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Abstract

Microplastics (MP) have recently become an emerging problem with the advent of bountiful
and widespread pollutants in the aquatic environment. Owing to their large surface
areas, microplastics act as an effective carrier of heavy metals and tend to form complex
contamination. This combined pollution created by them poses a new threat to the world.
This review summarizes the effects of microplastics and heavy metals on the aquatic
fauna, along with their combined adverse effects and potential threats to human health.
Furthermore, the adsorption kinetics adopted by microplastics to adsorb the heavy metal is
also explained and some future research directions in this field are suggested.

Keywords: microplastics; pollution; heavy metals; aquatic microorganisms; human health;
water pollution

1. Introduction
Plastic (in Greek, “plastikos” mean moldable) is one of the most widely used synthetic

or semisynthetic materials due to its durability, lightness, ductility, and cost-effectiveness [1].
Plastics are classified dimensionally into four categories based on their size: macroplastics
(>25 mm), mesoplastics (5–25 mm), microplastics (<5 mm), and nanoplastics (<1 µm) [2].
Moreover, plastics can be chemically classified according to their polymeric composition,
with common types including polyethylene (PE), polypropylene (PP), polystyrene (PS),
polyvinyl chloride (PVC), and polyethylene terephthalate (PET) [3]. Each type of plastic ex-
hibits different physical and chemical properties that influence its environmental behavior,
degradation rates, and capacity to adsorb pollutants.

In 1950, the world’s total plastic production was only 2 million tons per year. Since
then, annual production has increased to 381 million tons in 2015, which is roughly a
200-fold increase over 65 years. Only 21% of the produced plastic is recycled, while the
remainder is weathered and broken down into tiny particles known as microplastics (MPs)
with a size less than 5 mm [4]. However, the minimum size of MPs has not been specified
yet. The MPs are classified into two types: primary and secondary. Primary MPs are inten-
sively manufactured for commercial usage, while secondary MPs are disintegrated from
larger pieces of plastic waste through various environmental processes such as biodegra-
dation, UV radiation, mechanical abrasion, aging, and weathering. MPs are widely used
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in various fields, including medicinal applications, construction, packaging, municipal
applications, facial cleansers, automobile and aerospace industries, energy generation,
and many others [5]. “Plastics have made it possible for us to push the limits and go
further, faster, and safer than we have dared to go before.”(Plastics Europe, “Plastics—the
Facts 2015”) [1].

The accumulation of MPs is increasing in the environment by leaps and bounds
because of their inert nature. Owing to their ubiquitous presence, the accumulation of
MPs in the aquatic environment has risen alarmingly. Studies show that around 3% of the
plastic waste, in various shapes and sizes, ends up in the coastal regions [6]. These MPs
not only disturb the balance of the ecological system but also pose a significant threat to
human health and other living organisms. Many researchers have reported the adverse
effects of MPs on the health of microorganisms, including natural feeding, reproductive
impairment, growth, innate immunity, and antioxidant defense [7]. Once released into
aquatic environments, microplastics are ingested by a wide range of organisms, from
plankton and small invertebrates to fish and seabirds, often due to their resemblance
to natural food sources. Because MPs are similar in size to plankton, they are readily
consumed by filter feeders and primary consumers at the base of the food web. This
ingestion facilitates the transfer of MPs up the trophic levels, leading to bioaccumulation
and potential biomagnification in top predators, including species consumed by humans.
Figure 1 illustrates this trophic transfer of MPs, highlighting the risk of long-term ecological
and human health impacts [8].

Figure 1. Entry and bioaccumulation of MPs and HMs in the marine food chain.

Considering the current scenario of global climate changes, our heavy reliance on con-
ventional sources of energy and other anthropological activities like mining, urbanization,
industrialization, burning of fossil fuels, excessive use of agricultural chemicals, dumping
of e-wastes, etc., has considerably increased the quantity of heavy metals in nature, which
upon entering the food chain cause fatal diseases like itai-itai, Minamata, and many others,
like the recently diagnosed disease caused by nickel in India [9,10]. Microorganisms such
as phytoplankton, zooplankton, etc., form the basis of the aquatic ecological pyramid
and are more susceptible to the invasion of heavy metals, which upon entering, make
their way through successive trophic levels of the food chain leading to bioaccumulation
and, eventually, biomagnification. The presence of heavy metals, particularly lead (Pb),
cadmium (Cd), arsenic (As), and mercury (Hg), causes adverse effects on their growth and
development. Heavy metals initiate the formation of reactive oxygen species (ROS) and
free radicals that trigger uncontrolled oxidation and radical chain reactions that damage
cellular biomolecules like nucleic acids, lipids, and proteins [11,12]. Mercury, a toxic heavy



Microplastics 2025, 4, 38 3 of 20

metal, is regarded as one of the “ten leading chemicals of concern” by WHO (2017) and
the United Nations Environment Program (UNEP, 2018). In 2015, the emission of Hg from
anthropogenic activities was about 2220 tons globally [13].

In order to explain the source-sink and destination of MPs in the environment, a lot
of research has been conducted on analyzing the types, shapes, and sizes of MPs. It was
found that MPs carry a wide range of heavy metals on their surface, indicating that MPs
act as unavoidable carriers of toxic metals. When these MPs are exposed to aquatic systems,
their interaction is further modulated by the microbes, making them hazardous to aquatic
organisms. Until now, there has been a paucity of review articles on the interaction of
heavy metals and MPs and their effects on marine organisms and human health. Here,
in this review, we aim to compile the research carried out across the globe in this field,
highlighting possible future research areas in this direction, along with potential hazards to
human health.

