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broadofessentialsoilbiogeochemicalprocessesbyeffectingsoilproperties,formingspecificmicrobial
hotspots,inducingdiversedinfluencesonmicrobialfunctions.Thephysicaldamageorchemicaltoxicity
onsoilorganismsandplantscausedbyMPsmayinfluenceplanthealth.DuetotheCcontainedinMPs,
itcontributestotheaccumulationofsoilorganicmatteraswelldissolvedorganicmatter.Thisfurther
stimulatesmicrobialactivityandconsequentlyCO2andN2Oemissions.EnhancedsolubleCreleased
fromthedecompositionofbioplasticsincreasesmicrobialnutrientimmobilizatizationandthuscauses
competitionbetweenplantsandmicrobes.AlthoughMPsmayconfersomebenefitsinagroecosystems,
itisthoughtthatthesewillbefaroutweighedbythepotentialdisbenefits.
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Thespreadingandabundanceofmicroandnanoplasticsintotheworldaresowidethatmanyresearchers
used them as main pointers of the modern and contemporary period defining a new historical era.
However,theinferencesofmicroplasticsarenotyetsystematicallyunderstood.Thereisthesignificant
difficultyinvolvedtoknowtheirimpactduetodissimilarphysical-chemicalcharacteristicsthatmake
micro-plasticscomplexstressors.Micro-plasticscarrytoxicchemicalsintheecosystems,thereforeserving
asvectorsoftransport,and,ontheotherhand,acombinationofdangerouschemicalsthatarefurther
voluntarilyduringtheirmanufactureasadditivestoincreasepolymerpropertiesandextendtheirlife.In
thischapter,theauthorsprominentlydiscussthedifferentkindsofliteratureonmicroandnano-plastic
exposurepathwaysandtheirprobablerisktohumanhealthtoencapsulatepresentinformationwiththe
targetofenhancedattention,upcomingstudyinthisarea,andinformationgaps.
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Inthecontemporaryworld,themenaceofplasticpollutiondovetailedwiththecurrentpandemicscenario
isagloballyrisingconcernwhichisaffectingeverylifeformonEarth.Plasticsholdseveralproperties
likeductilitythatpermitthematerialtobecastedandgivennumerousshapesandformsforvarious
commercialuses.Whensummedup,ithasbenefitedmankindbybecominganindispensablepartof
ourlives.Butthenegativeimpactsassociatedwithitlurksbehindsilently.Mostoftheplasticpolymers
manufactured todayarehighly resistant todegradation,and theaccumulationof thesecomplexand
persistentmaterialsarenotonlycausingseriousdamagetotheenvironment,butalsotohumanhealth.
Additivesareaddedduringthemanufacturingprocesstoimprovethelifeofthesesyntheticpolymers.The
excessiveusageofplasticproductshasresultedinaccumulationofthehazardouschemicals,associated
withplasticpolymersinhumanbodyaboutwhichthischapterdiscussesfurther.
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Plasticcontaminationintheoceanhasrecentlyreceivedalotofattention.Plasticproductionhasbeen
growingand itsuse spread tomany sectors.More than80%ofplastic enters theocean from land-
basedsources,withtheremaininghavingocean-basedsources.Onceintheocean,plasticundergoes
fragmentationanddegradationthatleadtotheformationofmicroplastics(MPs)andnanoplastics(NPs),
andtheirdimensionsarebecominganenvironmentalconcern.Thus,thischapterprovidesanoverviewof
theeffectsofMPsandNPsonmarineorganisms,frombacteriatofish.Plasticaffectsmarineorganisms
frommoleculartopopulationlevelsbutsomeknowledgegapsexistregardingthebiogeochemicalcycle
of plastic, how it behaves and is distributed in the aquatic-sediment compartment and in deep-sea.
Moreover,moreattentionisnecessaryconcerningNPsecotoxicologicaleffectsalreadydetectedand
becausenotallpolymertypesandsizeeffectshavebeeninvestigated.Inaddition,riskassessmentof
plasticparticlesisneededtocharacterizetheirrisksandfordatatobecomparable.
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Plasticsareoneoftheessentialmaterialsduetotheirlowcostandproperties.Plasticsareusedalmost
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anincompletemeasuretoaddresstheenvironmentalimpactsofplastic.Therefore,thereisademand
fordevelopingalternativeplasticmaterialsthatwillbemoreenvironmentallyfriendly.Bioplasticshave
attractedmuchattentionasapotentialreplacementforconventionalplastics.Thischapterwillfocus
on thedevelopment,properties,andapplicationsofvariousbioplastics.Thebiodegradabilityof the
bioplasticswillalsobediscussed.
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densityseparationreagents,andthetechniquesutilizedcausesignificantimpactsontherecoveryrate
oftheMPsparticlesfromsamples.20-10μmhasbecomethelowerreliable,practicallimitforMPsdue
tothelimitationsinidentificationmethods.SincethereismanymoreMPsresearchtobedone,thereis
anurgencyofestablishingreliableandefficientstandardmethodologiesforMPsmonitoringenabling
comparisonofstudiesfromdifferentpartsoftheworld.
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duringtheAnthropoceneandtheGreatAcceleration.Plasticproductionhasworldwideincreasedsince
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of plastic and microplastic. The manifestation of the plastic invasion is obviously dispersed within
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pedosphere,hydrosphere,andbiosphere.Theymaybeeatenbyanimals,includinghumans.Plasticsare
alsogoodandsafenichesforpathogenicviruses.TheyareconsideredasmotivatorsoftheAnthropocene
virology.
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Preface



The term“plastic”hasbeenwellknown to thepublic formanyyears.Yet serious issues related to
plasticpollutionhavejustrecentlybeenrecognized—inparticular,theescalatednegativeimpactsof
plasticpollutionontheenvironmentandpublichealth.Plasticpollutionhasbeenagrowingconcern
globally,especiallyunderthecurrentCOVID-19pandemic,includingbutnotlimitedtotheproduction,
consumption,anddisposaloffacemasks,medicalgloves,personalprotectiveequipmentandplastic
dishes.Thus,thereisasignificantneedforassessingharmfuleffectsofplasticsontheenvironmentand
publichealth.Still,themanufacturingofplasticgoodsandproductsisexpectedtocontinuouslygrow
overthenextdecade.

Thisbookcoversplasticpollutionintheenvironment,including(1)backgroundinformation,aswell
asthesourcesandpathwaysofplastics;(2)characterizationandanalysis;(3)environmentalrisks;(4)
publichealthrisk;(5)microplasticsandnanoplasticsintheaquaticenvironment,particularlychallenges
andthreatstoaquaticorganisms;(6)preventivemeasures;(7)currentstatusandfuturechallengesof
microplastics in theagroecosystems;and(8)developmentofbioplasticsandbiodegradableplastics.
Morespecifically,thecontentofthisbookfocusesonassessingtherisksofplastics(includingnano-and
micro-plastics)releasedintotheenvironment,anditisdesignedtoeducatefundamentalaspectsofplastic
materials,includingpotentialriskstothepublichealthandenvironment,approachestoassessingtheir
harmfuleffects,preventionofplasticpollution,andenvironmentallysoundtechnologiesforrecycling
plasticsand/orconvertingthemintorenewableenergysources.Riskassessmentofplasticsisrequired
toevaluatecurrentlyavailabletreatmenttechnologiesandidentifythesignificanceofplasticpollution.

Abriefsummaryofeachchapterinthebookispresentedhere.

CHAPTER 1: SOURCES AND PATHWAYS OF MARINE LITTER – A GLOBAL 
ASSESSMENT OF PLASTIC POLLUTION IN COASTAL AND ISLAND REGIONS

Plasticpollutionisaglobaltransboundarythreattotheplanet’smarineresources.Trackingpollution
iscrucialtoimplementeffectivemarinemanagementstrategiesoncoastalandislandregions,where
mismanagedplasticsaremostatriskofenteringtheocean.However,theuncertaintyofsourcesand
pathwaysofmarinelitterposesamajorchallengetotheassessmentofmarinepollution.Thischapter
reviewstheprincipalsectorsandhumanactivitiescontributingtoplasticpollution,themechanismsby
whichplasticenterstheocean,andsomepossibledriversofmarinelitter,includingthegrowingroleof
coastaltourismonsmalldevelopingislands.Italsooutlinesfuturedirectionsformeaningfullyintegrat-
ingresearch,materialaccounting,andpreventionactionstomitigatetheinfiltrationofplasticpollution

xv
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inthemarineenvironment,viapropermonitoring,assessment,andreportingonplasticmaterialflows
fromsourcetosink.

CHAPTER 2: A REVIEW OF MICROPLASTIC POLLUTION 
CHARACTERISTICS IN GLOBAL URBAN FRESHWATER CATCHMENTS

Microplasticsarethenewlyidentifiedpollutantofthiscentury,yettheyarealreadydetectedeverywhere
worldwide.Microplasticpollutioninglobalmarineenvironmentshasbeenintensivelyreported.Evidence
ofmicroplasticpollutionisemerginginotherenvironments,includingland,freshwater,atmosphereand
organisms.Publicconcernswerealsoraisedaboutmicroplasticpollutionaroundthem.Fromterrestrial
environments,throughfreshwaterenvironments,finallytomarineenvironments,isamajortransportation
routeofmicroplasticpollution.Humanactivitiesarethefundamentalsourceofmicroplasticpollution.
Cities,withthehighestpopulationdensityonthisplanet,areimportantsourcesofmicroplasticpollut-
ants.Thischapterfocusesonurbanfreshwaterenvironments,thefirstreceptorandmajortransporterof
urbanmicroplastics.Byreviewingmicroplasticpollutioninglobalurbanfreshwatercatchments,urban
microplasticpollutioncharacteristicswereclarified,andthekeyinformationtopreventurbanmicro-
plasticdischargewassought.

CHAPTER 3: MICROPLASTICS IN THE ENVIRONMENT 
– SOURCES, PATHWAYS, AND ABUNDANCE

Microplasticsintheenvironmentposeasignificantthreattotheentireecosystem.Householdactivity,
industrialactivity,tyrewearandtear,construction,incineration,plasticlitters,landfill,andagricultural
activitiesarethemajorsourcesofmicroplasticsintheenvironment.Microplasticscanfreelyfloatand
adaptbetweendifferentenvironmentalmediums in theecosystemdue to their lightweightand low-
densitycharacteristics.Eventually,microplasticsenteringtheoceanfromdifferentpathwaysresultin
accumulationandwidespreaddistributioninthemarineenvironment.Thefrequentinteractionbetween
microplasticandaquaticenvironmentsaccumulatesthemicroplasticsinliveorganisms.Themicroplastic
accumulationandexposuretoanimalsandhumanswillalsoaffecttheecosystem.Thischapterseeksto
understandthesources,pathways,andabundanceofmicroplasticsinadifferentenvironment.Thestudy
alsohighlightedthefutureresearchprospectsformitigationofplastictowardsenvironmentprotection.

CHAPTER 4: MICROPLASTICS AND NANOPLASTICS IN AQUATIC 
ENVIRONMENTS – CHALLENGES AND THREATS TO AQUATIC ORGANISMS

Marinetrashcanbefoundallaroundtheoceans.Debrisentersoceansthroughavarietyofsources,
includingbutnotlimitedtosourcesonshore,vessels,andothermarineinfrastructure.Plasticsareoften
themostsignificantcomponentofmarinedebris,contributingupto100%offloatingtrash.Microplas-
tics (MPs)ornanoplastics (NPs),whichare fragmentedorotherwiseminuteplasticmaterials,have
remainedasourceofenvironmentalconcern.ThischaptertracesthedifferentavenuesofNPsandMPs
inanaquaticsettingalongwiththeirorigin.ThetoxicimpactsofNPsandMPsonthemarineecosystem

xvi

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



Preface

havebeendiscussedindetail.ThischapteralsohighlightsthetoxicitycomparisonofMPs/NPsandthe
briefanalyticaltechniquesfortheirmitigation.Theavailabledatasuggeststhattheprolongedpresence
ofNPsandMPsintheaquaticsystemscouldhavelong-termrepercussions.Themoreempiricaland
doctrinalstudyispertinentforabetterunderstandingofsystemictoxicitycausedbyMPs/NPs,aswell
astheunderlyingmechanism.

CHAPTER 5: THE FATE, CONSEQUENCES, AND FUTURE 
CHALLENGES OF MICROPLASTICS IN AGROECOSYSTEMS

Itisunavoidablethattheaccumulationofmicroplastics(MPs)withdiameterlessthan5mmwillin-
fluenceenvironment,duetotheincreasingproductionbuttheslowdegradationratesofMPs.Here,
ourobjectiveistoassesswhetherMPsrepresentanemergingthreattosoilqualityandplanthealthin
agroecosystems.Weconcludethephysicaldamageorchemicaltoxicityonsoilorganismsandplants
causedbyMPsmayinfluenceplanthealth.DuetotheCcontainedintheMPs,itcontributestotheac-
cumulationofsoilorganicmatter(SOM)aswelldissolvedorganicmatter(DOM).Thisfurtherstimulates
microbialactivityandconsequentlyenhancestheproductionofCO2andN2O.Duetothevariousnature
ofMPsfoundinsoils,e.g.,polymertype,shape,size,andconcentration,wealsofinddifferingimpacts
onSOM,nutrients,aswellasgreenhousegasesemissions.AlthoughMPsmayconfersomebenefitsin
agroecosystems(e.g.,enhancedsoilstructure,aeration),itisthoughtthatthesewillbefaroutweighed
bythepotentialdisbenefits.

CHAPTER 6: PREVENTIVE MEASURES OF PLASTIC POLLUTION

Theproductionofplasticshas rapidlyoverwhelmed theworld’sability tomanage it andhence the
demandingenvironmentalissuesonplasticspollution.Thenegativeeffectsofplasticshavebecomeso
omnipresentandpromptedmanystudiestobeconductedleadingtoaglobaltreaty.Thisstudyfocused
on reviewing measures for preventing plastic pollution in the environment. Based on the literature
reviewapproach,sevenkeymeasuresareidentified;recyclingprioritization,utilizationofbio-based
andbiodegradableplastics,improvementofwastecollectionsystems,awarenessandeducationincom-
munities,extendedproducerresponsibility(EPR)enforcement,strengthenstakeholderengagementand
technologyandinnovations.Thestudyconcludesbyprovidingpracticalrecommendationsthatshould
beimplementedcontextually.

CHAPTER 7: STUDY OF THE POTENTIAL IMPACT OF 
MICROPLASTICS AND ADDITIVES ON HUMAN HEALTH

Thespreadingandabundanceofmicroandnanoplasticsintotheworldaresowidethatmanyresearch-
ersusedthemasmainpointersofthemodernandcontemporaryperioddefininganewhistoricalera.
Though,theinferencesofmicroplasticsarenotyetsystematicallyunderstood.Thereisthesignificant
difficultyinvolvedtoknowtheirimpactduetodissimilarphysical-chemicalcharacteristicsthatmake
micro-plastics complex stressors. Micro-plastics carry toxic chemicals in the ecosystems, therefore
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servingasvectorsoftransport,and,ontheotherhand,acombinationofdangerouschemicalsthatare
furthervoluntarilyduringtheirmanufactureasadditivestoincreasepolymerpropertiesandextendtheir
life.Inthischapter,weprominentlydiscussthedifferentkindsofliteratureonmicroandnano-plastic
exposurepathwaysandtheirprobablerisktohumanhealthtoencapsulatepresentinformationwiththe
targetofenhancedattentionupcomingstudyinthisareaandfillinformationgaps.

