supply  and  redox
balance  in  oocytes,  embryos,  and  other  high-metabolism  tissues[58].
Mitochondrial  dysfunction  is  central:  Lipid  peroxidation  reduces
membrane  integrity,  the  loss  of  mitochondrial  membrane  potential
lowers  oxidative  phosphorylation  efficiency,  and  respiratory  chain
Complexes  I  and  III  leak  additional  electrons,  amplifying  ROS
production[60].  Since  oocyte  maturation,  cleavage,  and  early
organogenesis  depend  on  a  stable  ATP  supply,  mitochondrial  stress
translates parental exposure into reduced embryo quality[48,59].

 

Fig. 3  Evidence-classification framework distinguishing true maternal particle transfer from intergenerational evidence, multigenerational evidence, and
transgenerational evidence. The diagram separates transfer confidence from exposure design: True particle transfer requires particle localization in eggs,
embryos, or offspring's tissues plus the controls for contamination, adsorption, dye leakage, and renewed exposure, whereas continuous exposure across
generations is interpreted as multigenerational evidence unless a clean-generation or recovery design is present.
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Long-term  studies  illustrate  how  oxidative  responses  convert  to
life  history  outcomes. Daphnia  pulex exposed  to  75-nm  PS-NPs  for
three  generations  showed  altered  antioxidant  and  vitellogenin
genes  in F0–F1,  with  reduced  antioxidant  responses  and  altered
growth/reproduction in F2

[61]. Moina macrocopa exposed to 1-μm PS
beads  for  three  generations  showed  decreased F2 survival,  growth
inhibition,  and  delayed  reproduction  alongside  shifts  in  malondi-
aldehyde (MDA), catalase (CAT), and superoxide dismutase (SOD)[62].
The  interpretive  value  of  oxidative  markers  depends  on  their  posi-
tion within a complete energy allocation chain from parental main-
tenance  and  yolk  accumulation  to  embryonic  development,  larval
movement, and reproductive investment.

 Inflammation and immune homeostasis
Inflammation  converts  local  particle  irritation  into  tissue  dysfunction.
Larger  particles  trigger  mechanical  abrasion  and  epithelial  injury;
internalized nanoparticles induce lysosomal damage, potassium efflux,
and  mitochondrial  danger  signals,  activating  the  NOD-like  receptor
family  pyrin  domain-containing  3  (NLRP3)  inflammasome  via  nuclear
factor kappa B (NF-κB) priming and caspase-1-mediated interleukin-1β
(IL-1β)  and  interleukin-18  (IL-18)  maturation[63].  For  reproduction,
chronic  low-grade  inflammation  is  more  consequential  than  acute
peaks,  as  it  consumes energy and alters  nutrient  transport  and tissue
microenvironments[56].

Although  the  intestine  and  gill  are  primary  inflammatory  sites,
consequences  extend  to  the  gonads  and  neuroendocrine  systems.
In  Nile  tilapia  (Oreochromis  niloticus)  exposed  to  multiple  polymer
types,  particles  accumulated  in  the  intestine,  gill,  liver,  gonad,  and

brain,  with  altered  immune  and  biochemical  markers[64].  Zebrafish
intestinal  studies  likewise  show  that  PS-NPs  affect  immune  factors,
barrier  genes,  and  the  microbiota[57].  Parental  intestinal  inflamma-
tion can thus alter  nutrient  absorption,  metabolites,  and endocrine
signals,  modifying  yolk  supply  and  the F1 developmental  environ-
ment, a route that explains offspring effects even when particles are
undetected in the embryos[65−67].

 Apoptosis, DNA damage, and developmental
quality
Apoptosis and DNA damage primarily explain reduced gamete quality,
embryonic  abnormalities,  and  early  offspring  mortality[41,47].  Particle-
induced  membrane  injury,  oxidative  DNA  base  damage,  and
chromatin disruption activate p53, Bax/Bcl-2, and caspase pathways[41].
When  damage  occurs  in  germ  cells  or  early  embryos,  consequences
extend beyond local cell loss to impaired oocyte maturation, reduced
sperm function, abnormal cleavage, and unstable organogenesis[42].

In zebrafish embryos exposed to ~106-nm PS-NPs (200–400 mg/L),
survival  and hatching decreased,  body length shortened,  and loco-
motor  behavior  was  altered,  accompanied  by  downregulation  of
anti-apoptotic  genes  (bcl2, bcl-XL)  and  altered  base  excision  repair
genes  (lig1, pold, parp1)[47].  Short-term  nanoparticle  exposure  also
directly  affects  germ-cell  chromatin  compaction,  motility,  and
oocyte-stage  proportions  in  zebrafish[42].  The  key  intergenerational
question  is  whether  sublethal  or  misrepaired  germ-cell  damage
survives  fertilization.  A  normal  early F1 phenotype  does  not  neces-
sarily preclude later functional defects[43].

 

Fig.  4  Potential  mechanistic  pathways  linking  parental  MNP  exposure  to  offspring  and  multigenerational  phenotypes,  independent  of  demonstrated
particle transfer. The mechanistic network includes barrier uptake, oxidative stress and mitochondrial dysfunction, inflammation, apoptosis, DNA damage,
endocrine  axis  disturbance,  epigenetic  regulation,  and  gut  microbiota  dysbiosis.  Co-contaminant  vector  effects  may  modify  exposure  and  tissue
distribution  across  these  pathways.  Arrows  indicate  proposed  mechanistic  connections  rather  than  a  confirmed  linear  causal  sequence.  MNPs,
micro(nano)plastics;  ROS,  reactive  oxygen  species;  ATP,  adenosine  triphosphate;  HPG,  hypothalamic–pituitary–gonadal;  HPT,  hypothalamic–pituitary–
thyroid; VTG, vitellogenin.
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 Endocrine disruption and maternal provisioning
Endocrine  disruption  directly  alters  hormonal  signals  governing
reproduction and development.  The hypothalamic–pituitary–gonadal
(HPG)  axis  controls  gametogenesis,  steroidogenesis,  and  vitellogenin
(VTG)  production,  which  links  maternal  liver  function  to  yolk
supply  and  embryonic  starting  quality[66−68].  The  hypothalamic–
pituitary–thyroid  (HPT)  axis  regulates  hatching,  neurodevelopment,
and  basal  metabolism,  while  the  growth  hormone  (GH)/insulin-like
growth factor (IGF) axis controls growth and energy allocation[69,70].

By  altering  cholesterol  transport,  steroidogenic  enzyme  expres-
sion,  VTG  regulation[31,71],  and  thyroid  hormone  metabolism[69],
MNPs can compromise offspring from the embryonic starting point.
For  example,  parental  zebrafish  exposed  to  1-μm  PS-MPs  showed
intestinal accumulation and altered gonadal steroidogenesis genes,
yet hatching and malformation rates in F1 remained unchanged[71],
indicating  that  endocrine  shifts  can  precede  overt  developmental
toxicity.  Co-exposure  scenarios  further  illustrate  this:  PS-NPs
promoted tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) transfer to
zebrafish eggs and aggravated thyroid hormone disruption in F1

[69],
while  microcystin-LR  (L  =  leucine,  R  =  arginine)  and  PS-NP  co-
exposure  reduced F1 growth through interference with  the GH/IGF
axis[70].