2. Effects of Microplastics on Marine Organisms
Many studies support the claims that microorganisms easily ingest MPs that often

contain hazardous substances. In aquatic organisms, microplastics have been found to
cause many physical toxic effects, such as false food satiation, damage to the liver, kidney,
and other organs, reduction in predatory performance, efficiency, and swimming activity,
and many other adverse effects, potentially leading to death [14–19].

Multiple studies have demonstrated that microplastics (MPs) of various shapes, sizes,
and compositions are readily ingested by a wide range of aquatic organisms, from unicellu-
lar protozoa to higher trophic organisms such as fish and crustaceans. Notably, the uptake
and internalization of MPs are influenced by particle size and organism morphology. For
instance, Bulannga and Schmidt et al. investigated the ingestion of plain and fluorescently
labeled polystyrene microspheres (2, 5, and 10 µm) by two freshwater ciliates, Parame-
cium and Tetrahymena. Paramecium ingested all three particle sizes, while Tetrahymena
only ingested the smaller 2 and 5 µm particles due to size [20]. These findings suggest a
size-selective uptake behavior at the cellular level, which may influence bioavailability
and retention.

In another study, polyethylene flakes were exposed to freshwater snakes (Hydra at-
tenuata), which showed non-lethal morphological changes, but no significant effect on
reproduction was observed [21]. Polystyrene microplastic beads of different diameters
were exposed to holoplankton, meroplankton, and microzooplankton [22]. The researchers
demonstrated that in the absence of natural food, almost all plankton can uptake microplas-
tics; they also studied the effect of MPs on feeding, swimming, and reproduction. In a study
by Setälä et al., various marine zooplankton taxa—including rotifers, copepods, mysid
shrimps, polychaete larvae, and cladocerans—were shown to ingest MPs, providing the
first evidence of trophic transfer of microplastics from lower to higher trophic levels in the
marine food web [23]. This highlights the potential for bioaccumulation and biomagnifi-
cation of MPs within aquatic ecosystems, which poses risks for long-term exposure and
chronic physiological impacts. Wang et al. demonstrated a clear dose–response relationship
in mysid shrimps exposed to fluorescent polystyrene beads at concentrations ranging from
50 to 1000 µg/L. While no mortality was observed at lower concentrations (≤500 µg/L), the
highest dose (1000 µg/L) led to 30% mortality within a short exposure window, indicating
acute toxic effects at high levels [24].

Many studies confirm that almost all kinds of MPs are readily ingested by the aquatic
organisms regardless of morphology, plane, or whether they are fluorescently labeled.
Fluorescently labeled MPs have played a key role in enabling researchers to visualize
uptake pathways and trace particle movement within organisms. These studies under-
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line how exposure duration and dose are critical in differentiating acute versus chronic
effects. This advancement has enabled researchers to trace and observe the interaction
of these particles in aquatic environments and within the bodies of organisms. Several
studies have utilized this technique to investigate the internalization, bioaccumulation,
and potential toxicological effects of microplastics, offering new insights into their behav-
ior at cellular and sub-cellular levels. For example, experiments on Paramecium aurelia
using fluorescent polystyrene beads revealed that MP ingestion rates are both time- and
concentration-dependent, influencing food vacuole formation and clearance rates [25]. Sun
et al. and Vroom et al. further confirmed the ingestion of various microplastic forms (pellets,
fragments, fibers, beads) by zooplankton such as chaetognaths, copepods, jellyfish, fish
larvae, and shrimp [26,27]. Chronic exposure to MPs in these organisms has been linked to
inhibited growth, impaired feeding, and reduced reproductive success. Morphological and
developmental impacts have also been reported. Lo and Chan showed that Crepidula onyx
larvae fed micro-polystyrene exhibited slower growth rates but faster settlement [28], while
exposure to polystyrene beads caused skeletal deformities in sea urchin (Paracentrotus
lividus) embryos, including reduced arm and body length [29]. Moreover, behavioral
toxicity was evident in studies involving Cyprinodon variegatus (sheepshead minnows),
where both spherical and irregular MPs induced oxidative stress (via reactive oxygen
species generation), and negatively impacted swimming behavior and maximum velocity,
suggesting neuromuscular interference [30].

As discussed above, most researchers have used fluorescently labelled polystyrene
microplastics (Figure 2), as these microplastic particles are easily detected even when they
are inside the body. Overall, these findings confirm that MPs are not only widely ingested
across taxa, but also capable of inducing both acute effects (e.g., behavioral impairment,
mortality) and chronic outcomes (e.g., developmental disruption, oxidative stress, reduced
reproductive capacity). The ecological implications of such interactions are significant,
particularly considering the potential for trophic transfer and long-term accumulation of
MPs in aquatic food webs.

 

Figure 2. (A) 0.8 mm microplastic engulfed by E. Pacifica [31], (B,G) Copepod Centropages typicus
and Calanus helgolandicus containing 7.3 and 20.6 µm polystyrene MP, respectively [22], (C) 2 µm
polystyrene microplastic readily ingested by the zooplankton paramecium aurelia [22], (D,E) Tetraselmis
suecica and Tigriopus japonicus containing 6 µm polystyrene microplastic [15], (F) 10 mm fluorescently
labelled polystyrene microspheres eaten by zooplankton intinnopsis lobiancoi [23].

