Appendix 1: Expanded Methodology

This scoping review was conducted in accordance with the Joanna Briggs Institute (JBI) methodology for scoping reviews and is reported following the PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping Reviews) checklist.[1, 2] To ensure methodological transparency and rigor, a protocol outlining the study objectives, inclusion criteria, and review procedures was preregistered with the Open Science Framework (OSF) prior to the initiation of the review (DOI: https://doi.org/10.17605/OSF.IO/KXZSE).

The aim of this review was to map the existing literature on MP-NP exposure during pregnancy and its associated outcomes in both human and terrestrial animal populations, with particular attention to developmental, placental, and tissue endpoints. Given the emerging nature of the field and the heterogeneity of study designs, a scoping review approach was deemed most appropriate to capture the breadth and diversity of evidence.
 
Search strategy
A comprehensive search in collaboration with the University of Tennessee Health Sciences Center Library was performed across four major databases to identify relevant peer-reviewed studies. The following electronic databases were queried: CINAHL, Embase, Pubmed, and Scopus. No restrictions were placed on publication year. Searches were conducted from [start date] to [end date], using a combination of controlled vocabulary (e.g., MeSH terms in PubMed) and free-text keywords. Search terms were constructed to reflect three core concepts: plastic particle exposure (e.g., “microplastics,” “nanoplastics”), pregnancy and fetal development (e.g., “gestation,” “placenta,” “fetus,” “amniotic fluid”), and relevant biological matrices or outcomes (e.g., “breast milk,” “meconium,” “fetal blood”). Boolean operators (e.g., AND, OR) were used to refine results, and tailored strategies were developed for each database. Full search strings for each database are provided below.

Scopus: 
( ( INDEXTERMS ( fetus ) OR INDEXTERMS ( meconium ) OR INDEXTERMS ( "breast milk" ) OR INDEXTERMS ( "breast feeding" ) OR INDEXTERMS ( placenta )
OR INDEXTERMS ( "amnion fluid" ) ) OR ( TITLE-ABS-KEY ( pregnan* OR antenatal OR prenatal OR gestation* ) ) ) AND ( ( TITLE-ABS-KEY ( microplastic* OR
nanoplastic* ) ) OR ( INDEXTERMS ( microplastics ) OR INDEXTERMS ( microplastic ) OR INDEXTERMS ( nanoplastic ) OR INDEXTERMS ( "microplastic
pollution" ) OR INDEXTERMS ( "plastic waste" ) ) )

Pubmed: 
((((Milk, human OR meconium OR placenta OR amniotic fluid OR fetal blood[MeSH Major Topic]) OR (placenta[Title/Abstract] OR meconium[Title/Abstract] OR milk[Title/Abstract] OR "amniotic fluid"[Title/Abstract] OR "cord blood"[Title/Abstract])) OR ((pregnancy[MeSH Major Topic]) OR (Pregnancy[Title/Abstract] OR antenatal[Title/Abstract] OR prenatal[Title/Abstract] OR gestation[Title/Abstract]))) OR ("Maternal Health"[Mesh] OR "Pregnancy Complications"[Mesh] OR "Pregnancy Outcome"[Mesh] OR "Embryonic and Fetal Development"[Mesh] OR "Fetal Development"[Mesh])) AND ((microplastics[MeSH Major Topic]) OR (microplastic*[Title/Abstract] OR nanoplastic*[Title/Abstract]))

CINAHL: 
(AB Microplastic* OR AB Nanoplastic*) AND AB placenta* OR AB meconium OR AB fetus OR AB “breast milk” OR AB “human milk” OR AB amnio* OR MH “Placenta” OR MM “Amniotic Fluid” OR MH “Meconium” OR MH “Milk, Human” OR AB pregnan* OR AB antenatal OR AB prenatal OR AB gestation* OR MM "Prenatal Care" OR MH "Pregnancy+" OR MM "Microplastics” OR AB Microplastic* OR AB Nanoplastic*

Embase: 
'microplastic'/exp OR 'microplastic pollution'/exp OR 'nanoplastic/exp OR nanoplast*:ti, ab,kw OR microplast*:ti, ab, kw AND 'pregnancy'/exp OR 'prenatal care/exp OR pregnan*:ti,ab, kw OR prenatal:ti,ab, kw OR antenatal ti,ab, kw OR gestation*:ti,ab, kw OR 'breast milk'/exp OR 'meconium'/exp OR 'placenta'/exp OR 'amnion fluid'exp OR placenta*:ti,ab,kw OR meconium:ti,ab, kw OR amniotic*: ti,ab,kw OR fetus:ti, ab,kw OR fetal:ti,ab, kw
 
All retrieved records were imported into Covidence for automated deduplication and subsequent screening. The screening process was conducted in two phases: title and abstract screening, followed by full-text review. Each phase was carried out independently by two reviewers. Disagreements were resolved through discussion or, if necessary, adjudicated by a third reviewer. 
 
Eligibility criteria and study selection
Abstracts were included or excluded based on pre-determined criteria by two independent screeners. Discrepancies between screeners were resolved through discussion and consensus by a third screener. Studies were included if they reported original data on MP-NP exposure and involved any of the following populations: human participants, land-based animal models, embryologic studies, or placental explant models. The review excluded in vitro single-cell systems, aquatic organisms (e.g., Danio rerio, Daphnia magna, Brachionus, copepods), insects, protozoa, soil models, and studies primarily classified under ecotoxicology. Exposures included microplastics or nanoplastics, defined as synthetic polymer particles with size distributions typically below 5 mm (MPs) or 1 µm (NPs). Studies examining plastic-associated chemicals such as bisphenol A, phthalates, sulfates, or other leachates were excluded, as were studies relying solely on indirect measures of exposure (e.g., modeled environmental estimates without biological sampling). 
 
