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Microplastics — Pollutants’ Interactions,
Mechanisms, and Potential Toxicity

T. G. Sunitha, V. Sivasankar, M. Prabhakaran, and K. Omine

Abstract Microplastics are small plastic fragments, flakes, or beads of size less
than 5 mm diameter. Due to the anthropogenic activities, these persist ubiquitously
in the environment. The high surface area and functionalized surface due to aging
and weathering persuade the sorption of toxic contaminants to the microplastics.
The microplastics with the adsorbed chemicals are ingested and accumulated by the
terrestrial and aquatic organisms. The ingested microplastics and the adsorbed
chemicals cause endocrine disruption, reproductive failure, and other developmen-
tal disorders. When humans are exposed to these microplastics through food chain,
inhalation, and dermal contact, this exposure can lead to an array of health impacts,
including inflammation, genotoxicity, oxidative stress, apoptosis, and necrosis. This
chapter highlights the interaction mechanisms of the sorption process between the
microplastics and the toxic chemicals, factors influencing the sorption process, and
the combined toxic effects of microplastics and their adsorbed chemicals on
ecosystem.
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1 Introduction

The global production of plastics is about 38 1million tons every year, and it will get
doubled by 2034 (Plastic in the Ocean Statistics, 2020). Over 10 million tons of
plastic wastes is dumped into our oceans every year and 150 million tons into the
soil and in internal waters (Axel Barrett, 2020). Low-density polyethylene (LDPE),
high-density polyethylene (HDPE), polypropylene (PP), polystyrene (PS), polyeth-
ylene terephthalate (PET), and polyvinyl chloride (PVC), nylon, acrylic, polyure-
thanes, polylactic acid, polycarbonate, and other biodegradable plastics are the
generally used polymers across the world (Ajith et al., 2020). These plastic wastes
persist in the environment for decades because of its durability and become the
ubiquitous pollutant even in the most isolated areas of the world causing a global
threat. The fragmentation of larger plastic particles due to physical, chemical, and
biological weathering process when discharged into the environment leads to the
formation of microparticles (Andrady, 2011).

Microplastics (MPs) are fine plastic particles of size lesser than 5 mm in diame-
ter (GESAMP, 2015, 2016). Depending on their source, they are classified as pri-
mary and secondary microplastics. Primary microparticles are designed intently in
microscale for commercial use. The microbeads, microfibers, capsules, and nurdles
used in the personal care products, textiles, pharmaceuticals, and plastic manufac-
turing industries became the main source of primary microplastic. The secondary
microplastics enter the environment through the breakdown of larger plastic materi-
als such as water bottles, fishing nets, and household items. Due to the anthropo-
genic activities, these microparticles are flushed into the terrestrial, aquatic, and
atmospheric environment.

When microplastics are discarded into the environment, it detrimentally affects
the humans and animals through the consumption of seafood and drinking water,
contact with food packaging, or inhalation of particles (Hwang et al., 2019). The
living organisms that ingest microplastics are at a high health risk such as reduced
growth rates, cytotoxicity, hypersensitivity, increased mortality, decreased repro-
ductive ability, unwanted immune response, ulcers, abrasions, and oxidative stress
and acute response like hemolysis (Ajith et al., 2020).

Microplastics absorb and accumulate toxic chemicals and carry harmful bacteria
due to their strong sorption capability. Microplastics can store more pollutants than
macroplastics because of their larger specific surface area (Lee et al., 2014). These
plastics when ingested by the living organisms exert ecological effects, either from
the plastic particle, the pollutants trapped to them, or both, and many studies have
confirmed this (Wang et al., 2018). The high surface area of microplastics not only
sorbs organic and inorganic contaminants but also supports chemical transport of
plasticizers, other plastic additives, and constitutional monomers to the ecosystem
through leaching (Teuten et al., 2009).

Studies have reported the sorption of various contaminants to microplastics, such
as polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
dioxin-like chemicals, polybrominated diphenyl ethers (PBDEs), toxic metals,



Microplastics — Pollutants’ Interactions, Mechanisms, and Potential Toxicity 553

hydrophilic organic compounds (ciprofloxacin), and pharmaceuticals (antibiotics
and anti-depressants) (Fred-Ahmadu et al., 2020). The most common plastic addi-
tives include phthalates, bisphenol A (BPA), polybrominated diphenyl ethers
(PBDE), nonylphenols (NP), and antioxidants (Hermabessiere et al., 2017). Table 1
stretches some common toxic pollutants sorbed to microplastics and their toxic
effects. Several studies imply the interaction between toxic pollutants and micro-
plastics and their potential toxicological impact on the ecosystem.

2 Interaction Mechanisms

Microplastics act as a vector for the hazardous pollutants; therefore, the interaction
mechanisms are necessary for the toxicity perspective of these pollutants in living
organisms.

2.1 Adsorption of Hydrophobic Organic Pollutants
onto Microplastics

Hydrophobic Attraction

Microplastics have low polarity on their surface due to electrostatic interactions,
and this enables higher sorption capacity for the hydrophobic pollutant’s adsorption
of chemicals onto their surfaces (Liu et al., 2018). Hydrophobic chemicals such as
polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons (PAHs),
organochlorine pesticides, and other benzene-ring derivatives adsorb and concen-
trate on the surface of the microplastics and form a micelle shape-like structure
(Verla et al., 2019). The octanol-water partition coefficient (K, or log K,,,) is com-
monly used as a hydrophobicity parameter. Substances with high log K, values
tend to absorb more readily to organic matter due to their low affinity for water (Mei
et al., 2020).

Hydrogen Bonding

Hydrogen bonds are relatively weak electrostatic interactions, involving hydrogen
ion H*, and can affect the sorption of polymers when proton donor and proton
acceptor groups are involved (Tourinho et al., 2019). PA and PU have a highest
sorption capacity for BPA. It is attributed by the formation of hydrogen bonding
between hydrogen donating BPA and hydrogen accepting groups in PA and PU (Liu
etal., 2019).
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Table 1 Common toxic pollutants sorbed to microplastics and their toxic effects

T. G. Sunitha et al.

Toxic pollutants Sources/uses Toxic effects ‘ References
Organic pollutants
Pyrene Dye and dye precursor, Toxic to kidneys and liver, Shukla et al.
combustion of fuels carcinogenic (2014)
Naphthalene Industrial application Carcinogenic, hemolytic Shukla et al.
anemia (2014)
Phenanthrene Coal tar, pesticides Carcinogenic Shukla et al.
(2014)
Benzo(a)pyrene Industries, coal tar, Mutagenic, carcinogen Shukla et al.
automobile exhaust fumes (2014)
Polychlorinated Electrical insulators, Disruption of Ah receptor; Sanchez-Bayo
biphenyls, PCBs lubricants, paints endocrine disruptor (2011)
Organochlorine Insecticide and pesticide | Xenoestrogenic, endocrine Sanchez-Bayo
pesticides (OCPs) disruptor, potential (2011)
carcinogen
Polybrominated Fire retardants Thyroid hormone disruptors | Wang et al.
diphenyl ethers (2018)
(PBDE)
Nonylphenols Detergents and Endocrine disrupters Sanchez-Bayo
pharmaceutical industries (2011)
Octylphenols Used to in rubber, in Endocrine disruptor with Miyagawa
pesticides and paints estrogenic et al. (2016)
Bisphenol A (BPA) | In the production of BPA exhibits toxic, Michatowicz
synthetic polymers and endocrine, mutagenic, and (2014)
thermal paper carcinogenic effect in living
organisms
Perfluoroalkyl Semiconductors, Reproductive and Sanchez-Bayo
substances (PFASs) | waterproof materials developmental, liver and (2011)

kidney, and immunological
effects in laboratory animals

Toxic metals

Copper Electrical motors, metal Wilson’s disease, liver Shukla et al.
alloy, architecture, and cirrhosis, DNA damage (2014)
industries