Figure 1 illustrates fluorescent microplastic inside various microorganisms.
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In addition to that, the ingestion of microplastics has been studied in various ma-
rine species, including Arctic seabirds [32], harbor seals (phoca vitulina) [33], huge fish
(cetaceans) [34,35], eastern Atlantic fish (boops boops) [36], mollusks [37], echinoderms [38],
2009), Fulmarus glacialis [39], zooplankton [31], and scleractinian corals [40], and several detri-
mental effects have been reported of ingestion of microplastics across many taxa ranging
from reduction in feeding behavior to changes in development [41], growth and reproduc-
tion [15,29,42], as well as physical injury [19] with the knock on effects on lifespan [43]. A
summary of various microplastics, their sizes, affected species, and biological effects is
presented in Table 1.

Table 1. Effect of microplastic on marine organisms.

Name of MPs/Shape Size Species Effect Reference

Polyethylene (Beads) 7.3–30.3 µm Holo, mero, microplankton Zooplanktons easily ingest MPs [44]

Polystyrene (Sphere) 2 µm Mytilus edulis, Ingested microscopic plastic translocates to the
circulatory system

[37]

Polystyrene (Sphere) 0.5 µm Mytilus edulis prey,
Carcinus maenas predator

Trophic level transfer of microplastic from Mytilus
edulis to Carcinus maenas

[45]

Polystyrene (Beads) 2, 5, and 10 µm Paramecium sp. strain RB1
and tetrahymena sp. strain
RB2

Paramecium sp. strain RB1 ingested all three sizes of
microspheres, while tetrahymena sp. strain RB2 only
ingested 2 and 5 µm

[20]

Polyethylene (Beads) 1–5 µm Tigriopus fulvus, and
Aurelia sp.

Trophic level transfer of MPs from Tigriopus fulvus as
prey to Aurelia sp. as a predator

[46]

Polystyrene (Beads) 2 µm Paramecium Aurelia Ingestion and accumulation of microbeads in P. Aurelia [25]

Polyethylene (Flakes) <400 µm Hydra attenuata Non-lethal morphological changes [21]

Polystyrene (Beads) 2–5 µm Crepidula onyx Relatively slower growth rate and faster settlement [28]

Polystyrene (Beads) 70 nm, 5 and 20 µm Danio rerio Inflammation and lipid accumulation in the fish liver
caused by 5 µm and 70 nm

[47]

Polystyrene (sphere) 8 µm C. maenas Significant dose-dependent effect on oxygen consumption [48]

3. Effects of Heavy Metals on Marine Organisms
It has been investigated that some metals, such as cobalt, copper, iron, chromium,

magnesium, manganese, and zinc, are essential micronutrients for an organism to perform
various biochemical and physiological activities. However, inadequate amounts of these
nutrients are considered detrimental and cause various deficiencies, diseases, and syn-
dromes [49]. Many researchers have reported that Cd readily accumulates in gills, kidneys,
and liver and causes kidney disease, while lead directly attacks the nervous system and
damages brain cells and tissues; some heavy metals even block the transport of essential
nutrients and produce reactive oxygen species. The toxicity of heavy metals depends
on their valence state. Different valence states of heavy metals show different levels of
toxicity. For example, the effect of hexavalent chromium is more adverse than that of
trivalent chromium [50]. Also, exposure to heavy metals causes a variety of toxic effects in
aquatic organisms, which can be classified as either acute (short-term, high-concentration
exposures) or chronic (long-term, lower-concentration exposures).

Selenium is a micronutrient essential for organisms in very low concentrations, but
excessive amounts can cause severe problems, such as damage to the liver and kidney
tissues. In fish, high levels of selenium can also affect the circulatory system [49]. Tian
et al. conducted acute exposure experiments on Perinereis aibuhitensis and revealed a strong
positive correlation between lead (Pb2+) concentration and mortality. During a 96 h acute
toxicity test, no mortality was observed at 125 mg/L, whereas exposure to the highest
tested concentration of 1250 mg/L resulted in 100% mortality, indicating a clear dose-
dependent lethal effect [47]. In contrast, under chronic exposure conditions (10 days), P.
aibuhitensis was subjected to lower Pb2+ concentrations (3.13–50.00 mg/L). While no visible
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morphological changes were observed, significant alterations occurred in antioxidative
enzyme activities (e.g., CAT, POD, SOD, GSH-PX) and biochemical content (MDA, TSP),
suggesting sub-lethal physiological stress [51]. An acute sub-lethal exposure study on
Carassius auratus (goldfish) demonstrated that manganese (Mn2+) can trigger significant
physiological stress responses even within a 96 h period [49]. Fish were exposed to Mn2+

at concentrations of 3.88 ± 0.193 mg/L and 7.52 ± 0.234 mg/L, which led to a marked
increase in antioxidant enzyme activities (SOD, CAT, GST), elevated plasma glucose and
cortisol levels, and a significant reduction in total protein. The immune response was
also notably altered, as indicated by increased monocytes and neutrophils and decreased
lymphocytes in peripheral blood [52].

Metals are typically discharged from pollution sources as mixtures rather than as indi-
vidual metals. Metal toxicology studies often focus on single metal species, while aquatic
organisms are exposed to binary mixtures of metals. In this context, Palaniappan and
Karthikeyan studied the effects of individual and binary mixtures of nickel and chromium
on freshwater fish (Cirrhinus mrigala) and demonstrated that nickel accumulated more in
the kidney than chromium [53]. They also found that the accumulation from the binary
mixture was higher than from the individual metals, although no further serious toxic
effects were observed. Similarly, chronic exposure to Cu and Pb over 14 days resulted
in significant accumulation of these metals in the liver and gills of Tilapia zillii, leading
to a dose-dependent inhibition of branchial Na+, K+-ATPase activity, which is critical for
osmoregulation [54]. The liver, kidney, and gills have been identified as the most vulnerable
organs in Oreochromis niloticus (Nile tilapia) when exposed to cadmium (Cd) and zinc (Zn),
both individually and in combination. Sub-lethal chronic exposure to these metals over
7- and 28-day periods led to significant biochemical alterations, including elevated serum
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities, as well as
increased glucose and cortisol levels. A concurrent decrease in serum cholesterol was also
observed, collectively indicating hepatic stress, oxidative imbalance, and broader metabolic
disturbances in the exposed fish [55].