Outcomes of interest were intentionally broad but centered on indicators of reproductive and developmental health. These included human pregnancy complications (e.g., preterm birth, preeclampsia, stillbirth, fetal growth restriction), neonatal and fetal outcomes (e.g., birth defects, small for gestational age, behavioral and cognitive development), and analogous outcomes in animal models, such as placental structure and function, genetic and epigenetic modifications, and anatomical differences in fetal tissues. Studies focused solely on non-pregnancy-related endpoints or on ecotoxicological outcomes were not included.
 
Data extraction and synthesis
Data extraction was conducted using a structured form developed and piloted by the research team. For each study, key characteristics were extracted, including publication details, country, study design, population characteristics, MP/NP exposure type and route, detection methods, and reported outcomes. One reviewer independently extracted data, with a consensus approach used to resolve discrepancies. Findings were categorized by narrative synthesis into six main outcome groups: offspring outcomes, tissue outcomes, placental outcomes, pregnancy outcomes, effects on embryogenesis, and neonatal outcomes. The final selection of studies and rationale for exclusion are presented in a PRISMA flow diagram (Figure 1).


Appendix 2: Expanded Discussion
Pregnancy outcomes
The effects of MP-NP exposure on pregnancy outcomes were primarily studied in 5 out of the 54 papers extracted. Two papers noted that exposure to MP-NPs did not significantly affect the length of the gestation periods or the number of offspring birthed.[3, 4] However, other studies noted more concerning findings. For example, Xue 2024 found that maternal MP levels were significantly negatively associated with both gestational age and birth weight, finding that a unit increase (particles/g) in total MPs in maternal amniotic fluid (AF) was associated with 0.46 days decrease in gestational age and 35.6 g decrease in birth weight.[5] In comparison, Han 2021 and Park 2020 were studies conducted in mice and involved dosage levels of MP-NPs that may or may not be realistic to the exposure levels found in humans.[3, 4] 

Several studies also noted the effects of MP-NP exposure on metabolic, signaling, and immune pathways in pregnant mice. Hu 2021 found that PS-MP exposure decreased leukocyte numbers and shifted macrophage subtypes to the immunosuppressive type rather than the classically active type.[6] This may indicate imbalances in immune homeostasis at the maternal-fetal interface. In addition, Zhang 2024 found that exposure to PS-MPs induced local inflammation, impaired liver function, increased oxidative stress, and inhibited SIRT1 and insulin signaling pathways in pregnant mice.[7] Taken together, these results suggest that PS-MPs could cause fetal growth restriction and uterine death. Further research must be conducted on the effect of MP-NP exposure on human pregnancies. Thus far, most studies have been conducted in a toxicological context in mice. However, as the presence of MPs and NPs increase in the environment, thorough research is required on dose-dependent effects, long-term consequences, and the mechanisms underlying observed changes in pregnancy outcomes.

Placental outcomes
Exposure to MPs and NPs were shown to affect multiple placental parameters, including metabolic and signaling pathways, angiogenesis, expression levels, and oxidative damage. Though changes in placental weights were noted in 7 out of the 14 studies, 4 studies noted a decrease in placental weight in mice exposed to MPs and NPs, 2 studies noted no change in placental weight in exposed mice, and 1 study noted an increase in placental weights in exposed mice. Bai 2024 found that, compared with the control group, placental weights of mice exposed to higher dosages of MPs were significantly reduced.[8] Similarly, Cary 2023 found that placental weights were significantly lower (by ~18%) in the exposed group compared to the control group.[9] Nie 2021 also noted a reduction in placental weight in the exposed group compared to the control, while Lv 2024 found that placental weight varied based on the dosage to the exposure group, although these differences were not significant.[10, 11] Aghaei 2023 and Dibbon 2024 also found that there were no significant differences between the placental weights of control group and experimental group mice.[12, 13] On the other hand, Chen 2023 observed an increase in the absolute and relative placental weights, although this difference was also not statistically significant.[14] The difference found in the results of these studies suggests that other factors may influence the effect of MPs and NPs on placental weight, including but not limited to particle size, exposure duration, and differences in physiological responses between different species. 

Another major effect of MPs and NPs exposure explored was the disruption of signaling and metabolic pathways in the placenta. For example, Aghaei 2023 found that exposure to the highest concentration of PS-MPs resulted in a significant decrease in relative concentration of lysine and glucose, which may result in perturbations to the biotin metabolism, lysine degradation, and glycolysis/gluconeogenesis.[12] Similarly, Chen 2023 found that seven biological processes related to cholesterol metabolism were significantly disturbed in placenta and fetus after exposure to the PS-NP.[14] Notably, the apolipoprotein A-IV (APOA4) gene was significantly upregulated in placenta and downregulated in the fetus. In addition, the APOA4 transcriptional factors RAR related orphan receptor C (RORC), hepatocyte nuclear factor 4 alpha (HNF4A) and cAMP-responsive element-binding protein H (CREBH) were significantly up-regulated in the placenta, while PPARα and PPARG Coactivator 1 Alpha (PPARGC1A) were significantly downregulated in the fetus. Chen 2024 found that exposure to small MPs increased disturbances in pathways related to neurodegenerative diseases, viral infections, ribosomal function and protein processing in the ER in a dose-dependent manner.[15] Additionally, upregulation in N-glycan biosynthesis pathways was observed, which may implicate reproductive complications like preeclampsia, IUGR, and increased risk of miscarriage. This study also found downregulation of pathways involved in lipid metabolism and phosphatidylinositol signaling. Alves de Sousa 2024 found possible impairments to folate and amino acid metabolisms and alterations in TCA cycle in PS-MP exposed placentas.[16] Tang 2023 found PS-NP exposure in placentas affects glucocorticoid signaling, which plays a key role in sexually dimorphic differences, intrauterine growth, and fetal metabolism.[17] Amereh 2022 also noted a significantly higher load of MPs in intrauterine growth restriction pregnancies as compared to pregnancies with normal fetal growth.[18] Taken together, this body of results suggests that MP-NP exposure in placentas could have wide ranging effects on various metabolic processes, including protein, lipid, and carbohydrate metabolisms. These disturbances could lead to adverse outcomes in fetal development, health of the pregnancy, and viability of the fetus itself. 

