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Abstract

The increasing amount of plastics in aquatic systems poses risks to water quality and biodiversity by
transporting pathogens and antibiotic resistance genes (ARGs). This paper reviews how plastics
spread and persist as vectors for these contaminants. In addition, their attachment, transport, and
release mechanisms on plastic surfaces are discussed, underscoring the need for advanced detection
and monitoring methods. Future research should focus on developing practical mitigation strategies
and policy interventions to address plastic-mediated microbial pollution. Ultimately, this paper
emphasizes the value of interdisciplinary work to protect aquatic ecosystems and public health from
the adverse effects of plastic pollution and proposes potential solutions to address this global
challenge.
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Plastics have penetrated aquatic ecosystems and become a serious environmental problem. They
originate from many sources, such as bottles, packaging, cosmetics. Each year, more than 1 million
metric tons of plastic are discharged into oceans, rivers, and lakes (Meijer et al., 2021). Over time,
larger plastics break down into microplastics (1 pm-5 mm) and nanoplastics (<1 um), which pose a
persistent threat to biodiversity, ecosystems, and human health (Gillibert et al., 2019). Their small size
makes them easy for aquatic organisms to ingest, leading to toxic effects and the potential
bioaccumulation of harmful chemicals (Leterme et al., 2023).

The presence of pathogens and ARGs in aquatic systems is a major environmental and public
health concern. Pathogenic bacteria and viruses can cause disease in humans, animals, and plants
through exposure routes such as drinking water, recreation, and contaminated seafood (Zhang et al.,
2025). Meanwhile, ARGs are genetic elements that enable bacteria to resist antibiotics. They can be
present in water as a result of improper use of antibiotics in human medicine and agriculture. Due to
horizontal gene transfer, ARGs can spread rapidly within microbial communities, resulting in the
evolution and proliferation of multiple antibiotic-resistant strains and organisms (Seymour and
McLellan, 2025).

Plastics have emerged as an important vector for transporting and spreading microbial
contaminants in aquatic environments (Siddique et al.,, 2025). Their hydrophobic, rough, and
electrostatically charged surfaces create favorable conditions for microorganisms, including
pathogens and ARGs, to attach and accumulate. These microbes often form biofilms on plastic debris,
which shield them from adverse conditions and enhance their persistence in aquatic systems (He et
al., 2022).

Plastics can also move these contaminants over long distances in aquatic environments. As
larger items disintegrate into microplastics and nanoplastics, they disperse attached microorganisms
and genetic material across broader areas, raising risks even for pristine or remote waters (Queiroga
et al., 2025). Therefore, it is critical to understand the role of plastics in mediating pathogens and
ARGs in water to determine health risks and implement effective methods to reduce plastic-mediated
microbial pollution.
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The main goal of this review is to examine the role of plastics as vectors for microbial pathogens
and ARGs in aquatic ecosystems. The specific aims are to: (1) review how microbial contaminants
attach to, move on, and spread via plastic surfaces; (2) assess current methods for detecting,
quantifying, and characterizing pathogens and ARGs associated with plastic pollution; and (3)
identify mitigation strategies and policy options to address plastic-related microbial hazards.

1. Overview of Plastic Pollution in Aquatic Systems

Plastic pollution in aquatic waters comes from many sources, such as industrial and household
activities, poor waste management, and the fragmentation of larger plastic items (Lee et al., 2024).
Primary plastics are tiny plastics manufactured for specific uses, for example, microbeads in
cosmetics, industrial pellets, or synthetic fibers. Secondary plastics come from the degradation of
large plastic products like plastic bags, bottles, and packaging materials. Plastics can enter aquatic
ecosystems through improper disposal, atmospheric deposition, direct discharge from industrial
facilities, or runoff from urban and agricultural activities.

Microplastics and nanoplastics have gained much public attention due to their small size,
prevalence, and potential adverse effects. Microplastics arise when larger plastic products break
down or when microbeads are directly released. They are readily ingested by fish, marine mammals,
and other aquatic organisms, leading to physical blockage, toxicity, and trophic transfer, ultimately
posing risks to human health (Mamun et al., 2023). Nanoplastics can form as microplastics further
degrade or be released from industrial processes and products. Because of their very small size,
nanoplastics can cross biological membranes and damage cells and tissues in aquatic organisms
(Liang et al., 2024).

Microplastics and nanoplastics spread through waters via physical, biological, and chemical
pathways. Physical transport by currents and wind disperses particles far from their sources, even
globally (Belioka and Achilias, 2024). Biological processes contribute through ingestion by organisms
and biofouling, which is the attachment of microorganisms to plastic surfaces (Yan et al., 2024).
Chemical interactions include the adsorption of pollutants onto plastics, turning them into carriers of
toxic chemicals that can be taken up by aquatic life or released back into the water (Adamu et al,,
2024).