CHAPTER 8: THE EFFECTS OF (MICRO AND NANO) PLASTICS ON THE 
HUMAN BODY – NERVOUS SYSTEM, RESPIRATORY SYSTEM, DIGESTIVE 
SYSTEM, PLACENTAL BARRIER, SKIN, AND EXCRETORY SYSTEM

Inthepresentcontemporaryworld,themenaceofplasticpollutionclubbedwiththecurrentpandemic
scenario,isagloballyrisingconcernwhichisaffectingeverylifeformonEarth.Plasticsholdseveral
propertieslikeductilitythatpermitsthematerialtobecastedandgivennumerousshapesandformsfor
variouscommercialuses.Whensummedup,ithasbenefitedmankindbybecominganindispensable
partofourlives.Butthenegativeimpactsassociatedwithitlurksbehindsilently.Mostoftheplastic
polymersmanufacturedtodayarehighlyresistanttodegradation,andtheaccumulationofthesecomplex
andpersistentmaterialsarenotonlycausingseriousdamagetotheenvironment,butalsotohumanhealth.
Additivesareaddedduringthemanufacturingprocesstoimprovethelifeofthesesyntheticpolymers.
Theexcessiveusageofplasticproductshasresultedinaccumulationofthehazardouschemicals,associ-
atedwithplasticpolymersinhumanbodyaboutwhichthischapterdiscussesfurther

CHAPTER 9: IMPACTS OF MICRO- AND NANOPLASTIC 
IN THE MARINE ENVIRONMENT

Plasticcontaminationintheoceanhasrecentlyreceivedalotofattention.Plasticproductionhasbeen
growinganditsusespreadtomanysectors.Morethan80%ofplasticenterstheoceanfromland-based
sources,withtheremaininghavingocean-basedsources.Onceintheocean,plasticundergoesfrag-
mentationanddegradationthatleadtotheformationofmicroplastics(MPs)andnanoplastics(NPs)
andtheirdimensionsarebecominganenvironmentalconcern.Thus,thischapterprovidesanoverview
oftheeffectsofMPsandNPsonmarineorganisms,frombacteriatofish.Plasticaffectmarineorgan-
ismsfrommoleculartopopulationlevelsbutsomeknowledgegapsexistregardingthebiogeochemical
cycleofplastic,howitbehavesandisdistributedintheaquatic-sedimentcompartmentandindeep-sea.
Moreover,moreattentionisnecessaryconcerningNPsecotoxicologicaleffectsalreadydetectedand
becausenotallpolymertypesandsizeseffectshavebeeninvestigating,Inaddition,riskassessmentof
plasticparticlesisneeded,tocharacterizetheirrisks,andfordatatobecomparable

CHAPTER 10: IMPACTS OF MICROPLASTICS ON THE 
HYDROSPHERE (AQUATIC ENVIRONMENT)

Thecomfortsandusesofplasticshaveundeniablyimpactedthemankindinawaysuchthatthehelphas
becomeareasonofworryforthefuturegenerations.Themushroomingconcernsaboutthedetrimental
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effectsofmicroplastics(MPs)onbiotainresponsetoitscrescivedetectionandquantificationinthe
marineandfreshwaterecosystems,isloominglargesincelastfewdecades.TheinfiltrationofMPsand
itssmallerversionsintothehydrospherehasbeendocumentedastheproblemwiththeanthropogenic
angleasthemajorcontributortilldate.ThepresentchapterhighlightstheMPsproduction,release,and
transportpathwayalongwithitsimpactsontheaquaticbiotaintermsofacocktailofadverseeffects.
ItishenceapressingneedtodevelopmethodsforthedegradationandremovalofMPswhichhavecol-
lectedovertheyearsofitsunregulateduseplayinghavocsincerecenttimeswithalotmoreyettocome.

CHAPTER 11: DEVELOPMENT OF BIOPLASTICS 
AND BIODEGRADABLE PLASTICS

Plasticsareoneoftheessentialmaterialsduetotheirlowcostandproperties.Plasticsareusedalmost
everywhereincluding,foodpackaging,homeappliance,agriculture,automobile,electricalinsulators,
medicalinstruments,etc.However,duetothelowbiodegradabilityofconventionalplastics,theyremain
intheenvironmentforaverylongtimeandthus,poseaseriousthreattoourenvironment.Gettingrid
oftheseplasticsisverydifficult.Theburningofplasticsproducesharmfulchemicalsthatnegatively
impacttheenvironment(e.g.,globalwarming)andhumanhealth.Plasticmanagementviarecyclingis
anincompletemeasuretoaddresstheenvironmentalimpactsofplastic.Therefore,thereisademand
fordevelopingalternativeplasticmaterialsthatwillbemoreenvironmentallyfriendly.Bioplastichas
attractedmuchattentionasapotentialreplacementforconventionalplastics.Thischapterwillfocus
on thedevelopment,properties,andapplicationsofvariousbioplastics.Thebiodegradabilityof the
bioplasticswillalsobediscussed.

CHAPTER 12: ANALYSIS OF PLASTICS

Theever-growingdemandandconsumptionofplastichascreatedanirrevocablehavoconearthfromlast
severaldecades.Theexponentialincreaseintheproductionofplasticfrom2.3milliontonsworldwide
in1950to448milliontonsin2015isexpectedtodoubleby2050.Withnoproperreuseorrecycling
policiesandgruesomeexploitationof thispersistentpollutant,plastichasstartedaccumulatingand
overflowingbeyondcontrol.Theprevalenceandtheundefinedharmfrommicroandnanoplasticpol-
lutioncallsforavigilantscreeningandperiodicupgradationofanalyticalmethodologyforefficientand
standardreporting.Thischapterprovidesamereattempttoprovideasummaryofsuitablemethodology
foranalysisofvariousenvironmentsamplesandfullyunderstandtheimplicationsitpossesses.

CHAPTER 13: MICROPLASTICS ANALYTICAL TECHNIQUES 
IN WATER, SEDIMENTS, AND BIOTA

Identificationandquantificationofmicroplastics(MPs)pollutionlevelsinalltheenvironmentalcom-
partmentsincludingwater,sediments,andbiotaareanhourlyneed.MPsanalyticaltechniquesinwater,
sediments,andbiotaconsistofseverallaboriousstepsincludingsampling,samplehandling,andanalyti-
caltechniquesforidentificationandquantification.Studieshaveemployedawidevarietyoftechniques
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resultinginvariationinMPsabundanceandcharacteristics.MPsreportingtechniquesalsovarybetween
differentstudies.Thesamplingtechniques,digestionreagents,thetemperatureapplied,densityseparation
reagentsandthetechniquesutilized,causesignificantimpactsontherecoveryrateoftheMPsparticles
fromsamples.20-10μmhasbecomethelowerreliable,practicallimitforMPsduetothelimitations
inidentificationmethods.SincetherearemanymoreMPsresearchtobedone,thereisanurgencyof
establishingreliableandefficientstandardmethodologiesforMPsmonitoringenablingcomparisonof
studiesfromdifferentpartsoftheworld.

CHAPTER 14: ENVIRONMENTAL EFFECT OF PLASTICS DURING 
THE ANTHROPOCENE AND THE GREAT ACCELERATION

Theaimofthischapteristoinvestigatetheenvironmentaleffectofplastics(macroplasticandmicroplastic)
duringtheAnthropoceneandtheGreatAcceleration.Plasticproductionhasworldwideincreasedsince
1950.Forinstance,manyTunisianregionssuchasBizerte,KerkennahandGabeswitnessaprolifera-
tionofplasticandmicroplastic,themanifestationoftheplasticinvasionisobviouslynoticeddispersed
withincontinentalandmarineenvironments.Thedetectionofmicroplasticneedsanextractionprotocol
andtheuseoftheinfraredspectroscopy.Addedtotheirestheticpollution,effectofplasticsonenvi-
ronmentandhumanhealthremainscontroversial.Ontheotherhand,microplasticfragmentsobtained
afterthepartialdestructionofplasticrepresentmoreseriousdanger.Thesefragmentsareintegrated
withinthepedosphere,hydrosphereandbiosphere.Theymaybeeatenbyanimals,includinghumans.
Plasticsarealsogoodandsafenichesforpathogenicviruses.Theyareconsideredasmotivatorsofthe
Anthropocenevirology.

Thebookallowsreaderstocriticallythinkofwaysofavoidingoratleastminimizingplasticcontami-
nationandadvocating/educatingriskassessmentofplasticswithcontaminantsintheenvironment.The
significanceofplasticpollutionisillustratedthroughcasestudies,alongwithtrackingoftheultimate
fateofplasticsinheterogeneousenvironmentalconditions.Comparedtootherexistingbooksinthearea,
thisbookevaluatespotentialrisksofmicro-andnano-plastics,especiallyintheaquaticenvironment,
andreviewsapplicationsofmodelingtoolsandpreventionapproaches,usingtechnologiestominimize
plasticpollutionthroughthedevelopmentofbiodegradableplasticsorrecyclingandreusingplasticsin
environmentallyfriendlyways.Thebookstandsoutfromthecompetitionintermsofaddressingrecent
hottopicsonplasticpollutionintheenvironment,especiallyintheCOVID-19pandemicsituation.

Inadditiontodiscussingthefutureoutlookbasedoncasestudies,thisbookcontributestothefield
ofmicro/nanoplasticsresearchinthatitoffersnewknowledgeandrecentupdateson(1)theriskassess-
mentofplasticsintheenvironment,(2)preventivemeasuresandmodelingtoolsforassessingplastic
pollution,(3)characterizationandanalysisofplastics,and(4)thecurrentstatusandfuturechallenges
ofmicroplasticsinagroecosystems.

Readers,particularlythoseinthefieldoftoxicology,materials,environmentalpolicy,publichealth,
andwatertreatment,willbenefitfromthisbook’scontentandeducationalfeatures,inperspectivesof
providingknowledgeintheenvironmentalfield,namelythecurrentstatusandtechnologydevelopments
foravoidingorminimizingplasticcontamination,casestudiesusedtoassessenvironmentalandpublic
healthrisksofmicro-andnano-plastics,andeducationalrecommendationsinresolvingissueswithglobal
plasticpollution.Thetargetaudienceincludesresearchscientistsandengineers,industryconsultants,
practitioners,students(bothundergraduateandgraduate),andalsoentry-levelprofessionalsincluding
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thosewithnon-majoreducationalbackgrounds.Forthisaudience,thebookwillbeanessentialrefer-
ence,providingfundamentalinformationforpracticeandresearch.Thebookisalsorecommendedfor
studentswhosemajorisinthefieldofenvironmentalscience,materialsandenvironmentalengineering,
publichealth,orchemistry.

Sung Hee Joo
University of Seoul, South Korea
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ABSTRACT

Plastic pollution is a global transboundary threat to the planet’s marine resources. Tracking pollution 
is crucial to implement effective marine management strategies on coastal and island regions, where 
mismanaged plastics are most at risk of entering the ocean. However, the uncertainty of sources and 
pathways of marine litter poses a major challenge to the assessment of marine pollution. This chapter 
reviews the principal sectors and human activities contributing to plastic pollution, the mechanisms by 
which plastic enters the ocean, and some possible drivers of marine litter, including the growing role of 
coastal tourism on small developing islands. It also outlines future directions for meaningfully integrat-
ing research, material accounting, and prevention actions to mitigate the infiltration of plastic pollution 
in the marine environment, via proper monitoring, assessment, and reporting on plastic material flows 
from source to sink.

INTRODUCTION 

In just over a century, plastic has gone from being hailed as a “scientific wonder” to becoming an 
“environmental scourge” (Plummer, 2018). In fact, the social and economic benefits associated with 
plastic materials made them so popular that they have been documented in the most remote corners of 
the planet (Andrady & Neal, 2009; Thompson et al., 2009). Plastic pollution is defined as the totality of 
plastic accumulation in the environment, as well as the ecological impacts associated with its production, 
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consumption, mismanagement, and emissions related to end-of-life practices (Nielsen et al., 2020). The 
scale of plastic pollution is striking, causing US$75 billion social and environmental costs every year 
(UNEP, 2014a). It has been estimated that over 8 million metric tons of plastics enter our oceans every 
year (Jambeck et al., 2015), and this flow is expected to nearly triple by 2040 (The Pew Charitable Trust 
& SYSTEMIQ, 2020), with tremendous consequences for the subsistence of marine life (Derraik, 2002).

A growing body of research has reported that plastic litter is one of the most serious threats to the 
underwater world, making the study of marine plastic pollution a key priority (Li et al., 2016). However, 
our knowledge of the magnitude and distribution of plastic pollution in the planet’s oceans is relatively 
new and there is still much uncertainty about the sources and pathways of marine pollution (Thompson 
et al., 2004; Cózar et al. 2014). This is due to the difficulties in assessing provenience (the geographic 
origin of the debris and the sector that is primary responsible for its release), means of release (the 
mechanisms by which the debris enters the marine environment), and entry points (where the release 
occurred) of plastic debris (Veiga et al., 2016). To bridge these gaps, existing assessment frameworks 
consider the annual amount of mismanaged plastic waste produced by coastal populations. In fact, it 
has been estimated that plastics consumed within a 50 km distance from the coast are at “high risk of 
entering the ocean” via direct littering, inland waterways, wastewaters, or transported by wind and tides 
(Jambeck et al., 2015).

This chapter explores the most common sources and pathways of plastic pollution in coastal and is-
land regions, where mismanaged plastic waste is at the highest risk of becoming marine pollution, and it 
provides tangible implications and solutions to detect plastics in these areas. Coastal environments suffer 
particularly from plastic pollution, as they host hotspots for the production, accumulation, and release 
of plastic debris (Li et al., 2016). Second, coastal sites are exposed to the negative effects of plastic pol-
lution, ranging from environmental degradation to jeopardy of marine ecosystems (Cózar et al., 2014; 
Lamb et al., 2018). A third element of concern is that marine pollution can impoverish local economies 
via reduced investments in coastal development (McIlgorm et al., 2011; Jang et al., 2014) and decline 
of coastal- and marine-dependent activities (e.g., fishing, mariculture, and tourism) (Mohammed, 2002; 
Staehr et al., 2018). In addition to the challenges experienced by coasts, islands face several barriers 
related to environmental management such as the limited physical space for storing and treating waste, 
a lack of resources to implement efficient waste infrastructure, higher waste management costs, and dif-
ficulty of implementing plastics circularity locally (Eckelman et al., 2014). Ultimately, understanding 
the distribution patterns of marine litter in coastal and island regions is crucial to unfold the impacts on 
the marine environment and root causes of marine pollution.

The chapter is organized as follows: the next section presents background information on plastic 
waste and its management. The main focus of the chapter is on the sources and pathways of marine lit-
ter and plastic pollution, including a case study on the role of coastal tourism in marine pollution. Next, 
a number of priority solutions and recommendations on monitoring and reporting on plastic pollution 
are presented. The chapter suggests some future research directions to integrate existing monitoring 
approaches. Finally, concluding remarks are provided.
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BACKGROUND

Managing Plastic Waste and Pollution

Consumption of plastics has spread rapidly due to their great versatility and mechanical properties, that 
made them affordable, durable, and good quality materials (Andrady & Neal, 2009; Thompson et al., 
2009). The convenience that plastics offer, however, has led to a throwaway culture that reveals the mate-
rial’s dark side of single-use plastic (Everaert et al., 2018). Plastics can in fact become problematic when 
waste materials are not handled properly after disposal and end up in unregulated landfills, are illegally 
burnt, or enter the environment, from where they can eventually reach the ocean (Barnes et al., 2009; 
Jambeck et al., 2015) (Figure 1). It has been estimated that nearly 60% of all plastics ever produced have 
accumulated in the environment, where they are still present in the form of waste and pollution (Geyer et 
al., 2017). Global plastic leakage is estimated in the order of 10 million tonnes per year (mt/year), with 
yearly values ranging from 4.8 mt/year to 12.7 mt/year (Jambeck et al., 2015), to 8.28 mt/year (UNEP, 
2018c), 12.2 mt/year (EUNOMIA, 2016), or 10 mt/year (Boucher & Friot, 2017).

Plastic pollution in the planet’s oceans has long been recognized as a pressing environmental is-
sue (Haward, 2018). Nonetheless, land-based plastic pollution, which roughly accounts for 80% of all 
marine litter (Jambeck et al., 2015), remained unregulated for decades. In 2014, world leaders jointly 
committed to “prevent[ing] and significantly reduc[ing] marine pollution of all kinds, in particular 
from land-based activities, including marine debris” making the issue of plastic pollution a top global 
priority (SDG 14: Life Below Water) (UN, 2015). In the following years, the United Nations advanced 
several resolutions and targets with the aim of protecting and restoring ocean health via urgent actions 
such as the retention of land-based and sea-based anthropogenic pollution (e.g., UNEP, 2014b, 2016b, 
2017, 2019a; UNGC, 2020).

These global actions were further bolstered by the enforcement of local-based environmental policies 
in an effort to reduce land-based plastic pollution. Examples of local-based policies are the ban on the 
manufacture, retail, distribution, and import of plastic shopping bags in African countries (Greenpeace, 

Figure 1. Present plastic end-of-life management routes
Source: ISWA (2017).
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2020), the ban of tourism-related plastic import into tropical islands (e.g., Government Communica-
tion Unit, 2019), the phaseout of single-use plastic items (cotton bud sticks, tableware, balloons, food 
containers, cigarette butts, bags, wrappers, and sanitary items) in European countries (EC, 2019; WWF 
et al., 2020), and restrictions on microplastics from land-based sources (e.g. microbeads contained in 
cosmetics and personal care products) (EC, 2018; Kentin & Kaarto, 2018).

IDENTIFYING SOURCES AND PATHWAYS OF MARINE 
LITTER AND PLASTIC POLLUTION

Plastics in Marine Environment

Marine Litter Sources and Trends

Marine litter sources are widely distributed in the marine environment. Coastal and island regions can 
be subject to marine pollution from local, regional, or even distant, as litter can be transported by ocean 
currents and wind drift (Boucher & Friot, 2017). Identifying the origin and transport mechanisms of 
marine litter is a difficult and uncertain task, as debris can be generated from a number of sea-based 
or land-based, and originate from near or distant sources. At present, different assessment methods are 
employed to determine primary sources and drivers of marine pollution, as well as potential deficiencies 
in the production, consumption, and waste management systems that can result in marine litter. Assessing 
marine litter is necessary to identify hotspots of plastic pollution, establish appropriate targets, and design 
and implement pollution management strategies. Ultimately, the results from marine litter assessments 
can support key considerations to prevent macro- and microplastics waste from entering the ocean.

