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Abstract

This review examines microplastics (MPs) in aquatic environments, their interactions
with organic pollutants (OPs), effects on organisms, and implications for human and
ecological health. MPs are ubiquitous, persistent contaminants. Their small size and
large surface area enhance adsorption of diverse OPs; however, the extent to which MPs
influence pollutant transport, fate, and bioavailability remains highly context-dependent
and is still under scientific debate. Sorption processes are influenced by polymer type,
pollutant properties, environmental factors, and aging processes that increase surface
reactivity, further contributing to the variability of MP-OP interactions. Detection of MPs
in human tissues raises concerns about long-term health effects, including inflammatory,
immune, gastrointestinal, respiratory, and endocrine responses. Despite advances in
analytical techniques, challenges remain in identifying and quantifying small particles
in complex matrices. This review emphasizes the need for integrated, multi-technique,
and environmentally realistic studies to understand MP-OP interactions and support risk
assessment. Future research should focus on standardizing methodologies, improving
nano-sized particle detection, and elucidating long-term effects, including trophic transfer
and potential tissue accumulation.

Keywords: MPs; organic pollutants; interactions; mechanism; environmental fate;
risk assessment

1. Introduction

Plastic pollution has become one of the most pressing environmental challenges world-
wide, largely driven by the continuous increase in plastic production and the release of
plastic waste from land-based sources into aquatic environments [1]. Marine and fresh-
water ecosystems are increasingly exposed to a complex mixture of chemical pollutants,
including hydrocarbons, pesticides, heavy metals, persistent organic pollutants and plastic
debris [2—4]. Among these, microplastics (MPs) have attracted particular concern due to
their persistence, widespread distribution and increasing abundance associated with the
rapid growth in plastic production and consumption [5,6]. Microplastics are generally
defined as plastic particles smaller than 5 mm, originating from the fragmentation of larger
plastic materials [7]. These have different shapes and sizes depending on their source. Cole
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et al. (2011) [8] divided MPs into primary MPs used in cosmetic products, or originat-
ing from industrial plastic production, and secondary MPs which generated through the
degradation of large plastics debris as a result of physical, chemical, microbiological, and
mechanical degradation processes such as thermodegradation or photodegradation, or
abrasion [9,10].

Daily human activities and industrial processes are closely linked to the main anthro-
pogenic sources of MPs [11]. According to the UNEP (2023) [12], synthetic textiles are
the largest contributor to microplastic pollution globally. Additional important sources
include tire wear, road marking, personal care products containing plastic particles and
urban dust [12,13]. These sources continuously release MPs into both aquatic and terres-
trial environments, where they can persist for long periods of time and accumulate in
environmental matrices. MPs can enter the aquatic systems through multiple pathways,
including industrial and domestic wastewater, runoff and atmospheric deposition [13-15].
Wastewater treatment plants an important pathway for microplastic contamination, as
synthetic fibers originating from washing processes may be discharged with treated efflu-
ents, while sewage sludge can contain even higher concentrations of MPs than wastewater
itself [13,14]. Environmental transport mechanisms such as ocean currents, wind transport
and stormwater drainage systems may further facilitate the dispersion of MPs within
aquatic environments [10].

An alarming concern regarding MPs is their ability to interact with chemical contam-
inants, potentially transforming them into potential vectors of environmental pollution.
This ability is largely associate with their physicochemical properties, including their
large surface area, hydrophobic polymeric structure and dynamic surface chemistry,
which favor the adsorption of toxic substances [16,17]. As a result, MPs may serve as
carriers for a wide range of contaminants, influencing their distribution and mobility in
aquatic systems [17].

Among these contaminants, emerging organic pollutants (EOPs) have attracted atten-
tion due to their special properties, such as resistance to degradation and low efficiency
in conventional wastewater treatment processes. This category includes bisphenols [18],
per- and polyfluoroalkyl substances (PFAS), pharmaceuticals, UV filters and modern
pesticides [19,20]. These substances are widely used in industrial activities, agriculture,
combustion processes and consumer products, which leads to their continuous release into
the environment [19,21]. Many EOPs present toxic and bioaccumulative potential and have
been associated with endocrine-disrupting effects that may reproductive, developmental
or behavioral disorders in organisms [19,21].

In addition to emerging pollutants, a wide range of conventional contaminants, in-
cluding metals, polychlorinated biphenyls (PCBs), volatile compounds, polycyclic aromatic
hydrocarbons, industrial organic dyes and phenolic compounds may also interact with
microplastic particles [19,22-24]. The adsorption of these contaminants onto MPs is influ-
enced by several physicochemical properties, including electrostatic forces, van der Waals
forces, hydrophobic interactions, or hydrogen bonds. Due to these interactions, MPs may
act as mobile vectors capable of transporting different pollutants across environmental
compartments [19]. The presence of pollutant-loaded MPs may significantly influence
the transport, environmental fate and distribution pollutants. The MPs can facilitate the
transfer between different water matrices, biota or soils and sediments through ingestion
by aquatic organisms, sedimentation processes and hydrodynamic transport [21,25]. Once
ingested, MPs may release adsorbed contaminants, potentially increasing their bioavailabil-
ity and ecological impact. These processes highlight the potential role of MPs in modifying
pollutant exposure pathways and environmental risk [19,26].
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Despite the growing number of studies addressing MPs and organic pollutants
separately, important knowledge gaps remain regarding their combined behavior and
environmental implications. Numerous studies have investigated the interactions be-
tween microplastics and contaminants, including sorption-desorption processes, trans-
port mechanisms and vector effects [7,16,17,19,21,25,26]. These studies demonstrate that
microplastics can act as carriers of organic pollutants, influencing their environmental
fate and potential bioavailability. However, despite this progress, several aspects remain
insufficiently understood. In particular, most studies are conducted under simplified labo-
ratory conditions, which do not fully reflect environmental variability (e.g., pH, salinity,
dissolved organic matter), limiting the extrapolation of results to real systems [10,13,14]. In
addition, the dynamic nature of sorption-desorption processes, especially under changing
environmental and biological conditions, remains poorly constrained, leading to uncertain-
ties in predicting pollutant release and bioavailability [17,19,25]. Furthermore, although
adsorption mechanisms have been widely described, their integration into large-scale
transport models and ecological risk assessment frameworks is still limited. Another
key gap concerns the coupling between physicochemical interactions and biological re-
sponses, as most studies address these processes separately rather than in an integrated
manner [7,21,24]. These uncertainties represent a major challenge for environmental
monitoring and risk assessment.

Considering the increasing global concern regarding plastic pollution and emerging
contaminants, understanding the interaction between MPs and organic pollutants has
become an important research priority. Therefore, the present minireview aims to sum-
maries current knowledge on the interaction between MPs and EOPs in aquatic systems,
with particular emphasis on adsorption mechanism, environmental fate and transport pro-
cesses and the implications for ecological risk assessment. By synthesizing recent findings
from the literature, this review highlights key factors controlling microplastic-pollutant
interactions and identifies major research gaps that should be addressed in future.