When fish and other organisms are exposed to heavy metals or toxic substances,
reactive oxygen species (ROS) such as hydrogen peroxide (H2O2), hydroxyl radicals, and
oxygen radicals are generated, leading to oxidative stress. In response, the biological
system activates antioxidant enzymes, including superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GPx), glutathione S-transferase (GST), and ATPases, to
counteract the effects of ROS. Heavy metal exposure and ROS production often make these
enzymes useful as biomarkers of stress. Kong et al. investigated the impact of varying
copper concentrations (0 to 1.0 mg/L) on different growth stages of goldfish (Carassius
auratus), measuring CAT, SOD, and malondialdehyde (MDA) levels [56]. Their results
indicated that SOD and CAT activities were inhibited in larvae exposed to higher copper
concentrations, while lower concentrations increased SOD activity without significantly
affecting CAT. MDA levels increased with copper concentration in both embryos and larvae.
In another study, freshwater fish (Oreochromis niloticus) were exposed to Cd2+, Ag2+, and
Cr6+, and ATPase activity in the kidney, gill, and muscle was assessed. While Cd2+ and
Cr6+ did not cause mortality, all fish exposed to Ag2+ were dead within 12 days. Cd2+

and Ag2+ were found to be more toxic to ATPase activity than Cr6+ [57]. Additionally,
chronic dietary exposure of juvenile Korean rockfish (Sebastes schlegelii) to hexavalent
chromium (Cr6+) at concentrations of 0, 30, 60, 120, and 200 mg/kg over four weeks led to
significant alterations in antioxidant enzyme activity, particularly superoxide dismutase
(SOD) and glutathione S-transferase (GST). Neurotoxicity was also indicated by marked
inhibition of acetylcholinesterase (AChE) activity in both brain and muscle tissues. These
effects were observed across both low and high Cr6+ concentrations, suggesting a dose-
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independent physiological stress response [58]. In a separate study, the same species was
exposed to arsenic (As3+) via waterborne exposure for 20 days. Arsenic accumulation
occurred in nearly all tissues, with the highest levels detected in the liver and kidney,
and relatively low accumulation in muscle [59]. The exposure also induced significant
increases in antioxidant enzymes, including SOD and GST, indicating an oxidative stress
response to chronic sub-lethal arsenic exposure [60]. Garcia-Santos et al. conducted a
chronic exposure study in which Oreochromis niloticus were intraperitoneally injected with
cadmium (Cd) at a dose of 2.5 mg/kg over a 7-day period. The results indicated that the
kidney and gills were the most affected organs, showing marked histopathological changes
and metal accumulation [61]. In contrast, Vieira et al. investigated the acute effects of
mercury (HgCl2) and copper (CuSO4) on estuarine fish (Pomatoschistus microps). Short-term
exposure led to a significant reduction in swimming velocity, which in turn impaired the
fishes’ ability to capture prey, indicating a rapid behavioral disruption in response to metal
toxicity [50]. They also noted that the effects of copper and mercury were concentration-
and time-dependent, with negative correlations observed between enzyme activities such as
lipid peroxidation (LPO), antioxidant enzymes, and lactate dehydrogenase (LDH). Further
studies on the toxic effects of different heavy metals like Cu, Cd, and Hg on freshwater
fish (Zacco barbata and Varicorhinus barbatus) revealed that for V. barbatus, the order of
toxicity was Hg > Cu > Cd. Surprisingly, for Z. barbata, Cu was found to be the most toxic,
showing a sequence of Cu > Hg > Cd [49]. As presented in Table 2, exposure to heavy
metals such as copper oxide nanoparticles, selenium, and cadmium leads to a wide range
of biological responses in aquatic organisms, including growth inhibition, oxidative stress,
and impaired reproduction.

Studies have confirmed that both micro- and nano-sized plastics exhibit toxic effects
when ingested by microalgae such as Chlorella and Scenedesmus. These plastics cause
adverse effects on photosynthesis and lead to elevated levels of toxic reactive oxygen species
(ROS) [62]. Additionally, research on the impact of nano- and microplastics on zebrafish
larvae found that while microplastics alone did not significantly affect swimming activity,
their combination with nanoplastics considerably reduced locomotion and body length,
and also impaired acetylcholinesterase (AChE) activity [63]. Similarly, the swimming ability
of ciliates Paramecia caudatum and Euglena gracilis was significantly reduced by exposure to
heavy metals such as Fe and Zn [64–66].

Table 2. Effects of heavy metals on aquatic organisms.

Heavy Metal Concentration Species Name Effects Ref.

Copper oxide
nanoparticles

30, 60, 90 and 120 mg/L Paramecium sp. Inhibition in the growth of paramecium,
especially for 120 mg/L concentration

[67]

Selenium nanoparticles 0.5 mg/kg, 1 mg/kg,
2 mg/kg

Cyprinus carpio 1 mg/kg concentration of Se can improve fish
growth and antioxidant defense system.

[68]

Titanium dioxide 0.1, 0.5, 1, 5, 10, 50 and
100 mg/L

Daphnia magna Abnormal food intake, which considerably
affected growth and reproduction

[69]

Cadmium 2.5 mg/kg Oreochromis niloticus Kidney, gill, and other organs were
badly affected

[61]

Manganese 4 mg/L, 8 mg/L Carassius auratus Enhancement in antioxidant enzyme activity,
modification in differential blood cell count.