The fate and transport of plastics in water depend on particle properties, environmental
conditions, and human activities. Buoyant microplastics can travel long distances at the surface,
aiding wide dispersion (Kim and Kim, 2024). Size and shape govern their movement, suspension,
and settling. In particular, larger microplastics tend to deposit in sediments, while smaller
nanoplastics remain suspended or are consumed and enter food chains. Polymer composition also
matters. Hydrophobic plastics can adsorb organic contaminants, which may change their transport
and settling. Environmental factors, such as currents, turbulence, storm events, UV radiation, and

hydrolysis, can degrade and transport plastics, as well as release additives (Rangel-Buitrago et
al., 2024). Human inputs from
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Figure 1. Different sources of microplastics and nanoplastics in aquatic environments wastewater, agriculture,

and maritime activities also introduce and redistribute plastics (Belioka and Achilias, 2024).

In marine systems, plastics are carried globally by ocean currents and wind-driven surface flow,
with floating debris accumulating in subtropical gyres. Buoyant polymers such as polyethylene (PE)
and polypropylene (PP) remain near the surface, whereas denser polymers like polyvinyl chloride
(PVC) sink and pollute deep-sea sediments (Okoffo et al., 2024). In freshwater, major sources include
wastewater effluent, stormwater runoff, and riverine inputs, leading to accumulation in lakes, rivers,
and reservoirs (Jin et al., 2025). Hydrology, sediment interactions, and biotic activity shape how
plastic particles disperse and settle.

Physical, chemical, and biological processes influence the degradation and persistence of
plastics. UV radiation and mechanical abrasion from waves or sediments fragment larger plastics
into micro- and nanoplastics, increasing surface area and interactions with organisms (Arif et al.,
2024). Chemical weathering, for instance, photooxidation and hydrolysis, alters polymer structure,
affecting buoyancy and breakdown rates (Tian et al., 2024). Biological processes, including biofouling
and biodegradation, can increase density and promote sinking (biofouling) or lead to
partial/complete breakdown and mineralization (biodegradation) (Chen et al., 2024). Outcomes vary
with environmental conditions, polymer type, and additives. Nevertheless, plastic persistence
remains a major concern due to the potential toxicity of by-products for ecosystems and human
health.

The ecological impacts of plastic pollution in water are broad. At the organism level, plastic
ingestion causes blockages, reduced feeding, and impaired reproduction (Bhat et al., 2024). Plastics
can also transport invasive species and pathogens, altering community composition and ecosystem
function. At larger scales, accumulation modifies habitats and disrupts processes such as nutrient
cycling and light penetration (Nava et al., 2024). In addition, plastics can carry toxic chemicals that
transfer to organisms and ecosystems, posing serious risks to marine life and biodiversity (Okoye et
al., 2022). These threats underscore the need for coordinated global action to reduce plastic pollution.

2. Plastics as Vectors for Pathogens

In recent years, plastics in aquatic environments have been increasingly recognized as habitats
and carriers for diverse microbial pathogens. The unique physicochemical characteristics of plastics,
such as hydrophobicity, surface roughness, and additives, promote the adhesion of pathogens like
bacteria and viruses. This can lead to the generation of stable biofilms, which will improve the initial
adhesion, survival, and resilience of pathogens under environmental stresses and unfavorable
conditions, for example, UV exposure, salinity changes, and predatory microorganisms (Fazeli-
Nasab et al., 2022). The biofilm matrix also acts as a nutrient reservoir, supporting metabolic
interactions within the microbial community and enabling pathogen proliferation. This biofilm-
mediated growth is especially concerning because it can facilitate horizontal gene transfer and the
spread of pathogens in water (Roy et al., 2022). As a result, pathogens can be carried over long
distances and cause disease in aquatic environments, with significant implications for ecosystems
and human health. For example, E. coli has been detected on plastics floating in marine and
freshwater systems, posing risks to aquatic organisms and human health (Junaid et al., 2022).

Pathogens adhere to plastic surfaces through physical adhesion, chemical interactions, biofilm
formation, and other microbial activities. Surface properties, such as roughness, hydrophobicity, and
charge, are key determinants of attachment. Initial adhesion can be described by Derjaguin, Landau,
Verwey, and Overbeek (DLVO) theory, whereas van der Waals forces (attractive) and electrostatic
double-layer forces (repulsive) govern the force balance between bacteria and plastics (Ouyang et al.,
2023; Vu et al., 2015). Rougher surfaces provide more sites and area for attachment, strengthening
both initial adhesion and community stability. The inherent hydrophobicity of common plastics like
polyethylene and polypropylene favors contact with hydrophobic cell envelopes, promoting non-
specific hydrophobic interactions. Plastics also adsorb organic compounds from surrounding water,
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which can serve as nutrients and stimulate microbial growth and colonization. In addition, functional
groups on plastic surfaces can interact with microbial cell surfaces and influence adhesion (Liu et al.,
2023). Additives used in plastic production (e.g., plasticizers, stabilizers, antioxidants) may leach into
the water and become carbon sources or cofactors for microbes, further supporting development and
proliferation on plastic surfaces (Luo et al., 2022).