MP-NP exposure was also found to cause oxidative stress and disturbances in mRNA expression levels in several studies. Bai 2024 found that high concentrations of MPs were able to induce oxidative stress, increase inflammatory response, affect nutrient transport, decrease angiogenesis, decrease barrier function, induce apoptosis, and induce endoplasmic reticulum stress in placentas.[8] This result was shared in Alves de Sousa 2024, which found that PS-MPs induce stress in placental tissue and can lead to cellular damage and dysfunction.[16] In regard to changes in expression levels, Lv 2024 found that mRNA levels of MAP2K6, a gene related to embryonic growth and development, in the placentas of GD18.5 female rats detected by qRT-PCR are significantly reduced in the PS-NP exposure group relative to control.[11] Similarly, Wan 2024 found that PS exposure may act as a risk factor for miscarriage, possibly by inducing trophoblast cell apoptosis through Bcl-2/Caspase-2/Caspase-3 signaling.[19] Additionally, the levels of ROS in placental tissues were increased with increasing PS-NPs exposure concentrations in mice. Other studies, such as Choratarea 2023, identified 433 genes differentially expressed in MP-exposed placentas and 1,222 differentially expressed genes in PS-NP exposed placentas that affected signaling pathways related to angiogenesis, stress responses, and protein unfolding.[20] Overall, these results suggest that MP-NP exposure play a significant role in increasing oxidative stress in placental tissue and may impact embryonic growth-related gene expression levels. These disturbances can consequently impact the growth of the embryo and fetus, even promoting miscarriage in some pregnancies. 

Lastly, exposure to MP-NPs in placentas have been found to affect blood flow to the placenta and fetus, through both angiogenesis-related signaling pathways and cord blood flow. Bai 2024 found that MPs could significantly reduce the mRNA expression of VEGF, VEGFR and Atp1a1 in placental tissues of pregnant mice.[8] Chen 2023 found that vascularization was more underdeveloped in the labyrinth zone in NP-exposed groups, while Lv 2024 found that, in the PS-NP exposure group, the nourishing layer of the placenta became thinner.[11, 14] In addition, the invasion of nourishing cells was insufficient, and there were many immature RBCs in the blood vessels. Furthermore, both Dibbon 2024 and Hanrahan 2024 noted an increase in the umbilical artery blood flow in exposed groups.[13, 21] These results could suggest that exposure to PS-NPs during pregnancy may lead to poor placental development which could further cause embryonic developmental obstacles.
While there is significant evidence to suggest that the exposure of MP-NPs to placentas may be detrimental to the development of the embryo and fetus, there is still variability in the exposure levels, species responses, and study designs that could complicate direct comparisons. In addition, only 5 out of the 14 studies studying placentas investigated human placental samples, suggesting that more research needs to be done on the impact of MP-NP exposure on human placental outcomes. Thus far, the study of MP-NP exposure has mostly been studied in a toxicological context. Future research is required to determine the effects of MP-NP exposure on human placental development.

Effects on embryogenesis
The effects of MP-NPs on embryogenesis were primarily studied in 5 of 53 papers extracted. The consistent and widespread effects of microplastics, particularly polystyrene nanoparticles (PS-NPs), on embryogenesis across species and experimental models raise concerns about their potential impact on developmental biology and public health. The findings suggest that PS-NPs are not inert pollutants but rather actively interfere with critical developmental processes, often in a dose-dependent manner. The observed disruptions in key signaling pathways, such as Wnt, MAPK, and PI3K-AKT, which are essential for cellular proliferation, neural development, and tissue organization, indicate that PS-NPs have the potential to be disruptors in the cardinal steps of embryologic development.[22] The downregulation of Wnt signaling, a pathway crucial for neural tissue formation and synaptic maintenance, could explain the severe neurodevelopmental defects observed in exposed embryos.[22] Similarly, the inhibition of MAPK signaling, which is closely linked to embryonic growth and development, may underlie the developmental delays and reduced cell viability reported in trophoblastic cells.[11] These molecular disruptions are not isolated but are accompanied by systemic effects, such as oxidative stress, protein misfolding, and inflammatory dysregulation, which further exacerbate developmental abnormalities. These findings suggest that the effects of PS-NPs are not uniform but are influenced by genetic, hormonal, and environmental factors, which could have implications for intergenerational health. For example, the dysregulation of iron metabolism and homeostasis in exposed embryos may predispose offspring to metabolic disorders later in life, underscoring the potential for long-term health consequences even after transient exposure during critical developmental windows.[20] 

The observed increase in embryonic mortality, malformations, and neural tube defects underscores the vulnerability of developing organisms to microplastic pollution.[23] Exposure to PS-NPs resulted in mortality, developmental delays, and embryo malformations in chick embryos, including neural tube defects and craniofacial dysplasia.[23] Importantly, it was found that exposure to MPs significantly reduced the total number of trophectoderm cells in blastocysts, and oocyte maturation and fertilization rates decreased.[24] MP exposure additionally increased apoptotic events in the blastocyst.[24] These effects appear to be dose-dependent across the board, suggesting that even low-level exposure could pose significant risks.[23, 24] The disruption of antioxidant defenses and the increase in oxidative stress markers further indicate that PS-NPs may overwhelm the embryo's ability to maintain redox balance, leading to cellular damage and apoptosis. This is particularly concerning given the role of oxidative stress in the etiology of many developmental disorders. The observed effects on embryonic development suggest that microplastics could contribute to adverse pregnancy outcomes, such as intrauterine growth restriction, preterm birth, and congenital anomalies, which are significant public health concerns.

