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Abstract

Background: Abiogenesis is hypothesized to have occurred in the aquatic environments
of the early Earth approximately 3.8—4.0 billion years ago, in oceans containing high con-
centrations of ions (Na* =~ 470 mmol/L, CI~ = 545 mmol/L, Mg2+ ~ 51-53 mmol/L,
Ca?* ~ 10 mmol/L, K* ~ 10 mmol/L, SO42~ ~ 28-54 mmol/L, HCO;~ ~ 2.3 mmol/L).
Primitive membranes evolved ion-regulatory mechanisms to sustain electrochemical gra-
dients, enabling metabolic activity. Objectives: This review compares the composition of
amniotic fluid (AF) to seawater, framing AF as a “biological ocean” for the fetus, and evalu-
ates the impact of micro- and nanoplastics (MNPs) on this protected milieu. Methods: We
synthesized data from published studies on concentrations of and ions and other impor-
tant substances in AF during pregnancy and compared them with marine values. Re-
ports of MNPs detected in placenta, AF, and human organs were systematically reviewed.
Results: AF exhibits high ionic similarity to seawater, although the absolute concentrations
of ions are lower, reflecting evolutionary conservation. Recent analytical studies identified
MNPs in samples of human placenta (4-10 particles per 1 g of tissue), meconium (median
3-5 particles per g), and AF (detectable in >60% of tested samples). Co-exposure to heavy
metals, persistent organic pollutants, and endocrine disruptors were reported in 20-40% of
maternal-fetal samples. Conclusions: The analogy between oceans and AF underscores a
conserved evolutionary continuum. However, the infiltration of MNPs into intrauterine
environments is a novel toxicological challenge with potential implications for neurode-
velopment, immune programming, and epigenetic regulation. Within the One Health
framework, protecting AF from anthropogenic contaminants is as critical as safeguarding
marine ecosystems.

Keywords: abiogenesis; amniotic fluid; microplastics; nanoplastics; One Health; phylogenetic
conservation; environmental toxicants

1. Introduction
1.1. The Aquatic Origins of Life: The Geochemical and Physiological Context

The Primordial Ocean: Cradle of Life

Pindar 518-438 BC argued that “best is water”; this statement is a good starting point.
The leading hypothesis for abiogenesis posits that life first emerged within the aqueous
environments of early Earth approximately 3.8-4.0 billion years ago [1-3]. These primordial
oceans, formed under the influence of intense volcanic activity, hydrothermal fluxes, and
atmospheric transformation, were chemically dynamic and devoid of free oxygen [3-5].
The result was a mineral-rich, mildly acidic, and reducing aqueous medium capable of
supporting complex prebiotic chemistry.
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Key electrolytes identified in these early marine environments included sodium (Na*),
chloride (C17), potassium (K*), calcium (Ca?*), magnesium (Mg?*), sulfate (SO4>~), and
bicarbonate (HCO3 ™). Their relative proportions were governed by geochemical equilibria
involving mineral precipitation, hydrothermal interactions, and seawater/rock exchange.
Notably, Na* and CI~ were present in significant concentrations, creating a hypotonic
milieu favorable for the spontaneous formation of lipid vesicle precursors of protocells [6].

The discovery of mineral-rich hydrothermal vents on the ocean floor has reinforced the
plausibility of submarine environments as potential cradles for life. These vents not only
provided essential chemical gradients and heat but also catalyzed reactions via naturally
occurring transition metal sulfides. Such microenvironments may have supported the
polymerization of amino acids, nucleotides, and the formation of protocell membranes, a
critical step toward the emergence of cellular life [1].

After the last magma ocean, during the Hadean, the volatile-rich supercritical at-
mosphere cooled, reacting with the underlying primitive crustal rocks. After the ocean
temperature stabilized, a slightly acidic carbonic ocean, rich in Mg and Ca, remained [7].
AF retains a memory of this event, as demonstrated in Table 1.

The recognition that AF is not merely a passive cushion but also an active biochemical
reservoir invites a more nuanced understanding of its evolutionary role. Beyond ionic
balance, AF contributes to lung maturation through surfactant regulation, gastrointestinal
development via fetal swallowing, and immune priming through bioactive molecules such
as cytokines and exosomes [8,9].

1.2. Evolutionary Continuity: Ionic Parallels in Amniotic Fluid

A remarkable evolutionary echo is observed in the similarity between the ionic com-
position of early ocean water and that of AF, the protective liquid that envelops the fetus
during development [10]. Both media contain comparable concentrations of Na*, K,
Cl7, and HCO;3™ ions essential for osmotic balance, cellular excitability, and pH regula-
tion. This chemical congruence suggests a deep evolutionary conservation of the aqueous
environment in which early life, and by extension, human life, develops (Table 1).

The fetal milieu may be viewed as a microcosmic recapitulation of Earth’s ancient
seas. The biochemical conditions present in amniotic fluid maintain an optimal ionic and
pH environment for fetal cell proliferation, enzymatic activity, and organogenesis. These
parallels underscore a physiological continuity that transcends geological eras.

The ionic composition of human amniotic fluid, at approximately 134 mmol/L Na*,
110-125 mmol/L Cl~, 3-6 mmol/L K*, 1.5-2.4 mmol/L Ca®*, 1-2 mmol/L Mg?**, and
18-23 mmol/L bicarbonate at a pH of 7.0-7.4, closely parallels estimates for the early
Archean ocean, which recent models place at a pH of 4.9-6.7, with major cations (Na*, K*,
Ca?*, Mg?") in the same order of magnitude as in present-day seawater [7-10].

This “chemical homology” provides a stable electrochemical gradient essential for en-
zymatic catalysis, cellular osmoregulation, and the ion-dependent morphogenetic signaling
pathways that govern organogenesis in the fetus [9].

From an evolutionary perspective, AF can be regarded as an ontogenetic recapitulation
of the prebiotic seas: phylum-conserved mechanisms of ionic homeostasis—mediated
by water channels, ion exchangers, and pH buffers—sustain a microenvironment almost
indistinguishable in its basic physicochemistry from that which nurtured the earliest marine
microbes. By maintaining these primordial conditions, the maternal-fetal unit ensures
optimal redox balance, substrate availability, and signal transduction, thereby linking our
developmental biology directly to Earth’s Hadean and Archean epochs [11].
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2. Claude Bernard’s Legacy and the Evolution of Homeostasis

The emergence of homeostatic mechanisms marked a critical step in the evolution
of life. Claude Bernard’s concept of the “milieu intérieur”, later expanded by Walter
Cannon as “homeostasis”, emphasizes the necessity for internal constancy amid external
fluctuation [12,13]. From the earliest single-celled organisms to complex multicellular
species, life has depended on the maintenance of ionic gradients and fluid balance.