Once attached, pathogens often form biofilms, which are complex communities embedded in an
extracellular polymeric substance (EPS) matrix. Under nutrient-limited conditions, biomass growth
in biofilms can be described by a Monod equation (Yin et al., 2022; Shin et al., 2021):

U= Umax €]

* m
Where p is the specific growth rate, day-1

umax is the maximum growth rate, day-1

S is the nutrient or substrate concentration, mgSL-1

Ks is the half-saturation constant, mgSL-1

The EPS matrix protects pathogens from UV radiation, predation, and antimicrobial agents
while enhancing nutrient capture and retention, thereby promoting microbial growth in aquatic
systems. Biofilms also serve as hotspots for genetic exchange, such as horizontal gene transfer (HGT),
which carries resistance genes between pathogenic and non-pathogenic strains (Siddique et al., 2025).
Consequently, biofilms support the persistence and proliferation of pathogenic communities on
plastic debris, enabling them to survive in unfavorable conditions and raising concerns about their
spread on plastic surfaces.

Figure 2. Microbial and biofilm colonization of floating plastics in surface water.

Plastics ingested by marine and freshwater organisms can carry bacteria, viruses, and other
pathogens on their surfaces. Invertebrates and mammals may take in substantial amounts of
contaminated plastic during normal feeding, increasing the risk of infection (Junaid et al., 2022). In
addition, the bioaccumulation and biomagnification of plastic-mediated pathogens in the food web
can contaminate small prey and large predators, harming biodiversity and ecosystem stability.
Pathogens carried on plastics can directly cause disease, such as gastrointestinal infections, in aquatic
organisms and humans through exposure to contaminated water, seafood, or recreational activities
(Hemdan et al., 2021). The presence of ARGs on these plastics can worsen the issue by spreading
hard-to-treat antibiotic-resistant bacteria (ARB), increasing the risk of severe outcomes.

Plastic-mediated pathogens can influence human health through the utilization of contaminated
water and seafood. Plastics can transport pathogens that cause waterborne diseases, for example,
cholera and botulism, particularly in places with heavy plastic pollution and limited water treatment
(Ormsby et al., 2024). Pathogen-contaminated microplastics can also enter the human food chain
through seafood, presenting direct risks to consumers. Over the long term, these exposures can drive
up healthcare costs from waterborne and foodborne illnesses, contribute to the emergence of new
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diseases, and create lasting burdens on community health and economic stability, especially in
regions dependent on aquaculture and tourism.

3. Plastics and Antibiotic Resistance Genes

The prevalence of ARGs on plastics in aquatic ecosystems is a growing concern because of the
duty of plastic in spreading ARGs across microbial communities. Plastics offer a solid and stable
surface for biofilm formation and developing diverse microbial species. Within these biofilms, ARGs
can be exchanged between pathogens through the horizontal gene transfer (HGT) process, facilitated
by the stable and nutrient-rich microhabitats (Syranidou and Kalogerakis, 2022). In addition, the
rough and hydrophobic characteristics of plastic surfaces improve the adhesion of ARB, thus
increasing the tendency of HGT. Sub-lethal antibiotic concentrations in water create selective
pressure, further facilitating the accumulation and spread of ARGs between microbes on plastic
surfaces (Shi et al., 2022). As a result, the persistence and wide distribution of plastics in aquatic
systems enable them to carry ARGs both locally and over long distances, creating significant
challenges for global public health and environmental management.

Plastics in water also promote horizontal gene transfer (HGT) and the spread of ARGs across
microbial communities via transformation, transduction, and conjugation (Shi et al., 2024). In
transformation, bacteria take up free DNA from their surroundings, plastic surfaces can concentrate
extracellular DNA (eDNA) from lysed cells, and this eDNA may carry ARGs that become integrated
into receptive genomes. In transduction, bacteriophages (viruses that infect bacteria) move ARGs
between hosts, with plastics providing stable surfaces that can support phage attachment and
infection cycles. Conjugation implies the direct transfer of plasmids carrying ARGs between bacterial
cells through pilus formation, which is considerably effective within the dense microbial
communities on plastic surfaces. These HGT mechanisms within a biofilm on plastic surfaces greatly
increase the persistence and spread of ARGs in the environment. As a result, plastic-polluted waters
become reservoirs for ARGs, making it harder to control the spread of resistance through
conventional wastewater treatment and environmental management (Shi et al., 2022).

Biofilm formation on plastic surfaces further facilitates antibiotic resistance by providing a
protective microenvironment that supports bacterial survival and gene exchange (Zheng et al., 2023).
The EPS matrix in biofilms shields bacteria from stressors like UV radiation, desiccation, and
antimicrobial agents, increasing the persistence of resistant populations. Antibiotics and other
selective pressures within biofilms further favor the selection and growth of resistant strains. The
biofilm’s three-dimensional structure establishes nutrient gradients and fosters metabolic
cooperation, which supports genetic diversity and the retention of ARGs (Hoiby et al., 2010). Biofilms
can also act as reservoirs by capturing and concentrating ARGs released into surrounding waters
(Jing et al., 2023). Collectively, the physical stability of plastics and the dynamic behavior of microbial
communities highlight the central role of plastic-associated biofilms in the spread of ARGs.

