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inherent stability and large surface area promote pathogen adhesion, rendering MPs
a favorable medium for the adsorption and transport of both pollutants and
microorganisms. This review first explores the key physicochemical properties of
MPs and the decisive factors that influence pathogen adhesion to MP surfaces. It
then examines the environmental impacts and associated health risks of MP
pollution in marine and freshwater ecosystems, along with its implications for
human exposure through the food chain. A critical analysis and discussion of the
multiple dimensions of MPs as potential vectors for pathogens highlight the urgent
need to implement advanced waste-management strategies and water-treatment
technologies. Furthermore, the review emphasizes the necessity of an integrated
research approach to elucidate the mechanisms and impacts of MPs as pathogen
carriers in aquatic ecosystems.
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1. Introduction

Microplastics (MPs) pollution of aquatic environments is a significant environmental issue [1]. MPs originate
from both the fragmentation of larger plastic debris (>5 mm) and the direct release of primary MPs, such as nurdles
used in industrial production. Their resistance to degradation enables them to persist in various aqueous systems.
MPs are now recognized as a pervasive and persistent class of pollutants that infiltrate a wide range of
environments, including oceans, rivers, soils, sediments, and even the air we breathe. Beyond their established role
as physical and chemical contaminants, recent evidence has highlighted their biological dimension and ecological
relevance [2]. MPs can act as novel carriers and reservoirs for pathogenic microorganisms, with significant
implications for the spread of infectious diseases and antimicrobial resistance. They are prevalent in aquatic
ecosystems particularly in marine and freshwater environments where they accumulate in surface waters,
sediments, and biota. Their hydrophobic surfaces facilitate the adsorption of organic matter, nutrients, and
microorganisms, leading to the formation of diverse biofilms collectively known as the “plastisphere” [3]. These
biofilms create favorable microenvironments for the colonization and persistence of pathogenic bacteria, including
Vibrio spp., Escherichia coli, and Salmonella spp. [4]. Furthermore, MPs facilitate the long-distance transport of
these microbes across aquatic systems, including coastal regions and estuaries, potentially altering pathogen
distribution and increasing exposure risks for both marine organisms and humans. In terrestrial ecosystems, the
introduction of MPs through sewage sludge, compost, plastic mulching, and atmospheric fallout can significantly
impact the soil microbiota and interact with soilborne pathogens. MPs may serve as substrates that facilitate the
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survival and dissemination of phytopathogens and zoonotic bacteria, potentially affecting crop health and food
safety. The increased presence of plastics in agricultural and urban soils may also create microbial selection
pressures that favor pathogenic or antimicrobial-resistant strains, particularly under nutrient-rich or anaerobic
conditions [5]. Wastewater environments encompassing treatment facilities and urban runoff systems are critical
hotspots for interactions between MPs and pathogens. These environments are characterized by elevated
concentrations of MPs and diverse microbial communities, including human pathogens and antibiotic-resistant
bacteria. In such contexts, MPs can serve as microbial reservoirs that can withstand conventional disinfection
processes and facilitate the horizontal transfer of antimicrobial resistance genes (ARGs). The discharge of sludge
and effluent further disseminates MPs and associated pathogens into the receiving environment, thereby
perpetuating the cycle of human activity, environmental contamination, and associated health risks [6]. The role
of MPs as vectors of microbial transmission is an emerging concern at the intersection of environmental science,
microbiology, and public health. Their capacity to shield pathogens from environmental stressors, promote
dispersal across ecological boundaries, and enhance microbial interactions underscores a complex risk that
necessitates further investigation. This review critically evaluates the current understanding of MP-associated
pathogens across aquatic, terrestrial, and wastewater systems, with an emphasis on their transmission dynamics,
ecological interactions, and potential implications for human and ecological health.