Fetal Tissue Outcomes 
A growing number of studies have been published in the last three years documenting the presence and impact of microplastics on neonatal tissue morphology, function, and histopathology. Two studies investigated the level of accumulation of MPs in different organ tissues with Moreno et al., 2024 being the first study to demonstrate that these MP particles remain in the offspring of exposed dams with deposition within the systemic tissues.[25] Seven studies investigated brain tissue, with nearly half investigating the MP exposure’s effect on brain volume.[14, 22, 25-31] Harvey 2023 showed that there was no difference in mean whole brain volume but did show significant differences in absolute volume in gray and white matter brain regions in the NP-exposed mice, which may lead to changes in motor function, learning and memory.[27] This demonstrates that NP exposure may lead to regional brain differences, though total brain volume may remain unaffected. These regional differences included a decreased volume of the hypothalamus, medial septum, medulla and olfactory bulb, while an increased volume was found in the corpus callosum, primary somatosensory cortex, primary motor cortex, fornix, hippocampus, inferior colliculus, lateral ventricle, mammillothalamic tract and striatum.[27] There were also sex-specific differences between the same regions; the medulla was smaller in female NP-exposed mice, while the motor and visual cortex were larger in females than males, a reversal from what was seen in the control group.[27] In the corpus callosum, primary somatosensory cortex and inferior colliculus, control male brain structures were larger than in control females, while no significant sex differences were found in the NP-exposed group.[27] Neural protein and gene expression was also found to be altered in numerous studies with a higher expression of proteins inhibiting neural development and a lower expression of proteins affecting neural function.[22, 26] These findings further corroborate the hypothesis that MPs may impair neural growth and function through both structural and biochemical alterations. Two studies investigated the impact of MPs on skeletal structures and malformations.[14, 30] Chen 2023 performed histological staining of longitudinal sections of fetal skeletal muscle fiber cells that showed clear irregular alignments and morphologies.[14] Kaur 2024 found skeletal malformations and rib anomalies of mice exposed to PS-NPs.[30] 

The liver is another organ heavily impacted by MPs. Five studies focused on liver size, weight and fatty acid metabolism.[28, 32-35] Huang 2022 found a reduction in liver size and absolute liver weight with severe hepatic histopathological alterations.[32] Luo 2019 showed increased liver weights and decreased fatty acid synthesis while Tiao 2023 found increased lipid accumulation and apoptosis.[33, 34] Another study, Wang 2023 found sex specific differences in lipid metabolism with female offspring having hepatic steatosis and increased number of hepatic intracellular vacuoles and increased hepatic triglyceride levels.[35] No significant differences were found in hepatic triglyceride levels or presence of hepatic intracellular vacuoles in male offspring.[35]

Although sparse, studies on the effects of MP exposure on cardiovascular outcomes have revealed significant reductions in heart weight in exposed neonatal mice, along with increased expression of genes linked to cardiovascular diseases and heart fibrosis.[28, 36]

There was only one study investigating pulmonary outcomes, finding that PS-MP exposed lung tissues had collapsed alveoli, thickened alveolar septa, and reduced respiratory epithelial cell height.[37] Additionally, metabolic pathways involving nucleotides, amino acids and nitrogen were altered in the lungs, highlighting the oxidative and inflammatory stress induced by MPs. A high local population of inflammatory cells was also found along with higher expression of cleaved-caspase 3, indicating apoptosis. Furthermore, metabolic pathways in the lungs involving nucleotides, amino acids and nitrogen were also altered signifying that MPs exposure can have a systemic impact.

Nearly half of the studies on tissue outcomes focused primarily on the brain with significant evidence of MP-induced changes in neural development and function. In contrast, only one study each investigated heart and lung outcomes, underscoring the need for further research on other organ systems.

Offspring Outcomes
Thirteen studies in our extraction had offspring outcomes with these outcomes mainly being body weight, organ weight, and changes in learning behaviors. All studies that reported body weight outcomes found a significant dose-dependent increase in body weight of mice/rats in the exposure groups with the exception of two studies that found either smaller body weights or no change.[17, 38-42] Tang 2023, however, showed a body weight increase in the low dose group but not the medium or high dose group.[17] Many limitations should be considered in the context of these findings: the studies varied in terms of the animal models used, microplastic dosages and method of microplastics exposure which can affect these result’s consistency. Furthermore, a majority of these studies were done at birth and into the first several weeks of life and so the effects of microplastics exposure on long-term outcomes is not assessed.