 Epigenetic regulation and microbiota dysbiosis
Strict  transgenerational  effects—persistence  in  unexposed
generations—are difficult  to  explain  by  particle  residues  alone and
may  instead  involve  epigenetic  reprogramming[18,19,72] and
microbiota-mediated  signals[73].  DNA  methylation,  histone  modifica-
tion, and noncoding RNAs can alter gene expression thresholds during
gametogenesis and early embryogenesis[74]. The gut microbiota affects
liver,  brain,  and gonadal function through short-chain fatty acids,  bile
acids, and immune signals[57,65].

MNP-induced  metabolic  stress  changes  substrates'  availability
(e.g.,  S-adenosylmethionine  [SAM]  for  methylation,  acetyl  coen-
zyme  A  [acetyl-CoA]  for  acetylation),  affecting  DNA  methyltrans-
ferases  and  histone-modifying  enzymes[74].  In D.  magna, F0

exposure to PE/BP-3 fragments produced reproduction-related DNA
methylation  changes  persisting  to F3

[19].  Microbiota-mediated
persistence  is  particularly  relevant  under  combined  stress:
Diaphanosoma  celebensis exposed  to  PS-NPs  under  elevated
temperature  (30  °C)  showed  reproductive  failure  in F2 with  altered
host–microbiota  interactions[73].  Thus,  an  altered  parental  micro-
biome can affect egg quality and the early developmental environ-
ment without direct particle inheritance[65].

 Co-contaminant vector effects
Under  co-exposure  conditions,  MNPs  alter  the  effective  dose,  tissue
distribution,  and  biological  targets  of  associated  contaminants,  the
core  of  vector  effects,  rather  than  merely  transporting  pollutants[75].
Whether  MNPs  enhance  co-contaminants'  toxicity  depends  on  their
adsorption–desorption  equilibrium  in  the  gut,  intestinal  absorption
efficiency,  barrier  damage,  and  distribution  direction,  not  on
adsorption capacity alone[75,76].

Three lines of evidence illustrate distinct vector mechanisms. First,
hydrophobic  organic  contaminants  such  as  PS-NPs  (70  nm)
increased  TDCIPP  accumulation  in  parental  zebrafish  tissues  and
offspring,  aggravating  thyroid  disruption  in F1

[69].  Pristine  PA  MPs
promoted  TDCIPP  transfer  to F1,  whereas  aged  PA,  with  stronger
contaminant  binding  and  lower  intestinal  injury,  weakened  this
effect[77].  Second,  regarding  metals,  in  the  copepod Tigriopus

japonicus,  PS-MPs  (0.023  mg/L)  increased  Hg  body  burden  across
three  generations,  aggravating  developmental  delay  and  fertility
reduction[22].  Ultraviolet  (UV)-aged PS-NPs promoted Hg accumula-
tion  more  strongly  than  pristine  particles,  reducing F1 and F2

survival[78].  Third,  regarding  pharmaceuticals,  in D.  magna,  co-
exposure  to  PS-MPs  and  carbamazepine  reduced F1 offspring
number and altered genes involved in reproduction and detoxifica-
tion (vtg1, vtg2, cyp4, and gst)[79].

Critically,  enhanced  contaminant  transfer  does  not  by  itself
demonstrate particles' entry into offspring's tissues. Only simultane-
ous  quantification  of  particles  and  contaminants  in  parental
tissues, eggs, embryos, and culture media can distinguish a vector's
action  from  altered  contaminant  bioavailability  or  parental  toxicity
signaling.

 Modifiers of transfer and cross-
generational risk

The  transfer  efficiency  and  offspring  consequences  of  MNPs  are  not
intrinsic properties of the particles alone but emerge from interactions
among  three  sets  of  factors:  (1)  Particle-intrinsic  properties  (size,
morphology,  polymer  type),  (2)  surface  and  interfacial  characteristics
(charge,  functional  groups,  bio-corona,  aging  status),  and  (3)  system-
level  conditions  (exposure  design,  environmental  context).  These
modifiers operate across different scales and have distinct implications
for experimental design and risk extrapolation.

 Particle-intrinsic properties: size, morphology,
and polymer type
Particle  size  is  among  the  most  consistently  reported  determinants
of  barrier-crossing[26,46,80].  Nanoparticles  (<  1 μm)  are  more  likely  to
enter  cells,  yolk-associated  spaces,  and  embryonic  tissues,  whereas
micrometer-scale  particles  tend  to  remain  in  the  digestive  tract  and
external  developmental  interfaces,  exerting  effects  through  feeding
inhibition, mechanical irritation, and nutritional dilution[9]. Morphology
further modulates these size-dependent effects: Spherical particles are
convenient  for  standardization,  but  fibers  (accounting  for  52%–73%
of  environmental  anthropogenic  particles),  fragments,  films,  and
weathered  mixtures  dominate  real-world  exposures[81].  Nevertheless,
cross-generational  studies  have  overwhelmingly  used  spherical  PS
particles  (75.8%)  and  pristine  materials  (83.3%),  with  only  ~3%  using
fibers[81],  a  representativeness  gap  that  severely  limits  environmental
extrapolation.

Polymer  type,  though  less  mechanistically  resolved,  influences
density, hydrophobicity, additive content, and contaminant affinity.
The  predominant  reliance  on  PS  (71.1%  of  cross-generational
studies)  leaves  PE,  PP,  PET,  PVC,  PA,  and  PMMA  critically
understudied[81].  Tire  wear  particles  illustrate  how  complex  materi-
als  can  invert toxicity  rankings  across  generations:  In B.  plicatilis,
leachate  was  most  toxic  in  single-generation  exposure,  but  nano-
sized tire wear particles became more toxic than the leachate across
F3–F6 multigenerational  exposure[82],  a  shift  that  is  not  predictable
from single-generation assays or from pristine PS particles.

 Surface and interfacial characteristics: charge,
corona, and aging
Surface charge, functional groups, and zeta potential determine MNPs'
affinity  for  membranes,  mucus,  and  biomolecules[52−55].  Positively
charged  particles  generally  exhibit  higher  uptake,  retention,  and
endocytic  activity  than  carboxylated  or  pristine  particles,  resulting  in
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stronger  feeding  inhibition,  reduced  ATP,  and  altered  reproductive
strategies[21].  Bio-coronas  further  modify  these  intrinsic  surface
properties, giving different biological identities to the same particle in
different  media[52].  For  transgenerational  studies,  reporting  nominal
particle  size  is  insufficient;  zeta  potential,  hydrodynamic  size,
aggregation  state,  and  corona  composition  should  be  routinely
characterized.

Aging and weathering add another layer of complexity. Photooxi-
dation,  mechanical  abrasion,  and  biofilm  formation  increase
surface roughness,  oxygen-containing functional  groups,  and addi-
tive  release,  altering  aggregation,  contaminant  adsorption,  and
bioavailability[7,78]. However, aging does not uniformly enhance toxi-
city. PET photodegradation leachate reduced locomotor capacity in
F1 without  direct  exposure[83],  yet  wastewater-incubated  PS-MPs
showed  weakened  multigenerational  effects[84],  and  aged  PA  MPs
weakened the  promotion of  TDCIPP transfer  to F1

[77].  The  direction
and magnitude of aging effects depend on the leachate's composi-
tion, particle ingestion, organic matter coating, and endpoint sensi-
tivity,  precluding  any  simple  generalization  that  aging  increases
toxicity.