The semipermeable lipid bilayer of the cell membrane, embedded with transport
proteins, permits selective exchange of solutes. Mechanisms such as the Na*/K*-ATPase
pump and various ion channels generate and preserve electrochemical gradients that
are indispensable for membrane potential, signal transduction, nutrient uptake, and
waste elimination.

Modern extracellular fluids, interstitial fluid, plasma, and cerebrospinal fluid retain
an ionic composition reminiscent of ancestral seawater. Enzymatic pathways and cellular
functions have evolved under these ionic constraints, further reinforcing the notion that the
internal milieu of modern organisms is chemically imprinted by their evolutionary past.

The concept of homeostasis was revolutionary because it introduced the idea that
organisms are not passive responders to their environments but rather active regulators
of their internal states. This regulation is achieved through complex negative feedback
mechanisms involving neural, endocrine, and paracrine signaling systems. For example,
the hypothalamic—pituitary—adrenal (HPA) axis plays a central role in modulating physio-
logical responses to stress, while the renin-angiotensin-aldosterone system is essential for
maintaining fluid and electrolyte balance [14,15].

In the context of pregnancy, homeostasis acquires an even more critical dimension.
The maternal/fetal interface represents a dual system of regulatory interactions, whereby
maternal physiological systems adapt to support fetal development without compromising
maternal health. Placental endocrine function, fetal fluid exchange, and amniotic fluid
composition are all finely tuned through homeostatic mechanisms. Disturbances in these
systems, such as in cases of preeclampsia, gestational diabetes, or intrauterine growth
restriction, illustrate the consequences of disrupted homeostasis at the maternal/fetal
boundary [15].

Moreover, recent advances in systems biology and computational modeling have
underscored the multiscale nature of homeostasis, from gene expression and intracellular
signaling to organ-level dynamics and whole-body physiology. Homeostatic regulation is
now understood to be a product of network-level coordination, often involving redundant
pathways that provide resilience against environmental insults. This complexity is particu-
larly evident during fetal development, where precise temporal and spatial regulation of
gene networks governs morphogenesis, organogenesis, and immune tolerance.

The thermodynamic and kinetic favorability of prebiotic reactions in hydrothermal
vent environments has been increasingly supported by geochemical modeling and exper-
imental simulations [16]. Alkaline hydrothermal systems offer a pH and redox gradient
across mineral interfaces that could have served as natural electrochemical reactors, cat-
alyzing the formation of essential organic molecules such as amino acids, nucleotides, and
simple peptides. These environments also provided compartmentalization through porous
mineral matrices, facilitating the concentration and stabilization of reactive intermediates
critical for the origin of life.

Ultimately, Claude Bernard’s insight laid the foundation for modern physiology,
biomedicine, and developmental biology. His legacy is particularly salient in the study
of maternal/fetal health, where the principles of homeostasis inform our understanding
of how intrauterine environments support, or disrupt, the trajectory of human devel-
opment [12,17]. The emergence of homeostatic control marked a watershed in biological
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evolution. Claude Bernard’s “milieu intérieur” and Cannon’s “homeostasis” describe active
regulation of internal variables—ionic composition, volume, and pressure—despite ex-
ternal perturbations. In a typical mammalian cell, the Na*/K*-ATPase exports 3 Na*
for 2 K* per ATP hydrolyzed, consuming ~30-40% of basal ATP to maintain a rest-
ing membrane potential of =70 to 90 mV. Intracellular [Na*] (~12 mmol/L) and [K*]
(~140 mmol /L) contrast with extracellular values of ~145 mmol/L Na* and ~4 mmol/L K*,
creating the electrochemical gradients essential for nutrient uptake, signal transduction,
and volume regulation [12,14,18].

At the systemic level, total body water comprises ~60% of body weight (~42 L in
a 70 kg adult), divided between intracellular fluid (~28 L) and extracellular fluid (ECF;
~14 L), of which plasma is ~3 L and interstitial fluid is ~11 L. The volume of cerebrospinal
fluid (CSF) is ~150 mL, with a production rate of 0.3-0.4 mL/min (~500 mL/day) and
an ionic composition (Na*, 148 mmol/L; K*, 2.9 mmol/L; C1~, 120 mmol /L) that again
mirrors plasma without the presence of large proteins [19,20].

Negative feedback axes—the hypothalamic-pituitary—adrenal (HPA) and renin—
angiotensin—aldosterone (RAAS) axes—operate within narrow quantitative windows:
the basal plasma cortisol concentration is usually in the range of 100-200 ng/mL and
increases to 500-700 ng/mL under stress; plasma renin activity is typically within
0.5-2.5ng-mL~!1-h~!, angiotensin II levels are within 30-100 pg/mL, and aldosterone
levels are within 100-300 pg/mL, preserving arterial pressure and ECF volume within £5%
of set points [21,22].

In pregnancy, the maternal plasma volume expands by ~40-50% (from ~3 L to
~4.2-4.5L), and cardiac output increases by 30-50% by mid-gestation. The amniotic
fluid volume rises from ~50 mL at 12 weeks to 800-1000 mL at term; fetal swallowing
(200-250 mL/day) and urine production (200-500 mL/day) result in a ~100% turnover of
AF volume every 3-5 days. Disruption of these homeostatic balances underlies disorders:
preeclampsia, gestational diabetes, and intrauterine growth restriction affect ~5%, ~7%,
and ~8% of pregnancies, respectively [23-28].

Geochemical models of alkaline hydrothermal vents indicate natural proton-motive forces—
ApH ~ 1-2 units across Fe-S mineral membranes—equivalent to AG ~ 15-30 k] /mol, suffi-
cient to drive prebiotic synthesis of amino acids and nucleotides within porous chimneys.
Thus, from single cells to complex eukaryotes and human pregnancy, homeostasis re-
flects an unbroken chain of physicochemical constraints inherited from the Earth’s earliest
oceans [29,30].