Several studies focused on organ morphology and function, with the majority focusing on the brain.[10, 17, 38, 41, 43-48] There have been few studies in the literature that have found changes in brain weight in response to microplastic exposure. Jeong (2022) found that exposure to large doses of PS-NPs caused significant changes in brain development, but low doses did not, suggesting that there may be a dose-dependent effect.[38] Differences were also found between different microplastic particles, specifically, with an increased weight gain in polystyrene exposed groups vs. polypropylene groups.[38] This is one of few studies that investigated plastics other than polystyrene. Changes in brain morphology were found including decreases in corpus callosum thickness, neuron and bipolar cell concentrations and brain ROS and GABA concentrations.[38, 48] Jeong (2022) demonstrated a 60% reduction of Ki67, a cell proliferation marker, and other proliferative cells in the hippocampus, suggesting that microplastic exposure may have a negative effect on hippocampal growth which can elicit cognitive deficits in offspring.[38] These findings were found in conjunction with a lower corpus callosum thickness in both the medial and lateral hemispheric regions, despite an overall increase in brain weight after MP exposure, which could be due to the abnormal increase in astrocyte concentration which makes up over 60% of all brain cells.[38] Microplastics exposure also induced damage to the cortex and hippocampus of mice, with upregulation of nuclear pyknosis, cell vacuolization and significant enlargement of intercellular spaces in the dentate gyrus of the hippocampus.[44] Only one study investigated the eye, finding a significantly lower number of proliferating astrocytes at retinal surfaces in the PS-NP exposed groups compared to the controls at birth but more proliferating astrocytes on post-natal day 9.[47] Alterations in gastrointestinal morphology was reported by one study, finding abnormally formed/entirely damaged villi in the duodenum, jejunum, and ileum of all offspring and significantly reduced villus height in duodenum in both medium and high dose groups. Crypt depth was also significantly increased across all groups.[17]

These changes in cell function and organ development, especially brain development ultimately result in cognitive and behavioral deficits. This includes alterations in spatial learning and memory, increased freezing behavior, reduced familiarity, and anxiety-like behaviors, likely attributed to reduction in ROS and GABA production.[43, 48] On the other hand, some studies found no significant differences in time spent exploring the same object during the familiarization period and no difference in nest-building scores.[42, 43]

Microplastics exposure had long lasting effects on fecundity of offspring. One study found a 25% incidence of infertility and notable reduction in litter size, secondary follicles, antral follicles and number of ovulations in the PS-NPs group exposed between GD0.5 to PND21.[49] Zhao 2023 also found reduced testicular organ coefficient, which is the ratio of organ weight to body weight and is a valuable indicator of testicular health and function in toxicity studies, reflecting testicular damage or impairment of spermatogenesis.[40] Decreased concentrations of testosterone and inhibin B have also been found.[40] Given the communication between organs, more studies are needed that focus on the disturbances affecting the brain-testis axis and gut-testis axis. Also, many other toxins can coexist with these microplastics making it more challenging to determine if it is the isolated or synergistic effect that is causing toxicity. While the available research provides evidence for detrimental effects of exposure on the brain and reproductive tracts of offspring, less is known about other organ systems and the corresponding mechanisms through which MPs and NPs may effect change. 

Neonatal outcomes

Of the 53 studies extracted in this review 9 studies focused primarily on the impact of MP-NP exposure on neonatal outcomes. Multiple studies demonstrated consistent dose-dependent reductions in fetal weight following gestational exposure; Aghaei (2022) found MP-NP exposure reduced fetal weight by up to 12% at higher concentrations, while Park (2020) observed similar growth restriction in PE-MP exposed pups, though these differences disappeared by necropsy, suggesting possible postnatal compensatory mechanisms.[4, 50] The consistent growth restriction effects seen across multiple studies suggest interference with nutrient transfer or placental function, possibly through oxidative stress or endocrine disruption pathways. A decline in feto-placental weight was also noted, implicating MP-NP exposure in placental insufficiency, which may explain the growth restriction patterns.[50] Han (2021) reported no significant change in offspring number despite observing dose-dependent organ weight variations, highlighting how exposure route and particle characteristics may change outcomes.[3] Harvey (2023) and Amereh (2022) identified demonstrated sex-specific vulnerabilities, with female fetuses showing greater sensitivity to growth restriction, possibly due to estrogenic interactions or sex-dimorphic metabolic responses.[18, 51] These sex-specific effects suggest that MPs may interact with sex hormone signaling, similar to known endocrine disruptors, though the exact mechanisms remain speculative. Amereh (2022) also found inverse correlations between placental MP load and both birth weight and APGAR scores, suggesting these findings may have clinical relevance beyond animal models.[18]

The cardiovascular and neurological effects observed raise additional concerns about the developmental toxicity of MP-NPs. Cary (2024) found significant hemodynamic alterations in PS-NP exposed rat fetuses, including increased left ventricular outflow velocity and umbilical artery pressure gradients.[52] Fournier (2020) additionally noted increased fetal resorption sites and weight reduction within just 24 hours of maternal PS-NP exposure, suggesting these effects make be acute rather than solely chronic in nature.[53] Neurological outcomes were also investigated; Li (2024) found elevated TNF-α and dopamine levels in neonate brains despite normal neuron counts, indicating possible neuroinflammatory processes that could predispose to later neurodevelopmental disorders.[44] Notably, these neurological findings occurred without gross structural changes, suggesting functional disruptions that may ultimately manifest as behavioral or cognitive deficits later in life. However, other studies demonstrated no significant changes, a fact that highlights critical knowledge gaps; this discrepancy may represent species differences, exposure variability, or the need for long-term human follow-up. Together, these results indicate MP-NPs may impact multiple developmental systems, with particular concerns about growth restriction, cardiovascular function, and neurodevelopment, though generalizability to humans requires further investigation.