Figure 1 illustrates the intricate trajectory of MPs from their points of origin (sources) to their eventual
accumulation (sinks) in the environment. Source regions, shown in red, represent diverse origins of MPs, including
urban areas, industrial activities, agricultural runoff, and degradation of vehicle tires. These MPs are conveyed
through various pathways, such as air, precipitation, and river systems, and are often facilitated by anthropogenic
activities, such as aquaculture and tourism [7]. Sink regions, depicted in green, denote the final deposition sites,
such as oceans and soils, where MPs accumulate and interact with biota, potentially causing adverse effects [8].
The ingestion of MPs by aquatic organisms is a well-documented phenomenon that represents a significant
pathway for the internalization and biological transport of these particles across trophic levels. Numerous studies
have reported MP ingestion across a diverse range of taxa, including zooplankton, mollusks, crustaceans, fish,
seabirds, and marine mammals, highlighting their widespread presence in aquatic food webs. This ingestion raises
concerns not only about physical and chemical toxicity, but also about the potential role of MPs as vectors for
pathogenic microorganisms. Once ingested, MPs may facilitate internal exposure to surface-bound pathogens,
thereby altering traditional exposure routes that would otherwise depend solely on contact with contaminated water.
Furthermore, this internalization facilitates the trophic transfer of MPs and associated microbes, potentially
amplifying pathogen exposure through predator—prey interactions [9—11]. Understanding the extent, pathways,
and ecological implications of MP ingestion is therefore essential for assessing their role in the environmental
dissemination of pathogens.
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Figure 1. Diverse sources and sinks of microplastics entering aquatic systems.

One significant concern associated with MPs is their capacity to serve as vectors for pathogens, thereby
posing risks to both environmental and public health. Due to their extensive surface areas, MPs can adsorb and
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transport organic pollutants, heavy metals, and pathogens, including bacteria and viruses [12]. The transport of
pathogens such as Vibrio cholerae, Flavobacterium psychrophilum, Campylobacter coli, and Aeromonas via MPs
creates major challenges for managing disease transmission to aquatic organisms and human populations [13].
Disease outbreaks can occur when aquatic animals ingest MPs carrying pathogenic species. Furthermore,
contaminated seafood and water can introduce MPs into the human food chain, with the pathogens they carry
potentially affecting the health and well-being of both aquatic and terrestrial organisms [1].

Reported removal efficiencies of MPs in wastewater treatment plants vary considerably depending on
treatment configuration and operational conditions. Conventional activated sludge systems typically remove
between 70% and 90% of MPs, while tertiary processes such as sand filtration or dissolved air flotation, and
advanced membrane bioreactors, can achieve removals higher than 95%. Nevertheless, effluents consistently
contain residual MPs, representing millions of particles per cubic meter that may serve as substrates for pathogen
attachment [14,15]. Importantly, the removal of MPs must be distinguished from the removal of associated
pathogens and antimicrobial resistance genes, since microbial contaminants can persist through treatment or re-
enter the environment through sludge application. Addressing MPs as vectors for pathogens, therefore, requires
not only the improvement of treatment technologies but also a deeper mechanistic understanding of pathogen—
plastic interactions, supported by interdisciplinary collaboration among environmental engineers, microbiologists,
and public-health researchers [16].

MPs are now considered as possible vectors of pathogenic microorganisms in aquatic environments; however,
the available studies often remain scattered. To date, no single work has brought these findings together in depth,
which makes it difficult to see the overall picture. Most of the research has focused on isolated aspects, such as
microbial attachment, particle movement, or host exposure, without linking these to the properties of the plastics,
the environmental conditions, and the characteristics of the pathogens. In this review, these aspects are unified to
provide a clearer understanding of how MPs and pathogens interact, under what conditions, and with what
consequences. We also suggested directions for future work that could be integrated and be ecologically relevant,
while considering the broader risks for ecosystems and human health. This review followed a systematic approach
to ensure transparency and reproducibility in the identification and selection of relevant studies. The Web of
Science (Clarivate Analytics) database was used as the primary source because of its comprehensive coverage of
peer-reviewed environmental science publications. The search strategy combined keywords such as microplastics,
pathogen, bacteria, virus, fungi, plastisphere, biofilm, vector, carrier, and aquatic environment using Boolean
operators (“AND”, “OR”). Inclusion criteria were: (i) peer-reviewed original research articles and reviews written
in English; (ii) studies explicitly examining the interaction between MPs and pathogenic microorganisms (bacteria,
viruses, fungi, or protozoa) in aquatic environments (marine, freshwater, or wastewater); and (iii) studies providing
experimental, field, or molecular evidence of adhesion, colonization, or transport of pathogens on microplastic
surfaces. Figure 2a shows the analysis of targeted publications from 2019 to 2023, focusing on the interaction
between MPs and waterborne pathogens. As depicted in Figure 2b, it was found that 98.5% of the studies pertained
to the sustainable development goal of conserving life underwater (SDG 14). In contrast, 1.5% of the studies were
related to the goal of ensuring good health and well-being (SDG 3). This distribution demonstrates the significant
weight placed on the ecological impacts of MPs in marine and freshwater systems. Together with Figure 1, these
results underscore the pervasive nature of MP pollution and the urgent need for a comprehensive understanding of
its ecological and health implications.
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Figure 2. Number of publications from 2019 to 2023 and their relevance to sustainable development goals based

on the Web of Science collection database of Clarivate Analytics (a,b).
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2. Properties and Factors Influencing Pathogen Adhesion on MPs