2. Literature Search and Selection Criteria

A comprehensive literature search was conducted to identify relevant studies address-
ing the interactions between MPs and organic pollutants in aquatic environments (Table 1).
Scientific databases including Web of Science, Scopus and ScienceDirect were systematically
screened for peer-reviewed articles published primarily in the last decade, with emphasis
on recent advances (2015-2025). The search strategy was based on combinations of key-

i i

words such as “microplastics”, “organic pollutants”, “emerging contaminants”, “PFAS”,

"oy ”oou

“pharmaceuticals”, “UV filters”, “adsorption”, “sorption mechanisms”, “environmental
fate”, “transport”, “bioavailability” and “risk assessment”. Additional relevant publications
were identified through cross-referencing of cited literature. Studies were selected based on
their relevance to (i) microplastic occurrence in aquatic systems, (ii) interactions between
MPs and organic contaminants, and (iii) implications for environmental fate, transport
and ecological risk. Both experimental and review studies were considered, with priority
given to articles providing mechanistic insights, quantitative data on adsorption processes,
and evidence of environmental or biological impacts. Non-peer-reviewed sources were
excluded, except for key reports from international organizations (e.g., UNEP, GESAMP)

that provide essential background information.
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Table 1. Summary of literature search and selection criteria.

Category

Description

Databases

Web of Science, Scopus, ScienceDirect

Time period

2015-2025 (focus on recent advances)

Keywords

1/ani

“microplastics”, “organic pollutants”, “PFAS”, “pharmaceuticals”, “UV filters”,
7 ‘" 7 " 4 "

“adsorption”, “sorption mechanisms”, “environmental fate”, “transport”, “bioavailability”,
“risk assessment”

Search strategy

Combination of keywords using Boolean operators; screening of titles, abstracts and full texts

Additional sources

Cross-referencing of cited literature

Inclusion criteria

(i) MPs occurrence in aquatic systems; (ii) MPs—OP interactions; (iii) environmental fate,
transport and risk

Study types

Experimental studies and review articles

Priority criteria

Mechanistic insights, adsorption data, environmental or biological relevance

Exclusion criteria

Non-peer-reviewed articles (except key reports from UNEP, GESAMP)

3. MPs and Organic Pollutants: Characteristics, Occurrence and Interactions
3.1. MPs—Characteristics and Behavior in the Environment

Currently, MPs are recognized as pollutants spread on a global scale, being identified
in most water matrices, as well as in the terrestrial environment or atmosphere [15,27].
It is estimated that approximately 80% of plastic pollution in the marine environment
comes from terrestrial sources, transported to aquatic ecosystems through wastewater,
urban runoff and waterways [28]. The diversity of forms in which they are found, such as
fibers, spheres or fragments, predisposes MPs to further degradation processes down to
nanometric sizes, which give them even greater mobility in the environment [29,30].

The manufacture of plastics began in the 1940s and despite the major benefits of
plastic, this product so valued by society, has led to an increase in waste worldwide [31].
Plastics are very persistent in the environment because they degrade at a slower rate and
accumulate at a faster rate [32]. MPs may include polymers such as: polyethylene (PE),
polystyrene (PS), polypropylene (PP), polyethylene terephthalate (PET) and polyvinyl chlo-
ride (PVC) [32,33]. Ultra-high molecular weight compounds such as polytetrafluoroethy-
lene (PTFE) and poly(methyl methacrylate, PMMA) and other acrylics and methacrylate,
silicones, polyurethanes used in total hip replacements, vascular grafts, dentistry as well
as poly(2-hydroxyethyl) methacrylate (PHEMA) used in the manufacture of intraocular
lenses, can become biomedical MPs debris [34].

MPs contamination can come from wastewater discharges into natural outlets, indus-
trial activities such as plastics and textile manufacturing, where MPs are either released into
the atmosphere or discharged into wastewater [10,14]. The breakdown of macroplastics in
landfills, textile washing and wastewater treatment plants are major sources of MPs [35].
In contrast, agricultural sources, activities and atmospheric precipitation are more difficult
to quantify and control [35]. MPs can be deposited on the terrestrial parts of the river basins
by wind, precipitation or surface water runoff. In rivers, the transport of MPs is governed
by hydraulic conditions that influence their entrainment and deposition [36]. MPs can be
released into the atmosphere from textile manufacturing processes, incomplete incineration
of plastic waste and resuspension of dust particles [37,38]. Several authors have observed
that the level of MPs in the atmosphere correlate with population density [15,38,39] with
textile being dominant, which are largely associated with the use of household washing
machines [38,39].
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Studying the transport of contaminants is important for understanding their impact on
ecosystems and human health [40]. Rivers are considered a key conduit, transferring MPs
from terrestrial ecosystems to the ocean [41]. As a continuous process, the transport of MPs
cam be interrupted by storage in soil and sediments [42]. Studies have indicated that rivers
temporarily store MPs with accumulation of material in riverbeds for varying periods of
time [24]. Numerous authors have reported that river sediments can accumulate MPs with
concentrations in sediments twice as high as those found in river water [24,42]. Due to the
topography, flow differences of each river and the characteristics of microplastic particles,
the transport and dynamics of MPs entrainment will differ from river to river [42,43].

MPs are small solid particles with a complex and heterogenous chemical composition.
They are mainly composed of synthetic polymers such as PP, PS, PE, PVC and others,
originating either from primary sources, intentionally manufactured on a small scale, or
from secondary sources, resulting from the degradation of large plastics materials [32].
Due to their chemical stability, resistance to degradation and hydrophobicity these polymers
persist in the environment for long periods, accumulating in sediments or floating in
aquatic ecosystems, depending on their density [32,44]. In addition, MPs can adsorb
various contaminants such as heavy metals, pesticides, polycyclic aromatic hydrocarbons
and pharmaceutical residues on their surface, amplifying their toxic potential and role
as vectors for hazardous substances [18,20,45]. To better illustrate the link between the
physicochemical properties of MPs, their environmental transformation, and their role in
pollutant interactions and fate, a conceptual framework is presented in Figure 1.

Microplastics (MPs) Organic pollutants

* Density (float / sink)

e Size (<5 mm = um = nm) « PFAS
¢ Shape (fibers, fragments, spheres) o PAHs
¢ Polymer type (PE, PP, PS, PET, PVC) * Pharmaceuticals

* Pesticides
« UV Filters / Bisphenols

a

Physicochemical properties

* High surface area
¢ Hydrophobicity

¢ Surface charge

« Additives (plasticizers, UV stabilizers)

Environmental transformation

« Weathering (UV, oxidation)

* Fragmentation

« Biofilm formation (eco-corona)

—

« Surface oxidation (functional groups) ™"

Interactions with
organic pollutants

 Hydrophobic interactions

o Electrostatic interactions

e Crystallinity b | ° T-Tinteractions

¢ Hydrogen bonding

7

Biological effects & risk

Environmental fate & transport S Sieaaiauiliy

» Transport (water, air, sediment)
¢ Sedimentation / Resuspension

¢ Long-range dispersion

¢ Bioaccumulation

» Trophic transfer

* Toxicity

* Endocrine Disruption

* Accumulation in sediments

Figure 1. Conceptual framework illustrating the role of the physicochemical properties of MPs
in controlling their environmental behavior, interactions with organic pollutants, and associated
ecological risks in aquatic systems.