1.	Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ. 2021;372:n71. Epub 20210329. doi: 10.1136/bmj.n71. PubMed PMID: 33782057; PubMed Central PMCID: PMCPMC8005924.
2.	Peters MDJ, Marnie C, Tricco AC, Pollock D, Munn Z, Alexander L, et al. Updated methodological guidance for the conduct of scoping reviews. JBI Evid Synth. 2020;18(10):2119-26. doi: 10.11124/JBIES-20-00167. PubMed PMID: 33038124.
3.	Han Y, Song Y, Kim GW, Ha C, Lee J, Kim M, et al. No prominent toxicity of polyethylene microplastics observed in neonatal mice following intratracheal instillation to dams during gestational and neonatal period. Toxicol Res. 2021;37(4):443-50. Epub 20210306. doi: 10.1007/s43188-020-00086-7. PubMed PMID: 34631501; PubMed Central PMCID: PMCPMC8476695.
4.	Park EJ, Han JS, Park EJ, Seong E, Lee GH, Kim DW, et al. Repeated-oral dose toxicity of polyethylene microplastics and the possible implications on reproduction and development of the next generation. Toxicol Lett. 2020;324:75-85. Epub 20200116. doi: 10.1016/j.toxlet.2020.01.008. PubMed PMID: 31954868.
5.	Xue J, Xu Z, Hu X, Lu Y, Zhao Y, Zhang H. Microplastics in maternal amniotic fluid and their associations with gestational age. Sci Total Environ. 2024;920:171044. doi: 10.1016/j.scitotenv.2024.171044.
6.	Hu J, Qin X, Zhang J, Zhu Y, Zeng W, Lin Y, et al. Polystyrene microplastics disturb maternal-fetal immune balance and cause reproductive toxicity in pregnant mice. Reprod Toxicol. 2021;106:42-50. doi: 10.1016/j.reprotox.2021.10.002.
7.	Zhang R, Feng Y, Nie P, Wang W, Wu H, Wan X, et al. Polystyrene microplastics disturb maternal glucose homeostasis and induce adverse pregnancy outcomes. Ecotoxicol Environ Saf. 2024;279:116492. Epub 20240524. doi: 10.1016/j.ecoenv.2024.116492. PubMed PMID: 38795415.
8.	Bai J, Wang Y, Deng S, Yang Y, Chen S, Wu Z. Microplastics caused embryonic growth retardation and placental dysfunction in pregnant mice by activating GRP78/IRE1alpha/JNK axis induced apoptosis and endoplasmic reticulum stress. Part Fibre Toxicol. 2024;21(1):36. Epub 20240911. doi: 10.1186/s12989-024-00595-5. PubMed PMID: 39261835; PubMed Central PMCID: PMCPMC11389422.
9.	Cary CM, DeLoid GM, Yang Z, Bitounis D, Polunas M, Goedken MJ, et al. Ingested Polystyrene Nanospheres Translocate to Placenta and Fetal Tissues in Pregnant Rats: Potential Health Implications. Nanomaterials (Basel). 2023;13(4). doi: 10.3390/nano13040720.
10.	Nie JH, Shen Y, Roshdy M, Cheng X, Wang G, Yang X. Polystyrene nanoplastics exposure caused defective neural tube morphogenesis through caveolae-mediated endocytosis and faulty apoptosis. Nanotoxicology. 2021;15(7):885-904. doi: 10.1080/17435390.2021.1930228.
11.	Lv J, He Q, Yan Z, Xie Y, Wu Y, Li A, et al. Inhibitory Impact of Prenatal Exposure to Nano-Polystyrene Particles on the MAP2K6/p38 MAPK Axis Inducing Embryonic Developmental Abnormalities in Mice. Toxics. 2024;12(5). doi: 10.3390/toxics12050370.
12.	Aghaei Z, Mercer GV, Schneider CM, Sled JG, Macgowan CK, Baschat AA, et al. Maternal exposure to polystyrene microplastics alters placental metabolism in mice. Metabolomics. 2022;19(1):1. doi: 10.1007/s11306-022-01967-8.
13.	Dibbon KC, Mercer GV, Maekawa AS, Hanrahan J, Steeves KL, Ringer LCM, et al. Polystyrene micro- and nanoplastics cause placental dysfunction in micedagger. Biol Reprod. 2024;110(1):211-8. doi: 10.1093/biolre/ioad126. PubMed PMID: 37724921.
14.	Chen G, Xiong S, Jing Q, van Gestel CAM, van Straalen NM, Roelofs D, et al. Maternal exposure to polystyrene nanoparticles retarded fetal growth and triggered metabolic disorders of placenta and fetus in mice. Sci Total Environ. 2023;854:158666. doi: 10.1016/j.scitotenv.2022.158666.
15.	Chen Q, Peng C, Xie R, Xu H, Su Z, Yilihan G, et al. Placental and fetal enrichment of microplastics from disposable paper cups: implications for metabolic and reproductive health during pregnancy. J Hazard Mater. 2024;478:135527. Epub 20240814. doi: 10.1016/j.jhazmat.2024.135527. PubMed PMID: 39151363.
16.	de Sousa AKA, Pires KSN, Cavalcante IH, Cavalcante ICL, Santos JD, Queiroz MIC, et al. Polystyrene microplastics exposition on human placental explants induces time-dependent cytotoxicity, oxidative stress and metabolic alterations. Front Endocrinol (Lausanne). 2024;15:1481014. doi: 10.3389/fendo.2024.1481014.
17.	Tang J, Bu W, Hu W, Zhao Z, Liu L, Luo C, et al. Ferroptosis Is Involved in Sex-Specific Small Intestinal Toxicity in the Offspring of Adult Mice Exposed to Polystyrene Nanoplastics during Pregnancy. ACS Nano. 2023;17(3):2440-9. doi: 10.1021/acsnano.2c09729.