3. Physiological Implications: Water Compartments and
Dynamic Equilibrium

Water, the fundamental medium of biochemical reactions and molecular transport,
comprises approximately 60% of the human body by weight, with variation depending on
age, sex, and body composition. Intracellular fluid accounts for roughly two-thirds of total
body water, while extracellular fluid, including interstitial fluid, plasma, and transcellular
fluids, constitutes the remaining third.

The dynamic exchange between these compartments is governed by osmotic gradi-
ents, hydrostatic pressures, and membrane permeability. Water homeostasis is intricately
regulated by neuroendocrine mechanisms involving the hypothalamus, antidiuretic hor-
mone (ADH), renin—angiotensin-aldosterone system (RAAS), and atrial natriuretic peptide
(ANP). These pathways maintain plasma osmolality, blood volume, and systemic arterial
pressure [31-36].

Interstitial fluid serves as a crucial intermediary between blood plasma and the intra-
cellular environment, facilitating nutrient delivery, waste removal, and signal transduction.
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Its composition closely mirrors that of plasma, except for large proteins that are generally re-
tained within the vasculature. This similarity underscores the fluid’s role as a physiological
conduit and its evolutionary continuity with marine environments.

Moreover, the analogy between interstitial fluid dynamics and seawater circulation in
porous substrates highlights an evolutionary adaptation: both systems maintain chemical
gradients necessary for life by enabling diffusion-driven transport. Even minute distur-
bances in electrolyte balance, such as those caused by dehydration, fluid overload, or
toxicant exposure, can disrupt cellular function, alter membrane potentials, and impair
organ systems [17,20].

In the fetal context, amniotic fluid represents a unique extracellular compartment that
supports growth and development. It functions not only as a cushion against mechanical
trauma but also as a critical regulator of temperature, hydration, and biochemical signaling.
The fetal swallowing of amniotic fluid contributes to gastrointestinal tract maturation and
renal excretion, which in turn influences amniotic fluid volume. This cyclical exchange
exemplifies a tightly regulated aquatic microenvironment shaped by homeostatic principles.

Ultimately, the orchestration of fluid compartments, from the cellular to the systemic
level, reflects a complex yet evolutionarily conserved mechanism for sustaining life in a
water-based milieu.

The stability of this fluid architecture, like that of early marine habitats, ensures cellular
viability and organismal integrity. Even minor perturbations in electrolyte balance can
lead to profound physiological consequences, illustrating the fragile equilibrium inherited
from our aquatic ancestry [37,38]. Water comprises approximately 60% of total body
weight in adults (~42 L in a 70 kg individual), divided into intracellular fluid (ICF; ~28 L,
~40% BW) and extracellular fluid (ECF; ~14 L, ~20% BW). The ECEF is further divided into
interstitial fluid (~11 L, ~15% BW) and plasma (~3 L, ~5% BW). Plasma osmolality is tightly
maintained at 280-295 mOsm /kg by the concerted action of antidiuretic hormone (ADH;
plasma levels 1-5 pg/mL), the renin-angiotensin—aldosterone system (RAAS; plasma renin
activity 0.5-2.5 ng-mL~1-h™!), and atrial natriuretic peptide (ANP; 2077 pg/mL), thereby
preserving blood volume and arterial pressure.

Interstitial fluid electrolyte concentrations (Na* ~140 mmol/L; CI~ ~103 mmol/L;
K* ~4 mmol/L; CaZ* ~1.2 mmol/L; Mg2+ ~0.7 mmol/L) closely mirror those of plasma
except for large proteins and maintain osmotic gradients analogous to marine salinity
(salinity 35 PSU: Na* ~468 mmol/L; C1~ ~545 mmol/L). This “chemical homology” un-
derpins diffusion-driven nutrient delivery, waste removal, and morphogenetic signaling
throughout evolution.

In the fetal context, the amniotic fluid volume increases from ~50 mL at 12 weeks
to 800-1000 mL at term; its ionic composition (Na* 135-150 mmol/L; C1~ 100-110 mmol/L;
K* 4-6 mmol/L; Ca?t 2.2-2.6 mmol/L; Mg2+ 0.9-12 mmol/L) and osmolality
(280-300 mOsm/kg) maintain a pH of 7.0-7.4, optimizing enzymatic activity, cell prolifera-
tion, and organogenesis. Fetal swallowing (~200-250 mL/day at term) and renal excretion
(~200-500 mL/day) create a dynamic volume turnover that parallels seawater circulation
in porous substrates, thus preserving a self-regulating aquatic microenvironment.

Even minor disturbances—such as dehydration (<1% TBW loss) or fluid overload
(>2% TBW gain)—alter plasma osmolality by 5 mOsm/kg, shifting the cell volume by
~3-5% and impairing membrane potentials (AEy, ~ 8-15 mV). This sensitivity reflects a
deeply conserved dependence on stable aqueous milieus, echoing the conditions of Earth’s
primordial oceans [39-45].



Toxics 2025, 13,776

6 of 23

Table 1.
(2nd-3rd trimester).

Comparison of composition of substances in seawater and human amniotic fluid

Amniotic Fluid (mmol/L, 2nd-3rd

Substance Seawater (mmol/L) . Reference
Trimester)
Na*t ~470 130-140
Cl~ ~545 100-125
Kt ~10 3-6
CaZ* ~10 1.5-2.4
Mg? ~53 1.0-2.0
50,2~ ~28 03-0.5 [46-52]
HCO3~ ~2.3 18-23

5 Minor and trace ions: Br—, Sr%*,

Bromide (Br™): 0.84
Strontium (Sr?*): 0.091
Fluoride (F7):

Bromide (Br™): 0.02-0.08
Strontium (Sr2*): <0.01.