Besides the base polymers, MPs also have a bunch of plastics additives, like plas-
ticizers, colorants, UV stabilizers, flame retardants and antistatic agents, which are not
chemically bound to the polymer matrix, but are physically incorporated, allowing them to
be gradually released into the environment as MPs fragment [46,47]. These substances can
have toxic and endocrine-disrupting effects, such as bisphenol A, phthalates and bromates.

https:/ /doi.org/10.3390/environments13050238



Environments 2026, 13, 238

6 0f 23

Due to this complex chemical composition, MPs pose a significant threat to ecosystems
and human health, making it essential to develop in-depth studies and effective policies to
reduce pollution [45-47].

The environmental behavior of MPs is strongly influenced by their physicochemical
properties, including particle size, density, surface area and degree of weathering [48].
Aging processes such as photooxidation and mechanical abrasion can modify surface
chemistry, increase roughness and introduce oxygen-containing functional groups, which
enhance their capacity to interact with organic pollutants [42]. In natural environments, the
formation of biofilms (eco-corona) further alters the surface properties of MPs, influencing
their transport, aggregation behavior and contaminant adsorption potential [49].

3.2. Organic Compounds Associated with MPs

MPs can act as carriers for a wide range of organic contaminants, particularly hy-
drophobic compounds that exhibit strong affinity for polymeric materials [21]. A class of
EQOPs that has attracted considerable attention are hydrophobic ones, which have high
cumulative toxicity and poor biodegradability [50]. Major classes of organic pollutants
associated with MPs include polycyclic aromatic hydrocarbons (PAHs), polychlorinated
biphenyls (PCBs), per- and polyfluoroalkyl substances (PFAS), pharmaceuticals, pesti-
cides, UV filters and bisphenols (Table 2). For example, polycyclic aromatic hydrocarbons
(PAHs) are among the most significant classes of priority organic contaminants and can
exist in more than 100 different combinations. They can enter the environment through
natural or anthropogenic sources, forming through pyrogenic, petrogenic and biological
processes [24]. PAHs can be transformed in the environment into compounds with higher
toxicity and persistence through chemical reactions of sulfonation, nitrification or pho-
tooxidation. Due to their strong hydrophobic character, PAHs exhibit a high affinity for
microplastic surfaces, facilitating their adsorption and transport in aquatic environments.
Polychlorinated biphenyls (PCBs) represent another important class of persistent organic
pollutants, comprising two phenyl rings with varying degrees of chlorine atom substitu-
tion. PCBs are used in industry because they have excellent properties as additives for
lubricating oils, electrical installations and plastics, which is why they are responsible or the
persistence of PCBs in the environment [51]. Similar to PAHs, their hydrophobic nature pro-
motes strong interactions with MPs, allowing MPs to act as vectors for their environmental
transport. Another class of emerging organic pollutants generally that originates largely
from aqueous film-forming foams used in wastewater, firefighting or leached from landfills
and biosolids is represented by per- and polyfluoroalkyl substances (PFAS), which contain
at least one fully fluorinated carbon atom [52]. Unlike classical hydrophobic contaminants,
PFAS exhibit amphiphilic behavior, which influences their interaction mechanisms with
MPs and contributes to their widespread occurrence in aquatic environment [53]. In addi-
tion to these compounds, other emerging contaminants such as pharmaceuticals, pesticides,
UV filters and bisphenols are increasingly detected in association with MPs due to their
continuous release into aquatic systems and their interaction potential [54].

The interaction between organic contaminants and MPs is largely governed by their
physicochemical properties. Hydrophobic organic contaminants have a high affinity for
a wide range of plastics (PE, PP, PVC), compared to natural sediments [55]. The extent
and rate of desorption/adsorption are influenced by factors such as sorbent properties
(organic matter), sorbate properties (hydrophobic organic compounds), organic compounds
dissolved in the organic phase, pH and temperature [56]. The distribution of hydrophobic
organic compounds between different types of MPs and the aqueous phase is a function
of physicochemical properties and is governed by equilibrium partitioning and molecular
diffusion, typically quantified using polymer—water partition coefficients [56].
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Table 2. Major classes of organic pollutants associated with microplastics.
Pollutant Class Examples Key Properties Main Sources Interaction with MPs References
PAH BaP, Hydrophobic, Combustion, Strong adsorption via [24]
s Fluoranthene persistent, toxic oil spills hydrophobic interactions
PCBs PCB-28, Highly persistent, Industrial fluids, Strong sorption, vector [51]
PCB-153 lipophilic plastics transport via MPs :
PFAS PFOA, Amphiphilic, highly Firefighting foams, Electrostatic + [52,53]
PFOS mobile, persistent wastewater, landfills hydrophobic interactions o
Pharmaceuticals Diclofenac, Ibuprofen E plar t.o semi-polar, Wastewater, hospitals Sorpt} on influenced by [54]
ioactive polarity and pH
Atrazine Sorption depends on
Pesticides Chlor r,ifos Variable polarity, toxic Agricultural runoff hydrophobicity and [54]
Py polymer type
UV filters Oxybenzone (BP-3) Llpophﬂlc, . Personal care products Adsorption onto MPs [54]
endocrine disruptors surfaces
Bisphenols BPA, BPS Endocrine disruptors Plastics, industrial waste Hydrophobic and 77 [54]

interactions

3.3. Mechanisms of Microplastic—Organic Compound Interaction

Interactions between MPs and organic compounds occur before, during and after
they enter the environment. These interactions occur as a result of product formulation
(through the addition of plasticizers), as well as unintentionally, for example from wastewa-
ter, urban runoff containing complex mixtures of other environmental contaminants [47,55].
The sorption of compounds on sorbents can be achieved through absorption or adsorption
processes. Absorption involves the partitioning of molecules into the polymer matrix, with
the molecules remaining dissolved and retained only by relatively weak van der Waals
forces. Such partitioning is largely driven by the hydrophobicity of the compound, leading
to partition ratios that correlate with octanol-water partition coefficient (Kow) [55]. In con-
trast, surface adsorption involves a wide range of interaction forces, including electrostatic
interaction, steric forces, T— interactions, and, in some cases, covalent bonding [56]. At low
concentrations of chemical compounds, adsorption generally leads to a much higher parti-
tion ratio compared to absorption due to stronger surface interaction. However, at high
concentrations, absorption often takes over the retention process due increased molecular
diffusion into the polymer matrix [55].