MPs exhibit diverse characteristics in terms of their chemical composition and physical structure. These
variables influence their environmental behavior, particularly their ability to transport pathogenic microorganisms,
which can vary significantly. Owing to their persistent nature, low biodegradability, hydrophobicity, and relatively
high surface-to-volume ratio, MPs can act as efficient vectors for transporting pathogens [17]. The biofilm that
forms on the surface of MPs has been identified as a nutrient-rich area, facilitating the colonization of opportunistic
human pathogens, such as Vibrio cholerae [18,19]. Furthermore, MPs serve as long-lasting reservoirs and carriers
of fungal pathogens in soil environments, potentially affecting the global spread of fungal infections [5]. MPs are
primarily classified as beads, fibers, and fragments based on their shape, each possessing distinct characteristics
that influence their interaction with pathogens [20]. Various studies have characterized these particles based on
their different physicochemical properties.

2.1. Physical Properties

The physical characteristics of MPs, including their size, shape, and surface roughness, play a crucial role in
pathogen adhesion. Irregular and rough surfaces provide additional niches for microbial attachment.
Environmental factors such as temperature, pH, and salinity also influence the adhesion process. These factors can
affect the survival and metabolic activity of pathogens on MPs, as discussed by Kirstein et al. [21]. Furthermore,
another study demonstrated that pathogen adhesion on MPs is significantly affected by temperature and nutrient
availability under ambient environmental conditions [22].

MPs exhibit distinct physical characteristics, particularly coloration, which significantly influences microbial
colonization on their surfaces. Empirical research has shown that MP color affects both the composition and
structure of microbial communities. Specifically, blue MPs are associated with a greater diversity of unique species
and exhibit higher functional diversity than transparent and yellow MPs. This suggests a color- or additive-driven
selection of microorganisms, indicating that MP color impacts the community structure and functional diversity
of microbial assemblages colonizing these plastics in aquaculture environments. Pigments used as additives in
plastics may serve as a carbon source for microbial metabolism. However, whether these microbes are pathogenic
remains unclear [23]. In another study, both blue and white (light-colored) MPs showed a clear correlation with
seven bacterial genera, whereas green, red, and black (dark-colored) MPs did not exhibit a strong correlation with
all 20 bacterial genera analyzed. Notably, white MPs were positively correlated with four bacterial genera
(Flavisolibacter, Bacillus, Pseudomonas, and Vibrio) and negatively correlated with Sphingomonas [23]. Different
studies also highlighted that light-colored MPs are more frequently ingested by fish [24], oysters and mussels [25],
and seabirds are more susceptible to eating light-colored MPs likely because of their resemblance to natural food
sources [26]. These findings highlight how light-colored MPs can adsorb more pathogenic microorganisms and can
be ingested by various organisms, thereby facilitating the transport of pathogen-laden particles into their bodies.

The morphology of MPs is a critical parameter encompassing their shape, size, surface roughness, and
porosity serves as a crucial determinant of their potential to function as vectors for pathogen transport in aquatic
environments. Irregularly shaped MPs, such as fibers, fragments, and films, typically exhibit a larger specific
surface area and more intricate topographies compared to spherical particles, thereby offering increased physical
space and microsites for microbial colonization and biofilm formation. Surface roughness and cracks can shield
pathogens from environmental stressors, including UV radiation and predation, thereby enhancing their persistence
in the environment. Furthermore, smaller MPs, particularly those in the nano and sub-micron range, are more
likely to interact with microbial cells due to their high surface area-to-volume ratio and capacity to penetrate
biological tissues. Porous structures or weathered MPs further augment the likelihood of pathogen adhesion by
providing additional attachment points and microenvironments conducive to microbial survival. Consequently,
MP morphology not only affects the extent and strength of pathogen adhesion but also significantly influences the
environmental mobility, stability, and eventual fate of these pathogen—MP complexes [27]. Spherical beads, which
frequently originate from personal care products, are diminutive and readily ingested by aquatic organisms. This
ingestion poses a direct threat to marine life and raises concerns regarding pathogen transmission, because the
smooth surfaces of these beads may harbor pathogenic bacteria and facilitate their transport within aquatic systems.
Fibers, distinguished by their extensive surface area and elongated structure, are commonly derived from synthetic
textiles. Their substantial surface area provides ample space for microbial colonization, including that of pathogens,
thereby rendering them effective vectors for pathogen transportation [28]. The interaction between fibers and
microbes can result in biofilm formation and the subsequent dissemination of pathogens. Fragments that emerge
from the degradation of larger plastics exhibit irregular shapes and diverse surface textures, offering numerous
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niches for microbial growth and potentially supporting diverse microbial communities, including harmful bacteria
[2].