F~, HySiO,. 0,068 Fluoride (F~): 0.002-0.01
Dissolved silica (H;SiO4): 0.02-0.10 Dissolved silica (H,SiO): 0.01-0.03
pH 7.5-8.5 7.0-7.4
Salinity (total) ~35 %o ~0.5-1.5%0 [10,47,51,52]
Dissolved gases (O, CO;, Np) Present (O, often 150-300 pmol/kg) Present at physiological partial pressures [47,52,53]
Urea Present (LM) range; variable by (~4-7 mmol /L) variable in gestation. [39,47]
region)
Glucose Trace (nM-puM; rapidly consumed) ~15-40 mg(dL; <10 mg /dL suggests [54-56]
inflammation
Lipids (?-g., lec1th1n and Present Traces [55-59]
sphingomyelin)
Cell Phytopl'ankton, prokaryotes, Fetal epithelial cells; leukocytes [10,60,61]
microeukaryotes
RNA RNA virus cfRNA
eDNA 0.1-88 ug/L up to tens of ug/L; . .
DNA exceptional cases (coastal hotspots) Total CfD.NA m theorange of 50. 3.00 Hg/L,
with ~10-20% of fetal origin.
~5000 pg/L.
Proteins 0.1% 1-3% total volume
5_106 L . . [59-78]
& Bacteria 10°-10° cells/mL (e.g., Traditionally sterile; recent studies report
Prochlorococcus, Pelagibacter) trace DNA, likely contamination? *
& Viruses ~107 particles/mL (mostly Absent unless there is a maternal-fetal
bacteriophages) infection (CMV, parvovirus, Zika)
¢ Fungi/Other eukaryotes Marine yeasts, saprophy’nc fungi, Rare; usua.lly patl.lologlgal (e..g,, Candida
protists in chorioamnionitis)
From ~10~7 to 10 particles/L globally Presence is documented, but available
(wid ), with well-d ted works do not yet report comparable
Microplastics/Nanoplastics wide range), with wel~cocumente volumetric values; one report indicates [79-84]

cases ~2.2 particles/L for 32-651 um
in the Atlantic.

~1.5 particles per sample (volume not
reported), and data remain preliminary

Note: Seawater values consider standard composition at salinity 35 %.. Amniotic fluid values are typical ranges
for the 2nd-3rd trimester of an uncomplicated pregnancy. 5 In addition to the major electrolytes, seawater and
amniotic fluid contain minor and trace ions. In amniotic fluid, available data are sparse and mainly extrapolated
from maternal plasma. These values indicate that although the ionic spectrum is broadly comparable, the
concentrations of minor ions in amniotic fluid are markedly lower and less well characterized than those in
seawater. cfRNA: cell-free fetal RNA; eDNA: extracellular DNA; cfDNA: cell-free fetal DNA. * Sterility paradigm
debated [68-87]. ¢ In oceans, microorganisms are vital for ecological cycles [63—65].

Table 1 indicates that the ocean represents an ecosystem colonized by microorganisms.
These include bacteria, such as Prochlorococcus and Pelagibacter, which are known to be very
abundant organisms and participate in biogeochemical cycles. Marine viruses, especially
bacteriophages, play a role in regulating microbial dynamics and nutrient recycling. It
is estimated that there are about 10 viral particles per milliliter of seawater. Fungi and
microeukaryotes, including marine yeasts and saprophytic fungi, are involved in the
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degradation processes of organic matter. These microorganisms are part of the marine
food web and maintain an ecological balance. Seawater contains both free and intracellular
genetic material.

Estimates indicate the presence of bacteria and archaea equal to about 10°~10° cells/mL,
viruses around 107 particles/mL and dissolved extracellular DNA (eDNA) with typical
values of about 0.5-5 pg/L, corresponding to about 0.00005-0.0005% of the total mass
of water. Relative to the total content, DNA represents less than 0.001%, but on a global
scale, it is equivalent to hundreds of millions of tons of DNA present in the oceans. From
an ecological point of view, this DNA contributes to the marine genetic heritage and
horizontal transformation.

In physiological pregnancy, amniotic fluid is traditionally considered sterile, although
metagenomic studies, conducted since 2014, report the presence of microbial DNA at very
low concentrations; however, there is debate, and some authors attribute these results
to possible laboratory contamination. The presence of cell-free fetal DNA (cffDNA) is
documented: it originates from trophoblastic apoptosis and constitutes a small fraction
of the total extracellular DNA. In percentage terms, cffDNA can represent 10-20% of
extracellular DNA in amniotic fluid, while in maternal plasma it is generally found between
3 and 10%. The overall concentration of DNA in the amniotic fluid is variable, but usually
in the order of ng/mL, making it much lower than in the ocean in terms of microbial
biomass. In the case of intrauterine infection (such as chorioamnionitis or viral infections),
the amount of microbial DNA grows to detectable levels, while always remaining lower
than the human component, both maternal and fetal.

3.1. In Summary

Ocean: Abundant total DNA (cellular + extracellular), especially of microbial and viral
origin; eDNA is fundamental in the ecosystem.

Amniotic fluid: Predominantly human DNA (maternal and fetal); microbial DNA is
very rare (<0.01%) and often discussed.

Orders of magnitude: Microbial DNA is much more abundant in the ocean than
amniotic fluid; in the latter, fetal DNA is most important for clinical uses. Amniotic fluid
has more DNA per liter than the oligotrophic open sea, but less than some coastal areas
rich in life.

3.2. Environmental Toxicants and MNPs: A New Threat to Life’s Aquatic Niche

Prenatal exposure to environmental toxicants has long been recognized as a major
determinant of adverse maternal and fetal outcomes [88]. Compounds such as heavy metals
(e.g., lead and mercury), persistent organic pollutants (e.g., dioxins and PCBs), nicotine,
and pharmaceutical residues can induce oxidative stress, disrupt endocrine signaling, and
alter epigenetic regulation during key windows of fetal vulnerability [88].

More recently, microplastics (MPs), plastic particles between 0.1 um and 5 mm in
size, and nanoplastics (NPs), synthetic polymer particles ranging from 1 to 1000 nm in
size [89-94], have emerged as novel and pervasive environmental contaminants. Originat-
ing from both the fragmentation of larger plastic debris and primary microplastic products,
these particles have been detected in marine, freshwater, terrestrial, and atmospheric com-
partments [95]. Their ubiquitous presence in the biosphere increases the likelihood of
human exposure through ingestion, inhalation, and dermal contact [96] (Tables 2-4).



Toxics 2025, 13,776

8 of 23

Table 2. Occurrence, concentration, and analytical methods of detecting MNPs in biological and food

matrices worldwide.