Zinc Phosphate fertilizers, Fever Sarma and
distillery, pharmaceuticals Joshi (2015)

Cadmium Batteries and Carcinogenic, poisonous, Shukla et al.
electroplating pneumonitis, pulmonary (2014)

edema, DNA damage,
oxidative stress

Chromium Leather/tanner, thermal Allergies, bronchial asthma Sarma and
power plant, mining Joshi (2015)
fertilizers, textile
photography

Lead Battery, architectural Neurotoxic. Produces ROS, Shukla et al.
metal, oil paints, gasoline | DNA damage (2014)

(continued)
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Table 1 (continued)

Toxic pollutants Sources/uses Toxic effects References
Titanium oxide Additive in plastic Cytotoxicity on human Campanale
product epithelial lung and colon cells | et al. (2020)
Arsenic Mining, ore smelting Cancer to the urinary bladder, | Campanale
lungs, liver, and kidneys et al. (2020)
Mercury Thermometers, switches, | Mutagen or carcinogen, Campanale
and some light bulbs disruption of DNA molecular | et al. (2020)
structure and brain damage

ni—mt Interaction

n—m interactions are attraction forces also called non-covalent interaction between
conjugated structure. Aromatic polymers, such as PS, can undergo m—m interac-
tions. Rochman et al. (2013a) showed polystyrene plastics sorbed higher concentra-
tion of PAHs than PET, HDPE, PVC, LDPE, and PP because of the contribution of
n — 1t and strong hydrophobic interactions.

Electrostatic Interactions

Electrostatic interaction occurs when microplastics and the pollutants are oppo-
sitely charged and repulsion occurs when they are of same charge. The charge of the
microparticles is affected by pH and point of zero charge (pH,,.). When the pH of
point of zero charge being lower than most environmental pHs, MP becomes nega-
tively charged otherwise it is positively charged. The negatively charged MP attracts
the positively charged pollutants. Wu et al. (2019) showed that bisphenols undergo
partial ionization. Bisphenol F shows higher ionization due to low pK, value. The
low pH,,. of PVC indicates the surface is negatively charged; therefore, the adsorp-
tion is electrostatic repulsion between PVC MPs and anionic fraction ionized from
bisphenols.

Van der Waals Force

Van der Waals forces are weak interactions occurring between molecules not involv-
ing covalent or ionic bonding. Hiiffer and Hofmann (2016) observed that the ali-
phatic PE microplastics without any specific functional group can only undergo
non-specific van der Waals interaction.
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Pore Filling

The microparticles consist of a number of pores of different sizes, and the hydro-
phobic organic pollutant enters the polymer matrix and is trapped inside. It depends
on the pore diameter of a polymer structure and the molecular size of the pollutant.
Pollutants with lower molecular weights will easily travel into a polymer matrix
with larger pores (Lambert & Wagner, 2017).

Halogen Bonding

Wu et al. (2019) studied the sorption of bisphenols on PVC microplastics. The halo-
gen bond promotes adsorption of bisphenol to PVC. The —ClI on the branch of PVC
which act as an electron acceptor and the benzene rings with hydroxyl group act as
electron donor generate the halogen bond.

2.2 Adsorption of Hydrophilic Organic Pollutants
onto Microplastics

Hydrophilic organic pollutants are polar, ionizable compounds used as pesticides,
plasticizers, flame retardants, etc. Due to anthropogenic activities, these pollutants
are washed off and enter water streams. Hydrophilic organic pollutants act as endo-
crine disruption at trace concentrations, which poses immense threat to the ecosys-
tem and human health.

When microplastics enter the environment, their properties get changed, and
photo-induced surface oxidation takes place and oxygen-containing functional
groups are formed. Liu et al. (2019) investigated the adsorption of hydrophilic
organic pollutant ciprofloxacin on pristine and aged PS and PVC microplastics. The
adsorption in the aged microplastics was mainly through hydrogen bonding because
of the presence of oxygen-containing functional groups. The pristine microplastics
were negatively charged and CIP was cationic in lower pH and the adsorption was
due to the electrostatic attractions. The pristine PS sorbed through m—r bonds,
because the m—n bond strengthened the interactions between microplastics and CIP.

Xu et al. (2018b) observed Van der Waals interaction between sulfamethoxazole
and PE microplastics. Sulfamethoxazole is a hydrophilic compound and exists as
anion under pH 6.8. PE microplastics carry a negative charge; hence, there exist
electrostatic repulsion than attraction. So, the sorption process would have more
interactions such as electrostatic interaction and chemical bonds interaction. Guo
et al. (2019) also reported the electrostatic interaction of sulfamethoxazole onto
microplastics. In acidic environment, sorption of sulfamethoxazole to microplastic
increases because microplastics tend to protonate with decreasing pH. Similar
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trends were observed in the sorption of perfluorooctanesulfonate (PFOS) on PE, PS,
and PVC (Wang et al., 2015) and tylosin on PS and PVC (Guo et al., 2018).

Xu et al. (2018a) studied the interaction of tetracycline with three types of micro-
plastics (polyethylene (PE), polypropylene (PP), and polystyrene (PS)) in batch
sorption experiments. The interaction depends on the pH, at neutral medium hydro-
phobic, and at lower or higher pH, electrostatic interactions takes place. The sorp-
tion of tetracycline on PS microplastics was due to the presence of polar interactions
and z—r interactions.

2.3 Adsorption of Metals onto Microplastics

Microplastics are negatively charged due to low polarity on their surface and metal
ions are positively charged. The negatively charged microplastics bind to the posi-
tively charged metal by electrostatic attraction and neutralize their charge by form-
ing a micelle shape-like structure (Verla et al., 2019).

Zou et al. (2020) observed electrostatic interaction in the sorption of Pb?* to MPs
and electrostatic interaction and complexation in the sorption of Cd* and Cu*.
When the metal ions enter the solution, they exist in hydrated form. Pb** has a mini-
mum hydrated ionic radius and therefore has the largest electrostatic interactions
with the MPs. While in Cd** and Cu*, the electrostatic interaction, together with
surface complexation, takes place onto the plastic surface. The sorption of Cd** and
Cu* could also affected by the pH and ionic strength of the solution.

3 Factors Affecting the Interaction of Microplastics
and Toxic Chemicals

3.1 The Materials of Microplastics

The structural properties of the polymer influence the process of sorption between
the microplastics and contaminants. Polymers consist of crystalline and amorphous
regions. The molecular segments of crystalline region are regularly packed, whereas
in the amorphous region it is randomly packed. The crystalline region needs a high
amount of energy for the chemical absorption. The amorphous region has a larger
degree of free volume because of the distance among polymeric chains which
allows the contaminants to diffuse readily through the polymer. The glass transition
temperature (T,) is related with amorphous domain of the polymer. Below the T,,
polymers are in glassy state so the molecules can only vibrate, and above T,, poly-
mers are in rubbery state so they have higher freedom of movement and hence
absorption of pollutants is enhanced. The properties of polymers such as surface
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charge, surface area, molecular chain arrangement, functional group, and acid-base
character also affect the sorption of chemicals (Fred-Ahmadu et al., 2020).