Several authors have conducted numerous studies on the adsorption of organic com-
pounds on MPs, establishing that the main mechanisms are hydrophobic partitioning and
surface adsorption [55]. Plastic exhibit high hydrophobicity, which favors the adsorption of
organic pollutants. Depending on their physical structure, resins are classified as macrop-
orous or macroreticular polymers and highly cross-linked polymers [57,58]. Additionally,
many organic pollutants are hydrophobic and have poor solubility in water, so they tend to
adsorb easily on the surfaces of MPs [25,59].

Hydrophobic partitioning is thus a key mechanism in which organic pollutants are
distributed between water and plastic particles [60]. Hydrophobic interactions are among
the most frequently reported mechanisms governing the adsorption of EOPs on MPs [25].
Thus, it has been found that compounds with higher Kow values exhibit stronger adsorp-
tion on MPs, as demonstrated in the case of bisphenols and perfluorooctanesulfonamide
(FOSA) on polyethylene MPs [58,61]. Furthermore, hydrophobic pollutants, such as PAHs,
PCBs, pharmaceuticals or pesticides, exhibit a stronger affinity for plastic particles [25,60].
The adsorption capacity also depends on the polymer type and the pore structure with
polymers such as PP, PS and PA often exhibiting higher adsorption capacities than PE and
PVC [62]. Hydrophobic interactions, pore diffusion/trapping and partitioning processes
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play a key role in the accumulation of organic pollutants on MPs in aquatic environ-
ments [63,64].

Along with hydrophobic partitioning, surface adsorption is a well-studied mechanism,
involving several types of interactions, such as electrostatic interactions, 7t— interactions,
van der Waals forces and hydrogen bonding [65]. The main mechanisms governing the
adsorption of organic pollutants onto MPs are schematically illustrated in Figure 2. Studies
have shown that electrostatic interaction occurs as a result of charges on MPs and OPs [65].
In the case of opposite charges, the two are attracted, and repulsion occurs when their
charges are identical [66]. The dissociation constant of OPs, pH and point of zero charge of
MPs are key factors influencing these interactions. At the typical pH of the environment,
most MPs have a negatively charged surface, as their point of zero charge is generally lower
than environmental pH [25]. In fact, electrostatic interactions may differ due to variations
in the dissociation constant of OPs. For example, studies have highlighted an electrostatic
interaction in negatively charges PS/PVC MPs and positively charged tylosin (TYL) when
the pH of the solution was below 7.1 [25]. In contrast, electrostatic repulsion was dominant
between anion-dominated oxtetracycline (OTC) and negatively charged PS MPs when the
pH was above 7.32 [25,67].

The m—m interaction is non-covalent and very common between molecules with —
conjugated structures [68]. It is frequently reported as a dominant mechanism in adsorption
studies of OPs, becoming crucial for adsorption and electron transfer [68]. Studies have
highlighted that the presence of aromatic structures such as pheny] facilitate - interaction
between MPs or OPs. Other groups (carboxyl, methyl and hydroxyl) have also been shown
to influence the intensity of the interaction. These functional groups also influence hydrogen
bonds involving proton donor and acceptor groups [25].

Van der Waals forces represent relatively weak interactions, but they occur frequently
between OPs and MPs [69]. Several studies have shown that polyolefin (PP, PE, PS) MPs
and polysulfone (PES) MPs can adsorb OPs (pharmaceuticals and PAHs) through Van der
Waals forces [70-72].

Hydrophobic
interaction

Electrostatic
interaction

Van der Waals
forces

= .

Hydrogen
bonding

Figure 2. Mechanism of OP adsorption onto MPs.
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The pore filling mechanism occurs when the pores of MPs trap OPs, a process that is
more common in glassy MPs, such as polystyrene [73]. The process is enhanced in MPs
with smaller particle sizes and higher specific surface areas, but also in aged MPs [55].
According to Sun et al. (2021) [74], the aging of LDPE leads to increased BPA adsorption,
due to the reduction in particle size and increase in surface area, causing faster pore filling.
However, the adsorption of OPs on MPs almost never involves a single mechanism, but
rather multiple combined mechanism [72]. The most common are surface adsorption and
hydrophobic partitioning, but additional interactions such as hydrogen bonding, Van der
Waals forces and micropore filling also contribute to the adsorption process [55,72].

3.4. Factors Affecting the Adsorption of OPs onto MPs

As illustrated in Figure 3, the adsorption behavior of organic pollutants on MPs
depends largely on a number of specific properties, both of MPs and organic pollutants, as
well as environmental factors [60]. These variables act simultaneously and control both the
extent and mechanisms of adsorption processes in aquatic systems.

The adsorption of OPs on MPs is influenced by a multitude of variables, but the specific
surface area and particle size are some of the most important factors [59]. According to the
literature, smaller particles have a higher adsorption potential due to their higher volume-
to-surface ratio, thus providing more available adsorption sites [65]. Numerous studies
have shown that reducing particle size has a positive impact on adsorption. For example,
Du et al. (2022) [69], observed increased adsorption of rhodamine B with decreasing
particles size of PVC, PS and PET, while Zhang et al. (2020) [75], reported enhanced
adsorption of 9-nitroanthracene after reducing MPs (PE, PP and PS) size from 1.7 mm to
0.15 mm [76].

Organic pollutant-

Factors influencing the adsorption of Ops onto MPs

Figure 3. Representative visualization of organic pollutants commonly detected in environmental
matrices.

Once in the environment, MPs undergo aging processes such as physical abrasion,
biodegradation, chemical oxidation and photodegradation [77]. These processes alter surface
properties and promote colonization by microbial biofilms (bacteria, algae and fungi), which
can contribute to polymer structure degradation through corrosion, enzymatic activity or

https:/ /doi.org/10.3390/environments13050238
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cracking [25,77]. Although pristine MPs are generally hydrophobic and exhibit high affinity
for organic pollutants, aging modifies surface functional groups, polarity, morphology and
crystallinity, which can significantly influence adsorption behavior [25,78]. In many cases,
aging enhances adsorption due to increased surface roughness and formation of oxygen-
containing functional groups.

In the case of OPs, adsorption on MPs is influenced by properties such as molecular
structure, polarity, functional groups, hydrophobicity, dissociation capacity and compound
concentration [70]. The hydrophobicity of pollutants is often a determining factor, as com-
pounds with higher hydrophobicity show stronger affinity for plastic surfaces. For example,
Li et al. (2018) [62] reported that the adsorption of antibiotics on different polymers fol-
lowed the order CIP > AMX > TMP > SDZ > TCs. Flat and aromatic molecules are generally
more easily adsorbed than spherical ones, particularly due to their ability to participate in
7—7t interactions with polymer surfaces [25,79]. Additionally, the ionization state of organic
pollutants, governed by their dissociation constants (pKa), strongly influences electrostatic
interactions with charged microplastic surfaces [25].