Primary Polluting Sectors in Coastal and Island Regions

Based on culture, habits, and waste disposal practices, key contributing sectors in coastal and island 
regions include but are not limited to: households, the retail sector, tourism, shipping, fisheries, building 
and construction, and the plastic industry. Table 1 lists the most popular plastics by sector and related 
entry points to the marine environment. The volume of plastic entering the ocean depends largely on the 
extent and effectiveness of wastewater and solid waste collection and management.

Household waste is considered one of the most consistent contributors of plastic pollution along 
coastal and island regions globally. Individuals contribute to marine litter in different ways, for example 
by visiting marine or coastal regions, but also in everyday life through littering on land or direct disposal 
into coastal waters. Domestic activities can also contribute to pollution at local beaches through excessive 
irrigation and washing activities. These activities can carry a wide range of pollutants from domestic 
solid waste and dust to fertilizer, pesticide, herbicide, automobile fluid, paint, animal waste, and other 
chemicals into the storm drain system and, from there, they can flow untreated into channels, harbors, 
and the ocean endangering marine life. The most commonly used plastics by households are associated 
with food handling and preparation (e.g., containers and wrapping), single-use tableware (e.g., cups, 
cutlery, and plates), cleaning supplies, clothing, sporting, and cosmetics (UNEP, 2016a). Moreover, 
microfiber clothing and cosmetics are primary sources of microplastic that can be released into the 
environment via laundry and washing (Fendall & Sewell, 2009; Free et al., 2014). Managing domestic 
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refuse at home can allow consumers to avoid large volumes of waste, particularly of recyclables, to be 
sent to landfills, or be illegally dumped or abandoned in the environment, thereby losing potential for 
material recovery (UNEP, 2018c).

One of the fastest growing marine polluters are retailers in the business of fast-moving consumer 
goods, such as food, beverages, toiletries, and retail products including clothing (fast fashion) and ac-
cessories. These products often come in plastic packaging: polyethylene terephthalate (PET) bottles and 
high-density polyethylene (HDPE) containers which account for the biggest share of plastic packaging, 
followed by low-density polyethylene (LDPE) wrappings and plastic shopping bags, and polystyrene (PS), 
polypropylene (PP), and polyvinyl chloride (PVC) containers (Europen, 2009). Retailers have high annual 
turnovers and therefore contribute to the input of large amounts of plastic packaging into the market. To 
address this packaging inflow, roadmaps for the integration of circular economy principles within the 
retail sector have been advanced (e.g., Gong et al., 2020), including zero-waste strategies, commitment 
to partnerships with recycling companies and global pacts, lighter packaging, and maximization of 
resource efficiency (UNEP, 2016a; James, 2019). In addition, to facilitate consumer response, retailers 
and producers need to provide clearly visible substitutes or upstream solutions. For example, companies 
like Patagonia have also launched merchandise from recyclable plastic materials. In 2021, 89% of their 
polyester line used recycled polyester fabrics from beverage bottles, thereby saving 3.3 million pounds 
of CO2 associated with the extraction and processing of fossil fuels, while educating customers to be 
environmentally conscious (Patagonia, 2021).

Coastal and ship-based tourism represent a primary source of litter in many regions, with major hot-
spots distributed across the Mediterranean Sea, Caribbean, Southeast Asia, and small developing islands 
(GESAMP, 2016). The problem is exacerbated by poor management of solid waste (training, technol-
ogy, funding, infrastructure, education, and political support), a lack of resources, a disconnect between 
those benefiting from the activity (tourists, restaurant owners, tour operators) and those dealing with the 
consequences of increased waste generation (local communities), and very often by direct, deliberate, or 
accidental littering of shorelines (ARCADIS, 2012). In addition, tourism services in small developing 
islands can lead to the importation of very large quantities of food and other consumer goods with the 
accompanying packaging, creating a huge challenge for effective waste management (Jang et al., 2014).

Table 1. Most common plastic types by sector

ID Sectors Plastic items Entry points

1 Household (public 
litter)

Plastic shopping bags, beverage bottles, food wrapping, containers, 
tableware, cleaning supplies, clothing, sport equipment, and cosmetics. Rivers, coastal

2 Retail Containers, food wrapping, and plastic shopping bags. Rivers, coastal

3 Tourism Beverage bottles, food wrapping, tableware, sportswear, fishing equipment, 
sport equipment, and beauty care products. Rivers, coastal, marine

4 Shipping Food wrapping, tableware, beverage bottles, and containers. Coastal, marine

5 Fisheries Fishing equipment, including abandoned, lost or otherwise discarded 
fishing gear (ghost gear). Coastal, marine

6 Building and 
construction

Window profiles, pipes, insulation layers, packaging, utensils, and plastic 
components (e.g., screws, bolt covers, silicones). Rivers, coastal

7 Plastic industry Plastic components and wrapping. Rivers, coastal
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Although regulated by international laws and regulations based on the International Convention for 
the Prevention of Pollution from Ships (MARPOL), the shipping sector still represents an alarming and 
continuing source of marine litter, both due to accidental release (such as collisions or storm damage) and 
illegal disposal of plastics at sea (UNEP, 2016a). Through the years, there has been a great expansion of 
trade in manufactured goods from Asia to Europe to North America, of which a significant fraction was 
composed of plastics (e.g., pellets and nurdles) transported in container vessels. Unfortunately, shipping 
accidents result in major losses of macro and microplastics at sea each year. In the winter months between 
2020 and 2021 alone, over 3,000 shipping containers fell into the Pacific Ocean causing alarming numbers 
of marine pollution, which posed serious risks to the health of ocean, marine life, and marine activities 
(Lydon, 2021). Moreover, despite this great danger, no actions and policy measures are taken to track the 
containers lost at sea and manage their contents, resulting in high environmental costs (Lydon, 2021).

Fishing-related debris is one of the most frequent types of beach and marine litter, and has been 
increasingly associated with risks of entanglement, ingestion, and contamination of wandering bird 
colonies along the coast (UNEP, 2016a). It has been estimated that approximately 70% by weight of 
floating macroplastic debris in the ocean is fishing-related (Eriksen et al., 2014). This can be due to 
several regional factors such as the type of gear, the educational level of the fishing workers, inefficient 
fishing methods, gear conflicts with other fishers and maritime users, or the value of the catch compared 
with the cost of the net and the event of fishing (Gilman, 2015). Not only do fisheries largely contribute 
to marine pollution, but it has been observed that marine plastic debris may cause a reduction in fishing 
income as a result of reduced fishing days due to the presence of litter (FAO, 2017).

The building and construction sector is considered the second largest utilizer of plastic materials, 
accounting for 19% of the total share of plastic in use (PlasticsEurope, 2019). Plastics used by the build-
ing and construction industry include PP (pipes), HDPE (pipes), PVC (window frames, profiles, floor 
and wall covering, cable insulation, finishing materials), PS (insulation and foams), and other plastic 
resins (roofing sheets and protective coatings) (PlasticsEurope, 2019). In addition, many building ma-
terials, including both plastic and non-plastic sources, arrive at the construction site wrapped in plastic 
packaging. Furthermore, constructions can cause severe environmental impacts not only directly, but 
also indirectly through the activities associated with use, maintenance, and demolition of buildings and 
structures. Finally, surface runoff and urban runoff from the construction of roads, buildings, ports, 
channels, and harbours, can carry plastic debris, soil, materials, minerals, and other materials into the 
sea, with major harm for wildlife habitats.

Finally, plastic waste can originate at all stages of the plastic supply chain, making the plastic industry 
one the fastest growing plastic polluters worldwide. The plastic industry encompasses all industrial actors 
along the plastic supply chain: from producers located at the first stage of the supply chain; converters, 
manufacturers, and brand owners covering core functions such as processing semi-finished and finished 
products; distributors supplying such products to the market; and finally waste management companies 
and recyclers (James, 2019). To comprehensively understand the plastic footprint of the plastic industry, 
it is important to understand plastic production trends, distribution of plastic products from producers 
to end consumers, and their end-of-life management. In recent years, the plastic industry has worked 
actively to reduce its plastic footprint, including developing better infrastructure to manage plastic 
waste, promoting environmental education campaigns, building capacity to improve resource use, and 
scaling up plastic recycling (The Pew Charitable Trusts & SYSTEMIQ, 2020). Moreover, industries are 
now looking for alternative products made of sustainably sourced or recycled materials, and innovative 
industrial processes to make plastic recycling more economically viable.
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Release of Macroplastics in Coastal and Island Regions

Higher abundance of macroplastics has been found in coastal waters, particularly in regions with denser 
coastal populations, inadequate waste collection and management, intensive fisheries, and high levels of 
coastal tourism. The problem is enlarged by inadequate waste management infrastructure and practices, 
as well as by intentional or unintentional material loss, especially in areas with least adapted waste man-
agement facilities (Boucher & Friot, 2017). Scholars from around the world have assessed a number of 
plastic items in our oceans. Such items include large plastic pieces such as abandoned fishing nets, traps, 
rope, and plastic bags that wash up on beaches or accumulate in ocean currents (Boucher & Friot, 2017). 
This litter arises from various economic sectors and activities, either directly or indirectly. Figure 2 sum-
marizes the main sources of marine pollution found in coastal and island regions, including land-based 
sources such as urban runoff, littering, inadequate waste disposal and management, industrial activities, 
and construction, and sea-based sources, such as fishing, nautical activities, and tourism.

Release of Microplastics in Coastal and Island Regions

Land-based sources of microplastics include cosmetics and personal care products, textiles and clothing 
(synthetic fibres), terrestrial transport (dust from tyres) and plastic producers and fabricators (plastic 
resin pellets used in plastics manufacture), while sea-based sources appear to be dominated by the mari-
time sector (UNEP, 2016a). In addition, under the influence of weather conditions such as photolysis, 
weathering, disintegration, and other physical transformations, larger plastic particles break down into 
smaller fragments, adding up to the amounts of microplastics from sea-based sources (Cózar et al. 2014; 
Sharma et al., 2021). Figure 3 shows regional differences in microplastics release and composition. 
These differences are the result of varied patterns and pathways that depend on local characteristics, 

Figure 2. Coastal and island sources of macroplastics and related means of release
Adapted from UNEP (2016a)
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such as population density, gross domestic product (GDP), cultural habits, and the effectiveness of local 
infrastructure to retain waste.

Marine Litter Pathways

It has been estimated that 80% of plastic debris floating in the oceans originate from land-based sources 
and reach the marine environment via rivers, waterways, or transported by wind and tide (Jambeck et 
al., 2015). In 2010, between 4.8 and 12.7 million tonnes of plastic waste were released into the ocean 
from coastal regions (Jambeck et al., 2015), and an additional 1.2 to 2.4 million tonnes of plastic reached 
the ocean through inland riverways (Lebreton et al., 2017). Once plastics enter the ocean, they can be 
transported for long distances before being deposited and can transform (e.g., macro-debris can break 
down into smaller fragments) (Born & Brüll, 2021). However, these circulation mechanisms are still 
poorly understood and can depend on a number of contextual factors, including geographical location, 
meteorological conditions, hydrodynamics, and the characteristics of the local ecosystems (ISWA, 2017).

Figure 3. Global release of microplastics to the world oceans by geographical area and primary sources 
(%)
Source: Boucher & Friot (2017)
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River Systems

About 90% of the world’s population lives within a close distance from freshwater bodies (10 km or less) 
(Kummu et al., 2011), and especially in urban areas, rivers collect urban waste, sewage and wastewaters, 
industrial discharges, and various pollutants (EEA, 2016). It is not surprising then that a key input of 
marine plastic pollution is through rivers. Inland rivers are considered responsible for nearly 48% of 
marine litter from land-based sources and, in particular, rivers within 50 km from the coast account for 
20% of marine pollution (Lebreton et al., 2017). Rivers are also primary carriers of microplastics from 
domestic and industrial sources (Thompson et al., 2009).

Estimates show that 20 rivers account for approximately 67% of the global river input annually, most 
of which are located in Asia (86%). River Yangtze, in southern China, is considered the world’s top 
polluting river, with an annual inflow of 333,000 tons, equivalent to over 4% of ocean plastic pollution 
(Lebreton et al., 2017). Smaller volumes of river plastic originate from Africa (7.8%), South America 
(4.8%), North and Central America (0.9%), Europe (0.3%), and lastly Australia and the Pacific region 
(0.02%) (Lebreton et al., 2017). The composition of river plastics can vary greatly in these regions as it 
depends on the land uses (e.g., residential, industrial, commercial), the social practices of local popula-
tions, and the nature of commercial and industrial activities in the catchment area (UNEP, 2016a; ISWA, 
2017). Moreover, the effectiveness of solid waste management systems has a great influence on the inputs 
to river systems and substantial regional differences can be expected (UNEP, 2016a).

Drainage and Sewage Systems

Wastewater is another primary carrier of plastic debris. Like rivers, drainage and sewage systems can 
become convenient dumping sites collecting municipal solid waste, street litter, and waste overflowing 
from littering, dumpsites, and waste storage facilities (ISWA, 2017; UNEP, 2018b). Waste transport is 
especially problematic during rain events (and wet seasons where present), when rain can mobilize large 
volumes of waste from sidewalks and waste collection stations (ISWA, 2017). This situation is further 
exacerbated in areas with poor and malfunctioning infrastructure, where waste can clog drains causing 
serious flooding.

During heavy rain events, untreated wastewater can also find its way to rivers or directly into the 
ocean, in particular in absence of wastewater treatment plants (ISWA, 2017). This is especially critical in 
regions with low rates of wastewater treatment. Lower middle-income and low-income countries present 
percentages of untreated wastewater of 72% and 92% respectively, with higher risk of contaminating 
water bodies (WWAP, 2017).

Transport by Wind

Most plastics, and especially packaging plastics, are lightweight and therefore are more at risk of being 
transported by wind (Kukulka et al., 2012). Wind can in fact blow plastic waste out of trash cans, dump-
sites, or other waste management facilities and carry them into water bodies (ISWA, 2017). Transport by 
wind is influenced by several factors. First, the nature of plastic debris, including weight, density, size, 
and polymer type, can make plastics more susceptible to being transported by wind (Browne et al., 2010). 
Not surprisingly, studies assessing plastic debris carried along estuarine shorelines observed a greater 
abundance of microplastics, and in particular denser microplastic particles, compared to macroplastic 
debris (e.g., Kukulka et al., 2012). Another factor is related to the site conditions, such as meteorological 
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conditions (e.g., wind speed, direction, and turbulence) and depositional environments (Browne et al., 
2010; Thiel et al., 2011; Kukulka et al., 2012).

Wind can also determine microplastics distribution and circulation in the atmosphere. Microplastics 
are literally falling from the sky through rainwater and the air we breathe (e.g., Simon, 2021; Fleming, 
2020; Johnson, 2019; Imster, 2020), flushed from land into the sea and aquatic environments (UNEP, 
2021). Scientists have found that over 90% of rainwater samples contain microplastics (Fleming, 2020; 
Simon, 2020; Johnson, 2019). These plastic particles can originate from cities, industrial activities, 
agricultural fields, roads, or dust, and transported by wind, can saturate the surrounding environment 
(Simon, 2021). Therefore, it is nearly impossible to determine their exact pathways from source to sea.

Littering

No unified data on the total contributions of littering to marine plastic pollution exist. It was estimated 
that approximately 2% of the total mass of waste generated is littered, and 25% of this amount is not 
captured into existing waste management systems (Jambeck et al., 2015), for a total loss of 0.8 million 
tons of plastic to the environment (Jambeck et al., 2015; UNEP, 2018c; Ryberg et al., 2019). Direct 
deposit and discharge of plastic into the world’s seas remain a primary input of marine litter.

Littering can be linked to a wide range of coastal and marine activities: (i) coastal tourism, during all 
beach-based and land-based activities, and from tourism-related commercial activities in proximity of the 
shoreline (ECORYS, 2013, 2016); (ii) commercial and recreational fishing, via abandonment and loss 
of of fishing gears, ancillary items, and release of galley waste (UNEP, 2016a); (iii) ship-based tourism, 
when cruise ships are not equipped with proper systems to manage on-board wastes and solid waste is 
discarded ashore at ports and on small islands (UNEP, 2016a); and (iv) maritime transport, including 
unregulated disposal of plastic waste from ships and spillage of pellets from cargos (UNEP, 2016a).

Losses from Plastic Value Chain

Although rare, losses of microplastics may occur during production, handling, and processing of plastics 
(UNEP, 2018c). Loss of plastic pellets mainly results from accidental spills at the plant level; however, 
given their limited and punctual scope, limited data exist on these quantities. A general value used for 
estimations of plastic spills from industrial plants is that of 0.4 g/kg of plastic material, resulting from a 
study conducted on plastic losses at a polystyrene plant (Sundt et al., 2014). These quantities are likely 
to end up in the drainage system of industrial facilities, from where they are treated in wastewater treat-
ment plants for microbeads removal (Magnusson et al., 2016). As a result, the total loss of microplastics 
from industrial production to the environment is estimated to be between 0.01 million tons (Magnusson 
et al., 2016; UNEP, 2018c) and 0.02 million tons (Ryberg et al., 2019). Microplastics losses from trans-
port and handling of plastic pellets are estimated to vary between 0.0005% and 0.01%, with an average 
value of 0.005%, of the total losses to the environment, for an amount of 0.02 million tons (Magnusson 
et al., 2016).