 System-level conditions: exposure design and
environmental context
Exposure  concentration,  duration,  window,  and  generation  design
collectively  determine  whether  particle  contact  translates  into
persistent offspring effects[17,18].  Short-term exposures are suitable for
uptake  and  ROS  studies[10−12];  long-term  or  multigenerational
designs  are  required  to  assess  reproductive  output  and  population
growth[19,49].  Age  and  brood  order  can  also  alter  outcomes:  In D.
magna,  adult F0 exposure  to  PE/BP-3  fragments  reduced  growth  and
reproduction  more  strongly  than  neonatal  exposure,  and  the  first F1

brood  showed  advanced  reproduction  and  reduced  offspring  length
compared with later broods[50].

Cross-generational  response  trajectories  fall  into  four  nonexclu-
sive  patterns,  namely  recovery[19,53],  persistence[18,72],  cumulative
aggravation[49,82],  and  life  history  trade-offs[33],  each  with  distinct
ecological  implications.  Recovery  does  not  necessarily  indicate  the
absence  of  risk,  because  it  may  depend  on  compensatory  energy
allocation. Persistence across unexposed generations may support a
transgenerational  interpretation  when  carryover  of  residue  and
renewed  exposure  have  been  excluded.  Cumulative  aggravation
may  emerge  under  repeated  or  continuous  exposure,  whereas  life
history  trade-offs  indicate  that  numerical  reproductive  output  may
be maintained at  the expense of  offspring's  quality.  These patterns
are exposure- and context-dependent rather than inherent proper-
ties of a given particle type.

The environmental context—temperature, pH, food availability[85],
organic  matter[86],  and co-contaminants—modifies  MNPs'  aggrega-
tion, settling, surface charge, and ingestion probability, often ampli-
fying or diminishing the effects observed under standard laboratory
conditions.  Warming (30 °C)  combined with PS-NPs induced repro-
ductive  failure  in F2 of Diaphanosoma  celebensis with  altered  host
microbiota[73]. Acidification (pH 7.3) in Paracyclopina nana produced
reduced  fertility  in  clean-generation F1 and F2,  with  DNA  methyla-
tion  patterns  resembling  those  of  continuous  multigenerational
exposure,  yet  fluorescence  tracking  did  not  support  persistent
particle  transfer[72].  Co-contamination  further  complicates  the  risk
profiles:  MNPs  can  enhance  (e.g.,  Hg  in  copepods[87]),  reduce,  or
redistribute the toxicity of co-occurring pollutants, and environmen-
tally  weathered  particles  often  carry  complex  additive  and  metal
burdens (Cd, Pb, Cr, Cu, Zn) that are absent from pristine laboratory
particles[88].  Such  findings  underscore  that  extrapolating  from

single-particle  clean-water  assays  to  real  aquatic  environments  is
inherently limited[72,73,88].

 Limitations and research priorities

A  central  challenge  in  MNP-associated  reproductive  toxicology  is  not
simply  the  documentation  of  toxic  effects  but  the  shortage  of  experi-
mental  designs  that  support  causal  interpretation  and  environmental
risk  extrapolation.  Several  priorities  are  particularly  important  for
strengthening future MNP-related reproductive toxicity studies.

First,  evidence  for  true  maternal  particle  transfer  must  be
strengthened  by  orthogonal  localization  and  contamination
controls.  Many  studies  infer  transfer  from F1 phenotypes  without
directly  localizing  particles  in  eggs,  embryos,  or  offspring's  tissues.
Future  research  should  combine  fluorescence  tracking  with
polymer-confirmatory  methods  (Raman  spectroscopy,  Py-GC/MS,
electron  microscopy)  and  include  systematic  controls  for  surface
adsorption, dye leakage, and culture medium carryover[89].

Second,  particles'  representativeness  and  characterization  must
improve.  The  field's  reliance  on  monodisperse,  pristine  PS  spheres
diverges  sharply  from  environmental  reality,  which  is  dominated
by  polydisperse  fibers,  fragments,  aged  mixtures,  and  particles
with  complex  contaminant  loads.  Reporting  should  routinely
include  the  particle  size  distribution,  morphology,  surface  charge,
aggregation  state,  aging  status,  additive  release,  and  bio-corona
composition to enable cross-study comparisons and environmental
contextualization.

Third,  endpoint  chains  and  mechanistic  validation  must  move
beyond  correlative  markers.  Measures  of  ROS,  SOD,  VTG,  DNA
methylation,  and  transcriptomic  shifts  describe  responses  but  do
not  demonstrate  causality.  Functional  interventions,  antioxidant
rescue,  endocrine  blockade,  mitochondrial  restoration,  and  micro-
biota  transplantation  should  be  used  to  link  molecular  changes  to
phenotypic  outcomes.  Likewise,  endpoints  must  extend  beyond
single embryonic measures (hatching rate, malformation) to include
parental  gonadal  burden,  gamete  quality,  feeding  and  locomotion
in F1, reproductive capacity of F1, and population growth rates. Only
with such continuous endpoint chains can individual toxicity obser-
vations be translated into population-level risk.

Collectively, these priorities point toward a more integrated frame-
work  of  identifying  which  particles,  through  which  biological  inter-
faces and under which environmentally relevant conditions, produce
predictable and measurable population-level consequences.

 Conclusions

From  an  ecological  risk  perspective,  a  key  concern  is  not  simply
whether  particles  are  maternally  transferred  but  whether  population
renewal  is  compromised.  The  available  evidence  indicates  that
weakened  reproductive  output,  impaired  gamete  quality,  altered
embryonic  development,  and  reduced  offspring  fitness  can  arise
through  multiple  nonequivalent  routes,  including  true  maternal
particle  transfer,  parental  physiological  injury,  external  embryonic
contact, continuous multigenerational exposure, and co-contaminant
vector effects. These routes are often conflated in the literature, yet
they  demand  distinct  interpretive  frameworks  and  experimental
designs.  Several  recurring  limitations  currently  constrain  causal
inference  and  environmental  risk  extrapolation.  First,  evidence  for
true maternal particle transfer remains methodologically thin:  Most
studies  infer  transfer  from  the  offspring's  phenotypes  rather  than
demonstrating  particle  localization  in  eggs,  embryos,  or  offspring's
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tissues  with  orthogonal  confirmation  and  contamination  controls.
Second, experimental particles diverge sharply from environmental
reality—the  field  relies  overwhelmingly  on  monodisperse,  pristine
PS  spheres,  whereas  real  exposures  involve  polydisperse  fibers,
fragments,  aged  mixtures,  and  complex  contaminant  loads.  Third,
mechanistic studies predominantly report correlative markers (ROS,
gene  expression,  DNA  methylation)  without  functional  validation
linking  molecular  changes  to  fitness-relevant  outcomes.  Moving
forward,  MNP-associated  reproductive  risk  assessments  should
prioritize three shifts: (1) Distinguishing true maternal particle transfer
from  broader  cross-generational  toxicity  through  localization-based
evidence  criteria;  (2)  replacing  model  particles  with  environmentally
relevant  materials  and  comprehensive  physicochemical  characteriza-
tion;  and  (3)  extending  endpoint  chains  from  single  embryonic
measures  to  population-level  parameters,  such  as  parental
reproductive  output,  growth  and  locomotion  in F1,  reproductive
capacity of F1,  and the population growth rate.  These changes would
help  shift  evaluations  of  MNP  risk  from  a  catalog  of  observed  effects
toward  a  more  predictive  framework  for  environmental  risk
assessments.

 Supplementary information
It  accompanies  this  paper  at https://doi.org/10.48130/newcontam-
0026-0023.

 Ethical statements
Not applicable.