Environmental factors such as pH, salinity, temperature and dissolved organic matter
(DOM), can influence adsorption by altering the surface properties of MPs and the species
of pollutants [80,81]. pH affects the degree of ionization of pollutants and the surface charge
of MPs, thereby controlling electrostatic interactions. Salinity can either inhibit adsorption
through ionic competition or enhance it through salting-out effects [82]. In addition, DOM
and surfactants can alter the surface of MPs or compete for adsorption sites, influencing
the adsorption capacity for organic pollutants [66]. Adsorption processes are governed
by a complex interplay between microplastic properties, pollutant characteristics and
environmental conditions. Among these, surface area, hydrophobicity and environmental
chemistry emerge as dominant factors controlling the fate and distribution of organic
pollutants associated with MPs [80,82].

4. Ecotoxicological Implications and Health Risks

Widely distributed in aquatic ecosystems, MPs are persistent environmental contami-
nants and have the ability to interact with OPs, thus contributing to ecological and health
risks [81]. Characterized by persistence, high toxicity and high bioaccumulation potential,
OPs have become a significant threat to ecosystems [58]. Studies have shown that some
compounds, such as PCBs and other EOPs can induced carcinogenic effects and endocrine
disruption, as well as developmental abnormalities in both humans and wildlife [7,58,60].

MPs are small in size, which makes them easy for aquatic organisms, including
zooplankton and fish, to ingest [75]. Table 3 shows the repercussions of ingesting these MPs,
such as physical damage like intestinal blockage, reduce activity and even mortality [58].
Beyond their physical effects, MPs can act as carriers of organic pollutants and plastic
additives, potentially increasing their bioavailability and facilitating trophic transfer within
food webs. According to Wang et al. (2020) [73], MPs have a negative effect on microalgae,
inhibiting their growth, reducing photosynthetic activity and inducing oxidative stress by
producing reactive oxygen and nitrogen species. MPs can interact directly with the cell
membranes of algae or limit light availability through shading effects in the water column,
ultimately affecting cell metabolism and primary productivity [73].

Recent studies further indicate that the ecotoxicological effects of MPs in combination
with organic pollutants are not uniform, but depend strongly on polymer type, particle
size, aging status, pollutant properties and exposure conditions. In this context, MPs
should not be regarded only as inert particles, but as dynamic vectors able to modify
contaminant partitioning, internal exposure and toxicokinetics. As a result, co-exposure
may produce synergistic, additive or, in some cases, antagonistic effects, depending on the
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balance between pollutant adsorption, desorption and organism uptake. From a thermody-
namic perspective, the interaction between MPs and organic pollutants can be described
by polymer—water partitioning processes, governed by equilibrium partition coefficients
(Kpw) and sorption—desorption dynamics [19,23,25,26]. Under environmentally relevant
conditions, where the concentration of MPs is generally low compared to natural organic
matter and suspended particles, MPs are more likely to contribute to the redistribution of
contaminants rather than significantly increasing total exposure [9,25,26]. However, the
vector role of MPs becomes more relevant when particle ingestion occurs and desorption is
promoted under physiological conditions, leading to localized increases in internal contam-
inant concentrations [19,21,25]. Therefore, the dominance of the vector or sink effect is not
defined by a fixed concentration threshold, but depends on the relative balance between
partitioning behavior, exposure pathways and biological uptake [19,25,26].

Table 3. Table on synergistic toxicity of MPs and co-pollutants in aquatic organisms.

MPs Type Co-Pollutant Test Organism Observed Effect Key Implication
oirilél;;et?ss(itizlsl;[ei;otzgctizl MPs enhanced pesticide toxicity;
PE Lambda-cyhalothrin Zebrafish . S aged MPs showed stronger
immune dysregulation, gut effects [83]
microbiota alteration ;
Reﬁ:;ﬁogléoxz iﬂgrzgz\::al’ Combined exposure amplified
PA Fenitrothion Juvenile striped catfish . glea’ / physiological and tissue-level
histopathological damage, -
. ; toxicity [84]
immune gene dysregulation
Enhanced liver oxidative stress, Co-exposure intensified
. immune disturbance, hepatotoxicity and
MPs PFOS/F-53B Zebrafish metabolic disruption, gut microbiome-mediated
microbiota changes effects [85]
Oxidative stress, immune ..
PS-MPs PFOS/PFOA Oyster gene upregulation, gut Enh ancgd PFA‘S toxicity and
. . . microbiome disruption [86]
microbiota alteration
Reduced toxicity Decreased bioavailability
PA BPA Zooplankton (sorption effect) of BPA [87]
. . . . - Adsorption limits pollutant
PS Triphenyltin (TPT) Marine diatom Reduced toxicity bioavailability [88]
MPs Tributyltin (TBT) Rotifer Repro.duc.tlve toxcity, Multigenerational effects [89]
oxidative stress
. . Reduced feeding, increased . .
PE PAHs (crude oil) Arctic copepod PAH uptake Trophic transfer risk [90]
PS 3-NBA, BaP Trout cells DNA damage, oxidative stress Genotoxic risk in food webs [91]
Polychlorinated biphenyls - Low transfer but uncertain
PE, PS (PCBs) Norway lobster Limited uptake real-world risk [92]
HDPE Herbicide (chlortoluron) Pacific oyster Rec}ucedI growth, Impact on aquaculture and food
physiological effects supply [93]

This mechanistic complexity is particularly relevant for organic pollutants such as
pesticides, PFAS, organotins, PAHs and other hydrophobic contaminants. For example,
polyethylene MPs were shown to adsorb lambda-cyhalothrin and increase its acute toxicity
in zebrafish, while combined exposure also exacerbated intestinal oxidative stress, altered
immune-related gene expression and disrupted gut microbiota; these effects were more
pronounced for aged PE-MPs than for virgin particles. Similarly, co-exposure of juvenile
striped catfish to fenitrothion and polyamide MPs led to reduced growth and survival,
hematological alterations, severe histopathological lesions in intestine, gills, liver and
kidney, and dysregulation of immune-related genes, indicating that MPs can amplify
pesticide toxicity at multiple biological levels.
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Evidence from broader review studies also shows that MPs-associated organic pollu-
tants can induce multi-level toxicity across aquatic organisms, including oxidative stress,
impaired feeding, reproductive toxicity, neurotoxicity, genotoxicity, microbiota dysbiosis
and endocrine disruption. At the same time, some experimental systems have shown
apparently reduced toxicity when the pollutant remains strongly sorbed to the polymer
surface, suggesting a temporary sink effect. However, this apparent mitigation may be
transient, as desorption under biological or environmental conditions can later restore pol-
lutant bioavailability. This behavior is consistent with dynamic partitioning models, where
sorption equilibrium can shift in response to changes in environmental or physiological
conditions, such as pH, temperature and the presence of surfactants [19,23,25,26]. Therefore,
the dual role of MPs as both vectors and sinks remains one of the major unresolved issues
in the interpretation of combined toxicity.