The size and shape of MPs are two additional physical factors influencing their interaction with pathogens.
One study found that larger, fiber-shaped particles are more likely to have pathogens adhere to their surfaces. It
was also suggested that particles with sharper edges, resulting from the fragmentation of larger plastics into smaller
pieces, may facilitate the entry of pathogens or other microorganisms into the human body through contact with
tissues such as the skin [29]. However, the opposite effect was also proven in another study, pointing out the smaller
a plastic particle is, the better it is for accommodating the biofilm on its surface with 100 um showing the most
available space for microorganisms. It was highlighted that the shape and size of MPs do not play a significant role
in the biofilm formation unlike chemical composition [30]. The size of microbes and pathogens was also reported in
some studies [3,31,32], where it was mentioned that the microorganisms colonizing these surfaces are generally small,
typically ranging from 0.5 to 3 um in size, which means that even the observed densities of 10°~10* cells mm™
correspond to thousands of individual bacteria attached to the surface of a single MP [33].

2.2. Chemical Properties

The chemical properties of MPs have been shown to significantly influence pathogen adherence to these
particles. The type of MPs affects its interactions with microbial entities. According to the data presented in the
supplementary table, which identifies the most favorable hosts for pathogens, Figure 3 illustrates the percentage
abundance of MP types that potentially harbor pathogenic species across various aquatic environments, including
freshwater, seawater, lakes, and estuaries based on the supplementary information. The most frequently detected
MPs carrying pathogenic species are polyethylene (PE), followed by polypropylene (PP), polystyrene (PS),
polyethylene terephthalate (PET), and polyvinyl chloride (PVC). Various studies have highlighted the high
potential of MPs as hosts for pathogens in comparison to the studied metals. For example, plastics have been found
to support significantly larger bacterial populations than copper surfaces. Specifically, research has shown that
Legionella pneumophila can survive on PVC even at a temperature of 50 °C, a condition under which it is no
longer detectable on copper [34]. Similar findings have been observed when comparing plastics, glass, and
stainless steel [35]. However, Hou et al. revealed that pathogens exhibit a greater tendency to attach to organic
particles than to MPs [22]. The durability and environmental resistance of MPs vary with their type, contributing
to their role as potential vectors for pathogens. The surface chemistry of MPs, particularly their hydrophobic nature,
plays a crucial role in the adsorption of microorganisms and organic pollutants. A previous study indicated that
PE exhibits lower toxicity to organisms than PVC, suggesting that PE is more biodegradable than PVC. The
primary reason for this is the higher corrosion rate of PE compared to PVC and PS, which provides organisms
with rougher surfaces and more available sites for accumulation [36]. Silva et al. also analyzed the effects of six
different types of MPs, including high-density polyethylene (HDPE), low-density polyethylene (LDPE), PP, PS,
PET, and PVC, on microbial colonization dynamics. Among the polymers studied, textile PET was notably distinct
in supporting a unique microbiota, including the growth of potentially pathogenic genera, such as Legionella. This
finding underscores the importance of polymer type in determining the ecological niche within the plastisphere,
with PET demonstrating a higher propensity to serve as a host for pathogens. Based on previous findings, the
behavior of pathogens is related not only to the type of MPs, but also to the type of pathogens themselves [37].
Factors such as environmental conditions and the age of MPs influence biofilm formation and enhance pathogen
carriage capability. Additionally, the integration of additives into plastics can alter microbe-MP interactions and
affect microbial communities and pathogen behavior [38].

The detailed dataset used to generate Figure 3 is provided in the Supplementary Information. This table
compiles, for each reviewed study, the sampling year, water matrix (freshwater, marine, estuarine, or wastewater),
polymer type, particle size, morphology (shape), identified pathogenic taxa, and the corresponding reference. The
proportions shown in Figure 3 were calculated based on the relative frequency of studies reporting pathogen
detection for each polymer type within the compiled dataset.