In the sorption studies of microplastics, PE has the highest affinity for sorption
of pyrene followed by PS and PVC. The nonpolar nature and rubber-like character
could be reason for maximum adsorption (Wang & Wang, 2018). When compared
to PS and PVC, PE has greater segmental mobility and free volume in its molecular
structure which enhances its sorption efficiency, whereas in PVC the chlorine atoms
in the polymeric structure cause a reduction in free volume and make difficult for
the migration of adsorbate diffuse into the polymer. The presence of benzene back-
bone in PS restricts the segmental mobility thus lower the transport of chemicals
into the matrix (Wang et al., 2018).

Planar molecules can be easily sorbed to the polymer surface than the non-polar
molecules because planar molecules can easily travel to the plastic surface than
bulkier non-planar molecules (Velzeboer et al., 2014). The pore size affects the
sorption process and small pores leads to the formation of monolayer while large
pore size forms mono and multilayer adsorption (Tourinho et al., 2019).

3.2 The Size of the Microplastics

The sorption capacity depends on the MP’s particle size, and a decreased particle
size increases the surface area to volume ratio. Wang et al. (2019b) studied the size
effect of polystyrene microplastics in the sorption of phenanthrene and nitroben-
zene. The log K, values increase with decreasing particle size of MPs and hence
adsorption increases. The log K, value of 50 nm polystyrene was significantly lower
because its aggregation greatly reduced the effective surface area available for sorp-
tion. Teuten et al. (2007) showed PE, PP, and PVC of same size (200-250 pm) have
different sorption capacities due to varying BET surface area. Since PE possess
larger log K, value and surface area than those of PP and PVC, it has higher sorption
capacity.

3.3 The Aging and Weathering of Microplastics

The environmental conditions enhanced fragments and cracking of aged or weath-
ered plastic particles into smaller particles due to the degradation process, namely,
thermal, mechanical, biological, radiative, oxidative breakdown, or hydrolysis. The
change in the property of the plastic surface enhanced the sorption of contaminants.
The weathering increases polymer crystallinity and decreases hydrophobicity due
to surface oxidation which affects the sorption of contaminants. Aging of polymer
decreases its molecular weight which affects the sorption properties (Perez et al.,
2010). The formation of biofilm on aged MPs due to biological effects also affects
the sorption of contaminants.
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The concentration of pollutants was higher on yellow plastic than the white. The
yellowing of plastic is due to photooxidative weathering, the phenolic antioxidant
added as additive results in the formation of quinonoidal structures. Black pellets
have polyurethane as a constituent which increase the sorption of chemicals
(Veerasingam et al., 2016).

3.4 The Chemical Properties of Contaminants

The organic pollutants present in the environment are mostly hydrophobic in nature.
The sorption of organic pollutants mainly depends on hydrophobicity, molecular
weight, and molar volume. The sorption of different organic pollutants onto poly-
mers is related to their octanol-water coefficient (K,,) values. The sorption of differ-
ent contaminants has different octanol-water coefficient (K,,) values for the same
type of polymer. The molecular weight of the contaminant is more significant than
K, if diffusion is the rate-limiting process (Tourinho et al., 2019).

3.5 The Environmental Factors

The environmental factors such as temperature, pH, salinity, and ionic strength
affect the sorption of pollutants on microplastics. The sorption increases with
increase in temperature. Xu et al. (2019) showed the K, value increases with increas-
ing the temperature from 5 °C to 15 °C indicating that the sorption of PBDEs on
MPs was affected by temperature. Above 20 °C, Qiu et al. (2019) showed a decrease
in sorption which could be due to an increase in ionic activity, which may compete
with polyhalogenated carbazoles for sorption on MPs’ surface in the simulated
seawater.

When the pH of aqueous system increases, electrostatic repulsion between the
contaminant and the microplastic decreases. A high pH can also increase the n—n
interaction between the sorbate and the sorbent. Wang et al. (2019a) showed that
increase in the pH of Cd solution led to an increase in the adsorption of Cd to PE
microplastics. At PH >8, Cd(OH), precipitates out which attributes to the adsorp-
tion of Cd.

Salinity also plays an important role in sorption of pollutant in aqueous system.
Salinity is based on the degree of electrostatic interaction or ion-exchange mecha-
nism. Zhang et al. (2020) in their study showed high salinity decreased the surface
zeta-potential of the MPs and enhanced PHE sorption to MPs due to the salting-out
effect. Ionic strength is the total ion concentration which is due to the dissolved salts
in the water bodies. Zhang et al. (2018) showed a decreased sorption of oxytetracy-
cline to PS MPs with increase in ionic strength. This is because of the competition
for sorption between the ions in solution and toxic chemicals. The presence of DOM
could also affect the sorption processes of chemicals by plastics as DOM competes
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with other chemicals for adsorption sites on the surface of the plastics by entering
the pores or cover the surface of the polymer matrix (Mei et al., 2020).

4 Toxic Effects of Chemicals Adsorbed on Microplastics

4.1 Toxicity of Organic Pollutants
Polychlorinated Biphenyls (PCBs)

Polychlorinated biphenyls are chlorinated organic compounds that vary in the num-
ber of attached chlorine atoms, with the general formula C,,H,,.,Cl,. There are
about 209 congeners of PCBs with different physical and chemical properties
(Pascal et al., 2005). The international treaty on persistent organic pollutants, in the
Stockholm Convention of 2001, listed PCBs in one of the “dirty dozen” chemicals.
Environmental Protection Agency classifies PCBs as a “probable carcinogen.” It
also affects immune system, reproductive system, nervous system, and endocrine
system in humans and animals (EPA, 2000). Although PCBs were banned in the
1970s, their residues are still present in the environment through biomagnifications
due to their stability, lipophilicity, and high toxicity. Microplastics have greater
affinity for PCBs due to their relatively high surface area to volume ratio (Velzeboer
etal., 2014).

The concentrations of PCBs have been reported in many field studies. Frias et al.
(2010) collected samples from two Portuguese beaches and found PCB concentra-
tion in the range from 0.02 to 15.56 ng g=' on microplastics. Mendoza and Jones
(2015) collected microscale plastic particles in September 2007 in the North Pacific
Central Gyre and identified PCBs in the range of 1-223 ng g~'. The main fragments
of plastics collected in North Pacific Central Gyre were polypropylene (PP), poly-
ethylene (PE), nylon, and polyurethane.

Gassel and Rochman (2019) investigated the chemical contaminants and micro-
plastics in lanternfish (Myctophidae) in the North Pacific Gyre. Fish samples were
collected from the North Pacific Subtropical Gyre and the California Current and
the tissue concentrations of various chemicals sorbed from microplastics were
examined. Lower chlorinated PCB congener’s concentrations were higher in lan-
ternfish, and it was about 11 ng g~'lw compared to the other fish whose concentra-
tion is 0.87-4.04 ng g~'lw.