 Author contributions
The  authors  confirm  their  contributions  to  this  study  as  follows:
Chengbin Li:  conceptualization, methodology, writing – original draft;
Yanping  Li:  methodology,  writing – original  draft;  Sitong  Huo:  formal
analysis,  methodology;  Jiang  Yu:  formal  analysis;  Xuerui  Zhou:  formal
analysis;  Kejing  Zhang:  formal  analysis;  Neng  Yan:  conceptualization,
writing – review  and  editing,  funding  acquisition,  supervision;  Jianbo
Shi:  conceptualization,  writing – review  and  editing,  Supervision.  All
authors  reviewed  the  results  and  approved  the  final  version  of  the
manuscript.

 Data availability
This  article  is  a  review  and  does  not  report  new  primary  data.  All
information  discussed  in  this  manuscript  is  derived  from  published
literature cited in the references.

 Acknowledgments
We thank the reviewers for their comments on this work.

 Funding
This study was supported by the National Natural Science Foundation
of  China  (Grant  No.  42477250)  and  the  National  Key  Research  and
Development Program of China (Grant No. 2024YFC3714600).

 Declarations

 Competing interests
The authors declare no competing financial interest.

Author details
1MOE  Key  Laboratory  of  Groundwater  Quality  and  Health,  School  of
Environmental  Studies, China  University  of  Geosciences, Wuhan
430074, China; 2State Key Laboratory of Environmental Chemistry and
Ecotoxicology, Research  Center  for  Eco-Environmental  Sciences,
Chinese  Academy  of  Sciences, Beijing 100085, China; 3Hubei  Key
Laboratory  of  Environmental  and  Health  Effects  of  Persistent  Toxic
Substances,  School  of  Environment  and  Health, Jianghan  University,
Wuhan 430056, China

References 

 Organisation  for  Economic  Co-operation  and  Development  (OECD).
2022.  Global  plastics  outlook:  economic  drivers,  environmental
impacts  and  policy  options.  OECD,  Paris,  France.  doi: 10.1787/
de747aef-en

[1]

 Borrelle  SB,  Ringma  J,  Law  KL,  Monnahan  CC,  Lebreton  L,  et  al. 2020.
Predicted  growth  in  plastic  waste  exceeds  efforts  to  mitigate  plastic
pollution. Science 369:1515−1518

[2]

 Jambeck JR, Geyer R, Wilcox C, Siegler TR, Perryman M, et al. 2015. Plas-
tic waste inputs from land into the ocean. Science 347:768−771

[3]

 Gigault  J,  ter  Halle  A,  Baudrimont  M,  Pascal  PY,  Gauffre  F,  et  al. 2018.
Current  opinion:  what  is  a  nanoplastic? Environmental  Pollution
235:1030−1034

[4]

 Zhang D, Ren B, Liu H, Li  C,  Wang X, et al. 2026. Challenges in assess-
ing ecological and health risks of microplastics and nanoplastics: track-
ing their dynamics in living organisms. New Contaminants 2:e006

[5]

 Bhagat  J,  Nishimura N,  Shimada Y. 2021. Toxicological  interactions  of
microplastics/nanoplastics  and  environmental  contaminants:  Current
knowledge  and  future  perspectives. Journal  of  Hazardous  Materials
405:123913

[6]

 Jahnke  A,  Arp  HPH,  Escher  BI,  Gewert  B,  Gorokhova  E,  et  al. 2017.
Reducing  uncertainty  and  confronting  ignorance  about  the  possible
impacts of weathering plastic in the marine environment. Environmen-
tal Science & Technology Letters 4:85−90

[7]

 Qian  H,  Wang  Y,  Wang  Y,  Hu  H,  Tan  QG,  et  al. 2025. Numeric  uptake
drives  nanoplastic  toxicity:  size-effects  uncovered  by  toxicokinetic-
toxicodynamic  (TKTD)  modeling. Journal  of  Hazardous  Materials
486:137105

[8]

 Hasan  AKMM,  Hossain  MF,  Uddin  M,  Khan  MT,  Saif  UM,  et  al. 2025.
Mechanistic insights into microplastic-induced reproductive toxicity in
aquatic  organisms:  a  comprehensive  review. Aquatic  Toxicology
286:107478

[9]

 Esterhuizen  M,  Lee  SA,  Järvinen  R,  Kim  Y,  Pflugmacher  S,  et  al. 2023.
Ecotoxicology  of  polystyrene  microplastic  fragments:  oxidative  stress
effects in neonate versus adult Daphnia magna. Water, Air, & Soil Pollu-
tion 234:713

[10]

 Jeong CB, Won EJ, Kang HM, Lee MC, Hwang DS, et al. 2016. Microplas-
tic  size-dependent  toxicity,  oxidative  stress  induction,  and p-JNK and
p-p38  activation  in  the  monogonont  rotifer  (Brachionus  koreanus).
Environmental Science & Technology 50:8849−8857

[11]

 Lu Y, Zhang Y, Deng Y, Jiang W, Zhao Y, et al. 2016. Uptake and accu-
mulation  of  polystyrene  microplastics  in  zebrafish  (Danio  rerio)  and
toxic effects in liver. Environmental Science & Technology 50:4054−4060

[12]

 Budhwar M, Mehra S, Sharma M, Ahsan AU, Chopra M. 2025. Unveiling
micro-nanoplastics  (MNPs)  induced  developmental  toxicity,
transgenerational  transport  and  associated  signaling  pathways. Jour-
nal of Hazardous Materials Advances 17:100581

[13]

 Yan N, Wang WX. 2022. Maternal transfer and biodistribution of citrate
and luminogens coated silver nanoparticles in medaka fish. Journal of
Hazardous Materials 433:128862

[14]

 Yan N,  Tsim SMJ,  He X,  Tang BZ,  Wang WX. 2020. Direct  visualization
and  quantification  of  maternal  transfer  of  silver  nanoparticles  in
zooplankton. Environmental Science & Technology 54:10763−10771

[15]

 Cui R, Kim SW, An YJ. 2017. Polystyrene nanoplastics inhibit reproduc-
tion and induce abnormal  embryonic  development  in  the freshwater
crustacean Daphnia galeata. Scientific Reports 7:12095

[16]

https://doi.org/10.48130/newcontam-0026-0023

page 12 of 14 Li et al.  |  Volume 2  |  2026  |  e026

https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.1787/de747aef-en
https://doi.org/10.1787/de747aef-en
https://doi.org/10.1787/de747aef-en
https://doi.org/10.1787/de747aef-en
https://doi.org/10.1126/science.aba3656
https://doi.org/10.1126/science.1260352
https://doi.org/10.1016/j.envpol.2018.01.024
https://doi.org/10.48130/newcontam-0026-0003
https://doi.org/10.1016/j.jhazmat.2020.123913
https://doi.org/10.1021/acs.estlett.7b00008
https://doi.org/10.1021/acs.estlett.7b00008
https://doi.org/10.1016/j.jhazmat.2025.137105
https://doi.org/10.1016/j.aquatox.2025.107478
https://doi.org/10.1007/s11270-023-06741-7
https://doi.org/10.1007/s11270-023-06741-7
https://doi.org/10.1007/s11270-023-06741-7
https://doi.org/10.1021/acs.est.6b01441
https://doi.org/10.1021/acs.est.6b00183
https://doi.org/10.1016/j.hazadv.2024.100581
https://doi.org/10.1016/j.hazadv.2024.100581
https://doi.org/10.1016/j.jhazmat.2022.128862
https://doi.org/10.1016/j.jhazmat.2022.128862
https://doi.org/10.1021/acs.est.0c03228
https://doi.org/10.1038/s41598-017-12299-2
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023