MPs can carry various surface charges due to different functional groups like -COOH, —NH,, and —SO3H on
their surfaces [33]. Research has indicated that the distribution and movement of MPs within different plant tissues are
influenced by the surface charge of the plastic, with negatively charged particles demonstrating greater mobility [39].
Consequently, surface charge plays a critical role in adhesion mechanisms, where initial electrostatic attractions
contribute to stable attachment, modulated by the ionic composition of the aquatic environment. The effect of
surface charge on colonization is highly context-dependent. In freshwater systems with low ionic strength,
positively charged MPs such as PS-NH; strongly promote bacterial adhesion through electrostatic attraction to
negatively charged cell walls [40]. By contrast, under marine or higher ionic strength conditions, negatively
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charged MPs such as PS-COOH are more readily colonized. In these environments, counter-ions compress the
electrical double layer, reducing electrostatic repulsion and allowing bacteria to overcome the interaction barrier [41].
Thus, whether negatively or positively charged MPs favor adhesion depends strongly on the surrounding ionic
composition, pH, and the bacterial lineage involved [42,43]. Further research demonstrated that MPs with a higher
surface charge (zeta potential) tend to inhibit bacterial growth more effectively. Negatively charged MPs, in
particular, show enhanced antibacterial activity in seawater, especially against Gram-positive bacteria such as
Bacillus subtilis. This enhanced inhibition is likely attributable to the strong interactions between the highly
charged MPs and thick peptidoglycan layers, a key component of the bacterial cell wall, in gram-positive bacteria.
Additionally, the ionic conditions in seawater may amplify these interactions, enhancing the stability and
aggregation of MPs, and further promoting bacterial inhibition [44].

7.2%

I PE

10.8% B rr
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B PET
B rVC
B Others
13.3%

22.9%

Figure 3. Proportion of microplastic types harboring pathogens across various environmental water matrices,
including river water, lake water, seawater, estuaries, and wastewater, as summarized from the datasets provided
in the Supporting Information.

Hydrophobicity is another key determinant of microbial interactions with MPs. Hydrophobic MPs serve as
optimal substrates for microbial cells, facilitating colonization, adhesion, and biofilm formation. A decrease in MP
hydrophobicity can increase surface roughness, thereby promoting greater biofilm accumulation [45]. These
biofilms, which are composed of microorganisms within an extracellular matrix, provide a stable environment
conducive to pathogen survival and proliferation, potentially enhancing virulence and resistance [30,46]. He et al.
identified an indirect mechanism whereby the hydrophobic nature of MPs fosters a more favorable environment
for microbial attachment. This study demonstrated that the high hydrophobicity of MPs renders them an ideal
substrate for organic matter adherence, which subsequently enhances the conditions for microorganisms to attach and
establish colonies on the surface [47]. In a computational modeling study, results indicated that bacteria are less likely
to adhere to surfaces bearing rigid hydrophobic chemical groups, as observed in poly(meth)acrylates with
hydrocarbon side chains. In these polymers, hydrophobic components are coupled with hydrophilic ester groups,
producing rigid amphiphilic structures [48]. A comparative study examining the effects of physicochemical properties
such as hydrophobicity, surface charge, roughness, and hardness of PE, PET, PP, and PVC on microbial adhesion
established that surface roughness plays a predominant role. PE and PVC exhibited higher microbial adhesion than
PVC and PET in both short- and long-term exposure, with the order being PE > PVC > PP > PET [49].

To assess the impact of surface charge on microbial interactions, the reported zeta potential values for
common microplastic polymers, including PE, PP, PS, PET, and PVC, consistently fall within a moderately
negative range under environmentally relevant conditions (pH ~7, ionic strength 1-10 mM). Specifically, PE and
PP typically exhibit zeta potentials ranging from —20 to =35 mV [50], PS is slightly more negative (25 to —40 mV),
while PET and PVC display somewhat less negative values (—10 to —30 mV) [51]. Interaction energy modeling
based on DLVO theory across these polymers yields comparable energy barriers (=<3—20 kT), with overlapping
minima and maxima, indicating similar electrostatic repulsion and aggregation tendencies [52]. These findings
suggest that intrinsic surface charge differences among virgin plastic types are relatively minor and are unlikely to
be the dominant factor influencing pathogen attachment.