The presence of plastics in aquatic environments and their role in spreading ARGs present major
public health challenges. The transmission of ARGs to pathogenic bacteria can result in multi-drug
resistant (MDR) infections, which are more challenging to treat and manage. Humans can be exposed
through multiple routes, such as polluted water, contaminated seafood, and irrigation practices
(Poque et al., 2015). Despite mitigation efforts, environmental reservoirs can reintroduce resistance
into clinical settings and complicate antibiotic stewardship. The persistent and widespread presence
of plastic pollution suggests that associated risks will rise over time, underscoring the need for
integrated strategies (Pruden et al., 2013). Key approaches include improving wastewater treatment
technologies, adopting policies that reduce plastic waste, and strengthening monitoring and
surveillance programs to track the spread of ARGs in the environment.
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4. Common Molecular Biology Techniques for Detecting Pathogens and Args on
Plastics

The detection and quantification of microbial communities and ARGs on plastic surfaces in
aquatic environments is critical for understanding potential risks and developing effective
treatments. Traditional culture-based methods are time-consuming, costly, impractical for many
pathogens, and often miss much of the microbial diversity, especially on plastic surfaces (Ahmad et
al., 2024). In contrast, molecular methods overcome these limitations by directly targeting nucleic
acids, allowing the identification of both culturable and non-culturable organisms (Zhang et al., 2021).

Recent advanced molecular biology techniques have offered powerful tools to identify and
characterize the abundance, composition, and functional potential of microbial pathogens and ARGs
on plastics. Among these techniques, polymerase chain reaction (PCR) and quantitative PCR (qPCR)
remain core methods for detecting and quantifying specific genes (Vu et al., 2024; Yaniv et al., 2021).
Metagenomics, which direct DNA sequencing from environmental samples, offers a comprehensive
view of microbial diversity and functional potential (Shu and Huang, 2022). Clustered Regularly
Interspaced Short Palindromic Repeats (CRISPR)-based methods introduce highly specific, sensitive,
and rapid tools for detecting ARGs, improving our ability to monitor resistance spread (Mao et al.,
2025). Understanding each technique’s strengths and limitations is important for practical utilization
in environmental sampling and analysis.

5.1. Polymerase Chain Reaction (PCR) and Quantitative PCR (qPCR)

PCR is a fundamental molecular technique for detecting microbial communities and ARGs on
plastic surfaces. It uses short DNA primers designed to bind target sequences in DNA extracted from
samples. By amplifying these targets, PCR can identify microorganisms or ARGs even at very low
abundance (Luby et al., 2016). Amplification proceeds through repeated cycles of denaturation,
annealing, and extension, producing exponential replication of the target region. Because of its high
detection sensitivity and target specificity, PCR is practical for detecting sparse microorganisms and
ARGs in complex environmental samples.

Similarly, qPCR (or real-time PCR) can precisely measure low-abundance microorganisms and
ARGs in complex environmental samples. This approach incorporates fluorescent dyes or probes into
the PCR mixture and measures fluorescence in real time, with signal intensity rising in proportion to
the DNA amplified each cycle. gPCR enables reliable quantification of specific genes, especially
ARGs, in water samples (Milobedzka et al., 2022). It can distinguish between low and high amounts
of gene expression, providing a comprehensive understanding of microbial load and resistance gene
distribution on plastics. Hence, qPCR is valuable for assessing the effectiveness of pollution control
methods and evaluating the risks caused by ARGs in aquatic systems.

One key advantage of PCR and qPCR is their high sensitivity and specificity. PCR can amplify
small amounts of DNA, enabling the detection of limited microorganisms and ARGs in
environmental samples. qPCR extends this capability by quantifying target DNA, enabling accurate
estimates of microbial and ARG prevalence (Ishii, 2020). It also provides real-time results and
removes the need for post-PCR steps like gel electrophoresis, streamlining the workflow and
reducing contamination risk (Ahmed et al., 2022). The quantitative feature of qPCR is particularly
useful for environmental monitoring, as it enables the assessment of changes in microbial
communities and ARG concentration over time or under different conditions. Moreover, the
widespread availability of PCR and qPCR instruments and reagents makes these approaches
accessible to many laboratories, facilitating their use in various research applications.

PCR and qPCR also have constraints. Because they require specific primers, the target DNA
sequences must be known in advance (Vu et al., 2024; Smith and Osborn, 2009). This limits detection
of unknown or uncharacterized microorganisms and ARGs and can lead to underestimations in
communities with many uncatalogued taxa. Inhibitors common in environmental samples, such as
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humic acids, heavy metals, and organic matter, can also suppress amplification, causing false
negatives or lowering sensitivity (Ahmed et al., 2022; Hata et al., 2015).

Although improved extraction and cleanup methods can reduce inhibition, additional time,
complexity, and cost will be incurred. As a result, PCR and qPCR are powerful for targeted analyses
but may not provide a comprehensive view of microbial communities or ARG prevalence in
environmental samples. Metagenomic approaches can complement these techniques by offering a
broader perspective on microbial diversity and ARG abundance.

=
~=m =

Water sampling Sonication Separation

Quantification Extraction Suspension

Figure 3. Protocol to use PCR and qPCR for detecting pathogens on plastic surfaces.