 Heinlaan M, Viljalo K,  Richter J,  Ingwersen A,  Vija H,  et al. 2023. Multi-
generation  exposure  to  polystyrene  nanoplastics  showed  no  major
adverse effects in Daphnia magna. Environmental Pollution 323:121213

[17]

 Shim  BS,  Yoon  HM,  An  JH,  Chen  Q,  Kim  GJ,  et  al. 2025. Microplastic
fiber-induced  transgenerational  epigenetic  disruption  impairs  fitness
in Daphnia magna. Aquatic Toxicology 289:107579

[18]

 Song  J,  Kim  MS,  Mut  NNN,  Lee  JS,  Jung  J. 2026. Transgenerational
epigenetic  inheritance  in Daphnia  magna exposed  to  polyethylene
microplastic  fragments  containing  benzophenone-3  additive. Aquatic
Toxicology 292:107747

[19]

 Yeo  IC,  Shim  KY,  Kim  K,  Jeong  CB. 2023. Maternal  exposure  to
nanoplastic  induces  transgenerational  toxicity  in  the  offspring  of
rotifer Brachionus  koreanus. Comparative  Biochemistry  and  Physiology
Part C: Toxicology & Pharmacology 269:109635

[20]

 Liu  L,  Luo  X,  Liu  L,  Li  Y,  Zhao  W,  et  al. 2026. Nanoplastics  inhibit  the
population growth of rotifers (Brachionus plicatilis)  by inducing stable
transgenerational alterations in reproductive strategies. Chemical Engi-
neering Journal 528:172379

[21]

 Xie D, Zhang H, Wei H, Lin L, Wang D, et al. 2023. Nanoplastics potenti-
ate  mercury  toxicity  in  a  marine  copepod  under  multigenerational
exposure. Aquatic Toxicology 258:106497

[22]

 Zhou R,  Lu G, Yan Z,  Jiang R,  Sun Y,  et al. 2022. Effects of polystyrene
nanoplastics on the bioaccumulation, distribution and parental trans-
fer of ethylhexyl salicylate. Environmental Science: Nano 9:1025−1036

[23]

 Ren X, Liu Z, Zhang R, Shao Y, Duan X, et al. 2024. Nanoplastics aggra-
vated  TDCIPP-induced  transgenerational  developmental  neurotoxic-
ity in zebrafish depending on the involvement of the dopamine signal-
ing pathway. Environmental Toxicology and Pharmacology 108:104436

[24]

 Li  Y,  Yang G, Wang J,  Lu L,  Li  X,  et al. 2022. Microplastics increase the
accumulation  of  phenanthrene  in  the  ovaries  of  marine  medaka
(Oryzias  melastigma)  and  its  transgenerational  toxicity. Journal  of
Hazardous Materials 424:127754

[25]

 Xue R, Lan R, Su W, Wang Z, Li X, et al. 2023. Mechanistic understand-
ing  toward  the  maternal  transfer  of  nanoplastics  in Daphnia  magna.
ACS Nano 17:13488−13499

[26]

 Brun NR, Beenakker MMT, Hunting ER, Ebert D, Vijver MG. 2017. Brood
pouch-mediated  polystyrene  nanoparticle  uptake  during Daphnia
magna embryogenesis. Nanotoxicology 11:1059−1069

[27]

 Wang D, Ru S, Zhang W, Zhang Z, Li Y, et al. 2022. Impacts of nanoplas-
tics  on  life-history  traits  of  marine  rotifer  (Brachionus  plicatilis)  are
recovered  after  being  transferred  to  clean  seawater. Environmental
Science and Pollution Research 29:42780−42791

[28]

 Zhang C, Jeong CB, Lee JS, Wang D, Wang M. 2019. Transgenerational
proteome  plasticity  in  resilience  of  a  marine  copepod  in  response  to
environmentally relevant concentrations of microplastics. Environmen-
tal Science & Technology 53:8426−8436

[29]

 Pitt  JA,  Trevisan R,  Massarsky A,  Kozal JS,  Levin ED, et al. 2018. Mater-
nal  transfer  of  nanoplastics  to  offspring  in  zebrafish  (Danio  rerio):  a
case  study  with  nanopolystyrene. Science  of  the  Total  Environment
643:324−334

[30]

 Zhang  C,  Li  L,  Alava  JJ,  Yan  Z,  Chen  P,  et  al. 2024. Female  zebrafish
(Danio  rerio)  exposure  to  polystyrene  nanoplastics  induces  reproduc-
tive  toxicity  in  mother  and  their  offspring. Aquatic  Toxicology
273:107023

[31]

 Wang  J,  Li  Y,  Lu  L,  Zheng  M,  Zhang  X,  et  al. 2019. Polystyrene
microplastics  cause  tissue  damages,  sex-specific  reproductive  disrup-
tion  and  transgenerational  effects  in  marine  medaka  (Oryzias
melastigma). Environmental Pollution 254:113024

[32]

 Wang  J,  Zheng  M,  Lu  L,  Li  X,  Zhang  Z,  et  al. 2021. Adaptation  of  life-
history  traits  and  trade-offs  in  marine  medaka  (Oryzias  melastigma)
after whole life-cycle exposure to polystyrene microplastics. Journal of
Hazardous Materials 414:125537

[33]

 Xia X, Guo W, Ma X, Liang N, Duan X, et al. 2023. Reproductive toxicity
and cross-generational effect of polyethylene microplastics in Paramis-
gurnus dabryanus. Chemosphere 313:137440

[34]

 Malafaia G, Nóbrega RH, Luz TMD, Araújo APDC. 2022. Shedding light
on the impacts of gestational exposure to polystyrene nanoplastics on
the reproductive performance of Poecilia reticulata female and on the

[35]

biochemical  response of  embryos. Journal  of  Hazardous  Materials
427:127873
 Gao  H,  Ge  Y,  Song  W,  Gong  Y,  Zhu  J. 2025. Little  evidence  suggests
microplastics  negatively  impact  embryo growth of  a  viviparous shark
Prionace glauca. Aquatic Toxicology 286:107456

[36]

 Dai Y, Han R, Yao Z, Yan H, Liu Z, et al. 2025. Intergenerational transfer
of  micro(nano)plastics  in  different  organisms. Journal  of  Hazardous
Materials 488:137404

[37]

 Duan Z, Duan X, Zhao S, Wang X, Wang J, et al. 2020. Barrier function
of  zebrafish  embryonic  chorions  against  microplastics  and  nanoplas-
tics  and  its  impact  on  embryo  development. Journal  of  Hazardous
Materials 395:122621

[38]

 Sökmen TÖ,  Sulukan E,  Türkoğlu  M,  Baran A,  Özkaraca  M,  et  al. 2020.
Polystyrene nanoplastics (20 nm) are able to bioaccumulate and cause
oxidative DNA damages in the brain tissue of zebrafish embryo (Danio
rerio). NeuroToxicology 77:51−59

[39]

 Gupta  P,  Mahapatra  A,  Suman  A,  Ray  SS,  Malafaia  G,  et  al. 2023.
Polystyrene  microplastics  disrupt  female  reproductive  health  and
fertility  via sirt1 modulation  in  zebrafish  (Danio  rerio). Journal  of
Hazardous Materials 460:132359

[40]

 Qiang L, Cheng J. 2021. Exposure to polystyrene microplastics impairs
gonads of zebrafish (Danio rerio). Chemosphere 263:128161