[52]

Copper 0.84 µM, 0.34 Mm Carassius auratus Increment in kidney activities at high
concentration

[70]

Copper sulfate and zinc
chloride

1, 2, 5 and 10 mg/L Paramecium aurelia The average swimming speed dropped to
almost half in both media

[71]

Copper oxide
nanoparticles

0, 30, 60, 90 and 120 mg/L Paramecium sp. Dose-dependent inhibition on cell growth [67]

Chromium 0, 30, 60, 120, 200 mg/L Sebastes schlegelii Significant alteration in antioxidant enzymes [58]

Copper 100 mg/L Tetrahyrnena Intense stimulation found in food vacuoles [72]
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4. Combined Effect of Microplastic and Heavy Metals on
Microorganisms

Microplastics (MPs) and heavy metals (HMs) are widely distributed pollutants in
aquatic environments and are frequently found coexisting in water bodies, sediments,
and biological tissues. These pollutants not only individually impact marine flora and
fauna but can also interact to produce enhanced toxic effects that surpass those caused by
each pollutant alone [73]. Numerous studies have shown that various aquatic organisms,
including plankton, algae, marine mammals, benthic invertebrates, fish, and bivalves, can
readily ingest microplastics [73,74]. Once ingested, MPs can obstruct food passages, reduce
energy intake, and cause false satiety, leading to impaired nutrient absorption and, in
severe cases, mortality [75]. Importantly, MPs can act as vectors for toxicants like heavy
metals due to their high surface-area-to-volume ratio, hydrophobicity, and capacity for
long-term environmental persistence. This property enhances their ability to adsorb and
transport HMs such as cadmium (Cd), lead (Pb), chromium (Cr), and mercury (Hg) through
aquatic food chains [76]. Recent research has confirmed that plastic pellets can absorb
trace metals, with some findings revealing that the concentration of certain metals on these
pellets can exceed levels found in local sediments. For example, microplastics collected
from Southeast European beaches contained higher concentrations of Pb, Zn, Mn, and Cd
than the local sediments [77]. Similarly, another study observed that the concentrations
of Ni, Pb, Zn, Cr, Fe, and Cd on plastic pellets from beaches in Southwest England were
higher than those in the surrounding environment [78]. This raises concerns about the
ecological and physiological consequences of MP-metal complexes, especially in benthic
feeders and filter feeders.

Experimental studies further confirm that combined exposure to MPs and HMs affects
key physiological systems in aquatic organisms. For example, marine mussels and fish
exposed to MPs bound with toxicants exhibit altered immune responses, oxidative stress,
liver inflammation, and other pathologies [79]. Additionally, exposure to microplastics
has been shown to activate antioxidant enzymes in Nile tilapia (Oreochromis niloticus) [80].
In common carp (Cyprinus carpio), the combination of cadmium (Cd) and microplastics
resulted in significant alterations to blood biochemical and immunological parameters.
Specifically, Cd and microplastics reduced total protein content while increasing glucose,
cholesterol, and triglyceride levels, severely disrupting the immune system and increasing
susceptibility to death [81]. Similarly, in zebrafish (Danio rerio), combined exposure to Cd
and polyethylene MPs induced reactive oxygen species (ROS) production, oxidative stress,
and apoptosis during early developmental stages [82].

Several studies also highlight the greater toxicity of HMs relative to MPs, especially
when both are present. In yellow seahorses (Hippocampus kuda), combined Cd-MP exposure
increased mortality and oxidative damage, with effects primarily attributed to the heavy
metal component [83]. Likewise, in marine medaka (Oryzias melastigma), combinations
of Pb, Cd, and Zn with MPs disrupted gonadal development and intestinal microbiota
more severely than MPs alone [84]. The interaction effects, whether synergistic, additive,
or antagonistic—depend heavily on factors such as exposure time, MP particle size, and
metal concentration. In northern snakehead (Channa argus), smaller MPs (80 nm) were
found to adsorb more Cd than larger MPs (0.5 µm), resulting in increased oxidative damage
and immune system disruption [85]. Additionally, some studies suggest that the severity
of the adverse effects of heavy metals and MPs is directly related to exposure time and
inversely related to the size of microplastics. For example, microplastics sized at 80 nm
showed a higher capacity to accumulate cadmium compared to 0.5 µm particles when
exposed to northern snakehead (Channa argus). This combination led to both antagonistic
and synergistic effects, severely impacting the antioxidant system and causing oxidative
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stress [85]. Behavioral and developmental impairments are also well-documented. In
European seabass (Dicentrarchus labrax), exposure to MPs and Hg reduced swimming
performance and predator evasion [86]. Moreover, conversely, in discus fish (Symphysodon
aequifasciatus), MPs appeared to reduce Cd bioaccumulation by decreasing metallothionein
expression, suggesting a potential antagonistic effect [87].

Recent research also points to the aging of microplastics as a factor that intensifies
their toxicity. Aged MPs, when combined with heavy metals, induced stronger inhibitory
effects on microalgae (Chlorella vulgaris) growth compared to virgin MPs, due to enhanced
surface reactivity and oxidative stress potential [88]. Similarly, polystyrene beads and Cd
co-exposure in zebrafish led to significantly higher Cd accumulation in the gills, gut, and
liver, compared to Cd exposure alone [89].

The combined effects of MPs and HMs in aquatic organisms are complex and influ-
enced by a variety of factors including exposure duration, MP size and age, and metal
concentration. The combined toxic effects of microplastics and heavy metals on various
aquatic organisms are summarized in Table 3. Both acute and chronic exposures can
result in oxidative stress, inflammation, reproductive disruption, and behavioral impair-
ment. These findings underscore the importance of studying pollutant interactions in
environmentally realistic conditions and considering them in ecological risk assessments.