More consistent losses occur downstream in the plastic value chain. Plastic use and consumption 
accounts for nearly 3.3 million tons of plastic leakage annually, from packaging and consumer products, 
transportation (e.g., tyre abrasion, road markings), and other applications (e.g., textile, building and con-
struction, fishing), and end-of-life management for an estimated 5.1 million tons (Ryberg et al., 2019; 
UNEP, 2016a). However, different sources may report different numbers and regional differences are 
to be accounted for when calculating plastic losses to the environment, as many contextual factors can 
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come into play, such as the presence of initiatives to reduce material losses from industrial sources and 
increase material efficiency, the effectiveness of local waste management systems, and economic and 
industrial practises among others.

Tides, Ocean Currents, and Debris Circulation

Once plastic enters the ocean, it can translocate for a long time, becoming a transboundary pollution issue 
(UNEP & GRID-Arendal, 2016). Circulation and geographical distribution of marine plastic debris are 
influenced by entry points and transport mechanisms, and are subject to prevailing winds, waves, and 
ocean currents (Rech et al., 2014). It is also not surprising that, during these movements, larger particles 
can break down into smaller fragments (micro- or nanoplastics) that, due to their morphological char-
acteristics, are even more susceptible to being transported by tides and ocean currents (ISWA, 2017).

Surface circulation is dominated by five major ocean currents or gyres, namely North Atlantic, South 
Atlantic, North Pacific, South Pacific, and Indian Ocean gyres. These five gyres are well-known spots for 
debris accumulation at the sea surface (Law et al., 2010, 2014; Cózar et al., 2014; Eriksen et al., 2014; 
Van Sebille et al., 2020), registering debris concentrations as high as 10 kg/square km (Cózar et al., 
2015; Van Sebille et al., 2015). In addition to the five major plastic patches, recent studies have observed 
floating plastic regions of new formation in the Arctic region (Bergmann et al., 2015; Van Sebille et al., 
2012), Southern Ocean and Antarctic islands (Eriksson et al., 2013), Mediterranean, Southeast Asian, 
and Bengal seas (Cózar et al., 2015; UNEP, 2016a).

The vertical movement of ocean currents, or sedimentation, is also affected by environmental factors. 
For example, in oceans, a lower ocean temperature and higher salinity result in an increase of high-density 
polymers in the water column (Kowalski et al., 2016). Therefore, composition of plastics in the established 
compartment is strongly affected by polymer type, where variation in the composition within the same 
compartment is likely explained by variations in environmental factors such as salinity and temperature.

Plastic particles do not float at the sea surface forever. When it starts to sink, plastic debris moves 
along the so-called ocean conveyor belt, a moving system of deep-ocean current circulation caused by 
cold, dense water sinking and drifting plastics towards deeper waters (UNEP & GRID-Arendal, 2016). 
Once plastic reaches deeper parts of the ocean, and eventually deposits on the seabed becoming benthic 
litter, its pathways are even less understood, suggesting that further research is needed.

Difficulty in Determining Marine Litter Sources and Pathways

Forecasting plastic pollution is a challenging endeavor. At the global level, much uncertainty remains, 
which explains the discrepancies in plastic pollution estimates. These uncertainties can either be struc-
tural, when they are related to the understanding of the mechanisms and pathways of the leakage, or 
data-related, when they pertain to the availability of reliable datasets (EUNOMIA, 2016). The latter is 
especially of concern in certain countries where lack of resources, limited education, and technological 
challenges among others can limit transparency and traceability of plastic pollution flows.

Moreover, there are a number of problems with existing material flow accounting approaches, that 
can make pollution management a hard-to-reach perspective. Firstly, the lack of a standardized computa-
tions or datasets to calculate mismanaged waste and leakages; thus, different approaches yield different 
results. Secondly, littering estimations are by nature complex to produce: litter may be identified from 
municipality cleaning operators’ statistics, but not for the fraction that falls through the cracks (e.g., leak-
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age). This fraction is by definition not measured and very difficult to calculate (e.g., for the calculation 
of municipal plastic waste, governments create proxies based on hypothetical situations) (Jambeck et al., 
2015). Lastly, release rates from mismanaged waste are rarely based on evidence and rather hypothetical. 
This is because the release pathways are poorly understood and release rates, therefore, provide indica-
tive estimates describing somewhere between 10% and 40% of their global variability (Jambeck et al, 
2015; UNEP, 2018a). As a result, these rates fail to capture regional and local variations, with possible 
implications for the management of plastic pollution flows. In addition, contextual factors such as socio-
cultural behaviors (e.g., littering habits), climatic conditions (e.g., effect of rain or wind on dispersal 
of waste from dumpsites), and geographic characteristics (e.g., distance to shore and waterways) are 
expected to have a significant influence on the extent, distribution, and spatiotemporal variability of 
plastic pollution (Kukulka et al, 2012).

As a consequence, measuring and forecasting plastic pollution and its impacts on coastal and island 
regions is a complex and challenging task. Nonetheless, developing a more specific and actionable 
methodology to quantify plastic pollution flows requires overcoming some of these uncertainties. Pos-
sible solutions encompass the use of material circularity models to map and monitor leakage pathways, 
coordinated efforts to collect data on plastic and pollution, or priority actions to monitor plastic pollution 
locally (e.g., citizen science, geospatial analysis, environmental campaigns).

Identifying Sources of Marine Litter on Small Islands: 
The Case of Zanzibar, Tanzania, Africa

The Zanzibar archipelago offers a rich case for studying marine pollution within a naturally bounded 
environment. Located some 30 km off the eastern coast of Tanzania in the Western Indian Ocean, the 
archipelago underwent an exceptional coastal development over the past decades (Sharpley & Ussi, 2014). 
Coastal tourism became one of the largest income-generating sectors in Zanzibar; but, on the flip side, 
it was responsible for an enormous increase in waste generation (Ally et al., 2014; Lange, 2015; Staehr 
et al., 2018). At present, the volume of plastic waste produced by the tourism sector remains unknown. 
However, the hotels’ location and direct access to the beach suggest that plastic waste can find an easy 
route into the ocean (Mohammed, 2002). Furthermore, the many tourism activities taking place on 
the beach or in the water, such as boat tours, snorkeling, and recreational fishing, are associated with 
increased marine littering (Interviews, Tourism worker; Maione, 2019).

This section presents a study of the main drivers of plastic pollution on Zanzibar’s tourism beaches, 
sources, and pathways of marine plastic pollution to depict a comprehensive analysis of the role of coastal 
tourism in plastic pollution on small islands. Data were collected during a scientific expedition conducted 
in 2018, during the high tourism season, at four tourism locations on the Unguja island (Figure 4). For 
data collection, 57 key stakeholders from the tourism sector (hotel staff, human resources coordinators, 
hotel managers, and restaurant owners), local operators (tour guides, drivers, and vendors) and waste 
workers (waste pickers, street sweepers, municipal officers, and private waste management companies) 
were interviewed to explore (i) the perception of tourism and its role in plastic pollution, (ii) the state 
of waste facilities on tourism beaches, and (iii) tourists’ littering practices (for a detailed description of 
the interview process see Maione (2019)). In addition, the authors conducted observations and macro-
debris surveys at all sites to assess the amounts, composition, and primary sources of beach litter (for a 
detailed description of the survey process see Maione (2021)).
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Drivers of Plastic Pollution on Tourism Beaches

In general, the majority of the study’s participants reported that waste generation was greater during 
high tourism season, suggesting that tourism is a primary waste-generating sector on the island. Some 
waste pickers indicated that, during the high tourism season, the amount of solid waste doubled in their 
areas of operation. In particular, they observed a greater amount of plastic beverage bottles, which are 
usually associated with tourism consumption since “people here [Zanzibaris] don’t drink bottled water 
because it’s expensive” (Interviews, Hotel manager; Maione, 2019). However, because of the exclusion 
of many tourism activities from the municipal waste management services, it is likely that this amount 
was largely underestimated.

Interview respondents indicated that the persistence of plastic litter on Zanzibar’s tourism beaches 
was primarily driven by five factors, as shown in Figure 5. First, marine littering was mentioned by all 

Figure 4. Map of the sampling locations on Unguja island, Zanzibar (Tanzania): (1) Stone Town, (2) 
Nungwi, (3) Uroa, and (4) Fumba
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respondents as a major driver of beach and coastal pollution. Interviewees used the term “throw every-
where culture” to describe littering practices adopted by Zanzibaris that “don’t care where they throw 
trash”, and tourists who “throw everything in the sea from the boats” (Interviews, Tourism workers; 
Maione, 2019). Second, marine littering was often associated with poor awareness of plastic pollution 
and its impacts on the local environment. A third driver of marine pollution was insufficient provision 
of waste management services, especially on coastal tourism sites. This is due to the inability of the 
municipal waste sector to provide regulations for all stakeholders (e.g., waste-generating activities such 
as hotels and food services, private companies supplying waste collection and management services, 
waste and recycling associations) on one hand, and the absence of waste collection activities in coastal 
areas, where most of the tourism facilities are located, resulting in the mismanagement of tourism-related 
waste (Blomstrand & Silander Hagström, 2014). Finally, the proximity of hotels and food services to the 
beach was another main driver of beach pollution. Waste workers reported that the majority of plastic 
litter found on the main tourism beach in Stone Town came from Forodhani Gardens, an open-air food 
market located along the beach. Dominant plastic litter items included single-use plastic food containers, 
shopping bags, tableware, straws, and beverage bottles.

Sources of Marine Plastic Pollution

Observations conducted in the coastal city of Stone Town showed the greatest heterogeneity of marine 
plastics. Sampled plastic litter was linked to four primary sources: (i) residential households, (ii) tourism, 
(iii) building and construction sector, (iv) small businesses and commercial services, as shown in Table 
2. Tourism was also found to be a primary source of marine plastic pollution in the sites of Nungwi, 
Uroa, and Fumba. In these areas, hotels, resorts, and tourism coastal attractions (e.g., beach visits, beach 

Figure 5. Overview of the interview findings on the five major drivers of beach plastic pollution and 
related sub-drivers
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sports, recreational fishing, boat tours, and diving centers) were associated with input beach accumula-
tions, in the form of plastic beverage bottles, followed by plastic shopping bags and other single-use 
plastics. Littering during boat tours and other tourism activities was a major pathway of marine plastic 
pollution, confirming the interview findings that marine littering and poor awareness of plastic pollution 
were major drivers of beach litter. In addition, the lack of waste facilities in the area significantly con-
tributed to the mismanagement of plastic waste. Plastics from fishing constituted another major source 
of marine pollution. Secondary sources of plastic pollution were tourism-related commercial activities 
and residential households.

Implications for Small Developing Islands

The Zanzibar archipelago presents several challenges related to the management of waste and pollution 
on small developing islands with underdeveloped waste management infrastructure. As other small is-
lands, Zanzibar is bounded by limited physical space for collecting, storing, and processing solid waste. 
This is coupled with the absence of an adequate waste management infrastructure and results in large 
amounts of waste and recyclables being lost or dispersed in the natural environment (Mohee et al., 2015). 
In particular, the volumes of plastic waste generated on the island vary greatly between high and low 
tourism season, with implications on the management of different solid waste flows (Maione, 2021).

Another challenge pertains to the high costs of collecting and managing waste, especially in areas that 
are not formally included in the waste management services provided by the Zanzibar Municipal Council. 
Other economic barriers encompass the cost of collection vehicles and equipment, costs associated with 
the recycling process (e.g., purchase of recycling machineries, fixed and maintenance costs to operate 
recycling facilities), and low revenues from the recycling sector (Bhadra et al., 2017). Furthermore, small 
developing islands generally present underdeveloped end-markets for recycled plastics and difficulty of 
developing local circular economy models (Eckelman et al., 2014). This is also due to the fact that most 
plastics are produced elsewhere (on the mainland Tanzania, in other African or international countries), 
and subsequently imported in Zanzibar in the form of semi-finished or finished plastic goods, mostly 
used for tourism consumption.

Furthermore, studying tourism-related plastics is of massive importance to understand the numer-
ous effects of plastic pollution on small islands like Zanzibar, that heavily rely on marine resources and 
tourism incomes. These effects can range from well-documented risks for marine organisms, such as 
ingestion, entanglement, or chemical contamination (Cózar et al., 2014), to degradation of reef areas 
(Lamb et al., 2018), to less-known economic damages associated with the degradation of ecotourism 
environments and attractions. In these areas, plastic pollution can cause a decrease in the number of 
tourists and beach activities, and consequent loss of tourism revenues (Jang et al., 2014; McIlgorm et al., 
2011). If no action is taken to stop plastic from entering the ocean, coastal-dependent activities such as 
commercial and recreational fishing, daily beach visits, snorkeling, diving, boat tours, and mariculture, 
are predicted to see a rapid decline (Staehr et al., 2018).
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Table 2. Summary of observations conducted in Stone Town. Adapted from Maione (2019, 2021)

Sampling site Data collected Description Photos

Forodhani Gardens 
food market Littering practices

Food wrapping, packaging, and 
tableware abandoned in the 
environment.

Forodhani Gardens 
food market

Source, amount, and type 
of plastic litter

0.2 kg of domestic plastics including 
cleaning supplies containers.  
47.2 kg of plastics from the building 
and construction sector including 
wrapping, containers, and small plastic 
components.  
20.7 kg of plastics from the 
commercial sectors including plastic 
shopping bags, containers, and small 
plastic components. 
47.9 kg of tourism plastics including 
beverage bottles, tableware, food 
wrapping, takeaway containers, and 
plastic shopping bags.

Shoreline walkway
Number, location, type, 
and conditions of waste 
facilities

Counted 30 trash cans, squared stone 
containers with a metal grid skeleton, 
sized 0.5 m x 0.5 m.  
Distanced 10 m and aligned with urban 
furniture.  
Emptied on a daily basis between 
10:00 am and 12:00 pm.

Open sea Littering practices Discarding beverage bottles from boat 
tours in the sea.

Port Source, amount, and type 
of plastic litter

26.8 kg of domestic plastics including 
plastic shopping bags, flip flops, 
rubbers, cleaning supplies containers, 
tyres, and fishing equipment. 
9.3 kg of plastics from the building 
and construction sector including 
wrapping, containers, and small plastic 
components.  
1.4 kg of plastics from the commercial 
sector including plastic shopping 
bags, food wrapping, and supplies 
containers.  
4.8 kg of tourism plastics including 
beverage bottles and plastic shopping 
bags. 

continued on following page
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SOLUTIONS AND RECOMMENDATIONS

Monitoring and Reporting on Marine Litter

Our present understanding of marine pollution is not sufficient to calculate trends and volumes of plastic 
debris in the marine environment and the totality of their ecological impacts (JRC, 2013). Current assess-
ments provide in fact patchy information on the original sources and pathways of plastic pollution, and 
the types of marine debris; hence, much uncertainty remains in the calculation of marine litter amounts. 
These difficulties can partially be attributed to the degree of maturity of commonly used assessment 
protocols, their testing, and their effectiveness in capturing local and global dynamics. Moreover, methods 
to analyze and quantify marine litter are not standardized, both in terms of methodologies and outputs, 
which can make a comparison of results difficult, if not impossible.

Monitoring has been defined as “the repeated measurement of a characteristic of the environment, 
or of a process, in order to detect a trend in space or time” (Jambeck et al., 2015). In particular, marine 
litter monitoring consists of the repeated collection, quantification (by item count or weight), and char-
acterization (into waste material categories) over a specific period of time (Barnardo & Ribbink, 2020). 
As such, monitoring and reporting on plastic flows is of massive importance, especially with regard to 
materials’ fate at the end of their useful life (Jambeck et al., 2015; Geyer et al., 2017). The results of 
marine litter monitoring should answer four main questions pertaining to: (i) the type and distribution 
of land-based and sea-based sources of plastic pollution; (ii) the pathways and transport mechanisms of 
marine pollution from source to sea; (iii) the amounts and types of debris concentrations; and (iv) the 
spatio-temporal variability of these concentrations (Barnardo & Ribbink, 2020).

Monitoring can be conducted at different scales (macro, meso, micro) depending on the specific 
characteristics of the sampling site and the assessment’s objectives. Table 3 presents three levels of 
analysis that can be employed as separate assessments or combined and integrated to provide a deeper 
analysis of macro- and microplastics altogether.

Sampling site Data collected Description Photos

Shangani beach Source, amount, and type 
of plastic litter

20.8 kg of domestic plastics including 
plastic shopping bags, food wrapping, 
houseware, flip flops, rubbers, 
cleaning supplies containers, tyres, 
fishing equipment, and clothing. 
18.3 kg of plastics from the building 
and construction sector including 
wrapping containers and small plastic 
components.  
10.9 kg of plastics from the 
commercial sector including plastic 
shopping bags, containers, and small 
plastic components.  
17.6 kg of tourism plastics including 
beverage bottles, tableware, food 
wrapping, containers, plastic shopping 
bags, flip flops, recreational fishing 
equipment, and sporting equipment.