[41]

 Pujol  G,  Marín-Gual  L,  González-Rodelas  L,  Álvarez-González  L,  Chau-
vigné F, et al. 2025. Short-term polystyrene nanoplastic exposure alters
zebrafish  male  and  female  germline  and  reproductive  outcomes,
unveiling  pollutant-impacted  molecular  pathways. Journal  of
Hazardous Materials 481:136529

[42]

 Yaripour  S,  Huuskonen  H,  Rahman  T,  Kekäläinen  J,  Akkanen  J,  et  al.
2021. Pre-fertilization  exposure  of  sperm  to  nano-sized  plastic  parti-
cles decreases offspring size and swimming performance in the Euro-
pean  whitefish  (Coregonus  lavaretus). Environmental  Pollution
291:118196

[43]

 Sussarellu  R,  Suquet  M,  Thomas  Y,  Lambert  C,  Fabioux  C,  et  al. 2016.
Oyster reproduction is affected by exposure to polystyrene microplas-
tics. Proceedings of the National Academy of Sciences 113:2430−2435

[44]

 Pitt  JA,  Kozal  JS,  Jayasundara  N,  Massarsky  A,  Trevisan  R,  et  al. 2018.
Uptake, tissue distribution, and toxicity of polystyrene nanoparticles in
developing zebrafish (Danio rerio). Aquatic Toxicology 194:185−194

[45]

 Zhou  R,  Zhou  D,  Yang  S,  Shi  Z,  Pan  H,  et  al. 2023. Neurotoxicity  of
polystyrene nanoplastics  with different  particle  sizes  at  environment-
related concentrations on early zebrafish embryos. Science of the Total
Environment 872:162096

[46]

 Feng M, Luo J, Wan Y, Zhang J, Lu C, et al. 2022. Polystyrene nanoplas-
tic  exposure  induces  developmental  toxicity  by  activating  the  oxida-
tive  stress  response  and  base  excision  repair  pathway  in  zebrafish
(Danio rerio). ACS Omega 7:32153−32163

[47]

 Cao  F,  Liu  B,  Hou  X,  Shi  J,  Li  P,  et  al. 2025. Maternal  polystyrene
nanoplastics  suppress  zebrafish  offspring  development  and  locomo-
tion  through  mitochondrial  dysfunction. Environmental  Pollution
385:127070

[48]

 Schür C, Zipp S, Thalau T, Wagner M. 2020. Microplastics but not natu-
ral particles induce multigenerational effects in Daphnia magna. Envi-
ronmental Pollution 260:113904

[49]

 Kim C, Song J, Jung J. 2023. Maternal effect of polyethylene microplas-
tic  fragments  containing  benzophenone-3  in  different  ages  and
broods  of Daphnia  magna. Bulletin  of  Environmental  Contamination
and Toxicology 110:66

[50]

 Liu J, Yang H, Meng Q, Feng Q, Yan Z, et al. 2022. Intergenerational and
biological  effects  of  roxithromycin  and  polystyrene  microplastics  to
Daphnia magna. Aquatic Toxicology 248:106192

[51]

 Monopoli MP, Åberg C, Salvati A, Dawson KA. 2012. Biomolecular coro-
nas  provide  the  biological  identity  of  nanosized  materials. Nature
Nanotechnology 7:779−786

[52]

 Cao  J,  Yang  Q,  Jiang  J,  Dalu  T,  Kadushkin  A,  et  al. 2022. Coronas  of
micro/nano plastics: a key determinant in their risk assessments. Parti-
cle and Fibre Toxicology 19:55

[53]

 Ji  Y,  Wang  Y,  Shen  D,  Kang  Q,  Chen  L. 2021. Mucin  corona
delays  intracellular  trafficking  and  alleviates  cytotoxicity  of

[54]

https://doi.org/10.48130/newcontam-0026-0023

Li et al.  |  Volume 2  |  2026  |  e026 page 13 of 14

https://doi.org/10.1016/j.envpol.2023.121213
https://doi.org/10.1016/j.aquatox.2025.107579
https://doi.org/10.1016/j.aquatox.2026.107747
https://doi.org/10.1016/j.aquatox.2026.107747
https://doi.org/10.1016/j.cbpc.2023.109635
https://doi.org/10.1016/j.cbpc.2023.109635
https://doi.org/10.1016/j.cej.2025.172379
https://doi.org/10.1016/j.cej.2025.172379
https://doi.org/10.1016/j.cej.2025.172379
https://doi.org/10.1016/j.aquatox.2023.106497
https://doi.org/10.1039/d1en01004b
https://doi.org/10.1016/j.etap.2024.104436
https://doi.org/10.1016/j.jhazmat.2021.127754
https://doi.org/10.1016/j.jhazmat.2021.127754
https://doi.org/10.1021/acsnano.3c01847
https://doi.org/10.1080/17435390.2017.1391344
https://doi.org/10.1007/s11356-021-18121-x
https://doi.org/10.1007/s11356-021-18121-x
https://doi.org/10.1021/acs.est.9b02525
https://doi.org/10.1021/acs.est.9b02525
https://doi.org/10.1016/j.scitotenv.2018.06.186
https://doi.org/10.1016/j.aquatox.2024.107023
https://doi.org/10.1016/j.envpol.2019.113024
https://doi.org/10.1016/j.jhazmat.2021.125537
https://doi.org/10.1016/j.jhazmat.2021.125537
https://doi.org/10.1016/j.chemosphere.2022.137440
https://doi.org/10.1016/j.jhazmat.2021.127873
https://doi.org/10.1016/j.aquatox.2025.107456
https://doi.org/10.1016/j.jhazmat.2025.137404
https://doi.org/10.1016/j.jhazmat.2025.137404
https://doi.org/10.1016/j.jhazmat.2020.122621
https://doi.org/10.1016/j.jhazmat.2020.122621
https://doi.org/10.1016/j.neuro.2019.12.010
https://doi.org/10.1016/j.jhazmat.2023.132359
https://doi.org/10.1016/j.jhazmat.2023.132359
https://doi.org/10.1016/j.chemosphere.2020.128161
https://doi.org/10.1016/j.jhazmat.2024.136529
https://doi.org/10.1016/j.jhazmat.2024.136529
https://doi.org/10.1016/j.envpol.2021.118196
https://doi.org/10.1073/pnas.1519019113
https://doi.org/10.1016/j.aquatox.2017.11.017
https://doi.org/10.1016/j.scitotenv.2023.162096
https://doi.org/10.1016/j.scitotenv.2023.162096
https://doi.org/10.1021/acsomega.2c03378
https://doi.org/10.1016/j.envpol.2025.127070
https://doi.org/10.1016/j.envpol.2019.113904
https://doi.org/10.1016/j.envpol.2019.113904
https://doi.org/10.1007/s00128-023-03705-9
https://doi.org/10.1007/s00128-023-03705-9
https://doi.org/10.1016/j.aquatox.2022.106192
https://doi.org/10.1038/nnano.2012.207
https://doi.org/10.1038/nnano.2012.207
https://doi.org/10.1186/s12989-022-00492-9
https://doi.org/10.1186/s12989-022-00492-9
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023


nanoplastic-benzopyrene  combined  contaminant. Journal  of
Hazardous Materials 406:124306
 Brouwer  H,  Porbahaie  M,  Boeren  S,  Busch  M,  Bouwmeester  H. 2024.
The in  vitro gastrointestinal  digestion-associated  protein  corona  of
polystyrene nano- and microplastics increases their uptake by human
THP-1-derived macrophages. Particle and Fibre Toxicology 21:4