Table 3. Summary of the combined adverse effects of microplastics and heavy metals in
aquatic Organisms.

Organisms Heavy
Metals/Concentration

Microplastic/
Concentration

Exposure
Time

Toxic Effect Reference

Zebrafish
(Danio rerio)

Cadmium
(100 mg/L)

Polystyrene beads
(20, 200 µg/L)

3 weeks The toxicity of Cd enhanced by the
MPs caused oxidative damage and
tissue inflammation

[89]

Daphnia magna Pb (0.836 mg/L), Cu
(0.085 mg/L), Cd
(0.108 mg/L),
Ni (1.846 mg/L)

Polystyrene
(50 mg/L)

72 Hrs. Size-dependent toxicity observed [90]

Cladoceran (Moina
monogolica Daday)

Cd (5, 10 µg/L) Polyethylene
(300 µg/L)

21-days Impaired development, fecundity,
and reproductive output across
treatment groups lead to parental
mortality and poor nutritional
status in progeny

[91]

Earthworm (Eisenia
foetida)

Cd (8 mg/kg) PP (300, 3000, 6000
and 9000 mg/kg soil)

14, 28, and
42 days

Combined exposure to MPs and Cd
posed higher adverse effects

[92]

Zebrafish (Danio rerio) Cu (60 and 125 µg/L) MPs (2 mg/L), 14-days Induced oxidative stress and
inhibited antioxidant enzymes

[93]

5. Adsorption Mechanism of Heavy Metals on Microplastics
MPs and polymer substances have the ability to absorb heavy metals from the sur-

rounding environment. The absorption of heavy metals on the surface of MPs can be
described by the mechanism of various existing adsorption models, including Elovich
kinetic model, pseudo-first order kinetic model (PFO), pseudo-second-order kinetic model
(PSO), Bangham channel diffusion, and Weber Morris model [94]. The absorption path-
ways of heavy metals by MPs can be understood by the kinetic study and fitting of these
models, allowing further analysis of the absorption process. Among these models, the
pseudo-first-order kinetic model is the best fit with the absorption mechanism adopted by
the MPs to absorb heavy metals [95,96]. However, some researchers claim that the PSO
kinetics model can yield a better fit [97,98]. Over the last two decades, most studies have
used kinetic PFO and PSO.

The PSO model assumes that the changes in heavy metal absorption by the MPs
directly correlate with the difference in saturation concentration and the number of heavy
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metals absorbed with time, which is applicable only for the initial stage. While in the
second-order model, the uptake of heavy metal on MP takes place mainly through the
chemisorption mechanism, which involves the exchange or transfer of electron pairs rather
than by material transport [99]. Further adsorption isotherms can be described by the
distribution of pollutants (heavy metals and MPs) between solid and solid in an equilibrium
state. Langmuir and Freundlich isotherms are also the most commonly used models.
According to Langmuir isotherms model, heavy metals are absorbed by the monolayer
of the MPs surface, and when the surface is covered completely, maximum adsorption
occurs [100]. While Freundlich assumes the multiple adsorption layers on heterogeneous
surfaces with different affinities and in the presence of high-energy adsorption sites, the
pollutant molecules will occupy them, then diffuse to lower energy adsorption sites [101].
The adsorption mechanism adopted by the MPs and heavy metals can be understood by
the interaction between the π-π and van der wall. It has been seen that MPs carry a negative
charge and when positively charged metal ions come in contact with MPs, absorption
occurs. Guo et al. studied the adsorption of cadmium by the MPs such as polyethylene
(PE), polypropylene (PE), polystyrene (PS), and polyvinyl chloride (PVC) and found the
adsorption order to be PE < PP < PS < PVC [102]. And further investigations confirmed that
in PP and PE, van der wall forces could be the dominant sorption mechanism due to the
presence of a specific functional group. Still, in PS, it could be a π-π interaction. Similarly,
the adsorption of Pb and Cu by PP, PE, PES, and PVC and adsorption processes followed
the Freundlich model. It is revealed that the first-order kinetic model and a pseudo-second-
order kinetic model were suitable for describing adsorption from tri-n-butyl phosphate
(TnBP) and tris (2-chloroethyl) phosphate (TCEP) on PE and PVC microplastic, respectively.
Freundlich isotherm model and Langmuir isotherm model were best fitted to explain the
equilibrium isotherm, and an inverse relation was found between the adsorption efficiency
and particle size [103].

In practical studies, Freundlich isotherms and pseudo-second-order kinetics have
frequently been reported as best fitting real-world data, especially for weathered or irregular
MPs found in natural aquatic systems.

The Table 4 below summarizes the key models used to describe adsorption kinetics
and equilibrium.

Table 4. Summary of adsorption kinetics and isotherm models describing the interaction between
microplastics and heavy metals in aquatic environments.

Model Type Main Assumption Environmental Relevance Ref.