4.2. Metagenomics

Metagenomics is a technique to determine and quantify microbial communities and ARGs by
sequencing genetic material from plastics in aquatic systems. This method identifies a wide range of
microorganisms and resistance genes without knowing their sequences. It removes the need to
culture organisms and allows detection of multiple pathogens, especially those that are difficult to
grow in the lab. The workflow typically involves extracting DNA from plastic samples, fragmenting
it, and sequencing with high-throughput platforms such as Illumina or Oxford Nanopore (Davidov
et al., 2020). Bioinformatics tools then assemble and annotate the reads to reconstruct genomes,
identify taxa, and detect functional genes like ARGs. This approach produces extensive datasets that
reveal the presence, relative abundance, and genetic context of resistance genes in the environment
(Port et al., 2014). It also supports comparisons of microbial community diversity across samples,
helping to clarify interactions within plastic-associated biofilms and their role in ARG dissemination.

A key strength of metagenomics is its comprehensive view of microbial diversity and functional
potential without relying on culture-based methods (Zhang et al., 2021). This is especially useful
when target organisms are not readily cultured or resistance genes must be identified within complex
communities. Metagenomics can uncover novel ARGs and previously unrecognized
microorganisms, expanding understanding of aquatic microbial ecology. It can also detect and
characterize the genetic context of ARGs on plastic surfaces during horizontal gene transfer (Zhu et
al., 2025) and track changes in community composition and ARG prevalence over time in response
to environmental pressures and human activities.

However, metagenomics has practical challenges. Sequencing and bioinformatics can be
expensive and technically demanding, which limits wider application (Zhang et al., 2021). The large
volumes of data require substantial computing resources and expertise for analysis and
interpretation. Low DNA yields and sample contamination can hinder results and introduce bias. In
addition, metagenomics typically provides relative (not absolute) abundance data, making it difficult
to quantify specific microorganisms or ARGs directly (Ferreira et al., 2023). Absolute quantification
usually requires complementary techniques such as qPCR, which can be more costly and labor-
extensive. Assembling metagenomic data is also able to be challenging, especially for highly diverse
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and complex communities, potentially resulting in incomplete or fragmented genomes that decrease
the accuracy of identifying and characterizing microbial taxa and their associated ARGs.

4.3. Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)

CRISPR-based (CRISPR-Cas) methods provide precise, efficient, and versatile tools for studying
microbial diversity and ARGs on plastics. The CRISPR-Cas system has two main parts: a CRISPR
array and Cas proteins (Mao et al., 2025). The CRISPR array contains repetitive DNA sequences
interspaced with unique spacers from foreign DNA, while Cas proteins (e.g., Cas9) act as molecular
scissors to cut target DNA. The CRISPR workflow includes spacer acquisition from foreign DNA,
CRISPR RNA (crRNA) processing, assembly with a trans-activating CRISPR RNA (tracrRNA) and a
Cas protein, and cleavage of DNA sequences that match the crRNA spacer (Bhatia and Yadav, 2023).
For environmental applications, synthetic guide RNAs (gRNAs) are designed to target specific
microbial genes or ARGs on plastics. Cas proteins are then delivered into a suitable host or applied
directly to samples, where they cut the target DNA (Wang et al., 2022). The resulting fragments can
be detected by qPCR or next-generation sequencing (NGS), enabling accurate identification and
quantification of microbial communities and ARGs. This approach offers clear advantages for
environmental monitoring and ARG management.

A key benefit of CRISPR-based methods is their high specificity and accuracy. Well-designed
gRNAs can target complementary DNA sequences with precision, allowing selective detection of
particular microorganisms and ARGs and reducing false positives for more reliable results (Chen et
al., 2025). Moreover, these methods effectively cleave the target DNA of specific microbial pathogens
and ARGs, even infrequent targets in complex environmental samples and might be missed by other
methods.

Another strength of CRISPR-based methods is their adaptability and ease of use. gRNAs can be
readily modified to target many different genes, giving researchers flexibility to study microbial
communities and ARGs across diverse environmental contexts (Gelsinger et al., 2024). This is
especially valuable in environmental engineering and science, where microbial composition varies
widely. Importantly, these methods do not require prior knowledge of complete genomes, enabling
the detection of new microorganisms and ARGs, which is critical for comprehensive monitoring and
understanding the spread of resistance in natural systems.

Despite these advantages, CRISPR-based approaches have limitations. Off-target effects remain
a central concern that even highly specific gRNAs can occasionally bind partially matching sequences
and trigger unintended cleavage (Tao et al., 2023). Sample inhibitors such as humic acids or heavy
metals can also interfere with enzyme binding and cutting, complicating interpretation and reducing
accuracy (Gazu et al., 2025). To improve reliability and comparability across studies, standardized
protocols for sampling, preparation, and analysis are essential. Developing portable CRISPR
diagnostics would further enhance in situ monitoring by enabling real-time detection of microbial
communities and ARGs in environmental samples.