Table 2. Continued
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Table 3. Toolkit of monitoring methodologies at the macro-, meso-, and micro-level

Scale Open issues Survey questions Methodology Objectives Collected data References

Macro-level (e.g., 
coastal regions 
across international 
borders, river basins, 
transboundary waters)

•Limited traceability 
associated with 
different systems for 
material/pollution 
monitoring and 
accounting. 
•Different policies 
and measures to 
allocate resources, 
and keep material 
flows accountable. 
•Lack of information 
exchange across 
borders. 
•Uneven use and 
communication of 
data analytics.

•What are the 
magnitude, location, 
and 
temporal variability 
of plastic 
accumulations? 
•What are the 
composition, 
spatio-temporal 
distribution, and 
abundance of plastic 
accumulations? 
•What are the main 
physical and 
anthropogenic 
processes 
influencing the 
transport and 
accumulation of 
plastics?

•Space-based 
observation 
of magnitude, 
spatio-temporal 
distribution, and 
accumulation of 
marine plastic 
pollution. 
•Spectrometric 
analysis of observed 
pollution. 
•Proximity sensing 
(e.g., sensors, 
drones) data 
acquisition on 
pollution.

•Provide real-time 
or nearly real-time 
data acquisition, 
wide area 
coverage, and high 
spatial resolution. 
•Provide a 
consistent global, 
harmonized 
system for 
assessing plastic 
particles swirling 
in transboundary 
waters.

•Satellite imagery 
of plastic pollution. 
•Aerial photos of 
pollution.

Maione & 
Fernandez, 2021; 
Topouzeli et al., 
2019; Biermann et 
al., 2020

Meso-level (e.g., beach, 
tourism site, coastal 
waters)

•Paucity of data on 
sources and amounts 
of marine plastic 
pollution. 
•Uncertainty about 
sources and pathways 
of marine pollution.

•Where are the areas 
where litter is most 
prevalent? •How 
much litter occurs 
in the selected study 
site? •What is the 
litter composition 
(wet, recyclable, 
non-recyclable)? 
•What are the 
principal types 
of material (e.g., 
plastic, paper, metal, 
etc.)? •What are the 
principal litter items? 
•Does the amount 
of litter vary across 
different transects? 
•What are possible 
variables that affect 
the input of litter 
at sea?

•In-situ assessment 
and quantification 
of plastic litter 
via litter counting 
(visual inspection of 
debris). 
•Litter separation 
by material type and 
debris classification.

•Capture 
spatio-temporal 
variability of 
beach and coastal 
plastic pollution 
over time (e.g., 
measurements 
can be repeated 
over several 
consecutive days 
and across time). 
•Provide a more 
accessible litter 
assessment using 
basic, cost-
effective tools 
(e.g., logbook, 
pencils, measuring 
tape, litter bags, 
and buckets).

•Marine litter 
amounts (count and 
weight). 
•Marine litter 
density (kg/
transect). 
•Photographic 
evidence. 
•Information on 
sampling conditions 
(e.g., location, GPS 
coordinates, time, 
procedure).

NOWPAP, 2007; 
JRC, 2013; 
Lippiatt et al., 
2013; Barnardo & 
Ribbink, 2020

Micro-level (e.g., 
water samples, shore 
sediments, biota)

•Limited data on 
ecological and 
biological impacts 
of plastic on native 
species. 
•Uncertainty about 
the translocation of 
microplastics across 
trophic levels.

•What are the 
abundance, 
distribution, and 
variability of 
microplastics? 
•What is the 
incidence of 
encounter between 
microplastics and 
native species 
(e.g., resulting in 
ingestion)? 
•How does plastic 
pollution affect the 
subsistence (e.g., 
feeding behavior) of 
native species?

•Sampling of water. 
•Sampling of 
shore sediments 
containing plastic 
particles. 
•Sampling of fish, 
birds, bivalves, or 
crustaceans.

•Quantify smaller 
fragments like 
microplastics and 
nanoplastics. 
•Assess specific 
impacts of plastic 
pollution, such 
as the incidence 
of encounters 
between plastic 
particles and 
marine organisms, 
as well as 
related effects 
(e.g., biological 
effects, ecological 
effects, changes 
in fish feeding 
behavior, or debris 
translocation 
across trophic 
levels).

•Number and type 
(beads, fibers, 
fragments, films, 
or foams) of plastic 
particles. 
•Particle size 
(length and area). 
•Dominant particle 
color (e.g., blue, 
black, red, or 
orange).

GESAMP, 2015; 
Free et al., 2014; 
Ory et al., 2017; 
Kundu et al., 2021
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CONCLUSION

Marine litter and plastic pollution present a serious threat to the planet’s oceans. Assessing sources and 
pathways of marine plastics is of utmost importance; however, knowledge gaps and uncertainty in num-
bers, entry points, and transport mechanisms persist. This chapter presents a global assessment of plastic 
pollution in coastal and island regions, emphasizing the role and contributions of different sea-based and 
land-based pollution sources, their origins, means of release, and physical means by which plastic debris 
enters the sea. Among the numerous sources of plastic pollution, the contributions of coastal tourism 
to plastic pollution are emphasized, especially in areas that heavily rely on tourism resources for their 
development. The chapter discusses some priority solutions for assessing the magnitude and extent of 
plastic swirling in water bodies using a combination of monitoring approaches. Proposed solutions aim 
to provide harmonized information on the fate of plastics to deepen the understanding of their ecological 
impacts on the marine environment, and to provide stakeholders with implications on plastic’s end-of-
life management and ways to retain plastics within the economic system. Finally, future research could 
address the role of emergent sectors in plastic pollution, including the impacts of marine litter sources 
on ocean industries and livelihoods, as well as projections and estimations of the global ocean plastic 
burden following ongoing system changes.
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KEY TERMS AND DEFINITIONS

End-of-Life: A product reaches its end-of-life when it no longer satisfies users. End-of-life conditions 
may include a change in the product’s dimension from the original ones, lower cleanliness level which 
can negatively affect the product’s use, and reduced performance due to extensive use of the product 
over time (Ng et al., 2014).

Litter Pathway: Physical and/or technical means by which pollution enters the marine environment 
and transport mechanisms (Veiga et al., 2016)

Litter Source: Refers to the means of release of marine litter, including the primary sectors and 
human activities generating plastic pollution, their geographic origin and location (Veiga et al., 2016).

Microplastics: Plastic particles, 5 mm in size or smaller. Microplastics can generate in-water from the 
breakdown of larger plastic debris or on-land, where they are generally found in personal care products 
(e.g., dental hygiene products and cosmetics) or clothing (Fendall & Sewell, 2009; Free et al., 2014).

Monitoring: Refers to an array of approaches, technologies, and instruments used to detect, map, 
and monitor a specific phenomenon (e.g., plastic pollution) via communication of real-time or nearly 
real-time data.

Plastic Pollution: Is the totality of plastic accumulation in the environment. It is associated with 
ecological impacts and emissions from plastic production, consumption, leakages from littering practices 
and inefficiencies in waste management infrastructure, and impacts related to recycling and other waste 
treatment processes (Nielsen et al., 2020).

Plastic-Waste Leakage: Refers to the spillage of unmanaged plastic waste that originates on land 
and reaches the ocean (Ocean Conservancy, 2015).
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ABSTRACT

Microplastics are the newly identified pollutant of this century, yet they are already detected everywhere 
worldwide. Microplastic pollution in global marine environments has been intensively reported. Evidence 
of microplastic pollution is emerging in other environments, including land, freshwater, atmosphere, and 
organisms. Public concerns were also raised about microplastic pollution around them. From terrestrial 
environments, through freshwater environments, finally to marine environments, is a major transportation 
route of microplastic pollution. Human activities are the fundamental source of microplastic pollution. 
Cities, with the highest population density on this planet, are important sources of microplastic pollut-
ants. This chapter focuses on urban freshwater environments, the first receptor, and major transporter 
of urban microplastics. By reviewing microplastic pollution in global urban freshwater catchments, 
urban microplastic pollution characteristics were clarified, and the key information to prevent urban 
microplastic discharge was sought.
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INTRODUCTION

Background

Microplastics are plastic material ranging in size from 1 μm to 5 mm and are listed as an emerging marine 
pollutant (Hitchcock, 2020; Horton, Walton, et al., 2017). Marine microplastic pollution is ubiquitous, 
even recorded in deep oceans and polar seas that are inaccessible to humans (Alice et al., n.d.; Angio-
lillo et al., 2021; Mason et al., 2016; Van Cauwenberghe et al., 2013). Previously documented sources 
of marine microplastics include the degradation and fragmentation of larger plastic litter in the ocean 
(Andrady, 2011; Cole et al., 2011). However, the findings of several recent studies demonstrate that 
riverine transport of microplastics is also a noteworthy source of microplastic pollution in the marine 
environment (Bondelind et al., 2020; Mai et al., 2019; van Wijnen et al., 2019). It has also been sug-
gested that current estimates of microplastic concentrations in the marine environment are underestimates 
because they do not fully account for the role of freshwater systems in transporting microplastics to the 
oceans (R. Hurley et al., 2018).

Microplastics are found across the terrestrial land surface, in the atmosphere, and in human food, 
beverages and even infant milk products (Ferraz et al., 2020). Evidence of microplastic pollution has 
been reported in river systems, globally, including the Thames River in the UK (Horton, Svendsen, et 
al., 2017; Rowley et al., 2020), the Great Lakes in the US (Baldwin et al., 2016; Mason et al., 2016), 
the Yangtze River in China (J. Fan et al., 2021; Li et al., 2019), the Sinos River in Brazil (Ferraz et al., 
2020) and the Nakdong River in South Korea (Eo et al., 2019). These microplastics are distributed in 
various environmental matrices in freshwater systems, including surface water, water columns, sedi-
ments, and aquatic organisms.

The ingestion of microplastics by aquatic organisms has been widely reported and is believed to cause 
physical damage. Some microplastics have sharp edges that can injure the organs and tissues of organ-
isms. Microplastics can also accumulate in organisms and clog their digestive systems (Carreras-Colom 
et al., 2018; R. R. Hurley et al., 2017; Maaghloud et al., 2021; Peters & Bratton, 2016). In addition to the 
physical damage, ingestion of microplastics may also pose toxicological risks, as plastic materials may 
contain or adsorb organic or inorganic chemical contaminants. Moreover, the monomers released from 
polymers also have toxicological effects (He et al., 2020). However, the exact hazards of microplastics 
to organisms remains contentious because many studies are performed in laboratory settings with con-
centrations of microplastics far in excess of those found in the environment (Boucher et al., 2016; C. Y. 
Chen et al., 2021; Rochman et al., 2013).

The term ‘microplastics’ was first defined in the marine environment in 2004 (Thompson, 2004), yet 
plastic materials have been widely used globally for over half a century. Hou et al. (2021) investigated 
historical samples of urban freshwater fish held in the Chicago Museum in the USA and found no mi-
croplastic particles in samples from before the 1950s. In contrast, there was a significant increasing trend 
in the number of microplastics in the fish samples from the middle of the last century to 2018. Similar 
historical data on microplastic pollution can be obtained by investigating microplastic contamination in 
soil or sediment cores with similar results (Fan et al., 2019; Matsuguma et al., 2017; Van Cauwenberghe 
et al., 2013). This suggests that human society is facing a serious challenge of a pollutant that has been 
spreading and accumulating in the environment for more than half a century.
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Microplastics in Freshwater Environment

Despite large unknowns in the impact of microplastics on ecosystems, there is no doubt that there mi-
croplastic pollution occurs in freshwater environments and that fluvial (riverine) systems continue to 
transport large quantities of microplastics to the marine environment (Wang et al., 2021). Microplastic 
contamination can be divided into primary and secondary microplastics. Primary microplastics refer 
to the plastic particles that are manufactured in the micro-scale size, such as raw plastic pellets and mi-
crobeads added to the Personal Care Products (PCPs). Secondary microplastics refer to the micro-scale 
plastic particles released from larger plastic items that degrade and/or break down when exposed to the 
environment due to physical, chemical and other factors (Fan et al., 2019). Both primary and secondary 
microplastics are derived from emissions associated with human activities. Urban settlements are the 
most densely populated areas and contain diverse plastic industries and channels of plastic consumption. 
Therefore, urban areas are an important source of microplastics (Xu et al., 2020). It also follows that urban 
freshwater environments are the first waterbodies to be contaminated by the emission of microplastics, 
and a key source of microplastic downstream.

Haberstroh et al. (2021) claim that plastic pollution in freshwater systems is not as well understood 
by the academic community as it is in marine systems. This view is equally appropriate in the field of 
microplastics. Andrady (2011) and Cole et al. (2011) reviewed microplastic pollution in the ocean and 
Eerkes-Medrano et al. (2015) and Horton et al. (2017) reviewed microplastics in freshwater environments. 
These reviews invariably point to the fact that there are large research gaps, particularly in freshwater 
environments, including the role played by urban freshwater systems. Few reviews have been conducted 
on microplastics in urban freshwater environments; for example, Xu et al. (2020) reviewed microplastic 
pollution in Chinese urban freshwater catchments and related policy management.

As described above, human activities in cities are the major source of various emerging plastic and 
microplastic pollutants, yet the processes and mechanisms of how such pollutants are emitted from cities 
and spread to the rest of environment are not well understood. Urban emissions of these pollutants are 
in turn closely linked to the economic development of human societies. Microplastic pollution are not 
only accumulating in the global environment but are also being ingested and inhaled by humans. The 
current knowledge of microplastics determines the trade-off between current economic development 
and the control of these pollutants, especially when microplastic pollution has implication for biological 
and human health. Understanding the patterns of microplastic pollution in urban water is an important 
part of the study of urban microplastic emissions through the water environment. This chapter aims to 
critically review the current research on microplastics in urban freshwater environments, discussing 
the spatial and temporal distribution patterns of microplastics in global urban inland waterbodies, and 
to discuss the characteristics of microplastic pollution in urban freshwater environments. This chapter 
fills a gap in the current literature by extending the perspective to a review of microplastic pollution 
in global urban freshwater environments. This chapter collected relevant publications included on the 
Web of Science (search term: “microplastic* AND (urban OR city OR cities)”) up to November 2021, 
accumulating over 300 available publications. Following sections presented a summary of several rep-
resentative research among those publications.

The accounts of microplastic concentrations reviewed next are in the units used in the original publi-
cations. These units expressed in those different ways are usually interchangeable. Readers can directly 
feel it is also clear that not only different methods are being used in microplastics research, but there is 
also no uniform form of reporting on the findings of microplastic pollution.
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THE ROLE OF URBAN FRESHWATER IN MICROPLASTIC POLLUTION

A Receiver of Microplastic Pollution

Urban freshwater catchments play two roles in microplastic pollution; they are a receiver and transporter 
of plastics. As receivers, microplastic abundances have been documented in different environmental 
matrices in urban freshwater catchments. Xu et al. (2021) reported average microplastic concentrations 
of 1620.16 ± 878.22 n/m3 and 1696.08 ± 983.52 n/m3 during the wet season and dry season respectively, 
along surface water of the Fenghua River in Ningbo City, China. In the water column of the Santa Cruz 
River, USA, an average of 195 ± 2.2 (standard error) no./L of microplastics were measured (Eppehimer 
et al., 2021). A mean microplastic concentration of 914 ± 844 particles/kg (dry weight) or 1793 ± 1275 
particles/m2 was found in the sediments of the Salford Quays basin, Manchester city centre, UK by Hurley 
et al. (2017). These concentrations in urban freshwaters are typically higher than in less populated areas. 
For example, Di and Wang (2018) recorded the average microplastic concentrations in rural, suburban 
and urban areas as 3208 ± 1540 n/m3, 4366 ± 2855 n/m3 and 6201 ± 3034 n/m3 respectively, across 
the surface water of the Three Gorges Reservoir in China. The research conducted in the surface water 
of northern Lake Victoria in Africa also found that sampling sites located in urban or semi-urban areas 
had the highest microplastic concentration (0.69 – 2.19 particles/m3), compared to other sampling sites 
set in a rural community (0.199 - 1.0 particles/m3) and set in the vicinity of river inflows (0.02 - 0.14 
particles/m3) (Egessa et al., 2020).

The high concentrations of microplastics in urban areas, is often accompanied by a higher diversity 
in microplastic shape, size, colour and polymer type. Hayes et al. (2021) compared the microplastic 
abundance of two rivers and beaches in South Australia between urban areas and non-urban areas and 
found that low urbanized areas have fewer types of polymers. Similarly high concentrations and diversi-
ties of microplastics have been widely documented in global urban freshwater environments (Dahms et 
al., 2020; Gopinath et al., 2020; Xu et al., 2020).