In the beaches around San Diego, California, plastic debris were analyzed, and
PCBs range was from 3.8-42 ng g~!' (Van et al., 2012). Total PCB concentrations
were in the range 0.04-124 ng g~! in the Tokyo bay, and it was higher in the urban
areas (Yeo et al., 2019). Lo et al. (2019) examined PCB samples in Hong Kong and
the total PCB concentration was in the range 13.0 and 1083 ng g='. Bouhroum et al.
(2019) investigated the PCB concentrations in the open ocean and coastal debris
and weres found to be 12.2 ng g7! and 1.4 x 10* ng g~!, respectively. Fraser et al.
(2020) studied the distribution of PCBs and microplastics in sediments from the
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Qiantang River and Hangzhou Bay, China. The sediment in the microplastics mainly
contains PET, PS, and PET. These sediments contain PCB concentrations in the
range from 1.13 to 1.65 ng g~".

Besseling et al. (2013) studied the exposure effect of Arenicola marina for 28
days to natively PCB contaminated sediment pre-equilibrated with PS. The effects
of polystyrene (PS) microplastic on survival activity, and bodyweight, as well as the
transfer of 19 polychlorinated biphenyls (PCBs), were assessed in bioassays with
A. marina (L.). The uptake of plastic particles showed the weight loss of A. marina
and also reduces the feeding activity. A low PS dose of 0.074% increased bioaccu-
mulation of PCBs in tissues by a factor of 1.1-3.6. Norway lobster (Nephrops nor-
vegicus) when ingested with PCB-spiked polyethylene shows limited
bioaccumulation of PCB in Nephrops tail tissue, whereas PCB-spiked polystyrene
shows no bioaccumulation (Devriese et al., 2017).

Grigorakis and Drouillard (2018) evaluated the diet assimilation efficiencies of
goldfish (Carassius auratus) when exposed to microplastics spiked with PCBs and
fish pellets spiked with PCBs. When these were fed to the fish, the microplastic-
associated PCBs showed lower diet assimilation efficiencies compared to food
matrix-associated PCBs. Jiang et al. (2018) examined the bioaccumulation of PCBs
on Daphnia magna when incorporated in polystyrene nanoparticle. The PCBs accu-
mulated 1.4-2.6 times more in D. magna than PCBs in the absence of polystyrene
particles during the 24-h exposure. Asian clams (Corbicula fluminea) were exposed
to PE, PET, PVC, and PS microplastics with and without PCBs and their predator’s
white sturgeon (Acipenser transmontanus) exposed to the calms. Tubular dilation
occurs to the clam by the microplastic, and it has been enhanced by the presence of
PCBs. The predators when fed with clams exposed to PCB spiked MP shows less
vitellogenin proteins and glycogen depletion (Rochman et al., 2017).

Van der Hal et al. (2019) studied the viability for the transfer of PCBs when
incorporated with polypropylene microplastic to herbivorous rabbitfish (Siganus
rivulatus). The incorporated microplastics were mixed with dough and fed to the
fish in two concentrations 500 ng g~! and 5000 ng g~'. PCB congener 194 was found
in muscle tissue in the concentration of 200 ng g=! after 2 weeks of exposure to
5000 ng g~! PCB concentration. Lin et al. (2019) studied the toxicity of PCB-18 and
100 nm PS on Daphnia magna in water. The combined toxicity to D. magna
depended on the relative concentration of nano-sized PS and PCB. At high PS con-
centration, lethality increased due to PS instead of PCB. The ingestion of PCB-
spiked microplastics by the marine organism even in small amount led to
bioaccumulation harm in them in long run.

Polyaromatic Hydrocarbon (PAHs)

Polyaromatic hydrocarbons (PAHs) are a group of toxic organic pollutants com-
posed of two or more benzene rings bonded in linear, cluster, or angular arrange-
ments (Abdel-Shafy & Mansour, 2016). About 16 PAHs have been listed as priority
pollutants in the environment, due to their high toxicity for living organisms
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(USEPA, 1980). The main source of PAHs is from petroleum industry. PAHs are
well-known carcinogens and their toxicity includes genotoxicity, immunotoxicity,
oxidative stress, and endocrine disruption (Honda & Suzuki, 2020). Its hydrophobic
nature allows it to sorb easily to the hydrophobic surfaces of most MPs.

Lo et al. (2019) identified 19 PAH species in microplastics collected from the
sandy beaches in Hong Kong. Total PAH concentration ranged from 70.8 ng g™' to
1509 ng g~'. Among the 16 PAHs in microplastics, phenanthrene has the highest
average concentration of 121 ng g=!. In Bandar Abbas, Iran, three urban intertidal
regions, Khor-e-Yekshabeh, Gorsozan, and Suru were selected to study the relation-
ship between microplastic and toxic chemicals accumulated in the sediment. The
MPs ranged from 3542 to 33,561 items per m? in different regions with variety of
shapes and colors. Among the different PAHs found, naphthalene was the predomi-
nant component. The total PAH concentration was in the range from 75.80 to
116.10 ppb (Yazdani Foshtomi et al., 2019).

Chen et al. (2020) collected the MPs from the surface waters of estuary in the
southwestern coast of Taiwan and analyzed the PAHs accumulated with the MPs.
The average PAH concentration was 818 + 874 ng g~!. Tan et al. (2019) analyzed the
spatial distribution of microplastics, as well as microplastics and their adsorbed
PAHs in the surface water of the Feilaixia Reservoir. Among the 16 identified PAHs,
chrysene, benzo [ghi] perylene, and phenanthrene were the predominant. The total
concentration of the 16 PAHs was ranged from 282.4 to 427.3 ng g~'.

Sharma et al. (2020) reported the existence of carcinogens in microplastics which
act as vector of PAHs originated from e-waste. The cancer risk in terms of lifetime
of microplastic ingestion was 107> which is higher than the recommended value of
1076, The smaller microplastics of size smaller than 5 mm show a higher adsorption
capacity of about 110 mg g=! which is 40% higher than big size particle.

Phenanthrene

Phenanthrene is a polycyclic aromatic hydrocarbon that occurs in fossil fuels, and
due to incomplete combustion, it is present ubiquitous in the environment.
Phenanthrene is one of the PAHs in EPA’s priority pollutant list. Karami et al. (2016)
analyzed the biomarker responses of African catfish (Clarias gariepinus) when
exposed to LDPE microplastics loaded with phenanthrene for 96 h. The degree of
tissue change, the plasmaglobulin, total protein levels, and the content of glycogen-
positive material in the liver were increased, while the transcription levels of fork-
headboxL2 (foxI2) and tryptophanhydroxylase2 (tph2) in the brain were decreased
when exposed to Phe-loaded MPs.

Ma et al. (2016) studied combined toxicity of phenanthrene with five different
sizes (from 50 nm to 10 mm), of polystyrene microparticles. The combined toxicity
shows an additive effect on the D. magna species. The presence of NPs significantly
enhanced bioaccumulation of phenanthrene-derived residues in daphnid body and
inhibited the dissipation and transformation of phenanthrene in the medium, while
10-mm MPs did not show significant effects on the bioaccumulation, dissipation,
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and transformation of phenanthrene. The differences may be attributed to higher
adsorption of phenanthrene on 50-nm NPs than 10-mm MPs. The MPs aggravate
the toxicity of organic pollutants, whereas in some cases it contradicts. Li et al.
(2019) studied the toxicity of phenanthrene-induced polystyrene microplastics to
fertilized eggs of marine medaka (Oryzias melastigma). The combined exposure
increased the hatchability, decreased malformation and mortality rates, and restored
Phe-induced abnormal expressions of cardiac development-related genes.