The wettability data, as measured by the static water contact angle, indicate that PE and PP exhibit high
hydrophobicity, with angles ranging from 95° to 110°. PS is slightly less hydrophobic, with angles between
approximately 88° and 100°, whereas PET and PVC are moderately hydrophilic, displaying lower angles of
approximately 70° to 85° [30,53]. Although variability exists among polymer classes, multiple studies have
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reported overlapping ranges with no statistically significant differences under neutral pH and natural ionic strength
conditions (p > 0.05). Collectively, the evidence from zeta potential and contact angle measurements suggests that
the pristine physicochemical surface properties of different plastic types vary only slightly. Factors such as
weathering, surface oxidation, and biofilm development are therefore likely to play decisive roles in influencing
pathogen adhesion and colonization under real environmental conditions.

The surface roughness of various polymer types has been quantified utilizing Scanning Electron Microscopy
(SEM) and Atomic Force Microscopy (AFM), which facilitate the measurement of root-mean-square roughness (Rq)
at the nanometer scale. Reported AFM data indicate that PE and polyvinyl chloride (PVC) surfaces generally exhibit
higher roughness values (Rq = 40—80 nm) than PP and PET (Rq =~ 20-50 nm), suggesting a somewhat more irregular
topography [53]. However, several studies have demonstrated that these differences often fall within overlapping
ranges and are not statistically significant under identical preparation and imaging conditions (p > 0.05) [30].
Consequently, pristine surface roughness alone is not considered a predominant factor influencing pathogen adhesion.

Notably, the mechanical characteristics of the polymer substrate appear to exert a particularly strong
influence. Softer, more compliant plastics such as PE and PVC have been documented to facilitate greater bacterial
adhesion and biofilm development than harder, more rigid polymers such as PP and PET [54,55]. This
phenomenon is partially attributed to the modulation of bacterial quorum sensing, as reduced mechanical stress at
the colony periphery on softer surfaces may enhance the expression of genes involved in quorum sensing and
extracellular polymeric substance (EPS) production [55]. Taken together, these observations indicate that while
surface roughness contributes to microtopography, the stiffness and viscoelasticity of polymers may play a more
decisive role in governing bacterial colonization dynamics.

Apart from the previously discussed physical and chemical properties of MPs the crystallinity of the polymer
structures, whether crystalline or amorphous, can significantly influence microbial adherence to their surfaces. A
study has indicated that MPs, such as PS and PVC are predominantly amorphous and characterized by more
random polymer chains. In contrast, PE and PP are considered semi-crystalline polymers that possess both ordered
and disordered regions [56]. Crystallinity influences both sorption of small organic molecules and the
hydrophobicity of microplastic surfaces, but its implications for pathogen adhesion are more nuanced. In
crystalline polymers, the highly ordered structure offers less free space for chemical adsorption, while amorphous
polymers provide more disorder and surface sites for sorption [57]. Higher crystallinity is also associated with
increased hydrophobicity, as seen in PE, PP, and PA, which exhibit higher organic carbon—water partition
coefficients (Koc) compared to more amorphous plastics such as PC, PS, and PVC [58]. This hydrophobicity can
favor adhesion of microorganisms with hydrophobic cell envelopes, such as Vibrio spp., by lowering interfacial
free energy. Conversely, reduced crystallinity caused by weathering or UV exposure introduces surface disorder
and roughness, which promote adsorption of organic macromolecules (proteins, polysaccharides, lipids). These
conditioning layers act as anchoring points, lowering the free energy of adhesion and facilitating microbial
colonization [59,60]. Therefore, while sorption studies demonstrate that lower crystallinity enhances adsorption
of organic pollutants, direct extrapolation to pathogen adhesion is not valid without considering interface science.
Pathogen colonization depends not only on crystallinity and hydrophobicity but also on the presence of
conditioning films, extracellular polymeric substances, ionic strength, and environmental aging. Recognizing these
interacting factors reconciles seemingly contradictory findings in the literature and highlights the need for
comparative experimental studies that directly measure pathogen—MP interactions [57]. An in situ study
demonstrated that nylon MPs, when subjected to weathering and UV exposure, undergo changes in crystallinity.
Reduced crystallinity, along with increased surface roughness and weathering, fosters microenvironments
conducive to microbial colonization, including pathogens such as Vibrio, Escherichia coli, and Pseudomonas spp.
The roughened surface and biofilm matrix enhanced their adhesion to MPs by providing anchoring points.
However, other studies have revealed that the higher hydrophobicity of polymer surfaces, potentially due to
increased crystallinity, improves the adhesion of specific pathogens to hydrophobic cell walls. Therefore,
crystallinity, which directly affects hydrophobicity, cannot be considered the sole factor influencing the adherence
of pathogens. In addition to crystallinity, other external factors such as ultraviolet (UV) light exposure and aging
can influence adherence [61]. Overall, inconsistencies across studies can be reconciled by recognizing that intrinsic
MP properties (charge, crystallinity, hydrophobicity) interact with extrinsic conditions such as ionic strength,
salinity, pH, organic matter, and aging. Future studies that directly measure pathogen adhesion under controlled
conditions are needed to clarify these mechanisms and resolve contradictory findings. The entire process of
pathogen adherence results from complex biophysicochemical interactions between microbial surfaces and MPs,
as illustrated in Figure 4.
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Figure 4. Schematic representation of the sequential stages involved in the adherence of pathogens to microplastic
surfaces, illustrating the formation mechanism.