Sample Matrix Location Contaminant Concentration (Unit) Analytical Method Reference
Micro-FTIR imaging
0.36 & 0.07 particles/g ww. and Ramintsgecttroi‘n etfr
And M. edulis contains on was operated at a ‘ase
Mytilus edulis (blue average wavelength of 785 nm
y . North Sea (cultured) . (diode), and high-resolution
mussel) and Bivalves, . . . 0.36 £ 0.07 particles g(—1) .
- . Supermarkets in Microplastics . . : spectra were recorded in [92,93]
Mytilus edulis and Bri (wet weight), while a plastic .
C . rittany, France. X three spectral windows.
rassostrea gigas load of 0.47 £ 0.16 particles .
. The microscope has 5, 20,
g(—1) ww was detected in d 50 obiecti ith
C. gigas an objectives, with spot
- 8130 sizes of approximately 50,
10, and 4 mm, respectively.
Scaph(?r(fcsliﬁ; enatd  China (fish market) Microplastics 10.5 particles/g ww Micro-FTIR spectroscopy [93]
Table salt (sea salt) China (supermarkets) Microplastics 550-681 particles/kg FTIR spectroscopy [94]
Bottled water Global Microplastics 325 particles/L p-FTIR imaging [95]
Bottled water Global Nanoplastics 240,000 particles/L SRS microscopy [95]
Honey Italy (various origins) Microplastics 62 particles/kg Micro-FTIR imaging [96]
Oreochromis
niloticus (Nile tilapia, Laboratory RAS Microplastics 0.14 £ 0.32 ug/g ww Pyrolysis-GC-MS [97]
fillet)
Litopenaeus
vannamei (white-leg Thailand (pond) Microplastics 1.69 £ 0.13 particles/g ww Micro-FTIR imaging [98]
shrimp)
Beers (24 brands) (su;;::g;iye ts) Microplastics 2-79 fibers/L Optical microscopy [99]
microplastics released from Laser confocal
tea bags in the tea infusions | waserconfocal
. micro-Raman and direct
Tea bags in the tea ranged from 80 to 1288 .
. . Laboratory . . . . . classical least squares and
infusions . - Microplastics pieces (micron-sized) and 0 - [100]
. simulation pyrolysis-gas
(plastic teabag) to 63.755 pg
. . . chromatography/mass
(submicron-sized) per filter
bag. spectrometry
Wh;tti;vl;relf) (PE Europe (retail) Microplastics up to 5857 particles/L Micro-Raman spectroscopy [101]
Sugar Various origins Microplastics 3221 Zti7 }rzjgfrlrll)eerl’:fs//kl;gé Optical microscopy [102]
Cow’s milk Italy (supermarket) Microplastics 204-1004 particles /100 mL Raman spectroscopy [103]
Brewed coffee Laboratory . . . Stereomicroscopy and FTIR )
(plastic drip bag) simulation Microplastics >10,000 particles/cup imaging [104]
Soft drinks Various markets Microplastics 9 particles/L FIIR stereoscopy and [105]
stereomicroscopy
Fresh cheese Italy (retail) Microplastics 1280 particles/kg FTIR-ATR imaging
103
Ripened cheese Italy (retail) Microplastics 1857 particles/kg FTIR-ATR imaging [108]

Notes: ww = wet weight; RAS = recirculating aquaculture system; FTIR = Fourier-transform infrared spectroscopy;
u-FTIR = micro-FTIR; ATR = attenuated total reflectance; SRS = stimulated Raman scattering. The pyrolysis-GC-
MS result is reported as a mass concentration (jtg polymer/g ww), not a particle count.

Table 3. Principal sample matrices for inhalation exposure to MNPs, showing sampling environments,

typical concentration ranges (or mass fractions), analytical detection methods, and key references.

Sample Matrix Location Contaminant Concentration Analytical Method Reference
Indoor residential air Apartments Microplastics Variable FPA-UFTIR imaging [106]
Gravimetric analysis,
Indoor ap'artm.ents Apartments Microplastics Variable stereomicroscopy, [107]
and office air and Raman

spectroscopy
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Table 3. Cont.
Sample Matrix Location Contaminant Concentration Analytical Method Reference
Outdoor urban air Re51d(eCn}t11i:;las)treets Microplastics 2.66 + 1.76 particles m~3 uFTIR imaging [108]
. L City buses (multiple . . . _3 . .
Public bus cabin air cities) Microplastics 17.3 £ 2.4 particles m FPA-pFTIR imaging [109]
. Metro stations . . . _3 . .
Subway platform air (multiple cities) Microplastics 5.8 £ 1.9 particles m FPA-pFTIR imaging [110]
PMj, 5 fraction of Outdoor urban Microplastics o Review of
urban air monitoring sites (fraction) 3-7% of PMy.5 mass ambient-PM studies (1]
Indoor household Households . . . . .
dust (Australia) Microplastics 2046 + 830 particles/g dust uFTIR imaging [112]
Plastic recycling Recycling facility Microplastics 5.97106-1.12 x 108 MP m 3 _ fluorescence [113]
plant air microscopy analysis
From 1.7 to 24.7 N/m? with
Waste sorting facility Municipal solid Microplastics an average '(:I:standard Raman spectroscopy [114]
air waste deviation) of
6.54 £ 5.08 N/m?.
Amount of microplastic
fibers released from the
Textile fleece fabric increased
. Czech Republic. Microfibers continuously until the third washing process [115]
manufacturing . .
to fifth washing cycle, after
which the released amount
was nearly constant.
12 mass burn Micro-Fourier
Incineration . . Microplastics 1.9-565n/kg transform infrared [116]
incinerators. China
spectroscopy.
Ranging from
90.51 4 15.19-355.64 +
Rural ambient air Thulamela Local . . 47.65 particles/ m2/ day,
and forest Municipality Microplastics with an overall average of FIIR (1171
211.87 £ 31.44 particles/
m?/day.
Notes: FTIR = Fourier-transform infrared spectroscopy; u-FTIR = micro-FTIR; XRF = X-ray Fluorescence;
SEM/EDX = Scanning Electron Microscopy/Energy-Dispersive X-ray Spectroscopy.
Table 4. Main sample matrices for dermal exposure to MNPs, with sampling contexts, typical
concentrations, contaminants, analytical methods and bibliographic references.
Sample Matrix Location/Context Contaminant Concentration Analytical Method Reference
Household dust Private homes Microplastics 38-120,000 ug/g (median: Various [118]
5900 g/ g)
Facial exfoliating UAE market . . Up to 6298 =+ 1543 beads . .
scrub (commercial) (2019-2020) Microplastic beads per g product FTIR imaging (1]
Rinse-off cosmetics Global survey of Geometric mean
(face wash, body PCCPs y Microplastics 2162 particles/g; 0.04 g uFTIR imaging [120]
scrub) plastic per g product
Surgical masks (used) Consumer use Microplastics/fibers 1827 4 4.1 items released ATR-FTIR [121]
per mask spectroscopy
Average of 590 + 360,
with 950 + 100 in the
. . lower wrack zone,
Beach sand Coastal sand Microplastics 540 -+ 40 in the upper u-FTIR. [122]
wrack zone, and 270 + 30
in areas between
Nonwoven wet . §
wipes (mechanical Lab simulation Microfibers 60-4000 mlcroﬁb%rs SEM * HFTIR [123]
released per cm imaging