18.	Amereh F, Amjadi N, Mohseni-Bandpei A, Isazadeh S, Mehrabi Y, Eslami A, et al. Placental plastics in young women from general population correlate with reduced foetal growth in IUGR pregnancies. Environ Pollut. 2022;314:120174. doi: 10.1016/j.envpol.2022.120174.
19.	Wan S, Wang X, Chen W, Wang M, Zhao J, Xu Z, et al. Exposure to high dose of polystyrene nanoplastics causes trophoblast cell apoptosis and induces miscarriage. Part Fibre Toxicol. 2024;21(1):13. doi: 10.1186/s12989-024-00574-w.
20.	Chortarea S, Gupta G, Saarimäki LA, Netkueakul W, Manser P, Aengenheister L, et al. Transcriptomic profiling reveals differential cellular response to copper oxide nanoparticles and polystyrene nanoplastics in perfused human placenta. Environ Int. 2023;177:108015. doi: 10.1016/j.envint.2023.108015.
21.	Hanrahan J, Steeves KL, Locke DP, O'Brien TM, Maekawa AS, Amiri R, et al. Maternal exposure to polyethylene micro- and nanoplastics impairs umbilical blood flow but not fetal growth in pregnant mice. Sci Rep. 2024;14(1):399. doi: 10.1038/s41598-023-50781-2.
22.	Chen S, Chen Y, Gao Y, Han B, Wang T, Dong H, et al. Toxic effects and mechanisms of nanoplastics on embryonic brain development using brain organoids model. Sci Total Environ. 2023;904:166913. doi: 10.1016/j.scitotenv.2023.166913.
23.	Wang M, Rücklin M, Poelmann RE, de Mooij CL, Fokkema M, Lamers GEM, et al. Nanoplastics causes extensive congenital malformations during embryonic development by passively targeting neural crest cells. Environ Int. 2023;173:107865. doi: 10.1016/j.envint.2023.107865.
24.	Zhang Y, Wang X, Zhao Y, Zhao J, Yu T, Yao Y, et al. Reproductive toxicity of microplastics in female mice and their offspring from induction of oxidative stress. Environ Pollut. 2023;327:121482. doi: 10.1016/j.envpol.2023.121482.
25.	Moreno GM, Brunson-Malone T, Adams S, Nguyen C, Seymore TN, Cary CM, et al. Identification of micro- and nanoplastic particles in postnatal sprague-dawley rat offspring after maternal inhalation exposure throughout gestation. Sci Total Environ. 2024;951:175350. doi: 10.1016/j.scitotenv.2024.175350.
26.	Chen J, Yaping Z, Xuan L, Kang L, Huanliang L, Wenqing L, et al. Effects of exposure to nano-plastic drinking during pregnancy on cognitive related proteins in offspring of SD rats. Environmental Pollutants and Bioavailability. 2024;36(1):2292104. doi: 10.1080/26395940.2023.2292104.
27.	Harvey NE, Mercer GV, Stapleton D, Steeves KL, Hanrahan J, Cui M, et al. Maternal exposure to polystyrene nanoplastics impacts developmental milestones and brain structure in mouse offspring. Environmental Science: Advances. 2023;2(4):622-8. doi: 10.1039/D2VA00227B.
28.	Lu H, Xu P, Sun G, Chen B, Zheng Y, Zhang J, et al. Early-life exposure to polystyrene micro- and nanoplastics disrupts metabolic homeostasis and gut microbiota in juvenile mice with a size-dependent manner. Sci Total Environ. 2024;955:176802. doi: 10.1016/j.scitotenv.2024.176802.
29.	Tian L, Chen J, Liu X, Wei Y, Zhao Y, Shi Y, et al. Prenatal exposure on nanoplastics: A study of spatial transcriptomics in hippocampal offspring. Environ Pollut. 2025;366:125480. Epub 20241205. doi: 10.1016/j.envpol.2024.125480. PubMed PMID: 39644950.
30.	Kaur M, Sharma A, Sharma K, John P, Bhatnagar P. Teratological, neurochemical and histomorphic changes in the limbic areas of F1 mice progeny due to co-parental polystyrene nanoplastic exposure. Toxicology. 2025;511:154043. Epub 20241231. doi: 10.1016/j.tox.2024.154043. PubMed PMID: 39746564.
31.	Zhang Y, Tian L, Chen J, Liu X, Li K, Liu H, et al. Selective bioaccumulation of polystyrene nanoplastics in fetal rat brain and damage to myelin development. Ecotoxicol Environ Saf. 2024;278:116393. Epub 20240506. doi: 10.1016/j.ecoenv.2024.116393. PubMed PMID: 38714083.
32.	Huang T, Zhang W, Lin T, Liu S, Sun Z, Liu F, et al. Maternal exposure to polystyrene nanoplastics during gestation and lactation induces hepatic and testicular toxicity in male mouse offspring. Food and Chemical Toxicology. 2022;160:112803. doi: https://doi.org/10.1016/j.fct.2021.112803.
33.	Luo T, Wang C, Pan Z, Jin C, Fu Z, Jin Y. Maternal Polystyrene Microplastic Exposure during Gestation and Lactation Altered Metabolic Homeostasis in the Dams and Their F1 and F2 Offspring. Environ Sci Technol. 2019;53(18):10978-92. doi: 10.1021/acs.est.9b03191.
34.	Tiao MM, Sheen JM, Lin IC, Khwepeya M, Yu HR. Prenatal High-Fat Diet Combined with Microplastic Exposure Induces Liver Injury via Oxidative Stress in Male Pups. Int J Mol Sci. 2023;24(17). doi: 10.3390/ijms241713457.
35.	Wang X, Zhao Z, Wang X, Hu W, Chao L, Chu X, et al. Effects of polystyrene nanoplastic gestational exposure on mice. Chemosphere. 2023;324:138255. Epub 20230226. doi: 10.1016/j.chemosphere.2023.138255. PubMed PMID: 36854359.