The adherence of pathogens to various types of MPs is governed by fundamental principles, including
quantitative parameters such as contact angles, free energy of adhesion, and total energy of interaction. These
factors arise from the close interactions between MPs and microorganisms and are critical in determining the
suitability of a solid support for a specific pathogen. Regardless of the type of pathogen or MP, these physical
factors are critical. Accurate calculation and thorough analysis of these factors can significantly enhance the scientific
basis for the selection of specific MPs for pathogens. Microbial adhesion to solid supports, including MPs, is
explained by the extended Derjaguin, Landau, Verwey, Overbeek (XDLVO) theory. This theory encompasses
attractive Lifshitz van der Waals (LW), electrostatic double layer (EL), and short-range Lewis acid—base (AB)
interactions between microorganisms and substrata. The XDLVO approach offers a more precise quantification of
the interaction energy, thereby improving the prediction of pathogen adhesion to MPs [62]. Figure 5 provides a
comprehensive overview of the physical and chemical factors and interactions that influence pathogen adhesion
to various MPs, encapsulating the key points discussed in this section.
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Figure 5. Interactions and Influences on Pathogen Adhesion to Microplastics: (1) Additives alter polymer
morphology, impacting pathogen adhesion; (2) Chemical interactions between additives and pathogens determine
adhesion; (3) Increase/decrease of pathogen adhesion affected by additives leachate; (4) Aging increases pathogen
adhesion via surface cracks; (5) MPs repel water, facilitating pathogen colonization; (6) Surface charge influences
pathogen attachment; and (7) MPs’ shape impacts pathogen adhesion.

3. Sustainability Relevance, Environmental Impact and Health Risks

The potential role of MPs as vectors for pathogenic microorganisms presents a complex challenge for
sustainable development. This issue intersects with several United Nations Sustainable Development Goals
(SDGs), including clean water and sanitation (SDG 6), reduction of infectious disease burden (SDG 3), responsible
production and consumption (SDG 12), climate action (SDG 13), and protection of marine life (SDG 14). The
persistence and mobility of MPs in aquatic ecosystems, combined with their ability to transport pathogens, may
heighten risks to human and ecosystem health, particularly in regions that lack adequate wastewater treatment or
plastic management infrastructure. Mitigating these risks is essential for building resilient environmental systems
and achieving long-term sustainability [63].

Recent studies have revealed that MPs in marine and freshwater environments can harbor opportunistic and
potentially harmful microorganisms, including bacteria and viruses, which were previously confined to specific
niches or hosts. The majority of pathogenic species detected in various environmental water matrices are bacteria
(90%), compared to viruses, fungi, and protozoa [64].

MPs have been identified as carriers of bacteria that are capable of causing severe diseases. Notably, bacteria
such as Neisseria spp., which can lead to meningitis, and Providencia rettgeri, associated with travelers’ diarrhea,
urinary tract infections, and eye infections, have been detected in MPs derived from discarded plastic food
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packaging. When ingested by aquatic organisms, these pathogens have the potential to ascend the food chain,
ultimately reaching apical predators and humans, thereby posing significant health risks [65].

The role of MPs in viral transmission is an emerging concern. Research has identified the presence of human
pathogens such as Norovirus and SARS-CoV-2 on MPs in various environments, including residential and
healthcare settings. These findings suggest that MPs may serve as reservoirs for viruses, potentially facilitating
their transmission across different environments and species [66].