abrasion)
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Table 4. Cont.
Sample Matrix Location/Context Contaminant Concentration Analytical Method Reference
700,000 fibres could be
Synthetic Polyester Machine washes Microfibers released from an average Abra51.0n chamber + [124]
T-shirt 6 kg wash load of acrylic microscopy
fabric
Agricultural plastic Field (vegetable farm, . . . -
(farmers’ health) Ttaly) Microplastics Various [125]
Playground rubber Outdoor i . 3 3
crumb (sports fields) playgrounds Micro- /nanoplastics Up to 30,426 ng/m SEC-HRMS [126]
. . Microplastics,
Interior wall paint Residential walls nanoplastics, inorganic SEM + Raman [127]
surfaces . spectroscopy
nanoparticles

Notes: FPA-pFTIR imaging = Flat Panel Array—micro Fourier Transform Infrared imaging; FTIR = Fourier-
transform infrared spectroscopy; ATR = attenuated total reflectance; SEM = Scanning Electron Microscopy.

Every year, an estimated 11 million metric tons of plastic waste enter the world’s
oceans, a figure projected to nearly triple by 2040 without urgent mitigation efforts [128].

Plastic is responsible for significant damage to human health, the economy, and the
environment. This damage occurs at every stage of its life cycle, from the extraction of coal,
oil, and gas (which are the main raw materials in 98% of plastic materials) to the recycling
process and to its final disposal. The pervasiveness of plastic in all environments is well
documented [129].

The greatest vulnerability to the toxic effects of pollutants occurs during fetal life and
in the first years of life. In this period, with differentiated times, maturation of the following
occurs: (1) organs and systems; (2) metabolic, endocrine, and immunological systems;
(3) hepatic and renal detoxification mechanisms; (4) the skin and the blood-brain bar-
rier [130]. Once internalized, MNPs can cross epithelial barriers, enter systemic circulation,
and accumulate in organs, including reproductive tissues. Importantly, they also act as vec-
tors for co-contaminants, adsorbing hydrophobic chemicals such as phthalates, polycyclic
aromatic hydrocarbons, and heavy metals onto their surfaces. These adsorbed toxicants
may be co-delivered into sensitive biological compartments, amplifying their harmful
potential [131,132].

Recent studies have confirmed the presence of MNPs in critical maternal and neonatal
matrices, including placenta [133], amniotic fluid [134], and human breast milk [135].

These findings challenge the assumption that the intrauterine and early postnatal envi-
ronments are insulated from environmental pollution. The concept of the fetus developing
in a pristine sanctuary is increasingly untenable in the face of accumulating evidence that
synthetic particles permeate the maternal/fetal interface.

The potential for MNPs to interfere with fetal programming, immune system mat-
uration, long-term metabolic outcomes, and the vitality of trophoblastic cells [136] is of
growing concern [137]. An association was found between the presence of microplastics in
meconium and reduced microbiota diversity [137]. Other studies showed that microplastic
levels in the placenta correlated with reduced birth weight, Apgar scores at 1 min, and
reduced fetal growth in IUGR pregnancies and neurologic problems [138,139]. Furthermore,
the presence of MPs in the placenta was correlated with premature birth [79].

Emerging data suggest that prenatal and perinatal exposure to MNPs may have
profound effects on neurodevelopment [140,141]. The developing fetal brain is highly
vulnerable to environmental insults due to the ongoing processes of cell proliferation, mi-
gration, differentiation, synaptogenesis, and myelination. MNPs, along with the chemical
contaminants they carry, have been shown in animal models to cross the blood-brain barrier
and accumulate in brain tissues, where they induce oxidative stress and neuroinflamma-



Toxics 2025, 13,776

11 of 23

tion [140-144]. This raises the possibility that MNP exposure could interfere with the
molecular signaling pathways essential for neurodevelopment, including those mediated
by neurotrophic factors, neurotransmitters, and endocrine signals [145].

Animal studies report changes in behavior, learning capacity, and synaptic plasticity
in offspring exposed to MNPs in utero, supporting the hypothesis that these particles may
act as neurodevelopmental disruptors [141-144].

In this context, the amniotic fluid, so chemically like ancient seawater, has become a
repository for anthropogenic contaminants, reflecting not only our evolutionary past but
also our modern ecological impact.

Longitudinal human studies are urgently needed to confirm these associations and
to elucidate the dose-response relationship between MNP burden and health outcomes
across the lifespan (Table 5).

Table 5. Summary of adverse effects induced by MNP exposure in mammalian models and human

tissues, indicating plastic type/size, exposure regimen, key outcomes, and analytical methods.

Exposure

Analytical

System/Endpoint Plastic Type and Size Regimen Key Outcomes Methods Reference
Impaired learning
. and memory; Morris water maze,
Neurological Polystyrene NPs Or.al gavage m ROS; lipid ROS assay, [144]
(~50-100 nm) mice, 28 days S .
peroxidation in histology
hippocampus
Thyroid hormone
. Polystyrene MPs Oral exposure, disruption (J T4, 1 ELISA,
Endocrine . TSH), altered . [145]
(5 um) + Lead mice, 35 days . histopathology
ovarian
steroidogenesis
. Hepatic steatosis, 1 . .
Hepatic Polystyrene NPs (50 nm) Orfal gavage ALT/AST, Blo.c hem{cal assays, [145]
mice, 28 days A liver histology
oxidative stress
Oral exposure in Ei?giifvizﬁzfse ’ Histology,
Renal Polystyrene MPs (5 um) " exp . L oxidative stress [146]
mice, 8 weeks mitochondrial .
. biomarkers
dysfunction
Splenic
. Polystyrene MPs Oral gavage, mice, inflammation, ELISA, flow
Immunological (0.5-5 um) 6 weeks cytokine imbalance cytometry [147]
(1 TNF-¢, IL-6)
Endothelial
Intravenous dysfunction, 1 Echocardiograph
Cardiovascular Polystyrene NPs (80 nm) injection, mice, Y ! . graphy, [148]
inflammatory histology
acute
markers
1 Sperm motility,
Oral exposure abnormal Sperm analysis
Reproductive Polystyrene NPs (50 nm) male mice, 35 days morphology, ELISA, histology [149,150]
testosterone
reduction
Placental transfer,
Developmental Polystyrene NPs Maternal exposure, fetal grqwth Placental hlstplog}c
. . restriction, neurobehavioral [141]
(Fetal /placental) (20-200 nm) mice, gestation .
neurobehavioral assays