Importantly, the combined exposure to MPs and organic pollutants may lead to syn-
ergistic, additive or, in some cases, antagonistic effects, depending on environmental
conditions and pollutant-polymer interactions [94]. However, these outcomes are highly
system-specific and cannot be generalized, as they are influenced by multiple factors,
including polymer type, particle size, aging state, pollutant properties and exposure path-
ways [19,25,26,47]. This dual role of MPs—as vectors or, alternatively, as sinks reducing
pollutant bioavailability—remains a key scientific debate [95]. While some studies suggest
that MPs can enhance contaminant bioavailability following ingestion, others indicate
that strong sorption may temporarily reduce pollutant uptake, highlighting the context-
dependent nature of these interactions [19,25,26].

With regard to the risk to terrestrial and human health, it has been demonstrated that
ingestion of MPs causes intestinal damage and transgenerational oxidative stress, which
reduces survival, reproduction and growth [96]. Recent studies have shown that MPs
have been detected in blood and milk, as well as in feces and lungs [97]. Furthermore,
co-exposure of MPs with organic pollutants and other associated contaminants affects
the microbiota, bioaccumulation and histopathology in terrestrial organisms [47,83,94,98].
Importantly, the contribution of MPs to human exposure should be interpreted in the con-
text of their relative abundance compared to other environmental compartments. Current
evidence suggests that MPs alone may represent a minor fraction of total contaminant
transport; however, their role as vectors becomes significant at the biological interface,
particularly following ingestion and internalization [19,21,25,26]. In this context, MPs may
act as localized carriers, modifying contaminant bioavailability and internal dose rather
than increasing overall environmental concentrations [19,25].

In addition, recent evidence suggests that the health relevance of MPs is not limited to
their physical presence, but also to their capacity to transport sorbed organic contaminants
and plastic additives across biological barriers. This is particularly important for epithe-
lial tissues, where co-exposure may intensify oxidative stress, mitochondrial dysfunction,
inflammation and barrier impairment. This interpretation is also supported by current
evidence on human exposure pathways. Ingestion and inhalation are considered the domi-
nant routes of exposure, while dermal contact is regarded as a secondary pathway [58,99].
Ingestion may occur through contaminated food and drinking water, whereas inhalation
originates from atmospheric MPs released from industrial activities, traffic emissions and
indoor sources such as textiles and household dust [15,37-39,58]. Once internalized, smaller
particles may cross biological barriers and enter systemic circulation, thereby increasing
the likelihood of tissue-level exposure and biological effects [3,11,58,99].

Recent studies have reported the presence of MPs in human biological samples, includ-
ing placenta, meconium, infant feces, breast milk and blood-related matrices, supporting
the hypothesis of widespread internal exposure [97,99]. In such cases, MPs may not only
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exert direct particle-related effects, but also act as carriers of sorbed contaminants and
additives, enhancing local chemical burden through the so-called vector or “Trojan horse”
effect [19,21,47]. This process may be especially relevant under gastrointestinal conditions,
where pH, surfactants and other physiological factors can influence desorption and thus
pollutant bioaccessibility [19,25]. Such mechanisms provide biological plausibility for the
hypothesis that MPs-associated contaminants can contribute to long-term systemic effects
beyond the site of initial exposure. Nevertheless, the actual risk associated with this process
remains context-dependent and should be evaluated considering both thermodynamic
partitioning behavior and organism-specific exposure scenarios [19,25,26,99].

Human exposure to MPs may occur through ingestion, inhalation or dermal contact,
as illustrated in Figure 4 [58]. The associated risks are further amplified by the chemical
composition of both MPs and sorbed pollutants, including additives such as bisphenol A
(BPA) and halogenated compounds, which are known endocrine disruptors [99].

TRANSLOCATION

NEUROTOXICITY

METABOLISM
CHANGES

IMUNOLOGICAL
IMBALANCES

ROS & CELL
TOXICITY

CARRIER OF
OTHER
POLLUTANTS

TOXICITY EXPOSURE MICROPLASTICS’
: WAYS SOURCES

Figure 4. Potential sources, exposure routes, and toxicity routes of MPs in the human body.

Among these pathways, ingestion and inhalation are considered the dominant routes
of exposure. Ingestion occurs through contaminated food and drinking water, including
seafood, salt and bottled water, while inhalation originates from atmospheric MPs released
from industrial activities, traffic emissions and indoor sources such as textiles and house-
hold dust. Dermal contact is generally regarded as a secondary pathway, although it may
contribute under conditions of prolonged exposure.

Due to their small size, especially in the micro- and nano-scale range, MPs can cross
biological barriers and enter systemic circulation. Particles smaller than 10 pum may translo-
cate from the gastrointestinal tract into the lymphatic system and bloodstream, enabling
distribution to secondary organs. Recent evidence has confirmed the presence of MPs in
human feces, blood, lungs, milk and placenta, indicating widespread internal exposure.
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Notably, higher concentrations of MPs have been reported in patients with inflammatory
bowel disease compared to healthy individuals, suggesting a possible link between MPs
exposure and gastrointestinal disorders.

Particle size is a critical determinant of internal distribution and toxicity. Smaller
particles, particularly nanoplastics, exhibit higher cellular uptake and may reach sensitive
organs such as the brain via inhalation pathways, potentially inducing neuronal toxicity and
affecting cognitive function. In addition, irregular and aged particles may exhibit enhanced
reactivity and interaction with biological tissues, further increasing toxic potential.

A key mechanism underlying human health risk is the so-called “Trojan Horse” effect,
whereby MPs act as carriers for environmental pollutants. Through this mechanism, MPs
can adsorb organic contaminants such as POPs, pesticides and PFAS in the environment
and transport them into the human body. Once internalized, these pollutants may desorb
under physiological conditions, such as variations in pH, temperature and the presence
of surfactants in the gastrointestinal tract, leading to localized increases in bioavailability
and toxicity.

This process may enhance oxidative stress, inflammation, DNA damage and mito-
chondrial dysfunction at the cellular level. For example, MPs loaded with BPA have been
shown to increase reactive oxygen species (ROS) production and induce mitochondrial
depolarization in intestinal cells, while co-exposure with other contaminants may interfere
with membrane transport systems, further amplifying toxicity. These findings suggest that
combined exposure scenarios are more relevant than single-compound assessments for
understanding real-world risks.

In addition to direct exposure, the food chain represents a major indirect pathway.
MPs can accumulate in aquatic and terrestrial organisms and transfer associated pollutants
through trophic levels, ultimately reaching humans. Moreover, MPs can act as vectors
for antibiotic-resistant bacteria (ARB) and antibiotic resistance genes (ARGs), which may
disrupt human gut microbiota and contribute to the spread of antimicrobial resistance.
The persistence, mobility and pollutant-carrying capacity of MPs highlight their role
as emerging vectors of contamination, raising significant concerns regarding long-term
ecological impacts and human health risks across environmental compartments and food
chains [58,72].