Pyrene

Pyrene is a polyaromatic hydrocarbon that consists of four fused benzene rings. It is
ubiquitously present in the environment due to the incomplete combustion of fossil
fuels. It is also used in the manufacturing of dyes, plastics, and pesticides. Animal
studies in mice shown that it is toxic to kidneys and liver. Oliveira et al. (2013)
studied the combined toxicity effects of pyrene — microplastics on juveniles (0+ age
group) of the common goby (Pomatoschistus microps). The exposure resulted in
lethargic swimming behavior which is due to the decrease in AChE activity. The
reduced isocitrate dehydrogenase (IDH) activity decreases the antioxidant defense
and reduces the organism fitness in the environment.

The study of Avio et al. (2015) reveals that PS and PE adsorb pyrene, and when
it is exposed to mussels (Mytilus galloprovincialis), accumulation of pyrene was
observed in hemolymph, gills, and digestive tissues. The adsorption of chemical to
the PS and PE does not differ much. The cellular response hazard is severe for those
exposed to pyrene-contaminated PE or PS, respectively. Guven et al. (2018) revealed
that tropical fish juveniles (Lates calcarifer) when exposed to PS-divinylbenzene
MP spiked with pyrene for 24 h showed no effect of feeding, but the swimming
speed decreased.

Benzopyrene Toxicity

Benzopyrene comes under PAHs. International Agency for Research in Cancer
(IARC, 2011) classified benzo [a] pyrene in group 1 human carcinogen. The benzo-
pyrene metabolite produced by cytochrome P450 enzymes (CYP) covalently binds
to DNA and causes mutation. The lipophilic nature of benzopyrene makes it adsorbs
onto sediments and particulate matter which then undergoes slow degradation.
Batel et al. (2016) developed an artificial food chain with Artemia sp. nauplii and
zebrafish (Danio rerio) to study the transport of microplastic particles and associ-
ated persistent organic pollutants (POPs). The transfer and retention time of
microplastic-associated benzopyrene via nauplii to zebrafish was analyzed by fluo-
rescence tracking technique. The fluorescence tracking of benzo[a]pyrene indicates
that the POP is transferred to the intestinal epithelium and liver from the intestine of
fish. O’Donovan et al. (2018) found out after 14 days exposure of LDPE+BaP to
calms, a considerable increase in BaP concentration was observed in the whole
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tissues, reaching a concentration of about 7.3 + 2.0 ng g' dw. An increase in super-
oxide dismutase (SOD) activity was noticed after exposing the calms to spiked
microplastics for 7 days which results in increased oxidative stress and deficiency
of antioxidant.

Dietary exposure of different sized polystyrene microplastics sorbed with
benzo[a]pyrene to mussels Mytilus galloprovincialis (Gonzélez-Soto et al., 2019)
shows smaller sized MPs (SMPB) with higher toxicity than the larger MPs. After
7 days exposure to SMPB, the transfer of BP to M. galloprovincialis shows 66-fold
increase and after 26 days there was a 150-fold increase in mussel’s tissues when
compared to the control. The smaller size microplastics caused higher toxicity to
DNA damage and cell type composition of digestive tubules than larger size
microplastics.

Cousin et al. (2020) studied the transfer of MPs and associated contaminants to
the larvae of zebrafish and the marine medaka via Paramecium and Artemia plank-
ton. The larvae incubated with waterborne MPs did not feed directly on MPs.
Ingestion of Paramecium and Artemia nauplii containing MPs was recorded inside
the gastrointestinal tract of both the fishes using Cypla induction and fluorescent
analysis. Pittura et al. (2018) in their study on combined chemical and physical
hazards to mussels M. galloprovincialis found a potential transfer of BaP from MPs
to hemolymph, gills, and especially digestive tissues which resulted in alterations
on the immune system, on the oxidative status, neurotoxicity, and genotoxicity.

Fluoranthene (FLU)

Fluoranthene is one of the US Environmental Protection Agency’s 16 priority poly-
cyclic aromatic hydrocarbons. Fluoranthene is released into the environment by
burning of fossil fuels and wood. It is used as an ingredient in dyes, pharmaceuti-
cals, and insulating oils. Long-term exposure to fluoranthene causes nephropathy
(kidney disease), increased liver weight, and increases in liver enzymes. Paul-pont
etal. (2016) evidenced that micro-PS exhibited higher sorption capacity for fluoran-
thene than marine algae Chaetoceros muelleri as indicated by the partition coeffi-
cient log K, values, and this confirmed a strong affinity of fluoranthene for
polystyrene. After 14 days exposure of combined exposure to marine mussels
Mpytilus spp. shows highest histopathological damages and levels of antioxidant
markers.

Magara et al. (2018) examined the effect of polyethylene MP on the accumula-
tion and related oxidative stress response to fluoranthene in blue mussel, Mytilus
edulis. Individual exposure of fluoranthene or MP shows antioxidant response more
in gills than in digestive gland but co-exposure did not yield additive or synergistic
effects. Magara et al. (2019) investigated the possible effects of PHB microplastics
as a single contaminant and in combination with fluoranthene on the oxidative stress
system of blue mussel M. edulis. The study revealed the inhibition of CAT, SeGPx,
and GST activity and also modified the antioxidant responses in both gills and
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digestive glands. The combined effects of microplastics with fluoranthene were not
significant compared with those exerted by MPs alone.

Nonylphenol (NP)

Nonylphenol is used in the manufacturing of antioxidants, lubricating oil additives,
laundry and dish detergents, emulsifiers, and solubilizers. It persists in the environ-
ment, and it is extremely toxic to aquatic organisms. NP has been detected in human
breast milk, blood, and urine due to its ability to mimic estrogen and in turn disrupt
the natural balance of hormones in affected organisms. Beiras et al. (2019) exposed
polyethylene MP to 4-n-Nonylphenol and the 4-Methylbenzylidene-camphor to
marine zooplankton organisms, meroplanktonic larvae, and holoplanktonic larvae
of the copepod Acartia clausi. Microplastics did not increase the bioaccumulation
and toxicity of 4-n-NP or 4-MBC to zooplankton and sea-urchin larvae compared to
the water-borne exposure.

Beiras and Tato (2019) studied the vector effect of PE MP in transferring NP to
marine planktonic organism sea-urchin larvae and their toxicity. The ingestion of
MPs by larvae does not increase the toxicity of NP, but in the absence of MPs NP
was toxic. The effective concentration of NP reduces the larvae growth. The com-
bined toxicity of PE, PS, PA, PE1000, and PA1000 microplastics and nonylphenol
on microalgae Chlorella pyrenoidosa was investigated. The microplastics alleviate
the nonylphenol toxicity to microalgae. The smaller size MPs has higher adsorption
and led to oxidative damage. Antagonistic effect on C. pyrenoidosa growth was
influenced by microplastics and NP (Yang et al., 2020).