A further challenge is the need for advanced laboratory infrastructure and specialized expertise.
CRISPR workflows often require cutting-edge molecular techniques and sequencing platforms that
may not be available in all settings. The resulting datasets can be complex and demand substantial
bioinformatics skills (Bock et al., 2022). These constraints point to the importance of collaborative
efforts and user-friendly analytical tools to broaden access. Table 2 compares various molecular
biology techniques used to identify pathogens and ARGs in plastics.

5. Impacts on Aquatic Ecosystems and Human Health

Plastics contaminated with pathogens and ARGs induce a significant threat to aquatic
ecosystems. These contaminants, conveyed by plastics, are able to propagate antibiotic resistance and
interrupt the ecological balance of water bodies. One major ecological impact of pathogen- and ARG-
contaminated plastics is the disruption of microbial consortia. Plastics provide a unique substrate for
biofilm development, allowing microbial communities and ARG carriers to survive and expand.
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Yang et al. (2019) showed that marine microplastics are colonized by complex biofilms that facilitate
HGT and the spread of ARGs among bacterial species. Similarly, Sathicq et al. (2021) reported higher
abundances of antibiotic-resistant bacteria (ARB) on plastic surfaces than in surrounding water,
indicating that plastics can selectively enrich resistant strains and raise overall ARG levels in the
environment. The proliferation of resistant bacteria can disrupt natural microbial communities,
which will reduce biodiversity and alter ecosystem functions.

The accumulation of microplastics in sediments can degrade habitat quality and harm benthic
organisms that are vital for nutrient cycling and sediment stability. Corinaldesi et al. (2022) found
that microplastics in sediments reduced the abundance and diversity of meiofauna, key contributors
to sediment health. Filter-feeding organisms such as mussels and oysters are especially vulnerable to
ingesting microplastics. Zhang et al. (2019) showed that mussels, oysters, and clams can ingest
microplastics along with pathogens and ARGs, leading to bioaccumulation of contaminants. This
ingestion impairs feeding, growth, and reproduction, affecting populations and the broader food
web. Predators, including fish and birds, are then exposed as they consume contaminated prey,
raising risks through bioaccumulation and potential biomagnification. In parallel, ARGs in the water
column can foster antibiotic resistance in native bacterial populations. Yashir et al. (2025)
demonstrated that ARGs associated with microplastics can transfer to indigenous bacteria, further
spreading resistance and disrupting processes such as organic matter decomposition and nutrient
cycling.

Plastics contaminated with pathogens and ARGs in water pose direct and indirect risks to
human health. A major pathway is the consumption of contaminated seafood, where filter feeders
accumulate pathogens and ARGs from water and sediment, and these contaminants can move up the
food chain. Humans who eat contaminated seafood may be exposed to harmful bacteria and
resistance genes, leading to the risk of foodborne illness and antibiotic-resistant infections (Zhang et
al., 2019).

@ Waste
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waste

Figure 4. Pyrolysis recycling process.

Recreational use of contaminated waters is another important route. Direct contact with
pathogen- and ARG-contaminated plastics during water activities can lead to skin infections,
gastrointestinal illness, and other health effects (Kumar et al., 2023; Shuai et al., 2021). Ingesting or
inhaling contaminated water during these activities can worsen risk. Agricultural use of
contaminated water also matters because irrigation can transfer pathogens and ARGs to crops and
contaminate fresh produce (Amato et al., 2021). Eating raw or insufficiently washed fruits and
vegetables can then expose people to these contaminants.

Environmental sources of ARGs also complicate medical treatment. When people are exposed
to ARGs, these genes can be acquired by pathogenic bacteria within the human microbiome,
potentially undermining standard antibiotic therapies (Amarasiri et al, 2020). This dynamic
contributes to the global antibiotic resistance crisis, making infections harder to treat, increasing
healthcare costs, and posing a serious threat to public health.

6. Management and Mitigation Strategies

Reducing plastic pollution in aquatic environments requires effective waste management
systems. Recycling strategies, such as advanced sorting and chemical recycling, have improved
removal and recovery of plastic waste (Lange, 2021). Chemical recycling methods, including
pyrolysis, gasification, and depolymerization, break plastics down into monomers through chemical
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reactions (Figure 3). These methods produce new, high-quality plastics without the degradation
issues in mechanical recycling, reducing plastic waste and the environmental footprint of virgin
plastic production (Ragaert et al., 2017). Advanced sorting tools, such as near-infrared spectroscopy
(NIRS) and X-ray fluorescence (XRF), can precisely identify and separate different polymers from
mixed waste streams, improving recycling efficiency and lowering contamination in recycled
materials (Wu et al., 2020).

Developing and using biodegradable plastics and alternative materials is another promising
way to mitigate plastic pollution (Moshood et al., 2022). Biodegradable plastics are designed to
decompose more quickly under natural conditions, which can lessen their persistence. Their
performance depends on temperature, humidity, and microbial activity. While many studies show
effective degradation in controlled composting, breakdown in aquatic environments is often slower
and less consistent. In addition, innovative materials, such as bioplastics made from renewable
resources, provide a sustainable alternative to conventional petroleum-based plastics (Baltaci et al.,
2024). While these materials have the potential to reduce the ecological footprint of plastic
manufacturing and disposal, further research and development are necessary to ensure they meet
the functional requirements of traditional plastics.