Despite growing evidence, important uncertainties remain. Most available studies
are based on in vitro systems or short-term exposure scenarios, which may not accurately
reflect chronic, low-dose exposure typical of real-world conditions. Furthermore, the mech-
anisms governing particle translocation, organ-specific accumulation and long-term health
effects are still insufficiently understood. Future research should therefore focus on en-
vironmentally relevant exposures, standardized experimental models and mechanistic
studies at tissue and cellular levels to better assess the risks posed by MPs and their
associated pollutants

5. Identification and Quantification of MPs

Thermal, visual and spectroscopic methods are used in order to identify and quantify
MPs (Table 4). For large sample volumes, visual inspection is often applied as a preliminary
screening method, allowing classification of MPs based on color, shape and size; however,
it is subjective and inefficient for small or degraded particles [33,58]. For thermal analy-
sis, techniques such as pyrolysis—gas chromatography-mass spectrometry (Pyr-GC-MS)
and thermal extraction desorption (TED-GC-MS) are widely used, to identify polymer
composition based on characteristic volatile degradation products. TED-GC-MS enables
rapid, bulk analysis with minimal sample preparation, whereas Pyr-GC-MS provides de-
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tailed qualitative and quantitative information, particularly for complex matrices such as
sediments [58].

Table 4. Comparative overview of analytical methods for MPs identification and quantification.

Method Principle Size Range Output Type Advantages Limitations References
. . . Optical observation . . Subjective, high error
Visual inspection/ Particle count, Simple, low cost, .
stereomicroscopy based on c_olor, >300-500 um morphology rapid screening rate, cannot confirm
shape, size polymer type
Infrared absorption Polymer Widely used, Limited for. very
wFTIR . R R . X small particles,
(micro-FTIR) spectra ~10-20 pm to mm identification reliable libraries, time-consuming for
(functional groups) (particle-based) non-destructive 1 8
arge datasets
ble f 1 (5]
. Not suitable for sma
ATR-FTIR Surface IR >500 im _ Polymer Simple, fast for MPs, limited
absorption identification larger particles . -
spatial resolution
InseCIZitté;lrllght 1 um to <1 um Polymer High spatial Fluorescence
Raman spectroscopy (molecul agr (splllbmicronp; identification resolution, detects interference,
vibrations) (high resolution) very small MPs slower analysis
Electron i ine + Morphology + High-resolution Cannot directly
SEM-EDS elgfngi{t\al{r; iillngis ~nm-pm elemental imaging, surface identify polymer [100]
y composition characterization type, expensive
H 1 . S li . Spatial distributi Rapid mapping; h Requi'res 1
yperspectral imaging pectral imaging 10— patial distribution + X g chemometrics, lower
(HSI) across wavelengths 10-100 pm classification ?mtable for specificity than [100]
arge areas FTIR/Raman
Thermal Highly sensitive,
O e No size limitation Polymer type + mass quantitative, Destructive, no particle -
Pyr-GC-MS dé&grﬁl/[%();;t;(fr;; (bulk) quantification suitable for info (size/shape) [58,101]
4 complex matrices
. TR Polymer Faster than ;
TED-GC-MS Thermal desprphon No size limitation identification Pyr-GC-MS, Lowe_r structural‘ detail, [58,102]
of volatiles (bulk) . o I still destructive
(semi-quantitative) minimal prep
Nile Red staining + Dye adsorption on 20 pwmemm visEZ{it;(;lgon Rapid screening, ( f;\lI;’en-sops?tciflecs) 58]
fluorescence microscopy hydrophobic plastics H . e low cost Ase post. ! i
semi-quantification requires confirmation
. . i Complements . .
LC/GC-MS (for additives) Chemlcal_a‘nalysm of Dissolved phase Additives (BPA, MP analysis Does_ not 1d‘ent1fy [24,103,104]
additives phthalates, etc.) N ; particles directly
(indirect evidence)

For polymers identification based on vibrational spectra, Fourier-transform infrared

spectroscopy (FTIR) and Raman spectroscopy are the most commonly applied techniques.
Micro-FTIR (LFTIR) is typically suitable for particles > 10-20 um, especially in water and
sediment samples, whereas Raman spectroscopy offers higher spatial resolution and can
detect particles down to the submicron scale (<1 um), making it particularly useful for
smaller MPs and nanoplastics [33,58]. Other complementary techniques include scan-
ning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM-EDS)
and hyperspectral imaging (HSI), which provide morphological, elemental and spatial
distribution information [100]. These methods are often combined with chemometric or
machine learning approaches to improve classification accuracy and reduce misidentifica-
tion [58,100].

The selection of analytical methods depends strongly on the polymer type, particle size
and sample matrix. Spectroscopic techniques (FTIR, Raman) are primarily used for polymer
identification, while thermal methods enable mass-based quantification of total polymer
content [101]. Imaging-based methods (SEM, HSI) contribute mainly to morphological
characterization and particle counting [100]. Therefore, a multi-technique approach is
generally recommended to achieve comprehensive characterization of MPs, combining
visual screening, spectroscopic identification and thermal quantification for improved
reliability and comparability across studies [102].

In addition to particle-based and thermal techniques, liquid chromatography coupled
with tandem mass spectrometry (LC-MS/MS) plays an important complementary role in
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MPs research, particularly for the analysis of associated organic contaminants and plastic
additives [24]. LC-MS/MS enables the highly sensitive and selective quantification of a
wide range of emerging organic pollutants (e.g., PFAS, pharmaceuticals, bisphenols, UV
filters) that may be adsorbed onto microplastic surfaces or released into the surrounding
matrix. Although LC-MS/MS does not allow direct identification of microplastic particles,
it provides essential information on the chemical burden associated with MPs, supporting
the assessment of their role as vectors of contamination. This technique is especially valu-
able for evaluating pollutant desorption, bioavailability and transformation processes in
environmental samples [103]. Furthermore, LC-MS/MS is widely applied in environmental
monitoring due to its low detection limits, robustness and suitability for complex matrices
such as wastewater, sediments and biota, making it a key tool for linking microplastic
occurrence with chemical risk assessment. Therefore, combining LC-MS/MS with spec-
troscopic and thermal methods enables a more comprehensive understanding of both the
physical and chemical dimensions of microplastic pollution [104].

6. Knowledge Gaps, Challenges and Future Perspectives

Despite the growing body of research on MPs (MPs) and their interactions with or-
ganic pollutants (OPs), significant knowledge gaps and methodological challenges remain,
limiting a comprehensive understanding of their environmental behavior and associated
risks. Current knowledge is largely based on simplified laboratory experiments, which
often fail to capture the complexity of real environmental systems, including fluctuating
physicochemical conditions and multi-contaminant mixtures. As a result, the extrapolation
of laboratory findings to environmental scenarios remains uncertain.