Relatively stable freshwater environments, such as lakes and sediments, may act as sinks for micro-
plastic particles, holding microplastic pollution for a long time than in the flowing water. The impact 
of the longer-term storage of microplastics on local water bodies and aquatic life is still widely debated. 
However, the storage of microplastics in these matrices is not permanent. Natural (e.g. flooding, extreme 
weather) and artificial modification of channel and/or catchment hydromorphology can lead to these 
microplastics entering the active aquatic environment again. For example, Ji et al. (2021) found that 
dredged freshwater sediment storage was placed on the land whilst awaiting permanent disposal, with 
sediments able to disperse and contaminate the surrounding soil and surface waters. In addition, high 
flows can also entrain microplastics from sediments into the flow (Xu et al., 2020). Regulation of water 
levels in reservoirs can also moves microplastics from stable waterbodies (i.e. reservoirs) to the more 
active, downstream river environment (Di & Wang, 2018).

A Transporter of Microplastic Pollution

The fluvial freshwater system acts as a transporter of microplastics from urban environments towards 
other locations. Annually, 15963 ± 11268 tons of microplastics are estimated to be discharged from the 
Pearl River (China) to the South China Sea, with multiple megacities located in the Pearl River basin 
contributing to that discharge (Fan et al., 2019). 152 – 291 billion pieces of microplastics were predicted 
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to be discharged from the Warnow estuary (an urbanized shipping channel in Mecklenburg-Western 
Pomerania, Germany) into the Baltic Sea every year (Piehl et al., 2021). Nihei et al. (2020) calculated 
that the entirety of Japan discharges 210 – 4776 t/yr microplastics and macroplastics towards the ocean, 
with the highly urbanized cities, especially Tokyo, Nagaya and Osaka, predicted to dominate that dis-
charge. 95% of the plastic collected from the rivers in Florida, the United States were microplastics, 
where urban catchments released a much larger microplastic load than sparsely populated upstream areas 
(Haberstroh, Arias, Yin, & Wang, 2021).

High microplastic loads are not the only reason that may make urban microplastic discharges par-
ticularly important. The water quality of urban environments have been influenced by industrial and 
human activities over extended time periods and, thus, urban water bodies may contain complex pollutant 
mixtures. Given the lipophilicity and irregular surface texture of microplastics, they tend to adsorb and 
carry organic contaminants, metal pollutants, and even pathogenic colonies and viruses already found in 
the environment (Caruso, 2019; Rochman et al., 2013; Su et al., 2021). Microplastics may spread these 
environmental risks across a larger area by improving their mobility. However, this may be counterbal-
anced during transportation if microplastics become retained, and accumulate, in low-flow areas that 
induce deposition (Haberstroh, Arias, Yin, Sok, et al., 2021).

The mechanisms of microplastic movement in the aquatic environment are complex and have not 
been determined yet. It is also clear that the density of microplastics is an important control on their 
distribution in freshwater environments. Microplastics can be formed from a diverse array of polymers, 
which can have different densities. The density of microplastics may also be altered by contaminants 
or biofilms on their surface. It is highly likely that less dense microplastics will remain suspended in 
the flow and be relatively rapidly expelled into estuarine and marine environments, whereas denser 
microplastics are likely to interact with riverbed sediments, being temporally stored and moved towards 
marine environments over a longer timescale.

Chen et al. (2021) reported a mean microplastic concentration of 4.39 ± 5.11 p/L in the surface water 
of the Langat River Basin (Malaysia), but a mean concentration of 45.86 ± 24.76 p/L in the downstream 
estuary, which was over 10 fold higher than the upstream river section. Estuaries thus may be potential 
reservoirs of microplastics (Defontaine et al., 2020), likely relating to their depositional nature and the 
mixing of freshwater and seawater. The dynamics of microplastics in estuaries remains a research gap, 
especially urban estuaries.

MICROPLASTICS IN URBAN FRESHWATER ENVIRONMENT

The Spatial Characteristics of Microplastic Pollution

Several studies have identified a negative linear correlation between microplastic concentrations and 
the distance from urban centres. The surface water of twenty urban waterbodies was investigated in 
Wuhan City, China, where microplastic concentrations ranged from 1660.0 ± 639.1 to 8925 ± 1591 n/
m3 (Wang et al., 2017), with a negative linear relationship that microplastic concentration increased with 
the distance from the city centre decreased (p < 0.001; r = -0.895), which means high concentrations of 
microplastics were easy to detect at the sampling sites closed to city centre. A similar significant nega-
tive linear relationship was also recorded in the study of city creeks, rivers, and small waterbodies in 
Shanghai City, China (p < 0.05) (Luo et al., 2019). However, many previous studies have failed to detect 
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a similar statistical trend with Wang et al. (2017) and Luo et al. (2019), such as on the Vistula River in 
Poland (Sekudewicz et al., 2021) and the Fenghua River in China (Xu, Chan, Johnson et al., 2021) where 
no obvious statistical linear relationship was found between microplastic concentrations and the distance 
from city centre. The distance from city centres is a spatial indicator of the degree of urbanization of a 
sampling point. Due to the differences in urban planning, urbanism, and urban dynamics among cities, 
spatial location will not always be indicative of the level of urbanization, nor microplastic discharge.

Ghaffari et al. (2019) concluded that urbanization level and population density are the main factors 
affecting the distribution of macro-, meso- and micro-plastic pollution, followed by natural factors. 
Therefore, some research groups have used population density and local economic status as indicators of 
urbanization to observe the trend of microplastic abundance. For example, Fan et al. (2019) documented 
a positive linear correlation between microplastic concentration and both the population density (R2 = 
0.772; p < 0.01) and gross domestic product (R2 = 0.746; p < 0.01), in the sediment of the Pearl River 
catchment, China. However, Zhao et al. (2015) suggested that microplastic abundance does not always 
linearly relate to the population density and economic status as they only indicate local plastic pollution 
conditions. Ferraz et al. (2020) did not find that microplastic pollution in river surface water showed any 
change with urbanization level, but found high concentrations in the location of a city, hypothesized to 
be due to urban sewage treatment plants, and also upstream in some localized rural areas, hypothesized 
to be due to the direct discharge of sewage.

The variability in microplastic sources and complexity of their transport, means that spatial linear 
relationships between microplastic concentrations and urban factors are unlikely to hold true in many 
situations. Microplastics have both point source (e.g. wastewater outflows) and diffuse sources (e.g. run-
off, litter, plastic degradation). A linear distribution of microplastic concentration is more likely where 
several major point sources are varying or being arranged in a certain pattern in urban centers but the 
reality is often more complex. For example, Huang et al. (2021) documented concentrations of micro-
plastics ranging from high to low in commercial/public/entertainment areas, residential areas, industrial 
areas and natural areas, respectively. Di and Wang (2018) reported a microplastic concentration peak in 
the sediment of a rural area rather than of urban areas, even though microplastic concentrations generally 
increased from rural to urban areas. A possible reason was local factories and wastewater emissions in 
rural areas (Di & Wang, 2018). It has also been documented that the discharges from wastewater treat-
ment plants may alter the distribution patterns of microplastics in non-urban areas (Hurley et al., 2018). 
Therefore, how to effectively evaluate the role of urbanization in microplastic freshwater pollution is 
still an important topic.

The Temporal Characteristics of Microplastic Pollution

Wang et al. (2017) summarized the factors influencing microplastic abundance patterns into four points, 
which are: 1. the properties of microplastics, 2. the hydrological conditions, 3. surroundings and 4. 
meteorological conditions. The properties of microplastics (e.g. microplastic density) and surround-
ing conditions (e.g. local population density) often influence spatial patterns of microplastics, while 
the hydrological conditions and meteorological conditions may contribute to the temporal patterns of 
freshwater microplastic abundances.

Fan et al. (2019) discovered the microplastic concentration in surface water was significantly higher in 
autumn (1.19 ± 1.01 items/L) than in spring (0.29 ± 0.10 items/L) and summer (0.27 ± 0.11 items/L) in 
the Pearl River catchment in China, due to the dilution effect of more frequent rainfall during wet seasons. 
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Haberstroh et al. (2021) suggested low water flows during the dry season may allow microplastics to 
accumulate in water bodies, while frequent storm events during the wet season can release large quanti-
ties of plastic particles. Hurley et al. (2018) found that after a summer flood, the urban catchment area 
of Manchester, UK had a significant reduction in riverbed microplastics, with an average reduction of 
64%, and urban microplastic hot spots disappeared, consistent with the conclusion by Haberstroh et al. 
(2021). Therefore, rainfall can be significant in washing microplastics into waterways and re-entraining 
those stored in sediments back into the water column.

Studies that conduct comparative sampling before and after rainfall or storm events, both high-
frequency sampling (Hitchcock, 2020) and low-frequency sampling (Eppehimer et al., 2021) found a 
significant increase in microplastic concentration. For example, a significant increment in microplastic 
concentration was observed after a storm event in the surface water samples from Cooks River estuary, 
Australia, from 400 particles/m3 before the storm to 17383 particles/m3 (over 40 fold) 12 hours after the 
storm began (Hitchcock, 2020). Microplastic concentration continued to increase for two days after the 
storm and quickly decreased during the following five days (Hitchcock, 2020). In contrast, there was 
no significant variation in microplastic concentrations before (1170.8 ± 953.1 n/m3) and after (1245.8 
± 531.5 n/m3) typhoons in the water column (subsurface water) in three urban estuaries in China (Zhao 
et al., 2015). Additionally, the accumulation effects during the dry season mentioned by Haberstroh et 
al. (2021) are not consistent with the findings of Ji et al. (2021), where 29031 ± 5869 n/kg dw (17780 – 
37780 n/kg dw) of microplastics were collected from the sediment of an urban river of Wenzhou, China 
during the wet season while a smaller concentration (24784 ± 6953 n/kg dw (13710 – 37610 n/kg dw)) 
was found during the dry season. Moreover, some past research has not even identified seasonal dif-
ferences in microplastic pollution in freshwaters (Xu, Chan, Johnson, et al., 2021). As such, urbanized 
areas may impact expected temporal trends driven by natural events, modulating their impact on the 
entrainment and continued transport of plastics in freshwaters.

Two key points for future research are whether urban microplastic pollution patterns are impacted by 
seasonality. The factors affecting the seasonality of microplastic pollution are complex, including atmo-
spheric deposition, precipitation, river flow, tidal processes and the seasonal activities of the population 
(e.g., agricultural, aquacultural and industrial productions). The dilution, wash and microplastic input 
effects from increased rainfall-runoff may lead to high concentration in the wet season, high concentra-
tion in the dry season, or no significant seasonal difference at all according to the literature. This is likely 
due to location specific characteristics affecting the relative significance of dilution and increased inputs 
of microplastics. It is also possible that sample strategies may account for discrepancies in findings. For 
example, Eo et al. (2019) found that microplastic concentrations in surface water were three times higher 
than at intermediate depths. Zhao et al. (2015) postulate that density differences in microplastic particles 
and sampling locations could also be a reason for non-significant seasonal results in some studies.

Despite some contention, precipitation remains important to the input of microplastics in urban 
freshwater environments. Hitchcock (2020) regarded storm events as the “hot moment” of microplastic 
pollution, during which microplastics on land and in water are briefly connected. According to records 
in a Mexican city, rainwater runoff was estimated to contribute 8 x 105 to 3 x 106 particles/ha of micro-
plastics to adjacent water bodies per year (de Jesus Pinon-Colin et al., 2020). Eo et al. (2019) estimated 
that 70 – 80% of annual microplastics were emitted during the wet season in the Nakong River, South 
Korea, and the estimates of annual emissions using the surface water data during the rainy season were 
13 times higher than estimates using yearly average data. A unique fact in urban areas is the rapid and 
significant runoff generated by impermeable surfaces can carry street dust from vehicle exhaust and 
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tires; both important sources of microplastic pollution (Abbasi et al., 2017). The specific effects of 
rainfall events are also influenced by geographical and anthropogenic factors in and around the fresh-
water basin (Haberstroh, Arias, Yin, & Wang, 2021). Thus, it is also crucial to avoid the direct input of 
rainwater runoff towards the urban freshwater environment, to control the global microplastic discharge 
(Hitchcock, 2020).

MICROPLASTIC MORPHOLOGICAL CHARACTERISTICS

The previous subsections reviewed the role of urban freshwater environments in microplastic pollution 
and the spatial and temporal characteristics of microplastics in urban freshwater systems, in terms of 
microplastic concentrations. However, concentrations are not all that distinguishes microplastic pollution. 
For a better understanding of the originating sources of microplastics collected from the environment, 
the microplastic research community usually classify the microplastic particles by their shape, size, 
colour and polymer type.

Microplastic Shape

Microplastics are typically categorized by their shape into fragments (hard microplastics with an irregu-
lar shape), films (membrane-like microplastics), pellets (spherical microplastics) and fibres (wirelike 
microplastics). However, the naming and classification methods of those shapes are not unified. For 
example, some studies name microplastic fragments and those that sit between fragment and film, as 
a microplastic sheet (Fan et al., 2019; Lee et al., 2018; Zhang et al., 2019). Since microplastic foams, 
plastic microbeads, and raw plastic pellets can all be spherical but of different sources, some literature 
may classify these types of microplastics separately, or name them as microplastic granules (Battulga et 
al., 2020; Chen et al., 2020b; Hurley et al., 2018). Some research may name microplastic fibres as lines 
or filaments (Dahms et al., 2020).

The dominance of microplastic fibres in microplastic samples has been widely documented in global 
urban freshwater environments (Ferraz et al., 2020; Xu, Chan, Stanton, et al., 2021). 96% of total micro-
plastics collected from the surface water of the Langat River Basin in Malaysia were microplastic fibres 
(Chen et al., 2021). Microplastic fibres represented 93.5% - 93.8% of the total microplastic particles 
collected from the sediment of Suzhou Creek, Shanghai City, China (Chen et al., 2020a) and represented 
95.0% of the microplastics ingested by Chironomus sp. larvae in the Braamfontein Spruit in South Arica 
(Dahms et al., 2020).

The prevalence of microplastic fibres in urban freshwaters has been related to incomplete treated 
sewage discharged by WWTPs and non-treated laundry sewage discharged by residential areas. Urban 
WWTPs receive a huge amount of laundry sewage from urban residents, which usually contains a high 
proportion of synthetic fibres (Xu, Chan, Stanton, et al., 2021). A WWTP of Sari City in Iran had a 
microplastic removal rate of 96.70% with a microplastic concentration in effluent as 423 ± 44.9 MP/m3, 
where microplastic fibres were 77.5% of the total (Petroody et al., 2020). We collected all the publications 
from the Web of Science on wastewater/sewage treatment plants in global urban freshwater environments. 
By November 2021, a total of 51 publications were published, five of which did not mention the shape 
of microplastics in the water samples. Of the remaining 46 articles, 35 publications reported that fibres 
were the dominant microplastic shape in water samples. The microplastic removal rate was recorded 
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between 44.55% (Tadsuwan & Babel, 2021) and 100% (Wei et al., 2020) across all 51 publications, most 
being between 80% and 99%. Although these WWTPs appeared to have a relatively high microplastic 
removal rate, they remain one of the major sources of microplastic and microfibre pollution in urban 
freshwater receptors. For example, 131.35 ± 95.36 MP/L of microplastics was found in the effluent of an 
industrial WWTP in the city of Cádiz, Spain (Franco et al., 2021) and 276-1030 items/L of microplastics 
were found in the effluent of WWTPs in the cities of Tianjin and Beijing, Xi’an in China (Wang et al., 
2020). More seriously, not all of the wastewaters will be treated by WWTPs. For instance, there was 
only one municipal sewage treatment plant in the entire Sinos River Basin, which could only treat 10% 
of the total urban daily wastewater (Ferraz et al., 2020). The remaining sewage water is likely to end up 
in rainwater drains and waterways. In urban storm runoff water in Tijuana, Mexico, microplastic fibres 
represented 68% - 87% of total samples (de Jesus Pinon-Colin et al., 2020). WWTPs may also return 
contaminated sludge to nearby catchments for fertilizers, providing another potential route via runoff, 
for microplastics to reach waterways (Ferraz et al., 2020).

In addition to municipal sewage, aquacultural and fishing activities are one of the main sources of 
microplastic fibres in the environment. For example, a high proportion of microplastic fibres were ob-
served in the Lake Victoria, Africa, where fishing activities were frequent (Egessa et al., 2020).

Microplastic fragments come from the fragmentation of plastic wastes in the environment while 
films and foams may come from the fragmentation of widely used packaging materials or containers 
(Di & Wang, 2018; Xu et al., 2020). Such shapes can dominated microplastic populations; for example, 
fragments represented 56.1% and 83.1% of microplastic samples in both the surface water (2074 ± 
3651 MPs/m3) and sediment (3726 ± 9030 MPs/m2) of Ravi River, Lahore, Pakistan (Irfan et al., 2020). 
In general, large proportions of fragments occur more frequently in sediment samples than in surface 
waters, presumably because many fragments are larger than microfibres and may be higher density. An 
example is microplastic films being dominant in the surface water of Adour Estuary, France, while in the 
subsurface water samples and bottom water samples, fragments were the largest proportion (Defontaine 
et al., 2020).