Polybrominated Diphenyl Ethers (PBDEs)

PBDE:s are organobromine compounds used as a flame retardant which is added as
an additive during the manufacturing of plastics. On aging, PBDEs tend to leach out
of the plastics. PBDEs are endocrine-disrupting chemicals, since they interfere with
the endocrine system function of animals. Tanaka et al. (2013) examined oceanic
seabirds (short-tailed shearwaters, Puffinus tenuirostris) collected in northern North
Pacific Ocean. All the examined sea birds contain plastic in their stomach. PBDEs
were measured in the abdominal adipose of the 12 birds and in the ingested plastics,
and in the whole tissues of 6 lanternfishes and one squid. The lower-brominated
congeners such as BDE47, BDE99, and BDE154 were dominant. These lower-
brominated congeners were accumulated in the body of the seabird through the
food web.

Granby et al. (2018) investigated PCB- and PBDE-associated microplastic con-
taminants can alter toxicokinetics in European seabass (Dicentrarchus labrax). The
microplastics increased the accumulation of the sorbed contaminants in the seabass.
The contaminants altered the gene expression and increased the toxic effects.
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Pthalates

Li et al. (2020a) studied the combined toxicity of polystyrene microplastics and dibu-
tyl phthalate (DBT) on the microalgae Chlorella pyrenoidosa. The mixtures of MPs
and DBP intensify the morphological damage of the cell. The distorted and deformed
thylakoids show that photosynthesis was inhibited and the Antagonistic effect is
caused by the combination of hetero- and homo-aggregation of microalgal cells.

Deng et al. (2020) examined that MPs adsorb phthalate esters and desorb into
mouse gut and cause intestinal accumulation. The Di(2-ethylhexyl) phthlate
(DEHP)-contaminated MPs cause intestinal inflammation and metabolic disorders
due to accumulation of DEHP in the intestine. Schrank et al. (2019) examined mor-
phology, reproductivity, and mortality of Daphnia magna when exposed to rigid
PVC and PVC with Diisononyl phthalate. The leached DiNP from flexible PVC
significantly affects the number of offspring as well as the growth of D. magna. The
marine copepod Tigriopus japonicus exhibits antagonistic effect for acute and
chronic reproduction tests when exposed to DBP and polystyrene microplastics (Li
et al., 2020b).

Bisphenol (BPA)

Chen et al. (2017) studied the uptake and distribution of BPA in the tissues of zebra
fish and neurotoxicity in the presence of PE nanoplastic. The neurotoxic effect in
CNS and dopaminergic systems increased in the co-exposure of NPs and BPA. The
co-exposure shows no significant reduction of AChE activity because the associated
BPA molecules on NPPs cannot interact with AChE directly.

Daphnia magna a fresh water zooplankton was exposed to polyacrylamide and
BPA. The daphinds ingested PA MPs loaded with BPA and cause lower BPA body
burden (Rehse et al., 2018). Yu et al. (2020) studied the sorption behavior of tetra-
bromobisphenol a (TBBPA) and PE microbeads and their effect on zebrafish. The
co-exposure induced alteration in antioxidant level indicating higher antioxidative
stress in liver when compared to either PE or TBBPA alone. The methane produc-
tion from the anaerobic digestion of waste-activated sludge (WAS) was influenced
by the presence of PVC microplastics. The BPA leached from the microplastics
ruptured microbial cell walls and extracellular polymeric substances and decreased
the methane production by inhibiting the hydrolysis—acidification process (Wei
et al., 2019).

Chlorpyrifos (CPF)

Chlorpyrifos is an organophosphate pesticide, and its toxicity leads to neurological
dysfunctions, endocrine disruption, and cardiovascular diseases. Bellas and Gil
(2020) investigated the toxicity of polyethylene MP and CPF to Acartia tonsa, a
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calanoid copepod. The survival rates, fecundity, feeding, and egg viability were
studied. The combination of CPF and MP caused a 70% decrease in egg production
than alone. CPF-loaded MP shows decrease in survival and feeding rate.

Garrido et al. (2019) assessed the toxicity of MPs and the pesticide chlorpyrifos
(CPF) to the microalgae, Isochrysis galbana, clone t-ISO. The microalgae growth
rate was monitored. The exposure to MPs alone does not affect the microalgae
growth. However, CPF affects the microalgae growth. When microalgae exposed to
CPF sorbed to MPs, lower percent on inhibition of growth rate was observed. MPs
reduced the toxicity of CPF because MPs were too big to penetrate into the micro-
algal cell wall. Bour et al. (2020) exposed Gasterosteus aculeatus to polyethylene
MPs spiked with CPF via prey ingestion. The fish exposed to MP-CPF shows AChE
inhibition and hyperactivity.

Triphenyltin Chloride

Triphenyltin chloride is an organotin compound used as a fungicide and antifoulant.
Yi et al. (2019a) studied the combined toxicity of polystyrene MPs and triphenyltin
chloride to the green algae Chlorella pyrenoidosa. The exposure to 0.55 pm PS led
to the structural damage of algal cell which facilitates the uptake of TPTCI and
increased its toxicity.

Yi et al. (2019b) investigated the effect of polystyrene (PS) particles on the toxic-
ity of triphenyltin (TPT) to the marine diatom Skeletonema costatum. MPs with
smaller size of 0.1 pm have larger surface area for adsorption of TPT than with
larger size PS particles. The PS microplastics decreased the toxicity of TPT to the
diatom as the ICs, value increased in the presence of PS.

Rainieri et al. (2018) studied the organ toxicity of zebrafish (Danio rerio) when
exposed to the mixture of PCBs, BFRs, PFCs, and methylmercury combined with
LD-PE 125-250 pm of diameter for a period of 3 weeks. The differential gene
expression of selected biomarker genes and quantification of perfluorinated com-
pounds in liver, brain, muscular tissue, and intestine of some selected samples were
analyzed. The combined toxicity affects their organ’s homeostasis to higher extent
than the contaminants alone. The liver is the most affected organ, and it also has
highest concentration of perfluorinated compounds followed by brain and then
muscles.

Rochman et al. (2014) showed early-warning signs of endocrine disruption in
Japanese medaka (Oryzias latipes) fish exposed to a mixture of contaminants such
as PAHs, PCBs, and PBDEs sorbed on polyethylene deployed in San Diego Bay. In
a similar study (Rochman et al., 2013b), PBT exposure inhibits AhR activity and
decreases expression of CYP1A. Since the fish exposed to the sorbed chemicals in
the PE causes bioaccumulation of chemicals leading to liver toxicity.
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4.2 Pharmaceutical Toxicity

The European Environmental Agency identified pharmaceutical toxicity as emerg-
ing environmental problem. The widespread use of pharmaceutical products
increased their discharge into the waterbodies and its toxicity begins to increase.
The discharged waste into the environment interacts with the MPs, and when these
mixtures are ingested by the organisms, their toxicity increases.

Cefalexin

P. microps juveniles at 25 °C when exposed to cefalexin and microplastics mixtures
induced mortality rate (Fonte et al., 2016). The mortality rate of the mixture mani-
fests when the temperature increases. The MPs containing higher concentration of
cefalexin indued the predatory performance up to 66%. The presence of microplas-
tics in the water influences the toxicity of cefalexin to P. microps juveniles, decreas-
ing it to a relatively small extent. The temperature rise increased the toxicity of
microplastics and of cefalexin, alone and in mixture with microplastics, to P. microps
juveniles.