Although numerous studies have demonstrated the ability of MPs to adsorb organic
pollutants, the mechanisms governing these interactions under environmentally realistic
conditions remain insufficiently understood. In addition to sorption processes, recent
evidence suggests that plastics themselves may act as sources of polymer-derived micropol-
lutants, as stress-induced phase separation can promote the release of low molecular weight
amorphous polymer fractions into water [105]. Most experimental studies are conducted
under controlled laboratory conditions, which do not fully reflect the complexity of natural
systems, including fluctuating pH, salinity, temperature and the presence of dissolved
organic matter. Consequently, the environmental relevance and magnitude of these inter-
actions remain uncertain and may be over- or underestimated in simplified experimental
setups [19,25,26]. Furthermore, the role of MPs as vectors versus sinks of contaminants is
still under debate. While MPs can enhance pollutant transport and bioavailability, in some
cases they may reduce contaminant uptake by acting as passive sorbents. Importantly,
these contrasting behaviors are highly context-dependent and cannot be generalized, as
they are influenced by multiple factors including polymer type, particle size, aging state,
pollutant properties, and exposure pathways [19,25,26,47]. This dual behavior depends
on multiple factors, including polymer type, aging state and environmental conditions,
and requires further investigation. In addition, under environmentally relevant conditions,
MPs often represent only one of several competing sorbents (e.g., natural organic matter,
suspended solids), which may further modulate their relative contribution to contaminant
transport and bioavailability [9,26]. Another critical limitation is the lack of long-term and
low-dose exposure studies. Most available data are derived from short-term experiments
at relatively high concentrations, which may overestimate acute toxicity while underrepre-
senting chronic effects relevant to real-world exposure. Another important gap concerns
nanoplastics, which are far less studied due to analytical limitations. Their small size, high
surface area and ability to cross biological barriers suggest potentially greater ecological
and human health risks compared to MPs. However, current knowledge on nanoplastic
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occurrence, behavior and toxicity remains highly limited, and their actual environmental
relevance is still poorly constrained [3,99].

The identification and quantification of MPs remain challenging due to the lack of
standardized methodologies. Differences in sampling, extraction, identification and report-
ing protocols hinder comparability between studies and limit the development of global
datasets. This methodological heterogeneity introduces additional uncertainty when com-
paring results across studies and complicates risk assessment at larger spatial scales [10,100].
Spectroscopic techniques such as FTIR and Raman spectroscopy are widely used for parti-
cle identification, while thermal methods (Pyr-GC-MS, TED-GC-MS) enable mass-based
quantification. However, each method presents inherent limitations related to size detec-
tion limits, selectivity, sample preparation and throughput. In particular, the detection of
smaller particles (including nanoplastics) remains a major analytical challenge [101,102].
In addition, the integration of chemical analysis with particle-based identification remains
insufficiently developed, limiting the ability to directly link MPs occurrence with associated
contaminant burdens. In this context, LC-MS/MS plays a crucial complementary role,
enabling the sensitive quantification of organic pollutants and plastic additives associated
with MPs. Nevertheless, challenges such as matrix effects, low concentration levels and the
lack of harmonized protocols for coupled MP—chemical analysis remain significant barriers.
These limitations further complicate the interpretation of MPs—pollutant interactions under
environmentally realistic conditions [25,54].

Current knowledge on the ecotoxicological effects of MPs and associated OPs is still
limited and often inconsistent. Most studies focus on short-term exposure and single-
species experiments, whereas real ecosystems involve complex interactions across trophic
levels and long-term exposure scenarios. Therefore, extrapolation of laboratory findings to
natural environments should be performed with caution [47,58]. In addition, the combined
effects of MPs and co-occurring contaminants (e.g., synergistic, additive or antagonistic
effects) are not yet fully understood, complicating the assessment of their actual environ-
mental risk. These effects appear to be highly system-specific and dependent on exposure
conditions, further limiting the ability to derive generalized conclusions [19,25,47]. More-
over, there is a limited understanding of the mechanistic pathways underlying combined
toxicity, particularly regarding microbiome alterations, immune responses and cellular-
level processes such as oxidative stress and mitochondrial dysfunction. There is also a lack
of standardized biomarkers and endpoints for evaluating the impact of MP-OP mixtures
on organisms.

Future research should focus on developing standardized and harmonized analytical
protocols for MPs detection and quantification, enabling better comparability across studies
and supporting regulatory frameworks. The integration of multi-technique approaches,
combining spectroscopic, thermal and chromatographic methods (e.g., LC-MS/MS), is
essential for achieving a comprehensive characterization of both the physical and chemical
dimensions of microplastic pollution. Particular emphasis should be placed on environ-
mentally relevant exposure scenarios, multi-species approaches and the integration of
omics-based tools to better understand biological responses at different levels of organiza-
tion. Advances in high-resolution analytical techniques, omics approaches and machine
learning tools are expected to improve the detection, classification and risk assessment
of MPs and associated contaminants. Finally, bridging the gap between experimental
research and regulatory implementation remains a key challenge, requiring the translation
of scientific findings into standardized monitoring strategies and policy-relevant indicators.
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7. Conclusions

This review critically examines the occurrence of MPs in aquatic environments, their
interactions with organic pollutants, effects on organisms, and ecological and human health
implications. Rather than acting solely as inert particles, MPs function as dynamic vectors
that can alter the environmental fate, transport and bioavailability of organic contami-
nants through complex sorption—-desorption processes. MPs are ubiquitous, persistent
contaminants form through the degradation of plastic materials, under environmental
conditions such as UV radiation, temperature, pH, and salinity. Their small size and large
surface area promote interactions with a wide range of organic pollutants, influencing their
environmental fate, transport and bioavailability. The adsorption of contaminants onto MPs
is governed by complex mechanisms and controlled by multiple factors, including polymer
characteristics, pollutant properties and environmental conditions. Aging processes further
enhance sorption capacity by modifying surface chemistry and increasing available ad-
sorption sites. Ecotoxicological evidence indicates that MPs can affect aquatic organisms at
multiple trophic levels, including inhibition of microalgal photosynthesis, bioaccumulation
in intervertebrates and translocation in fish. Importantly, combined exposure to MPs and
organic pollutants leads to context-dependent effects (synergistic, additive or antagonistic),
highlighting the need for integrated assessment approaches. The detection of MPs in
human biological samples highlights the potential for widespread exposure and raises
concerns regarding long-term health effects, including inflammatory, immune, respiratory,
gastrointestinal disorders and endocrine-related responses. Despite significant analytical
advances, current limitations in standardization, detection of small particles and integration
of chemical and biological data still hinder robust risk assessment. This review highlights
the need for integrated, multi-technique approaches and environmentally realistic studies
to better understand MP-OP interactions and their implications for risk assessment. Fu-
ture progress will depend on the development of harmonized methodologies, improved
detection of nano-sized particles and a stronger focus on mechanistic understanding and
long-term exposure scenarios.
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