Plastic microbeads were widely used in PCPs and cosmetics (Bayo et al., 2017), which have recently 
been prohibited in many countries including the US, UK, South Korea and China (Xu et al., 2020). 
Perhaps because of the positive influences of microbead legislation in recent years, microbeads often 
make up a relatively small proportion of total microplastic particles in urban freshwater environments 
(Xu, Chan, Johnson, et al., 2021). The main pathway of microbeads entering water bodies is sewage 
water (Boucher et al., 2016). Compared to microbeads, microplastic foams (i.e. particles eroded from 
polystyrene) were more common in urban freshwater samples, with Hurley et al. (2017) identifying that 
87% of spheric microplastics were foams in sediment samples from Manchester, UK. It is also worth 
noting that macro-, meso- and micro-plastic foams can absorb other microplastics. For example, along 
the shore of the Tuul River in Mongolia, 5 – 141 microplastics were observed to adhere to each plastic 
foam particle (Battulga et al., 2020).

Microplastic Size

Currently, the microplastic research community groups microplastics according to different size ranges 
to evaluate the size distribution pattern of microplastics. However, the size categories vary substantially 
between publications, which pose a challenge to comparison across research studies and sites. Despite 
this, in most studies it is the smallest size groups that account for the largest proportion. For example, 
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particles between 0.355 – 0.500 mm accounted for 57.63% of total surface water microplastics (7.428 
± 3.678 SE pieces/m3) in the Lam Tsuen River in Hongkong China (Cheung et al., 2019). Similarly, 
the smallest microplastics (0.050 – 0.332 mm) accounted for 89% of total surface water microplastics 
in Cooks River estuary, Australia (Hitchcock, 2020). In the sediments of an urban river of Wenzhou, 
Zhejiang Province, China, 75.4% - 91.1% of microplastics belonged to the smallest size group (< 0.3 
mm) (Ji et al., 2021). The same is broadly true in organism tissues. For example, in the fish Leuciscus 
cephalus, Capoeta trutta, Alburnus chalcoides, Capoeta damascina, Barbus capito, Cyprinion macros-
tomum and Luciobarbus caspius collected from Kermanshah city, Iran, the smallest microplastics were 
also the most common (Heshmati et al., 2021).

Smaller microplastic sizes, especially those associated with secondary microplastics, may imply a 
longer retention history in the environment. With depth in the sediment of the Pearl River Catchment, 
the proportion of microplastics smaller than 0.45 mm also increased, indicating the fragmentation of 
microplastics increased with time (Fan et al., 2019). Smaller microplastics may also have higher bio-
availability as they can be readily ingested by small aquatic organisms and microorganisms (Angiolillo 
et al., 2021; Piarulli et al., 2020). Although small-sized microplastics are usually most abundant, larger-
sized microplastics usually dominate the mass of samples. For example, Fan et al. (2019) found that the 
smallest microplastic group accounted for an average of 60.6% ± 10.6% (water sample) / 45.0% ± 4.3% 
(sediment sample) of the total number of microplastics, but it was the largest microplastic class that 
accounted for 56.4% ± 9.4% (water sample) / 64.5% ± 7.0% (sediment sample) of the total microplastic 
mass. This could be important information for modelling the load and transport of microplastics in the 
riverine system in the future.

Microplastic Colour

Several publications document the colours of collected microplastics. The most common colours men-
tioned in previous research include transparent, white, blue and black. There are no clear standards for 
recording microplastic colours, thus, the results can be subjective.

In reviewed literature, white and transparent were the most common microplastic colours in waterbod-
ies. Transparent microplastics accounted for 56% of total microplastics in the surface water of the Ofanto 
River, Italy (Campanale et al., 2020). The average proportions of white and transparent microplastics 
in the Pearl River Catchment (China) were 62.6% ± 13.5% in the surface water and 51.0% ± 7.0% in 
sediment, respectively (Fan et al., 2019). Transparent microplastics accounted for 21.4% - 75.0% of 
total microplastics in the sediment of the Lagoon of Bizerte (Abidli et al., 2017). In the environment, 
microplastic exposed to sunlight may fade and increase the proportion of colourless microplastics (Fan 
et al., 2021). In addition, in the laboratory extraction of microplastics from environmental media, strong 
oxidizing chemicals including hydrogen peroxide, concentrated sulfuric acid and/or concentrated hydro-
chloric acid are often used to digest the organic matter. This process can also discolour some microplastic 
samples (Xu, Chan, Johnson, et al., 2021).

In organisms, the dominance of colourless microplastics decreases, with blue and black microplastics 
more commonly found. Black microplastics dominated in the Duck mussel (Anodonta anatina) from the 
River Höjeå: Genarp and Värpinge in southern Sweden (Berglund et al., 2019). Blue microplastics were 
dominant in the Chironomus sp. larvae from the Braamfontein Spruit, Johannesburg, in South Africa 
(Dahms et al., 2020). This phenomenon may involve the selective ingestion of microplastics by organ-
isms. The selective ingestion of microplastics by organisms may also be related to biofilms and bacterial 
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communities coating the surface of microplastics, as this is a potential source of nutrients for aquatic 
organisms (Hurley et al., 2017). However, it is still unclear whether aquatic organisms are preferentially 
choosing microplastics that are black and blue in colour, or whether microbial communities prefer to 
adhere to microplastics with dark colours.

Polymer Types

The microplastic research community uses a diverse range of spectrometers to identify the polymer 
types of collected microplastics. Polyethylene (PE) and polypropylene (PP) tend to dominate in surface 
water environments due to their low density and wide use. For example, accounted for 43.8% - 50.8% 
and 39.0% - 41.4% of the identified microplastics from the surface water of five major cities in Japan 
(Abeynayaka et al., 2020). 58.33% and 56.99% of identified microplastics were PE in the surface water 
and sediment of the Netravathi River, India (Amrutha & Warrier, 2020). PP was the dominant polymer 
(38% of identified microplastics) in the sediment of West River, Pearl River system, China (Huang et al., 
2021). PP and PE may dominate samples in sediments because of biofouling on the surface, changing 
their density and causing them to sink (Di & Wang, 2018). PP and PE are also very common, being used 
widely as food packaging, pipes, textile fibres, agricultural mulching, fishery equipment, and containers 
(Gopinath et al., 2020). In comparison to PE and PP, Polyethylene terephthalate (PET) is more widely 
distributed in sediments, such as in the Suzhou Creek in China (Chen et al., 2020a) and the Thames river 
basin in the UK (Horton, Svendsen, et al., 2017). PET has relatively high density and is used as textile 
fabrics, building materials, and other fibrous products (Fan et al., 2019). Most products of PP, PE and 
PET are recyclable. Therefore, the large quantities of these polymers in the environment implies a lack 
of recycling and reuse of relevant plastic products (Hayes et al., 2021).

He et al. (2020) found that in the sediment of Brisbane River (Australia), sampling sites with high 
microplastic abundance were not found to have high hazard scores, while the two sites with the highest 
hazard scores had microplastic concentration less than 10 mg/kg in the sediment. This was because two 
polymer types; polyvinylidene chloride and polyacrylonitrile, were detected in the sample which are 
more hazardous than other, more commonly found polymers such as PP, PE and PET. The calculation 
of a hazard score takes into account the mass of microplastics and the toxicity index of the monomer 
released by each type of microplastic. There polymer type can have a significant impact on the potential 
hazard risk of microplastics found in the environment, and using a hazard score can help identify risks, 
not obvious when only looking at concentrations and/or mass of plastics.

DEVELOPMENT STATUS AND MICROPLASTIC POLLUTION

Due to the current lack of unified methods for sampling, extracting, identifying and reporting microplas-
tics, comparison of results between studies is challenging. However, the general trends identified above 
suggest different concentrations of microplastics found in different nations can be related to develop-
ment status. It is clear that microplastics occur in substantially different concentrations between different 
regions, and through time. For example, in Chinese surface water, microplastics have been reported as 
2990 – 9870 n/m3 in West River (Huang et al., 2021), 1597 – 12611 n/m3 of microplastics in the Three 
Gorges Reservoir (Di & Wang, 2018), 14400 (± 5100 n/m3) in Suzhou Creek, 26200 (± 9600 n/m3) in 
Huangpu River (Chen et al., 2020a). However, in other countries, especially developed countries, the 
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surface microplastic concentrations tend to be much lower; for example, 1.6 ± 2.3 n/m3 in major cities 
in Japan (Abeynayaka et al., 2020), 0.05 – 32 n/m3 in 29 Great Lakes tributaries in the USA (Baldwin 
et al., 2016), 0 - 3.88 n/m3 in the Adour Estuary in France (Defontaine et al., 2020) and 0.87 ± 1.24 n/
m3 in Garonne River in France (Garcia et al., 2021). This may also be in part due to the export of waste 
from developed countries to developing countries.

The surface water microplastic concentrations in other developing countries include 56 – 2328 n/m3 
in the Netravathi River in India (Amrutha & Warrier, 2020), 4.39 ± 5.11 to 45.86 ± 24.76 p/L (4390 
± 5110 to 45860 ± 24760 n/m3) in the Langat River basin in Malaysia (Chen et al., 2021) and 2074 ± 
3651 Mps/m3 in Ravi River, Pakistan (Irfan et al., 2020). Developed countries have significantly lower 
microplastic concentrations in the surface water than developing countries, and the situation is similar 
for sediment matrices. This may be related to the high population density, active industrial production 
and immature waste management in developing countries.

SOLUTIONS AND RECOMMONDATIONS

The chemical stability and low degradation rate of plastic materials mean that most microplastic par-
ticles can persist in the environment for a long time. Although the recycling of plastic materials and the 
promotion of degradable plastics can reduce future microplastic emissions, it is still difficult to address 
the microplastic pollution that has been already left in the environment. Padervand et al. (2020) sum-
marized several promising methods available for removing microplastics from the environment, which 
includes adsorbing microplastics using microalgae, using dynamic membranes or membrane bioreactors 
removing microplastics from waterbodies, trapping microplastics by using activated sludge, electroco-
agulation, photocatalytic degradation, biological degradation, and advanced techniques used by WWTPs 
(filtration, settling and coagulation). However, these technologies usually have one or several of the fol-
lowing drawbacks, including the inability to treat the collected microplastics, high-energy consumption, 
low removal rates, and selective removal of microplastics. Meanwhile, available microplastic removal 
techniques do not sufficiently deal with current microplastic emissions, resulting in a large number of 
microplastics entering the freshwater environment through municipal wastewater.

This chapter makes seven recommendations to slow down the continued accumulation of microplastic 
particles in the environment, based on the current state of microplastic pollution in urban freshwaters. 
First, the production and consumption of plastic products that present a clear environmental hazard and 
for which alternatives are available (such as microbeads and ultra-thin plastic bags) should be limited. 
Secondly, the recycling of plastic wastes should be promoted. Third, the techniques used by urban WWTPs 
should be upgraded, particularly in developing areas. Fourth, the popularization and dissemination of 
knowledge of microplastic pollution should be strengthened among the global public. Fifth, research 
into the mechanisms of microplastic movement and dynamism in the environment should be promoted. 
Sixth, research on microplastic removal and elimination technologies should be encouraged. Last, the 
methods to collect the macro-plastic litter in the urban environment should be developed. The first four 
recommendations aim to reduce the intensity of microplastic emissions, while the last three recommen-
dations aim to find ways to reduce the total amount of microplastics in the environment.

In addition, there is currently a lack of uniform methods and reporting standards for microplastics 
research in the academic community. This makes cross-study comparisons difficult and seriously hampers 
progress in reaching regional or even global conclusions on microplastic pollution. This is not condu-
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cive to advancing the implementation of the above recommendations. A unified approach to research 
is worth advocating and should be promoted in a step-by-step manner. Until then, the academic com-
munity should first improve the standards for reporting the findings of microplastics studies (Cowger 
et al., 2020; Provencher et al., 2020), including the requirement to provide all key sampling parameters 
and microplastics identification approaches, so that studies using the same sampling or identification 
methods can be quickly compared between regions.

CONCLUSION

This chapter reviews the current state of microplastic pollution in urban freshwater basins, globally. 
Microplastic pollution in the urban freshwater environment is characterized by high concentrations, 
high diversity, and high correlation with local human activities. Microplastic pollution in the global 
urban freshwater environment may have a similar pattern of microplastic types, such as the prevalence 
of microplastic fibres, but there are also differences, particularly between developed and developing 
countries. Given that microplastic emissions are increasing year by year, there is a need for interven-
tions to control the freshwater microplastic discharge from cities. However, there are still large research 
gaps relating to the mechanisms of microplastic pollution in urban freshwater environments. There are 
currently significant discrepancies in the methodologies and data reported in studies worldwide, mak-
ing cross-study comparisons difficult. This adds to the many challenges in reviewing publications in 
this chapter. Future studies should attempt to harmonize the methods and standardize data reporting.
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KEY TERMS AND DEFINITIONS

Biofilm: The same as ‘Biofouling’ in this chapter.
Biofouling: In this chapter, it means the accumulation or the colonization of microorganism adhering 

on the surface of microplastics.
Macroplastic: Plastic in size larger than 2.5 cm in the environment.
Mesoplastic: Plastic debris in size between 5 mm and 2.5 cm.
Microplastic: Plastic debris in size between 0.001 mm and 5 mm in the environment.
Surface Water: Usually refers to the water layer 0 – 25 cm deep in a waterbody. The exact depth 

range is defined differently in publications.
Water Column: Generally, refers to the water layer other than the surface water.
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ABSTRACT

Microplastics in the environment pose a significant threat to the entire ecosystem. Household activity, 
industrial activity, tyre wear and tear, construction, incineration, plastic litter, landfill, and agricultural 
activities are the major sources of microplastics in the environment. Microplastics can freely float and 
adapt between different environmental mediums in the ecosystem due to their lightweight and low-
density characteristics. Eventually, microplastics entering the ocean from different pathways result in 
accumulation and widespread distribution in the marine environment. The frequent interaction between 
microplastic and aquatic environments accumulates the microplastics in live organisms. The microplastic 
accumulation and exposure to animals and humans will also affect the ecosystem. This chapter seeks to 
understand the sources, pathways, and abundance of microplastics in a different environment. The study 
also highlights the future research prospects for mitigation of plastic towards environment protection.

INTRODUCTION

The widespread use of plastic may be attributed to their numerous attractive properties. Plastics are 
affordable, flexible, durable, lightweight, waterproof, easy to clean and sterilize, and act as insulators, 
among other things (Bergmann et al., 2015; Lebreton & Andrady, 2019). Plastics are commonly used 
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in packaging, automotive, household leisure, electrical and electronic parts, building and construction 
materials, sports products, and the agricultural sector (Elizalde-Velázquez & Gómez-Oliván, 2021). 
Plastic production has grown exponentially, with large-scale production starting in the 1950s around 
1.5 million tons per year to 348 million tons in the 2017s (Plastics Europe, 2018; WHO, 2019). Histori-
cally the global production of plastic materials has increased by around 8 - 10% each year (Crawford 
& Quinn, 2016; Peixoto et al., 2019). Plastic production is expected to double by 2025 and more than 
triple by 2050, based on the projected global population growth rate and existing consumption and 
waste patterns (FAO, 2017). Due to improper plastic waste disposal, a significant number of plastics 
eventually end up in the marine ecosystem via household materials, industrial discharge, wastewater 
treatment plants (WWTPs), incineration, landfills, and rivers. This has resulted in increasing quantities 
of plastic pollution in oceans worldwide. (Aslam et al., 2020; Crawford & Quinn, 2016; Henry et al., 
2019). The occurrence and distribution of large plastic litter in the marine environment have been ex-
tensively documented (Ajith et al., 2020; Du et al., 2020). However, with prolonged physical, chemical, 
and biological weathering, these larger plastic materials eventually fragment, resulting in macro, meso, 
micro, and nanoplastics (Golwala et al., 2021).

Microplastic enters the environment as primary and secondary sources. These microplastics are 
ubiquitous in the atmospheric, terrestrial, and aquatic environment, mainly due to inappropriate plastic 
disposal and insufficient waste management (Ajith et al., 2020). Landfills, the most prominent tech-
nique of solid waste management, are the main repository and disseminator of microplastics, including 
both primary and secondary microplastics (Golwala et al., 2021). Different environmental conditions 
(such as rain and wind) facilitate the transport of landfilled microplastics to the surrounding ecosystem. 
Furthermore, due to inadequate separation, microplastics from different consumer commodities and 
microfibers from synthetic clothes are potential sources of microplastics in WWTPs (Z. Zhang & Chen, 
2020). The majority of microplastics enter aquatic streams after passing through WWTPs (De Falco et 
al., 2018; Talvitie et al., 2017). The retained microplastics accumulates in sludge or biosolids applied for 
agricultural activities may result in microplastic contamination in agricultural soil (Q. Li et al., 2019; Y. 
Zhou et al., 2020). The majority of plastic waste created in industrial operations and small workshops are 
discharged immediately into the environment without treatment (Du et al., 2020). Finally, microplastics 
reach into the sea from diverse sources and are dispersed by ocean currents. Widespread deposition 
and distribution of microplastics raise a concern about their interaction and potential consequences on 
marine ecosystems. The gradual increase of microplastic in the sea will lead to significant accumulation 
in coastal and marine environments (Bergmann et al., 2015).