Roxithromycin (ROX)

Interactive effects of microplastics and roxithromycin on red tilapia (Oreochromis
niloticus) fish were studied by Zhang et al. (2019a). Compared to roxithromycin
exposure, the co-exposure shows bioaccumulation of roxithromycin in gut, liver,
brain, and gills. The co-exposure induced the oxidative damage and AChE activity.

Zhang et al. (2019b) studied the toxicity impacts of ROX combined PS micro-
plastics on Daphnia magna. The mortality rate and oxidative stress using SOD,
CAT, GST, and GPx were assessed. The smaller size (1-pm) PS might immobilize
to daphnids and cause physical damage than 10-pm PS. Hence the co-exposure to
I-pm PS and ROX was more toxic and led to the strongest biological responses in
D. magna. Further it induces oxidative damage to cells in combination or micro-
plastics and ROX alone.

Florfenicol (FLO)

Guilhermino et al. (2018) exposed fresh water Corbicula fluminea to the individual
and mixtures of the antimicrobial florfenicol and MPs. The toxicology studies show
that the mixture of MPs and florfenicol were more toxic than their components
separately. MPs-florfenicol mixture caused significant feeding inhibition, neurotox-
icity through cholinesterase enzyme (ChE) inhibition, isocitrate dehydrogenase
IDH inhibition, and increased oxidative stress and lipid peroxidation levels.
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Zhou et al. (2020) investigated the toxicity of oxytetracycline (OTC) and flor-
fenicol with or without the presence of MPs in the blood clam. MPs are easily
ingested by blood clam so they easily carry antibiotics into the body and increase
the concentration of OTC and FLO. The MPs suppress the GST activity and gene
expression by detoxification. The consumption of antibiotic accumulated clams by
humans develops antibiotic resistance in the human gut microbiota.

Sertraline

The immune response of bivalve mollusk 7egillarca granosa was studied when
exposed to polystyrene MPs (diameters 500 nm and 30 pm) and sertraline antide-
pressants alone and in combination (Shi et al., 2020). A synergistic immune-toxic
effect was observed for Ser and nanoscale MPs, which may be due to the size-
dependent interactions.

Sulfamethoxazole (SMX)

Huang et al. (2021) studied the interactive effect of aged and virgin microplastics
(MPs) with the antibiotic sulfamethoxazole on red tilapia (Oreochromis niloticus).
The co-exposure causes changes in enzyme activities and gene expressions. The red
tilapia exposed to aged MPs and SMX causes severe stress lower neurotoxicity,
reduced lipid peroxidation damages, and higher inhibitions of cytochrome P450
enzyme activities.

Triclosan (TCS)

Zhu et al. (2018) studied the toxicity of triclosan with four kinds of microplastics,
namely, polyethylene, polystyrene, polyvinyl chloride, and PVC on microalgae
Skeletonema costatum. The growth inhibition and oxidative stress including super-
oxide dismutase (SOD) and malondialdehyde (MDA) were determined. The TCS
had obvious inhibition effect on microalgae growth within the test concentrations,
and single microplastics also had significant inhibition effect which followed the
order of PVC800 > PVC > PS > PE. However, the joint toxicity of PVC and
PVC800 in combination with TCS decreased more than that of PE and PS. Browne
et al. (2013) showed when lugworms are exposed to contaminated chemicals with
PVC, they transfer chemicals from microplastics to gut. The results showed that
survivorship and feeding were diminished by triclosan associated with PVC.
Syberg et al. (2017) showed that the mixture of PE microbeads and TCS has
more toxic effect than TCS alone in marine copepod Acartia tonsa. The presence of
MP in the mixture potentiates the toxicity of TCS. Nobre et al. (2020) studied the
combined effect of TCS-spiked PE microbeads on oyster Crassostrea brasiliana.
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The gills, digestive glands, and adductor muscles were dissected and biomarkers
responses were studied. Glutathione S-transferases were inhibited in the gills when
exposed to PE and TCS-spiked PE. The increase in dibenzylfluorescein dealkylase
(DBF) activity was observed in the tissues of oyster.

Venlafaxine

Venlafaxine is a chiral antidepressant. Qu et al. (2019) examined the interactions
and ecological impact of PVC MP and venlafaxine and its metabolite
O-desmethylvenlafaxine on aquatic ecosystem. MPs may help to transport pollut-
ants to liver subcellular structure and decrease the contaminant’s metabolism. The
MPs combined with chemicals enhance the oxidative stress in loach (Misgurnus
anguillicaudatus). Enantioselective effects of the co-exposure might cause more
adverse effects to organisms.

Procainamide Doxycycline

Microplastics-procainamide and microplastics-doxycycline mixtures were more
toxic to marine microalga (Tetraselmis chuii). The mixture enhanced the toxicity
significantly than each of the substances tested alone. Interaction of MPs with cell
wall facilitates the uptake of chemicals in higher amount. The mixtures significantly
affect the average growth and chlorophyll concentration (Prata et al., 2018).

4.3 Toxicity of Heavy Metals
Copper

Copper significantly decreased the average specific growth rate of Tetraselmis chuii.
In the presence of MP, no significant differences among the toxicity curves were
found. These results indicate that MP did not influence the copper-induced toxicity
on T. chuii. The copper interacts with environmental aged microplastics (plastic
particles) significantly than virgin ones (Davarpanah & Guilhermino, 2015).

Fu et al. (2019) investigated the interaction of copper with PVC microplastics
and cell growth, physiological and biochemical responses of microalga Chlorella
vulgaris. Mixture exposure enhances the cell growth, whereas single treatments sig-
nificantly inhibit the growth of C. vulgaris and cause oxidative stress.
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Chromium

Toxicology interaction between chromium and polyethylene was examined by
exposing early juveniles of Pomatoschistus microps (Luis et al., 2015). The simul-
taneous exposure shows decreased predatory performance and inhibition of AChE
activity. AChE inhibition was lower in the test with Cr(VI) alone and MP alone.
From this study, it is evident that joint exposure increases the AChE inhibition.

Mercury

Mercury is very toxic at even very low concentration. Barboza et al. (2018a) studied
the short-term toxic effects of microplastics and mercury exposures, individually
and in binary mixtures, on juveniles of the European seabass Dicentrarchus labrax
(Linnaeus, 1758). Microplastics and mercury when exposed individually caused
neurotoxicity through acetylcholinesterase (AChE) inhibition (62-74%), increased
lipid oxidation (LPO) in brain and muscle, and changed the activities of the energy-
related enzymes, namely, lactate dehydrogenase (LDH) and isocitrate dehydroge-
nase (IDH). The binary mixtures caused significant inhibition of brain AChE activity
(64-76%), and significant increase of LPO levels in brain (2.9-3.4 fold) and muscle
(2.2-2.9 fold).

In another study, the swimming velocity and resistance time of juveniles of the
European seabass Dicentrarchus labrax and Dicentrarchus labrax were studied. A
significant reduction in swimming velocity was observed in fish exposed to the
highest concentration of microplastics (64%), and mercury (53—-76%) individually,
and in the mixtures (80-87%). A considerable decrease in resistance time was
observed in animals exposed to microplastics alone (5-28%), mercury alone
(45-53%), and in the mixtures (52-64%). These results may be due to negative
effects induced on metabolic, endocrine, and nervous systems that are known to be
targets of microplastics and mercury. Since these substances are ubiquitous pollut-
ants, their combined effects may adversely affect wild populations, ecosystem func-
tions, and human health (Barboza et al., 2018b).