[55]

 Hirt N, Body-Malapel M. 2020. Immunotoxicity and intestinal effects of
nano- and  microplastics:  a  review  of  the  literature. Particle  and  Fibre
Toxicology 17:57

[56]

 Teng  M,  Zhao  X,  Wang  C,  Wang  C,  White  JC,  et  al. 2022. Polystyrene
nanoplastics  toxicity  to  zebrafish:  dysregulation  of  the  brain–intes-
tine–microbiota axis. ACS Nano 16:8190−8204

[57]

 Hu  M,  Palić D. 2020. Micro- and  nano-plastics  activation  of  oxidative
and  inflammatory  adverse  outcome  pathways. Redox  Biology
37:101620

[58]

 Peng  J,  Shi  W,  Yang  Z,  Chen  A. 2026. The  SIRT  gene  family  protects
against  oxidative  stress  and  mitochondrial  dynamic  dysfunction
induced by polystyrene nanoplastics in the ovaries of zebrafish (Danio
rerio). Comparative  Biochemistry  and  Physiology  Part  C:  Toxicology  &
Pharmacology 309:110627

[59]

 Murphy  MP. 2009. How  mitochondria  produce  reactive  oxygen
species. Biochemical Journal 417:1−13

[60]

 Liu Z,  Cai  M,  Wu D,  Yu P,  Jiao Y,  et  al. 2020. Effects  of  nanoplastics  at
predicted  environmental  concentration  on Daphnia  pulex after  expo-
sure through multiple generations. Environmental Pollution 256:113506

[61]

 Kim  J,  Rhee  JS. 2021. Biochemical  and  physiological  responses  of  the
water  flea Moina  macrocopa to  microplastics:  a  multigenerational
study. Molecular & Cellular Toxicology 17:523−532

[62]

 Alijagic  A,  Hedbrant  A,  Persson  A,  Larsson  M,  Engwall  M,  et  al. 2023.
NLRP3 inflammasome as a sensor of micro- and nanoplastics immuno-
toxicity. Frontiers in Immunology 14:1178434

[63]

 Das  BC,  Ramanan  AP,  Gorakh  SS,  Pillai  D,  Vattiringal  Jayadradhan  RK.
2023. Sub-chronic  exposure  of Oreochromis  niloticus to  environmen-
tally  relevant  concentrations  of  smaller  microplastics:  Accumulation
and  toxico-physiological  responses. Journal  of  Hazardous  Materials
458:131916

[64]

 Adhikari M, Biswas C, Bera R, Pramanick K. 2025. Polystyrene microplas-
tics-induced  gut  microbiota  dysbiosis  with  altered  short  chain  fatty
acid  is  associated  with  reproductive  physiology  and  endocrine  disor-
der in female zebrafish. Journal of Hazardous Materials 500:140468

[65]

 Hiramatsu  N,  Todo  T,  Sullivan  CV,  Schilling  J,  Reading  BJ,  et  al. 2015.
Ovarian  yolk  formation  in  fishes:  Molecular  mechanisms  underlying
formation  of  lipid  droplets  and  vitellogenin-derived  yolk  proteins.
General and Comparative Endocrinology 221:9−15

[66]

 Reading BJ,  Andersen LK,  Ryu YW,  Mushirobira  Y,  Todo T,  et  al. 2018.
Oogenesis and egg quality in finfish: yolk formation and other factors
influencing female fertility. Fishes 3:45

[67]

 Yi J, Ma Y, Ruan J, You S, Ma J, et al. 2024. The invisible threat: assess-
ing  the  reproductive  and  transgenerational  impacts  of  micro- and
nanoplastics on fish. Environment International 183:108432

[68]

 Zhao  X,  Liu  Z,  Ren  X,  Duan  X. 2021. Parental  transfer  of
nanopolystyrene-enhanced  tris(1,3-dichloro-2-propyl)  phosphate
induces transgenerational thyroid disruption in zebrafish. Aquatic Toxi-
cology 236:105871

[69]

 Zuo  J,  Huo  T,  Du  X,  Yang  Q,  Wu  Q,  et  al. 2021. The  joint  effect  of
parental  exposure to  microcystin-LR and polystyrene nanoplastics  on
the  growth  of  zebrafish  offspring. Journal  of  Hazardous  Materials
410:124677

[70]

 Qiang  L,  Lo  LSH,  Gao  Y,  Cheng  J. 2020. Parental  exposure  to
polystyrene  microplastics  at  environmentally  relevant  concentrations
has  negligible  transgenerational  effects  on  zebrafish  (Danio  rerio).
Ecotoxicology and Environmental Safety 206:111382

[71]

 Lee  YH,  Kim  MS,  Lee  Y,  Kim  DH,  Lee  JS. 2023. Nanoplastics  induce
epigenetic  signatures  of  transgenerational  impairments  associated
with  reproduction  in  copepods  under  ocean  acidification. Journal  of
Hazardous Materials 449:131037

[72]

 Kim  MS,  Lee  YH,  Lee  Y,  Jeong  H,  Wang  M,  et  al. 2024. Multigenera-
tional effects of elevated temperature on host-microbiota interactions

[73]

in  the  marine  water  flea Diaphanosoma  celebensis exposed  to  micro-
and nanoplastics. Journal of Hazardous Materials 465:132877
 Lu  C,  Thompson  CB. 2012. Metabolic  regulation  of  epigenetics. Cell
Metabolism 16:9−17

[74]

 Koelmans AA,  Bakir  A,  Burton GA,  Janssen CR. 2016. Microplastic  as  a
vector  for  chemicals  in  the  aquatic  environment:  critical  review  and
model-supported reinterpretation of  empirical  studies. Environmental
Science & Technology 50:3315−3326

[75]

 Hartmann  NB,  Rist  S,  Bodin  J,  Jensen  LH,  Schmidt  SN,  et  al. 2017.
Microplastics  as  vectors  for  environmental  contaminants:  exploring
sorption,  desorption,  and  transfer  to  biota. Integrated  Environmental
Assessment and Management 13:488−493

[76]

 Zhang  X,  Zhao  J,  Gan  T,  Jin  C,  Li  X,  et  al. 2022. Aging  relieves  the
promotion effects of polyamide microplastics on parental transfer and
developmental  toxicity  of  TDCIPP  to  zebrafish  offspring. Journal  of
Hazardous Materials 437:129409

[77]

 Xie D, Gai Y, Zhang Y, Zhang J, Xin YH, et al. 2025. UV-aged nanoplas-
tics increase mercury toxicity in a marine copepod under multigenera-
tional  exposure:  a  carrier  role. Environmental  Science  &  Technology
59:234−244

[78]

 He Y, Zhang Y, Zhou W, Freitas R, Zhang Y, et al. 2023. Combined expo-
sure  of  polystyrene  microplastics  and  carbamazepine  induced  trans-
generational  effects  on the reproduction of Daphnia  magna. Environ-
mental Science and Pollution Research 30:67596−67607

[79]

 van Pomeren M, Brun NR, Peijnenburg WJGM, Vijver MG. 2017. Explor-
ing  uptake  and  biodistribution  of  polystyrene  (nano)particles  in
zebrafish embryos at  different developmental  stages. Aquatic  Toxicol-
ogy 190:40−45

[80]

 Junaid  M,  Liu  S,  Chen  G,  Liao  H,  Wang  J. 2023. Transgener-
ational  impacts  of  micro(nano)plastics  in  the  aquatic  and  terrestrial
environment. Journal of Hazardous Materials 443:130274