abnormalities
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Table 5. Cont.
System/Endpoint Plastic Type and Size Exposure Key Outcomes Analytical Reference
y P yP Regimen y Methods
Dysbiosis ({.
Oral eavage, mice Firmicutes, 1 165 rRNA
Gut Microbiome Polystyrene MPs (5 um) ‘2 wegk’s ’ Bacteroidetes), sequencing, [151]
increased gut histology
permeability
. DNA
In vitro human hypomethylation Epigenetic assays
Hematopoietic Polystyrene NPs (50 nm) hematopoietic Ype 24 ’ i) S, [152]
impaired flow cytometry
stem cells . L
differentiation

Notes: ROS = reactive oxygen species.

Environmental factors significantly influence the fragmentation, bioavailability, and
toxicity of MNPs in both marine and terrestrial ecosystems. These factors, including
temperature, UV radiation, pH, oxygen levels, and the presence of other pollutants, can
alter the physical and chemical properties of MNPs, affecting their ability to be ingested by
organisms and interact with biological systems and, ultimately, their toxic effects [153,154].

In marine ecosystems, wave action and sunlight can break plastic waste down into
smaller particles that are ingested by fish and other marine life, potentially leading to the
bioaccumulation and biomagnification of toxins. In terrestrial ecosystems, agricultural
practices can introduce MNPs into soil, impacting soil structure, plant growth, and the
health of soil microorganisms. Runoff from land can also carry MNPs into freshwater
ecosystems and ultimately to the oceans.

In summary, a complex interplay of environmental factors influences the fate and
effects of MNPs in both marine and terrestrial ecosystems, highlighting the need for a com-
prehensive understanding of these interactions to mitigate the impacts of plastic pollution.

4. The One Health Paradigm: Linking Ocean and Amniotic Fluid

The One Health paradigm offers a unifying conceptual framework that recognizes
the interdependence of human, animal, and environmental health. Originally applied to
zoonotic disease surveillance and ecosystem preservation, the One Health approach has
expanded to include the study of environmental pollutants and their systemic effects across
biological domains [155,156].

MNPs exemplify the need for this integrative perspective. Their widespread environ-
mental dissemination and biological accumulation demonstrate that synthetic particles do
not respect taxonomic, geographical, or physiological boundaries. What is found in the
depths of the ocean is now also detected within the intrauterine environment (Figure 1).

One Health is not merely a conceptual tool but a practical model that enables the
detection, monitoring, and mitigation of complex contaminant pathways across marine,
terrestrial, and clinical environments. The trophic transfer of MNPs across marine food
webs, from plankton to fish to humans, illustrates the continuity of exposure across species
and ecosystems [157,158]. Likewise, the presence of the same contaminants in umbilical
cord blood, amniotic fluid, and placenta confirms the intergenerational and cross-species
implications of pollution [135-137].

This model calls for transdisciplinary collaboration, integrating marine biologists,
obstetricians, epidemiologists, chemists, and environmental engineers. Current research
silos often fail to capture the continuity between oceanic plastic load and fetal plastic
exposure. A unified surveillance system, anchored in the One Health framework, could
map this continuum, enabling early warning systems and regulatory responses [159-161].
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Incorporating One Health into educational curricula, from secondary school to medical
training, can cultivate a new generation of professionals who understand that fetal well-
being is linked to environmental stewardship. The paradigm also has profound ethical
implications: it challenges anthropocentric notions of health and invites a planetary ethic
of responsibility, acknowledging that protecting the fetus also means protecting the planet
that nourishes the fetus itself [162].

Figure 1. MNPs invasion of vital fluids: seawater and amniotic fluid.

The amniotic fluid and ocean water are chemically and symbolically linked: both are
aqueous matrices that sustain life, buffered by evolutionary processes and now disrupted
by human activity. The translocation of plastic particles from marine systems into fetal com-
partments epitomizes the global reach of pollution and its implications for intergenerational
health [163-165].

Addressing this crisis demands coordinated, cross-sectoral efforts involving marine bi-
ologists, obstetricians, toxicologists, public health officials, and policymakers. By adopting
a One Health strategy, we can better understand and mitigate the continuum of exposure
that bridges ecosystems and embryonic development [166,167].

5. Conclusions: Protecting the Fluids of Life

Amniotic fluid is not merely a by-product of pregnancy; it is an evolutionary inno-
vation that reflects the primordial marine environments from which life originated. Its
ionic composition, buffering capacity, and biologically active constituents create an ideal
microenvironment for fetal development, an echo of Earth’s early oceans.

Today, both vital fluids, ocean water and amniotic fluid, are contaminated by synthetic
pollutants, particularly MNPs. This dual pollution of planetary and intrauterine waters
serves as a stark reminder of the interwoven fates of ecology and human health.

Safeguarding future generations requires an urgent commitment to reducing plastic
pollution, enhancing monitoring systems for emerging contaminants, and protecting the
aquatic environments that cradle life in its earliest stages. In doing so, we preserve not only
the health of individuals but also the integrity of the evolutionary lineage that connects all
life forms.
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In addition, the degradation of these life-sustaining fluids represents not only a medical
and environmental emergency but also a bioethical challenge. If intrauterine life is now
vulnerable to artificial contaminants previously confined to industrial waste, then the scope
of perinatal care must broaden to include environmental stewardship.

Medical professionals, especially obstetricians and neonatologists, must now advocate
for ecological sustainability as a dimension of prenatal health (Figure 2). Hospitals and
labs cannot be isolated from the ecosystem; rather, the integrity of pregnancy outcomes is
inextricably linked to the integrity of the biosphere.