Silver

Khan et al. (2015) reported an increased proportion of intestinal silver and signifi-
cantly lower silver in the body tissue when exposed to Ag-incubated PE microbeads
in zebrafish (Danio rerio). Further, Khan et al. (2017) reported that the co-exposure
of particulate plastics and Ag, and Ag-incubated particulate plastics, had no effect
on the uptake of Ag in the intestine of rainbow trout fish.

Biofouling affects the properties and toxicity of microplastics. The changes in
properties and the microplastic toxicity to daphnids Daphnia magna and duckweed
Lemna minor were evaluated by Kal¢ikova et al. (2020). Higher concentration of
silver was adsorbed on MPBIO than MP and more silver was leached from MPBIO
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which was probably due to the weak adsorption of Ag on the algal and bacterial
biomass. A decrease in root length and root cell viability of duckweed was observed
with MPAg and MPBIOAg at higher concentration when compared to MP
and MPBIO.

Zinc

The microplastics generated from the HDPE bags act as a vector for heavy metal
adsorption. Hodson et al. (2017) established that microplastics generated from
HDPE plastic carrier bags can accumulate Zn and act as a source of exposure to soil
fauna. Lumbricus terrestris earthworms when exposed to Zn adsorbed microplas-
tics, but there was no evidence of Zn accumulation, mortality, or weight change.
This study signifies that the microplastics act as a vector and increase the metal
exposure of the earthworm.

Cadmium

Wen et al. (2018) studied the exposure of MPs and Cd to juvenile S. aequifasciatus.
This study shows the reduced bioaccumulation of Cd in the body of the fish which
might be due to size, nature, and concentrations of MPs and metal. However, the
mixture of MPs and Cd induced severe oxidative damage and stimulate the innate
immune responses.

Gold Nanoparticle

The microplastics increase the toxicity of gold nanoparticles to the marine microal-
gae Tetraselmis chuii (Davarpanah & Guilhermino, 2019). The cultures were
exposed to the mixture of microplastic gold nanoparticle for 96 h. AuNP alone and
MP alone did not cause significant decrease of average specific growth rate of
T. chuii. The mixture significantly reduced the average specific growth rate of the
microalgae. The increased toxicity of the mixture relative to the effects caused by
the substances alone may have been due to some damage in the cell wall induced by
microplastics that facilitated the entrance of AuNP into the cells, resulting in
increased toxicity.

A decreased predatory performance which results in delayed growth and repro-
duction was reported in fish Pomatoschistus microps when exposed to Au-NP and
MP (Ferreira et al., 2016). Pacheco et al. (2018) studied the chronic effects of mix-
tures of citrate-stabilized gold nanoparticles (AuNP) and microplastics on Daphnia
magna. The mortality caused by the mixture was higher than the AuNP and MP
alone. The higher mortality rate indicates toxicological interactions between AuNP
and MP in D. magna.
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Lead Chromate

Lead chromate is added as an additive in the plastic manufacturing. Lead chromate
toxicity arises due to the leaching of Pb and Cr from the aged microplastics because
of surface cracks and fragmentation. Higher concentration of leachate inhibited the
cell growth and photosynthesis in Microcystis aeruginosa (Luo et al., 2019).

Arsenic

The US Environmental Protection Agency recognized arsenic as one of the five
most harmful soil pollutants. Dong et al. (2020) conducted a study to investigate the
effects of microplastic particles of polystyrene and polytetrafluoroethylene and
arsenic on leaves and roots of rice seedlings. Microplastic particles and As(III)
inhibited the biomass accumulation, photosynthetic rate, chlorophyll fluorescence,
and the chlorophyll-a content of rice. Further it induced an oxidative burst in rice
tissues through mechanical damage and destruction of the tertiary structure of anti-
oxidant enzymes.

4.4 Health Effects on Humans

Humans are exposed to microplastics and the adsorbed chemicals through inges-
tion, inhalation, and dermal contact in products, foodstuff, and air. The major source
of MP ingestion is through the sea food. Humans could also ingest microplastics by
consuming contaminated fruits and vegetable through the uptake from polluted soil
(Galloway, 2015). During inhalation, airborne microplastics enter the lungs causing
localized biological response, and the main source of airborne microplastics is tex-
tile fibers. The dermal exposure occurs through skin pores by the interaction of MPs
with contaminated water or soil contaminated or from contact with particulate MPs
(Enyoh et al., 2020).

Currently, there are no literatures related to the health effect on the direct or indi-
rect consumption of MPs contaminated with endocrine disruptors. The toxicokinet-
ics of absorption and distribution are only available, and no information is available
on metabolism. The MPs and their contaminant chemicals are primarily ingested by
lower trophic levels and bioaccumulate. The monomers and additives that leach
from the surface of microplastics even in lower concentration act as endocrine dis-
ruptors (Cole et al., 2011). The transfer of these chemicals to higher trophic levels
including humans raises the possibility of biomagnification. Bakir et al. (2014)
showed that desorption of POPs under gut condition could be 30 times greater than
in sea water. The gut microbiome is linked with the immune health function and
lead to adverse effects such as the proliferation of harmful species, increase in intes-
tinal permeability, and endotoxemia. However, contribution of microplastics to the
exposure to POPs seems negligible when compared to the intake from food and
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water (Bakir et al., 2016). The release of chemicals or microorganisms adsorbed to
microplastics will be highly dependent on the types associated with ingested parti-
cles, the clearance time and translocation of vector microplastics, the release rate
and extent of the contaminant, and its translocation and noxious effects in human
tissues. Greim et al. (2001) showed that stable and unstable lesions may arise after
metabolism of microplastics associated with PAHs.

The exposure to PS and polyethylene in cerebral and epithelial human cells was
not able to induce cytolysis, but increased reactive oxygen species (ROS) to high
concentrations, contributing to cytotoxicity (Schirinzi et al., 2017). Furthermore,
exposure of macrophage and lung epithelial cell cultures to PS (60 pm) caused ROS
and endoplasmic reticulum stress leading to autophagic cell death (Chiu et al.,
2015). The medical literature on impact of micro- and nanoplastics originating from
inhalation or released from wear debris from plastic prosthetic implants shows
diverse effects varying from DNA damage, changes in gene and protein expression,
cell clotting, necrosis, apoptosis, and proliferation. However, human health impacts
on monomers, additives, and degradation products migrating from plastics and
microplastics should be further explored.

5 Conclusion

Microplastics are considered as a harmful potential threat to the aquatic and terres-
trial environment as well as to the human health. The sorption of organic chemicals,
trace elements on microplastics, and its exposure to the ecosystem led to the accu-
mulation in food chains through agricultural soils, terrestrial, aquatic food chains,
and water supply and augment its toxic effects. Several researchers assessed the
synergistic effects and the potential transfer of microplastics and associated toxic
chemicals to the living organisms. However, the harmful human health effects when
exposed to the microplastics and the adsorbed toxic chemicals were mostly unknown
which should be further examined.
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