Pseudo-First Order (PFO) Kinetic Adsorption rate depends on unoccupied sites
(initial stages)

Limited to early-stage adsorption [104]

Pseudo-Second Order (PSO) Kinetic Adsorption occurs via chemisorption
(electron sharing/exchange)

Frequently fits experimental data;
widely used

[105]

Elovich Kinetic Adsorption rate decreases exponentially
with time

Useful for heterogeneous surfaces [106]

Langmuir Isotherm Monolayer adsorption on
homogeneous surface

Best for uniform materials,
less realistic

[100]

Freundlich Isotherm Multilayer adsorption on
heterogeneous surfaces

Most applicable in
environmental studies

[107]

6. Potential Risk to Human Health
The potential impacts of microplastic (MP) exposure on human health remain an area

of active investigation. The World Health Organization (WHO) and Science Advice for
Policy by European Academies (SAPEA) have stated that, based on currently available
evidence, there is insufficient data to conclusively determine whether the ingestion of MPs
poses a direct risk to human health. However, the absence of definitive evidence does
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not equate to safety. Given the persistence and pervasiveness of MPs in the environment,
global research efforts are intensifying to explore their possible toxicological effects using
in vitro models, animal studies, and biomonitoring approaches.

On the other hand, sufficient data and research work are available for heavy metals,
which successfully claim exposure to heavy metals is toxic to human health as shown in
Table 5. The “Environmental Protection Agency” (EPA), in cooperation with the “Agency
for Toxic Substance and Disease Registry (ATSDR)”, Georgia, reported a list called “priority
list for 2001”, including the most toxic hazardous substance to human health, with As, Pb,
and Hg ranked first, second, and third, respectively, while Cd is ranked seventh. Many
researchers have confirmed the adverse effects of heavy metals on humans. Anthropogenic
activities have increased mercury levels be in the atmosphere to roughly three times
what they used to, and every year they are growing by 1.5 percent. It was found that
16 out of 70 fish on the southwest coast of India were polyethylene-contaminated. They
also found that polyethylene and polypropylene are dominant pollutants in the Indian
marine environment [108]. Tayebi and Sobhanardakani randomly collected 27 samples of
tilapia fish from nine study areas and found Cd and Pb levels higher than the maximum
permissible level (MPL) set by WHO [109]. The other group published similar results,
showing that the mercury level in bluefin tuna fish was higher than the upper limit
established by the European Commission [110].

The increase in the level of MPs in fish is supposed to increase the concentration
of heavy metals, which threaten human health via the food chain. Many studies claim
the vast presence of MPs and heavy metals in aquatic animals [111–114]. The MPs affect
not only aquatic organisms but also plants. It is confirmed that polyethylene MPs can
significantly reduce the internal activity of lentil seeds [4,115]. Microplastics have been
detected in human stool, blood, placenta, breast milk, and urine, suggesting pervasive
exposure through food, water, air, and dermal contact. MPs of 50 to 500 µm in size in
human stool confirm that MPs enter the human body via various pathways such as skin,
food, and water intake, and indeed affect human health after accumulation [116]. A
recent study by Dr. Dick vethaak and his team found MPs in human blood for the first
time. MPs were found in the blood of 80% of tested individuals, indicating potential for
systemic transport and bioaccumulation. The deleterious effect on the human body is
yet to be confirmed (12). MPs are found in 26 out of 34 women’s breast milk. Most MPs
were irregular fragments of orange/yellow and blue colors, ranging from 2 µm to 12 µm.
Reported MPs in breast milk samples further suggest potential neonatal exposure during
breastfeeding. Ragusa detected the plastic in 4 out of 6 human placentae with dimensions
ranging from 5 to 10 µm. The MPs were found spherical and irregular in shape [2,117].
These studies raise serious concerns about fetal exposure during pregnancy, when one
has to be the safest. These findings support the hypothesis that MPs can cross biological
barriers, especially those <10 µm. Furthermore, MPs were detected in the ovarian follicular
fluid of 14 out of 18 women undergoing in vitro fertilization treatments, suggesting possible
implications for female fertility [118]. Male reproductive health may also be at risk, as MPs
have been identified in human testicular tissues and the penis, with animal models showing
an association between MP exposure and reduced testicular weight [119]. A 2024 study
identified MPs in the bone marrow of all 16 examined human samples, marking the first
report of such a finding [120]. MPs have also been consistently found in the kidney and liver
tissues, with increasing concentrations over time, suggesting systemic bioaccumulation
through dietary and environmental exposure [121]. A groundbreaking study conducted
between 2016 and 2024 found MPs in all 52 examined human brain samples, with a notable
increase in particle concentration in the more recent specimens. Individuals diagnosed
with dementia were found to have significantly higher levels of MPs, suggesting a potential
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link between MP accumulation and neurodegenerative diseases [122]. Similarly, MPs
have been detected in the olfactory bulbs of eight out of fifteen cadavers, indicating that
inhaled particles can bypass the blood–brain barrier and accumulate directly in the central
nervous system [122]. However, their toxicokinetics, how they are absorbed, distributed,
metabolized, and excreted, remain poorly understood. Early in vitro studies suggest that
MPs can induce inflammation, oxidative stress, and genotoxicity, but human-scale evidence
is still lacking.

The environment is spoiled by the industries that dispose of large amounts of haz-
ardous chemicals, including heavy metals, which is why heavy metals in drinking water
have exceeded the recommended dose. Heavy metals such as Cd and Hg are known to be
very toxic to human health. Japan experienced fatal diseases caused by cd in 1915, known
as as “Itai Itai”, and by methyl Hg in Minimata in 1956, which affected many people [123].
It has been found that lipid peroxidation significantly increases in some brain areas, such
as the cortex and cerebellum, following cadmium exposure. Cd also has toxic effects on
the enzymes that promote redox reactions. Consequently, lipid peroxidation is induced,
which in turn causes microvasculature damage [124]. Worldwide, more than 140 million
people are exposed to arsenic-contaminated potable water with a concentration exceeding
the maximum limit (10 ppb) set by the World Health Organization. In Bangladesh and West
Bengal, 40 to 80 million people drink arsenic-contaminated water ranging from 10 ppb to
4 ppm, resulting in one casualty out of every five people [125], as it affects the liver [126],
kidney [127], lungs [128], skin [129,130], and leads to bladder cancer [131]. MPs can form a
complex contamination bond with heavy metals, affecting the immune system even more
severely and causing various diseases in humans and animals. The combined exposure to
MPs and heavy metals is of particular concern. These co-contaminants may synergistically
compromise the immune system, disrupt metabolic pathways, and enhance the risk of
chronic diseases, including neurological disorders and cancer. As research progresses, there
is growing consensus that the complex interactions between MPs and heavy metals could
amplify toxicity beyond the effects of individual contaminants.