[81]

 Lian H, Zhu L, Zha C, Li M, Feng S, et al. 2025. Toxicity and intergenera-
tional accumulation effect of tire wear particles and their leachate on
Brachionus plicatilis. Environmental Pollution 367:125635

[82]

 Oscar  BVC,  Melegari  SP,  Pereira  LH,  Ouriques  LC,  Matias  WG. 2025.
Aged  polyethylene  terephthalate  (PET)  by  photodegradation  can
affect  the  next  generation  of  exposed Daphnia  magna. Science  of  the
Total Environment 966:178719

[83]

 Schür C, Weil C, Baum M, Wallraff J, Schreier M, et al. 2021. Incubation
in wastewater reduces the multigenerational effects of microplastics in
Daphnia magna. Environmental Science & Technology 55:2491−2499

[84]

 Ghosh  M,  Rochman  CM,  Hermabessiere  L,  Covernton  GA. 2025. Food
availability  is  a  critical  factor  in  microplastic  toxicity  testing  using
Daphnia  magna. Environmental  Toxicology  and  Chemistry
44:3262−3270

[85]

 Fadare OO, Wan B, Guo LH, Xin Y, Qin W, et al. 2019. Humic acid allevi-
ates  the  toxicity  of  polystyrene  nanoplastic  particles  to Daphnia
magna. Environmental Science: Nano 6:1466−1477

[86]

 Bai  Z,  He  Y,  Hu  G,  Cheng  L,  Wang  M. 2024. Microplastics  at  an
environmentally  relevant  dose  enhance  mercury  toxicity  in  a  marine
copepod under  multigenerational  exposure:  multi-omics  perspective.
Journal of Hazardous Materials 478:135529

[87]

 Cormier B, Cachot J, Blanc M, Cabar M, Clérandeau C, et al. 2022. Envi-
ronmental  microplastics  disrupt  swimming activity  in  acute  exposure
in Danio  rerio larvae  and  reduce  growth  and  reproduction  success  in
chronic  exposure  in D.  rerio and Oryzias  melastigma. Environmental
Pollution 308:119721

[88]

 Yan  N,  Parodi  A,  Dang  F,  Shi  J. 2025. Shedding  light  on  the  invisible:
aggregation-induced  emission-based  bioimaging  for  assessing  the
environmental  impact  of  emerging  nanoscale  pollutants. New
Contaminants 1:e019

[89]

Copyright:  ©  2026  by  the  author(s).  Published  by
Maximum Academic Press, Fayetteville, GA. This article

is  an  open  access  article  distributed  under  Creative  Commons
Attribution  License  (CC  BY  4.0),  visit https://creativecommons.org/
licenses/by/4.0.

https://doi.org/10.48130/newcontam-0026-0023

page 14 of 14 Li et al.  |  Volume 2  |  2026  |  e026

https://doi.org/10.1016/j.jhazmat.2020.124306
https://doi.org/10.1016/j.jhazmat.2020.124306
https://doi.org/10.1186/s12989-024-00563-z
https://doi.org/10.1186/s12989-020-00387-7
https://doi.org/10.1186/s12989-020-00387-7
https://doi.org/10.1021/acsnano.2c01872
https://doi.org/10.1016/j.redox.2020.101620
https://doi.org/10.1016/j.cbpc.2026.110627
https://doi.org/10.1016/j.cbpc.2026.110627
https://doi.org/10.1042/bj20081386
https://doi.org/10.1016/j.envpol.2019.113506
https://doi.org/10.1007/s13273-021-00162-5
https://doi.org/10.3389/fimmu.2023.1178434
https://doi.org/10.1016/j.jhazmat.2023.131916
https://doi.org/10.1016/j.jhazmat.2025.140468
https://doi.org/10.1016/j.ygcen.2015.01.025
https://doi.org/10.3390/fishes3040045
https://doi.org/10.1016/j.envint.2024.108432
https://doi.org/10.1016/j.aquatox.2021.105871
https://doi.org/10.1016/j.aquatox.2021.105871
https://doi.org/10.1016/j.aquatox.2021.105871
https://doi.org/10.1016/j.jhazmat.2020.124677
https://doi.org/10.1016/j.ecoenv.2020.111382
https://doi.org/10.1016/j.jhazmat.2023.131037
https://doi.org/10.1016/j.jhazmat.2023.131037
https://doi.org/10.1016/j.jhazmat.2023.132877
https://doi.org/10.1016/j.cmet.2012.06.001
https://doi.org/10.1016/j.cmet.2012.06.001
https://doi.org/10.1021/acs.est.5b06069
https://doi.org/10.1021/acs.est.5b06069
https://doi.org/10.1002/ieam.1904
https://doi.org/10.1002/ieam.1904
https://doi.org/10.1016/j.jhazmat.2022.129409
https://doi.org/10.1016/j.jhazmat.2022.129409
https://doi.org/10.1021/acs.est.4c10189
https://doi.org/10.1007/s11356-023-27270-0
https://doi.org/10.1007/s11356-023-27270-0
https://doi.org/10.1016/j.aquatox.2017.06.017
https://doi.org/10.1016/j.aquatox.2017.06.017
https://doi.org/10.1016/j.aquatox.2017.06.017
https://doi.org/10.1016/j.jhazmat.2022.130274
https://doi.org/10.1016/j.envpol.2025.125635
https://doi.org/10.1016/j.scitotenv.2025.178719
https://doi.org/10.1016/j.scitotenv.2025.178719
https://doi.org/10.1021/acs.est.0c07911
https://doi.org/10.1093/etojnl/vgaf196
https://doi.org/10.1039/c8en01457d
https://doi.org/10.1016/j.jhazmat.2024.135529
https://doi.org/10.1016/j.envpol.2022.119721
https://doi.org/10.1016/j.envpol.2022.119721
https://doi.org/10.48130/newcontam-0025-0017
https://doi.org/10.48130/newcontam-0025-0017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023
https://doi.org/10.48130/newcontam-0026-0023

	Introduction
	Research landscape and review scope
	Evidence for maternal particle transfer
	Taxon-specific evidence
	Checklist for evaluating claims of true maternal particle transfer in aquatic organisms
	Transfer pathways across biological interfaces
	Brood chamber–embryo interface
	Gut–ovary–oocyte interface
	Yolk sac and chorion–embryo interface in oviparous fish
	Maternal internal embryo interface in ovoviviparous and viviparous fish


	Offspring toxicity after parental exposure
	Parental reproductive injury and gamete quality
	Embryonic development and early life toxicity
	Offspring growth, behavior, and reproduction
	Exposure design and evidence classification

	Mechanisms linking MNP exposure to offspring effects
	Corona formation and barrier uptake
	Oxidative stress, mitochondrial dysfunction, and energy reallocation
	Inflammation and immune homeostasis
	Apoptosis, DNA damage, and developmental quality
	Endocrine disruption and maternal provisioning
	Epigenetic regulation and microbiota dysbiosis
	Co-contaminant vector effects

	Modifiers of transfer and cross-generational risk
	Particle-intrinsic properties: size, morphology, and polymer type
	Surface and interfacial characteristics: charge, corona, and aging
	System-level conditions: exposure design and environmental context

	Limitations and research priorities
	Conclusions
	Supplementary information
	Ethical statements
	Author contributions
	Data availability
	Acknowledgments
	Funding
	Declarations
	Competing interests

	References