= Both ocean and amniotic fluid are
contaminated by pollutants such as
micro and nanoplastics.

- Their degradation poses a bioethical
challenge.

- Ecological sustainability is a key
aspect of prenatal health.

- Politicians, doctors and citizens must
all promote environmental protection.

= Long term studies on the effects of
exposure are needed.

Figure 2. Protecting the fluids of life.

Furthermore, transdisciplinary collaboration must evolve from academic rhetoric to
policy enforcement. The acknowledgment of MNP exposure as a public health threat
requires integration of clinical data, toxicological thresholds, and regulatory frameworks.

Long-term cohort studies tracking prenatal exposure to plastic derivatives and asso-
ciated outcomes in neurodevelopment, immune regulation, and metabolic programming
must become standard scientific practice [168-170].

Above all, the amniotic fluid must not become the final destination for humanity’s
waste. Its contamination is not merely symbolic; it is mechanistically implicated in disrup-
tions to fetal physiology and developmental trajectories.

Very recently, Cordiner et al. used the Atacama Large Millimeter/submillimeter
Array (ALMA) to map heavy water (HDO) in the Halley-type comet 12P /Pons-Brooks
‘Devil Comet’. Their analysis showed that the deuterium-to-hydrogen (D/H) ratio of
cometary water is consistent with that of the Earth’s oceans. The maps are consistent
with outgassing of both H20 and HDO directly from the nucleus, and they imply a coma
D/H ratio (for water) of (1.71 & 0.44) x 10~*. This is at the lower end of the range of
values previously observed in comets and is consistent with D/H in the Earth’s ocean
water. This means that Halley-type comets could have contributed significantly to Earth’s
water inventory. In addition, this study challenges the prevailing view that carbonaceous
asteroids were the dominant source of terrestrial water. With ALMA'’s ability to measure
isotopic compositions in comets remotely with high precision, their study contains strongest
evidence that comets delivered water to Earth, given that the water found on Comet
12P /Pons-Brooks is “virtually indistinguishable” from water found on Earth.
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This study advances our understanding of a universal common origin, as water is
the fundamental matrix of life. If the water composing our world is derived from space,
it reinforces the notion that all living systems are ultimately formed from stardust [171].
Although the argument on the origins of water remains open, the fact remains that to
defend the fluids of life is to defend the origin, continuity, and future of life itself. From the
geological depths of hydrothermal vents to the intimacy of the womb, water has been the
universal medium of existence, and we must now protect it with equal universality and
urgency [172,173].

To echo Pindar’s words, ‘best is water,” the parallel between marine and intrauterine
environments reveals that water is not only the origin of life but also its enduring safeguard.

6. Future Directions and Implications for Policy and Research

The growing detection of MNPs in critical biological fluids, including amniotic fluid,
raises urgent concerns for fetal development, reproductive health, and long-term disease
trajectories. This emerging evidence mandates coordinated action on several levels:

Clinical Research: There is a pressing need for prospective cohort studies and toxicolog-
ical models to investigate the effects of MNPs and associated endocrine disruptors during
pregnancy. Particular attention should be given to fetal neurodevelopment, immune pro-
gramming, and epigenetic modulation. Such studies should utilize integrative approaches
combining metabolomics, transcriptomics, and epigenomics to characterize fetal responses
to plastic-derived contaminants. Investment in green chemistry is essential for developing
truly biodegradable, non-toxic alternatives to current polymer-based plastics. Research
should prioritize the design of materials that degrade into inert, non-bioaccumulative
products [174].

Analytical Methods: Standardized, sensitive, and reproducible methods must be de-
veloped to detect and quantify MNPs in human biological matrices, including amniotic
fluid, placenta, and cord blood. New advancements in high-resolution spectroscopy, e.g.,
pyrolysis-GC/MS, micro-FTIR (gas chromatography—mass spectrometry with pyrolysis;
micro Fourier-transform infrared), and nanoscale imaging should be incorporated into
standardized protocols to detect ultrafine plastic particles in biological matrices. These
technologies will improve detection sensitivity and specificity, reducing false negatives in
fetal and neonatal samples. Regulatory bodies such as the FDA, EMA, and WHO must de-
fine acceptable thresholds for MNP concentrations in human biological matrices. This will
require interdisciplinary consensus on toxicity benchmarks and risk assessment methodolo-
gies, facilitating global harmonization of standards. Establishing open-access databases for
MNP concentrations in environmental and clinical samples would enhance transparency
and global cooperation. These repositories could include metadata on sampling techniques,
population demographics, and geographical distribution, fostering meta-analyses and
public health modeling.

Environmental Policy: Governments and regulatory agencies must urgently imple-
ment stricter controls on plastic production and disposal, with an emphasis on banning
non-essential single-use plastics and improving microplastic filtration in wastewater sys-
tems. A tax on plastic manufacturing and subsidies for biodegradable alternatives could
shift market behavior. Legislative frameworks such as the EU’s REACH (Registration,
Evaluation, Authorization, and Restriction of Chemicals) should be adapted globally to
include MNPs as emerging contaminants. The recent failure of the UN plastic Geneva
negotiations [175] demonstrates that these actions are all absolutely urgent.

One Health Integration: Policy frameworks should embed the One Health perspec-
tive, recognizing that protecting marine ecosystems is intrinsically linked to safeguarding
intrauterine environments and, ultimately, human reproductive health. Establishing in-
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ternational research consortia linking oceanographers, obstetricians, toxicologists, and
environmental chemists is critical for implementing a One Health surveillance system. This
system should monitor sentinel species (e.g., plankton, mollusks, marine mammals) and
human pregnancy biomarkers in tandem.

Public Awareness: Educational campaigns should inform people about the routes of
plastic exposure, its reproductive risks and actionable steps to reduce contact. Integrating
MNP-related content into medical and environmental science curricula could prepare the
next generation of professionals to address this issue proactively [176].

Understanding the molecular and systemic effects of MNPs during pregnancy will be
essential not only for fetal safety but also for redefining our interaction with the synthetic
materials that saturate the biosphere.

As Rachel Carson reminded us, “in nature nothing exists alone”: the continuity between
ocean and amniotic fluid underscores that human health, planetary health, and the origins
of life are inseparably intertwined.
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