Table 5. Summary of the main sources of heavy metal pollution and their toxic effects on
human health.

Metals Main Sources Toxic Effects Ref.

Arsenic Arsenical pesticides, natural mineral deposits, ground
water and soil, improperly disposed arsenical
chemicals, sewage fertilizers, and mining

Weakness and anemia, skin and lung cancer, diabetic
problems, neuropathy, gastrointestinal problems,
cardiovascular failure, hematopoietic effects, and
sometimes acute illness leading to death

[129]

Lead Storage batteries; petrol additives, paint, cable
sheathing and cosmetics, mining, pottery, and
ceramic dishes

Anemia, high risk of kidney damage, B.P problem, fertility
and reproduction problems, nervous/brain system
damage.

[132]

Mercury Medical waste, toothpaste, skin cream, vaccines,
batteries, volcanoes and oceans, and contaminated fish

Muscle weakness, blindness, mental retardation,
impairment of hearing, speech or/and walking, swollen
gums, kidneys, and liver, immune system damage, and
loss of memory and concentration

[133]

Cadmium Industrial waste, nickel–cadmium batteries, plastic and
paint industries, cadmium alloy, welding, and smelting

Bone fracture, diarrhea, nausea, problems in reproduction,
stomach aches, shortness of breath, severe kidney, liver,
and lung disease

[134]

Copper Mining, smelting, water pipes, copper wires,
combustion of fossil fuels and copper sheet metals

Nausea, headache, damage to red blood results, anemia,
liver and kidney injury, and sometimes death

[135]

Critical Insights and Research Needs

While the presence of MPs in human tissues is now beyond dispute, causality between
exposure and disease outcomes remains to be clearly established. Key knowledge gaps
include the following: (1) The threshold dose and particle size required to induce toxic
effects in humans. (2) Chronic exposure outcomes across different age groups, especially
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infants and pregnant women. (3) The potential for transgenerational effects via placental
and breastfeeding routes.

Moreover, the risk assessment paradigm should move beyond single-substance analy-
sis to mixture toxicity, particularly in real-world scenarios where MPs often co-exist with
metals, organic pollutants, or pathogens. The possible exposure routes and associated
health impacts of microplastics and heavy metals in humans are illustrated in Figure 3.

 

Figure 3. Pathways and health effects of microplastic and heavy metal exposure in humans.

7. Conclusions and Future Perspective
The spread of MPs and heavy metals will continue to increase with an increase in

human activities, since countries do not have adequate waste management measures. It is
challenging to eliminate MPs and heavy metals from the environment due to their resis-
tance to degradation and transformation. In order to control the pollution by heavy metals
and MPs, strict policies need to be developed and implemented in a time-bound fashion. To
conclude the research presented here, we can say that microplastics are harmful to aquatic
organisms/microorganisms. Almost all types of microplastics, regardless of their shape,
size, color, age, or virginity, can be consumed by aquatic organisms/microorganisms and
transferred to higher trophic levels. Heavy metals can obstruct nutrient uptake within or-
ganisms, resulting in death. MPs and heavy metals can interact in several ways. This study
discussed several potential relationships between MPs and heavy metals and concluded
that MPs become more toxic when combined with heavy metals. Pollution caused by MPs
and heavy metals is not only detrimental to aquatic microorganisms but also to humans. In
recent years, many studies have revealed that microplastics are also present inside human
beings, which will be a severe concern in the upcoming decades.

Although a tremendous amount of research has been conducted in this field, sub-
stantial gaps are yet to be filled; below are the few areas that must be addressed to fill
these gaps.

Toxicity Studies: The toxic ecological effects of microplastic at environmental concen-
trations must be investigated. Toxicology tests are generally conducted using new and
pristine MPs with defined sizes and high MP concentrations. Biotic or abiotic factors can
also degrade MPs; however, the concentrations and toxicity of these minor MPs, including
nanosized ones, are poorly understood, making it difficult to assess the risk. The effects of
nanoplastics may be even greater.

Adsorption Mechanisms: To understand the adsorption/desorption mechanism of
heavy metals on MPs, a variety of heavy metals and MP types should be studied.
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Human Health Impacts: It has been confirmed that MPs can enter human bodies, but
their toxic effects are yet to be proved. More research is needed to determine the harmful
effects of MPs on humans and the mechanisms by which MPs and HMs influence human
physiological systems, especially regarding bioaccumulation and chronic toxicity.

Policy and Mitigation: From a policy standpoint, comprehensive legislation is required
to synergistically manage plastic and heavy metal pollution. Efforts must extend beyond
banning single-use plastics to include the following:

• Stricter control of industrial effluents.
• Incentives for biodegradable material innovation.
• Improved waste management and recycling systems.
• Public awareness campaigns promoting responsible plastic use.

International cooperation is essential to standardize monitoring methods, set pollutant
thresholds, and ensure compliance. Without decisive action, the environmental and health
impacts of MPs and HMs are likely to escalate in the coming decades Figure 4, briefly
highlights the future research needs and policy directions.

Figure 4. Schematic summary of future research needs and policy directions.
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