Aquatic organisms, ranging from plankton to larger fish and marine mammals, ingest MPs either directly or
through the consumption of contaminated prey. This ingestion can result in physical harm, such as gastrointestinal
blockage and physiological stress. Furthermore, pathogens associated with MPs can cause infections in these
organisms, thereby disrupting aquatic ecosystems and reducing biodiversity. Pathogens and chemicals adhered to
MPs can bioaccumulate in the tissues of organisms and biomagnify in the food chain. This process not only affects
wildlife health but also poses risks to human health, particularly through the consumption of contaminated fish
and shellfish [67].

To accurately assess and quantify the ecotoxicological impact of the plastisphere, it is imperative that MPs
utilized in experimental settings closely resemble those found in other aquatic environments. Biofilm formation
and the subsequent chemical partitioning remain largely unexplored [68]. Consequently, addressing the ecological
and health risks associated with MP pollution requires comprehensive research to elucidate the extent of pathogen
transfer from MPs to humans and the long-term effects of such exposure. Strategic interventions should include
the enhancement of waste management practices to prevent MP pollution and the improvement of filtration
techniques in water treatment facilities to mitigate potential health risks [69].

Figure 6 illustrates potential transmission pathways of pathogens adsorbed onto MPs from treated wastewater
into marine ecosystems, eventually reaching humans through seafood consumption. Risk assessment should be
interpreted along a continuum of evidence: (i) molecular detection of microbial DNA or RNA on MPs; (ii)
confirmation of viability through culture-based or viability-PCR assays, (iii) experimental infection studies that
demonstrate pathogenicity; and (iv) realistic dose—response scenarios through exposure routes such as shellfish
consumption, recreational water use, or incidental ingestion of treated water. Within this framework, bacteria such
as Vibrio, Escherichia coli, and Salmonella, viruses such as Norovirus and SARS-CoV-2, and fungi such as
Candida and Aspergillus differ in their likelihood of persistence and transmission on MPs. Viral pathways of
exposure often represent the highest risk because of their low infectious dose. This hierarchical approach provides
a more realistic evaluation of potential human health risks associated with MP-borne pathogens.

¢ Infectious diseases
¢ Antibiotic resistance
e Inflammatory infections

Figure 6. Pathways of Microplastic and Pathogen Transfer from Pollution Sources to Ecological and Human Health Impacts.
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4. Conclusions

This review article examined the potential of MPs as vectors for pathogen transmission across various
environments. It highlighted several key factors, including the physical and chemical characteristics of MPs that
facilitate pathogen adherence. Among the physical properties, surface roughness, particle size, shape, and color
influence this process. MPs with greater surface roughness offer more favorable sites for microbial attachment and
colonization. In addition, smaller particles, particularly fibers, demonstrate a higher capacity for pathogen
adsorption due to their larger surface-to-volume ratio. Furthermore, the reviewed studies indicate that light-
coloured particles, especially light blue and white, are more conducive to pathogen growth than darker colours,
potentially due to additives in the pigments that enhance the surface’s suitability for pathogen proliferation. These
light-colored particles are more frequently ingested by marine biota and pose a greater threat to aquatic ecosystems.
In addition to their physical attributes, the chemical properties of MPs also play a crucial role. For example,
polyvinyl chloride, polyethylene, and polyethylene terephthalate have been identified as more favorable hosts for
pathogenic growth, likely due to their specific chemical compositions. Positively charged particles enhance
bacterial adhesion owing to their affinity for negatively charged bacteria, in contrast to negatively charged particles,
which repel pathogens. Hydrophobic MPs create a favorable environment for pathogen adhesion by facilitating
the accumulation of organic matter, which supports biofilm formation. These hydrophobic surfaces render MPs
more attractive to microbes, providing an optimal substrate for microbial colonization, thereby enhancing pathogen
survival and potential virulence. MPs serve as vectors for harmful pathogens, including bacteria such as Neisseria
and Providencia, and viruses such as Norovirus and SARS-CoV-2, facilitating their dissemination through aquatic
ecosystems and the food chain to humans. Effective waste management, advanced water filtration, and further
research on pathogen-MP interactions are essential for mitigating the health and ecological risks associated with
MP pollution.
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MP
MPs
WW
PE
PP
PS
PET
PVC

Microplastic
Microplastics

Wastewater

Polyethylene
Polypropylene
polystyrene

Polyethylene terephthalate
Polyvinyl chloride

HDPE High density polyethylene
LDPE Low density polyethylene
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