Policies and regulations also play a key role in addressing plastic pollution. Many policies now
aim to cut single-use plastics, boost recycling, and develop sustainable alternatives. For instance,
numerous regions have banned plastic bags and straws (Chen et al., 2021). Extended Producer
Responsibility (EPR) shifts accountability to manufacturers for a product’s full lifecycle, including
end-of-life management (Maitre-Ekern, 2021). These policies encourage recyclable design and
investment in recycling infrastructure. In addition, international agreements, such as the Basel
Convention, now cover plastic waste, helping limit illegal dumping and lower plastic pollution and
related microbial risks (Wu, 2022).

Community engagement and public awareness are critical in lowering plastic pollution. Raising
public awareness about the environmental and health impacts of plastic pollution can shift behavior
by reducing single-use plastics, improving waste disposal, and increasing participation in recycling.
Community efforts, such as beach cleanups, school programs, and social media campaigns, have
mobilized people to act (Sinha et al., 2024). Collaboration among governments, non-governmental
organizations (NGOs), and the private sector is also critical. When communities are engaged in
waste-management initiatives and support actions to reduce plastic use, these strategies are far more
effective.

Improving wastewater treatment is another key step to limit the spread of pathogens and ARGs
via plastics. Advanced processes, including advanced oxidation (AOPs), membrane bioreactors
(MBRs), and ultraviolet (UV) disinfection, can remove or inactivate pathogens and ARGs effectively.
AQOPs, such as ozonation, photocatalysis, or Fenton reactions, use highly reactive hydroxyl radicals
(.OH) to degrade extracellular DNA (eDNA), microorganisms, and organic compounds that facilitate
microbial adhesion and gene transfer (Sun et al., 2022). In MBRs, plastics and associated
microorganisms are removed through a combination of biological degradation and membrane
filtration, which lowers levels of pathogens, ARGs, and growth-supporting nutrients (Wang et al.,
2024). UV disinfection inactivates pathogens, plastic-associated microbes, and ARGs by damaging
nucleic acids, preventing replication and reducing microbial loads in wastewater (Cai et al., 2021).
Integrating these advanced processes into treatment plants can markedly improve removal and
inactivation efficiency, limiting the release of pathogen- and ARG-bearing plastics to treated waters.

Strengthening regulations and monitoring programs is also critical for restricting the spread of
pathogens and ARGs linked to plastics (Da Costa et al., 2020). Regulatory frameworks should set
strict limits on plastic discharges and promote best practices in plastic waste management. Regular
monitoring of pathogens and ARGs on plastic debris provides essential data on problem extent and
intervention effectiveness, informing policy adjustments and public outreach.

Developing new methods to control microbes on plastic surfaces is another key priority.
Promising approaches include antimicrobial coatings and biocidal agents that inhibit adhesion,
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survival, and contamination (DeFlorio et al., 2021). Antimicrobial coatings release active compounds
that disrupt cell functions and help prevent biofilm formation, while biocidal agents can be
incorporated into plastics or applied to plastic waste to kill or inactivate microbes by damaging
membranes, denaturing proteins, or interfering with DNA. Parallel studies on the fate and transport
of plastic-associated pathogens and ARGs can clarify impacts and pathways, guiding more effective
removal methods and strategies to limit resistance gene dissemination (Junaid et al., 2022).

Comprehensive regulatory frameworks are essential to address plastic pollution and related
microbial risks. Governments can set strict rules to limit single-use plastics, encourage biodegradable
and sustainable alternatives, and establish standards for plastic waste management. Policies should
prioritize waste reduction at the source, higher recycling rates, and circular economy practices
(Robaina et al., 2020). EPR should also be mandated so manufacturers manage end-of-life impacts.

International collaboration and agreements, such as the Basel Convention amendments on
plastic waste, are vital for regulating transboundary flows and promoting sustainable management.
International bodies, including the United Nations Environment Programme (UNEP) and other
multilateral environmental agreements, can foster cooperation to share best practices, technologies,
and strategies (Filho and Velis, 2022). A global framework for plastic waste management would help
align efforts, standardize regulations, and strengthen collective action.

Continued research and innovation are essential to develop new approaches that mitigate the
environmental and health impacts of plastic pollution. Governments and international organizations
can provide research grants for projects on plastic pollution management, such as advanced recycling
techniques, waste management infrastructure, biodegradable materials, antimicrobial coatings,
biocidal agents, and studying the fate and transport of plastic-associated pathogens and ARGs in the
environment. Collaboration between the public and private sectors can catalyze innovation by
combining expertise and resources, and interdisciplinary research centers can accelerate the
development of effective solutions.

7. Challenges and Future Directions

A major gap in our understanding is the long-term ecological impact of plastic-associated
pathogens and ARGs in aquatic systems. Short-term studies have revealed their presence and
distribution, but further studies are needed to monitor persistence, bioaccumulation, and ecological
effects over time. Clarifying the consequences of chronic, low-dose exposure on organisms and
ecosystems will help inform practical management.