36.	Chen X, Huang S, Wang L, Liu K, Wu H. Maternal exposure to polystyrene nanoplastics induces sex-specific cardiotoxicity in offspring mice. Heliyon. 2024;10(20):e39139. Epub 20241011. doi: 10.1016/j.heliyon.2024.e39139. PubMed PMID: 39640785; PubMed Central PMCID: PMCPMC11620075.
37.	Yu HR, Tsai CY, Chen WL, Liu PY, Tain YL, Sheen JM, et al. Exploring Oxidative Stress and Metabolic Dysregulation in Lung Tissues of Offspring Rats Exposed to Prenatal Polystyrene Microplastics: Effects of Melatonin Treatment. Antioxidants (Basel). 2024;13(12). Epub 20241128. doi: 10.3390/antiox13121459. PubMed PMID: 39765788; PubMed Central PMCID: PMCPMC11672973.
38.	Jeong B, Baek JY, Koo J, Park S, Ryu YK, Kim KS, et al. Maternal exposure to polystyrene nanoplastics causes brain abnormalities in progeny. J Hazard Mater. 2022;426:127815. Epub 20211118. doi: 10.1016/j.jhazmat.2021.127815. PubMed PMID: 34823950.
39.	Jeong B, Kim JS, Kwon AR, Lee J, Park S, Koo J, et al. Maternal nanoplastic ingestion induces an increase in offspring body weight through altered lipid species and microbiota. Environ Int. 2024;185:108522. doi: 10.1016/j.envint.2024.108522.
40.	Zhao T, Shen L, Ye X, Bai G, Liao C, Chen Z, et al. Prenatal and postnatal exposure to polystyrene microplastics induces testis developmental disorder and affects male fertility in mice. J Hazard Mater. 2023;445:130544. doi: 10.1016/j.jhazmat.2022.130544.
41.	Luo T, Zhang Y, Wang C, Wang X, Zhou J, Shen M, et al. Maternal exposure to different sizes of polystyrene microplastics during gestation causes metabolic disorders in their offspring. Environ Pollut. 2019;255(Pt 1):113122. doi: 10.1016/j.envpol.2019.113122.
42.	Kim NH, Choo HI, Lee YA. Effect of nanoplastic intake on the dopamine system during the development of male mice. Neuroscience. 2024;555:11-22. doi: 10.1016/j.neuroscience.2024.07.018.
43.	Chen J, Yan L, Zhang Y, Liu X, Wei Y, Zhao Y, et al. Maternal exposure to nanopolystyrene induces neurotoxicity in offspring through P53-mediated ferritinophagy and ferroptosis in the rat hippocampus. J Nanobiotechnology. 2024;22(1):651. doi: 10.1186/s12951-024-02911-9.
44.	Li X, He E, Chen G, Cao X, Zhao L, Xu X, et al. Intergenerational neurotoxicity of polystyrene nanoplastics in offspring mice is mediated by dysfunctional microbe-gut-brain axis. Environ Int. 2024;192:109026. doi: 10.1016/j.envint.2024.109026.
45.	Mercer GV, Harvey NE, Steeves KL, Schneider CM, Sled JG, Macgowan CK, et al. Maternal exposure to polystyrene nanoplastics alters fetal brain metabolism in mice. Metabolomics. 2023;19(12):96. doi: 10.1007/s11306-023-02061-3.
46.	Tian L, Zhang Y, Chen J, Liu X, Nie H, Li K, et al. Effects of nanoplastic exposure during pregnancy and lactation on neurodevelopment of rat offspring. J Hazard Mater. 2024;474:134800. Epub 20240603. doi: 10.1016/j.jhazmat.2024.134800. PubMed PMID: 38850955.
47.	Xiong S, He J, Qiu H, van Gestel CAM, He E, Qiao Z, et al. Maternal exposure to polystyrene nanoplastics causes defective retinal development and function in progeny mice by disturbing metabolic profiles. Chemosphere. 2024;352:141513. doi: 10.1016/j.chemosphere.2024.141513.
48.	Yang D, Zhu J, Zhou X, Pan D, Nan S, Yin R, et al. Polystyrene micro- and nano-particle coexposure injures fetal thalamus by inducing ROS-mediated cell apoptosis. Environ Int. 2022;166:107362. Epub 20220618. doi: 10.1016/j.envint.2022.107362. PubMed PMID: 35749991.
49.	Cheng X, Xue Y, Wang H, Ma Z, Hu N, Zhang C, et al. Maternal exposure to polystyrene nanoplastics during gestation and lactation caused fertility decline in female mouse offspring. Ecotoxicol Environ Saf. 2025;289:117632. doi: 10.1016/j.ecoenv.2024.117632.
50.	Aghaei Z, Sled JG, Kingdom JC, Baschat AA, Helm PA, Jobst KJ, et al. Maternal Exposure to Polystyrene Micro- and Nanoplastics Causes Fetal Growth Restriction in Mice. Environmental Science & Technology Letters. 2022;9(5):426-30. doi: 10.1021/acs.estlett.2c00186.
51.	Harvey N, Dibbon K, Mercer G, Hanrahan J, Steeves K, Hashemihedeshi M, et al. Sex differences in the impact of environmental pollutants on placental function. Placenta. 2023;140:e30. doi: 10.1016/j.placenta.2023.07.108.
52.	Cary CM, Fournier SB, Adams S, Wang X, Yurkow EJ, Stapleton PA. Single pulmonary nanopolystyrene exposure in late-stage pregnancy dysregulates maternal and fetal cardiovascular function. Toxicol Sci. 2024;199(1):149-59. doi: 10.1093/toxsci/kfae019.
53.	Fournier SB, D'Errico JN, Adler DS, Kollontzi S, Goedken MJ, Fabris L, et al. Nanopolystyrene translocation and fetal deposition after acute lung exposure during late-stage pregnancy. Part Fibre Toxicol. 2020;17(1):55. doi: 10.1186/s12989-020-00385-9.