Another challenge is limited information on how pathogens and ARGs on plastics vary across
space and time in different waters. Much of the work to date focuses on specific regions or water
bodies, leaving global patterns unclear. We also need a better understanding of how temperature,
salinity, and nutrients shape settlement and growth on plastics. Broad surveys and standardized
sampling protocols are essential to close these data gaps.

Microbial interactions on plastic surfaces add further complexity. Plastic-associated biofilms
host diverse communities whose interactions influence ARG transmission and persistence. The
underlying mechanisms, such as transformation, transduction, and conjugation, are not yet fully
resolved, and the effects of stressors like pollutants and antibiotics on community structure and
resistance profiles remain uncertain. Advancing molecular tools is critical to clarify these dynamics.

Technical challenges also limit detection and measurement. Molecular techniques, such as PCR,
qPCR, and metagenomics, have expanded our capabilities, but issues with sensitivity, specificity,
inhibitors, low DNA abundance, and high-throughput data analysis still pose problems. More
sensitive methods and standardized protocols are needed for reliable monitoring.

Effective management requires multidisciplinary approaches, but research and are often
fragmented. Integrating environmental engineering, science, microbiology, public health, and policy,
together with stronger collaboration across academia, industry, and government, will help translate
science into practice. Current regulations tend to target visible plastics, while overlooking
microscopic dimensions such as pathogens and ARGs. Hence, it is crucial to develop policies that
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consider the entire lifecycle of plastics (i.e., from production to disposal) and include microbial risk
assessment. Additionally, global collaboration and regulatory alignment are essential to tackle this
issue effectively.

Raising public awareness and engagement is another key challenge. Microbial risks from plastic
pollution are often overshadowed by more visible impacts. Educating stakeholders, such as
policymakers, industry leaders, and the public, about the threats posed by plastic-associated
pathogens and ARGs is essential for building support for mitigation. Public outreach and community
programs can promote responsible behavior and encourage participation in efforts to reduce plastic
waste.

Future research should prioritize the long-term fate and transport of plastics and their associated
microbial communities across different aquatic settings. In particular, it is important to study the
processes and factors that determine plastic degradation over time, such as temperature, salinity, UV
radiation, and microbial activity. Interactions between plastics and other pollutants, such as heavy
metals and organic contaminants, need further study to determine their cumulative effects on
microbial communities. Monitoring how microbial communities and ARGs on plastics change over
time is essential for building predictive models of their impact on ecosystems and public health. The
potential for pathogens and ARGs to bioaccumulate and biomagnify through aquatic food webs also
needs further study to assess indirect risks to people.

Enhancing the detection and quantification methods for pathogens and ARGs on plastic surfaces
is another critical research area. Using advanced molecular techniques, such as CRISPR-based assays
and single-cell genomics, together with standardized sampling and analytical protocols will enable
more precise identification and characterization of microbial contaminants and resistance genes.
Furthermore, combining these techniques with imaging methods, such as confocal laser scanning
microscopy and scanning electron microscopy (SEM), can offer a better understanding of the spatial
distribution and interactions of microbial communities on plastics.

Research should also focus on developing and evaluating effective methods to mitigate the
impacts of plastics on the environment and public health. This work should include advancing
wastewater treatment to remove or inactivate plastic-associated pathogens and ARGs, developing
antimicrobial coatings and biocidal agents to prevent colonization and biofilm formation, and
clarifying how biodegradable plastics degrade and affect microbial communities so that more
sustainable materials can be developed. In addition, comprehensive risk assessments are needed to
evaluate health and ecological impacts across exposure pathways, including ingestion of
contaminated water and food, skin contact, and inhalation of microplastic particles.

8. Conclusions

Plastics act as major vectors for transporting pathogens and ARGs in aquatic systems. Their
persistence and capacity to provide surfaces for microbial adhesion and biofilm formation create
favorable conditions for these agents to aggregate and spread. Previous studies have shown that
pathogenic bacteria and ARGs on plastic can transfer to other microorganisms through HST
mechanisms, which will disseminate antibiotic resistance and pose environmental and health risks.
The interaction between plastic pollution and microbial risks highlights the need for inclusive
understanding and effective management strategies.

Addressing plastics as carriers of pathogens and ARGs requires an interdisciplinary approach.
Collaboration among environmental scientists, microbiologists, public health experts, engineers, and
policymakers is essential to develop solutions that tackle the full plastics lifecycle, from production
and use to disposal. Integrating knowledge from diverse disciplines is also essential to create
innovative strategies for detecting, monitoring, and reducing microbial risks related to plastic
pollution. In addition, facilitating collaboration among academia, industry, and government can
speed the translation of scientific findings into effective policies and practical applications, building
a coordinated, resilient response to this global challenge.
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In summary, prioritizing research is vital to clarify interactions among plastics, pathogens, and
ARGs and to develop effective mitigation strategies. Policies should be updated to address
microscopic dimensions of plastic pollution, such as microbial risk assessment, and to strengthen
international partnerships for regulatory alignment. Public education and community initiatives can
encourage responsible behavior and participation in plastic reduction efforts. Overall, a
comprehensive and collaborative approach can reduce plastic-associated microbial risks to
ecosystems and human health, supporting a more sustainable future.
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