A schematic diagram of sources, pathways, and toxic effects of microplastic is shown in Fig. 1. 
Animal and humans are directly or indirectly exposed to microplastics. Direct exposure of pollutions to 
organisms occurs through different mediums, including water and air. Indirect exposure, on the other 
hand, occurs through the food chain or in conjunction with other chemicals (additives, heavy metals, 
and POPs). In general, direct exposure causes significant toxicity in the near term, whereas indirect 
exposure can cause long-term organ damage (Du et al., 2020). Microplastics are harmful to a variety 
of fish and invertebrates because they can cause digestive tract blockage, inflammation, reproductive 
disorders, growth rate inhibition, oxidative and pathological stress (Rist et al., 2019; Sana et al., 2020). 
According to Rist et al. (2018), more than 700 aquatic species were adversely affected, including birds, 
turtles, whales, blue mussel, sand hopper, crab, pacific oyster (Carr et al., 2016; Chapman, 2007; Leslie 
et al., 2017; Rios Mendoza et al., 2018a; Rist et al., 2018).
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Microplastics have been found in air, potable water, and table salt, indicating that they can enter the 
human body in various ways (Kankanige & Babel, 2020; Yaranal et al., 2021a). Recent investigations 
show microplastics have been observed in human lungs, digestive tract, placenta, and feces (Pauly et 
al., 1998; Ragusa et al., 2021; Schwabl et al., 2019; Toussaint et al., 2019). Since microplastics can 
harm various organisms, the possibility of humans being harmed by microplastics must be considered. 
Since humans are the final consumers of microplastic-affected seafood, there is a substantial risk of 
microplastic transfer to humans (Cox et al., 2019; Wright & Kelly, 2017). The effects of microplastics 
on both the environment and human health are not completely understood. Knowing all microplastic 
sources, pathways, and abundance in atmospheric, terrestrial, and aquatic environments is essential to 
understand better and control microplastic pollution. The current chapter reviewed the possible sources, 
pathways, and abundance of microplastics in air, soil, freshwater, and sea environments. Based on the 
review, the future prospects are discussed.

SOURCES AND PATHWAYS OF MICROPLASTICS

The plastic industry has outgrown exponentially, and the use of plastics has increased in recent years. 
It has been predicted that the usage will double in the next 20 years (Perren et al., 2018). On the other 
side, the unregulated disposal practices of plastics have resulted in aquatic, terrestrial, and now atmo-
spheric environments. All three environments are interconnected through diverse pathways and sources 
that can affect the microplastic accumulation and flux in these matrices. Microplastics, based on their 
origin, are classified into primary and secondary categories (Blair et al., 2019; Boucher & Friot, 2017; 
Herbort et al., 2018).

Figure 1. Schematic diagram of sources, pathways, and toxic effects of microplastics
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Primary Microplastics

Primary microplastics are manufactured to serve exclusive purposes in many domestics or industrial ap-
plications. The cosmetic and cleaning products such as soaps, make-up foundation, body scrubs, lotions, 
toothpaste, peeling, baby products, nail polish, sunscreen, insect repellents, and synthetics clothes are 
the major sources (Carr et al., 2016; Veerasingam et al., 2020). The industry originated feedstocks used 
in plastic manufacturing, plastic resin powder/pellet spillage during air-blasting, 3D printer ink (Rios 
Mendoza et al., 2018b), and textile fibers also lead to a high level of plastics and microplastic generation 
in the environment (Talvitie et al., 2017). Textiles release microplastics in the form of synthetic fibers 
to the atmosphere during the process of production to end use (De Falco et al., 2018; Henry et al., 2019; 
Stanton et al., 2019).

Secondary Microplastics

Secondary microplastics, formed as a result of breakdown of bigger plastic items such as bottles, bags, 
toys, construction materials, paints, packaging materials, electronics items, and vehicle tyre (Carr et 
al., 2016; Da Costa et al., 2016). Secondary microplastics are also generated during the collection and 
disposal of municipal solid waste and as the result of anthropogenic actions such as littering (Du et al., 
2020; Horton, Walton, et al., 2017). Considering the enormous volume of macroplastics entering the 
environment, secondary microplastics are seen as a major contributor to microplastic contamination in 
the environment. Plastic items are weathered as they travel through the environment, creating micro-
plastics as a result of mechanical fragmentation, chemical, and biological degradation. These factors 
lead to continuous temporal changes in the physical and chemical characteristics of plastics (Cai et al., 
2018; Oliveira et al., 2020; Singh & Sharma, 2008; Zbyszewski et al., 2014). Photodegradation of the 
polymer matrix causes bond breakage and brittleness in plastics, leading them to disintegrate. Among 
others, Cai et al. (2018) studied the impact of UV exposure for three polymers types of polystyrene (PS), 
polypropylene (PP), and polyethylene (PE). Their exposure studies have revealed that the pellet surface 
homogenous texture changed drastically over months of exposure, where cracks and flakes were com-
mon patterns of this degradation process.

Pathways and Accumulation of Microplastics into Various Environment

Microplastics exist in the atmospheric, terrestrial, and aquatic environments. The physical processes 
influenced by climatic forces play a key role in the specific distribution of microplastic among diverse 
environments (K. Zhang et al., 2017). The significant factors in the conveyance of microplastic are wind, 
river, surface runoff, flooding, tides, etc. Recent investigations have found that considerable quantities 
of fibers have been transferred by atmospheric fallout, particularly in densely populated areas. Wind 
can transfer these particles in the atmosphere to terrestrial and aquatic environments. The microplastic 
sources, transport pathways, and accumulation among different environments are depicted in Fig. 2.

Atmospheric environment: The climatic and seasonal conditions play an essential role in the de-
position and concentration of the microplastic in the atmosphere. The density and buoyancy affect the 
vertical distribution of microplastic in the atmosphere. The highest concentration is generally found 
near to terrestrial region. Very few researches have been conducted on microplastic contamination in 
the atmosphere. The first study on microplastic in the urban environment was conducted by Dris et al. 
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(2015). The microplastics in the urban environment are often associated with extensive human activity. 
Like synthetic fabrics, urban dust, construction materials, industrial pollutants, landfills, agricultural 
practices and plastic materials are all potential microplastic sources in the atmosphere (G. Chen et al., 
2020; Qiu et al., 2020; Y. Zhang et al., 2020). Microplastics were easily dispersed by wind and might 
stay for a long period in the atmosphere, transferring it to remote places (Trainic et al., 2020). The 
climatic parameters, including wind, precipitation, temperature, are dependent factors for microplastic 
distribution in atmospheric environment (Prata, 2018). After being discharged into the air, microplastics 
are conveyed and settle in terrestrial and marine environments.

Terrestrial environment: The presence of a wide range of microplastic debris in the terrestrial 
environment is primarily due to excessive use and their improper disposal (J. Li et al., 2020). Due to 
non-degradability and various other properties, microplastics may remain in the environment for a longer 
period, affecting biodiversity and the environment, including the growth and reproduction of plants and 
organisms (Kumar et al., 2020; W. Li et al., 2020). Arable soils can be polluted with microplastics via 
various pathways. On the one hand, microplastics enters the agricultural soil through sewage sludge, 
digested residues, irrigation with polluted waters, polymer-based fertilizer and pesticides, atmospheric 
deposition, littering, plastics items from landfills, and surface runoff (Da Costa et al., 2016; Sujathan 
et al., 2017; Talvitie et al., 2017). Microplastics in agricultural soils, on the other hand, are created by 
the degradation of plastic materials utilized in agricultural practices (M. Liu et al., 2018; Rehm et al., 
2021). Due to its remarkable benefits, PE and polyvinyl chloride (PVC) composed mulch films have 
become extensively used in global agricultural production. Plastic mulch is widely used in agriculture 
practices and covers around 20 million hectares of farmlands worldwide, where China alone accounts 
for nearly 90% of it (Yang et al., 2021; Y. Zhou et al., 2020). In 2016, globally, 4 million tons of plastic 
film was used in agriculture and predicted to rise to 5.6 million tons per year by 2030. The removal of 
the mulching film from the agriculture field is a time-consuming and labor-intensive task; as a result, 
certain parts of it are left on farms, either purposely or inadvertently. Different organisms, including 

Figure 2. Sources, pathways and accumulation of microplastic in atmospheric, terrestrial, and aquatic 
environments
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earthworms, can aid in the production of microplastics and nanoplastics from larger plastic fragments 
(Kumar et al., 2020; Piehl et al., 2018). Considering current overall understanding of possible micro-
plastic sources in agricultural soils, in-situ soil contamination data is limited, owing to the difficulty 
of detecting microplastics in the soil (Möller et al., 2020). According to J. Li et al. (2020), agricultural 
soil is highly porous media; thus, particles (0.1–6.0 μm) can easily move vertically along with the soil. 
Based on the different studies on estimates of microplastics in the soil, the agriculture soil is considered 
as a major microplastic sink. It is sometimes debated whether the accumulation of microplastics in the 
soil leads to a permanent or whether it is lost again through leaching into groundwater or surface runoff 
and erosion. Because agricultural soils are particularly prone to erosion, the possibility of microplastics 
being transported by surface runoff is of major importance (Y. Chen et al., 2020; Rehm et al., 2021). 
The highest plastic transport was recorded in the Rhône River a few days after rainfall events, demon-
strating that surface runoff may have a significant impact on microplastics intake to water bodies when 
compared to other processes (Castro-Jiménez et al., 2019). The studies of Piehl et al. (2018) and B. Zhou 
et al. (2020) found that frequent uses of plastic material in the farmland are major contributors to plastic 
pollution in the agricultural fields. In addition, careless disposal and displacement of plastics by wind 
were the primary routes for input to croplands.

Aquatic environment: Microplastic enters the freshwater via different pathways, significantly from 
the discharge of urban drainage systems, road runoff, WWTPs effluent, agriculture, wind, and fisheries 

Figure 3. Sources, accumulation and transport of microplastics in soils
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and aquaculture (C. Wang et al., 2021; WHO, 2019). The microplastics present in cosmetics, cleaning 
products, and microfibers from cloth can enter the aquatic environment through industrial or domestic 
drainage systems. According to De Falco et al. (2018), the primary microplastics infiltrate the aquatic 
environment through WWTPs in urban areas. Surface runoff from agricultural fields and urban areas is 
another significant source of microplastics in surface water (WHO, 2019). Additionally, data suggests 
that tyres and road markings may contribute to microplastic contamination, with storm-water runoff as 
a major pathway for plastic particles to reach surface waterways. Wind dispersal may transport larger 
plastic objects and their degradation products into aquatic ecosystems (Horton, Svendsen, et al., 2017; 
Horton, Walton, et al., 2017; Xu et al., 2021).

Microplastics reach the marine environment mainly through rivers, airborne, plastic litters degrada-
tion, loss of fishing gears, aquaculture, shipping, tourism activities, urban and industrial (onshore and 
offshore) effluents (Yaranal et al., 2021b). According to research calculations, every year, approximately 
4.8 to 12.7 million metric tons of plastics waste ends up in the marine ecosystem (Veerasingam et al., 
2020) in that nearly 1.15 to 2.41 million metric tons of plastics reaches through rivers (Kim et al., 2018; 
Lebreton & Andrady, 2019). Land-based plastic debris contributes to 80% of all plastic garbage in the 
ocean (Issac & Kandasubramanian, 2021; Y. Li et al., 2020). Estuaries and coastal lagoons are where 
the bulk of aquaculture species are cultivated. The significant use of plastic materials in the fishing and 
aquaculture sectors is the primary cause of microplastic pollution in the ocean (Du et al., 2020; Thiele 
et al., 2021). There are no global estimates on the amount of plastic garbage produced by the fisheries 
and aquaculture industries. The Republic of Korea has produced the first national estimate of fisheries 
and aquaculture debris input to marine environments, with an annual input of approximately 51,000 
tons of plastics (Jang et al., 2014; Lusher et al., 2017). According to Eriksen et al. (2014), the oceans 
already contain more than five trillion particles of plastic weighing more than 2,50,000 tones. These 
microplastics are a hundred times lower on the sea surface than predicted, lending credence to the no-
tion that most microplastics sink and collect in the core region of the ocean. Some have been found 
frozen in the Arctic ocean ice, which has become a global sink for microplastics (Kanhai et al., 2020). 
Microplastics with densities lower than seawater float at the surface layer or are suspended in the water 
column with neutral density, whereas microplastics with densities higher than seawater are concentrated 
in marine benthic regions (Ajith et al., 2020; Y. Li et al., 2020). Some of the factors, such as turbulence 
and biofouling, increase the density of microplastics.

MICROPLASTICS ABUNDANCE

Atmospheric Environment

The most vital element for survival is air. However, breathing polluted air is hazardous to health. Re-
searchers have found airborne microplastics among the various contaminants in the atmosphere. Dris 
et al. (2017), Cai et al. (2017), and Liu et al. (2019) observed the presence of microplastic fibers in 
indoor, outdoor, and working places. The presence of microplastics in the atmosphere are summarized 
in Table 1. From Table 1, it can be seen that various researchers have identified the presence of varied 
microplastics in terms of shape, size, and composition in different cities of the world, viz. 118 particles 
m-2 day-1 in Greater Paris, France (Dris et al., 2015); 175 - 313 particles m-2 day-1 in Dongguan City (Cai 
et al., 2017); 365 ± 69 particles m-2 day-1 in French Pyrenees (Allen et al., 2019) and 136.5 and 512.0 
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particles m-2 day-1 in Hamburg, Germany (Klein & Fischer, 2019). According to Dris et al. (2017), the 
amount of microplastics in indoor air (1 – 60 fibres m-3) was substantially greater than in outside air 
(0.3 - 1.5 fibres m-3). This is because microplastics are typically formed by mechanical wear or degrada-
tion of textile apparel and bedding such as pillows, blankets, and curtains due to closed or semi-closed 
compartments, as explained by (Prata, 2018). In Denmark, Vianello et al. (2019) observed the presence 
of airborne microplastics in three-flats and found that PE, polyester, polyamide (PA), and PP were the 
most prevalent types. Catarino et al. (2018), in Edinburg, collected the household fibers fallout during 
a meal with concentrations and deposition rate of 5 ± 3.3 - 10 ± 4.2 particle m-3 and 1666.8 - 1671.84 
particles m-2 day-1, respectively. The study of Kaya et al. (2018), Abbasi et al. (2019), Patchaiyappan 
et al. (2021), and Su et al. (2020) and Yukioka et al. (2020) confirmed the microplastics pollution in 
roadside dust from urban and rural areas. According to studies related to multiple correlation and prin-
cipal component analysis, urbanization, rainfall and snow have significant role on roadside microplastic 
deposition (Su et al., 2020). The airborne microplastics were identified in the West Pacific Ocean and 
North Atlantic Ocean atmosphere by Liu et al. (2019) and Trainic et al. (2020). The deposition of the 
microfibers on snow and mosses from the atmosphere was also confirmed by Bergmann et al. (2019) and 
Roblin and Aherne (2020). These findings, therefore, confirm the ubiquitous existence of microplastics 
in the global ecosystem.

Atmospheric microplastics have vertical distribution features due to density and buoyancy, with higher 
concentrations towards the ground. The low density and small size make the microplastic distributed easily 
by wind. The deposition rate varied with location, depending on the climate conditions and seasonality. 
Across various altitudes of atmospheres, the highest concentration of microplastics was reported at 1.7 
m above the ground (Qiu et al., 2020). Dris et al. (2015) and Dris et al. (2016), in their study using the 
rain sampling method, observed a greater number of microplastics in urban areas compared to subur-
ban areas with less population density. Similarly, Liu et al. (2019a, 2019b, 2019c) observed the higher 
concertation of microplastics in land-based sampling to sea air due to the dilution effect of sea air and 
human activity. Rain and snow play an important role in microplastics deposition (Allen et al., 2019; 
Gasperi et al., 2018). The above studies confirmed that the climate conditions, seasonality, population 
density, and sampling methodology may also influence the deposition and concentration of microplastics. 
However, knowledge about microplastics in atmospheric is limited. Therefore, more research is required 
to focus on the origin and fate of microplastics in different regions.

Terrestrial Environment

Microplastics presence and dispersion in soils have not been well investigated; however, the current data 
(Table 1) demonstrated that microplastic contamination exists in soil matrices globally. The presence 
of microplastics in soil affects the growth, reproduction, and immune system of organisms (W. Li et al., 
2020). According to Liu et al. 2018, microplastics can occur in topsoil as well as subsurface soils; how-
ever, research on microplastic pollution in the soil is minimal. Some of the researchers, such as Fuller 
and Gautam (2016), conducted the first survey of the concentration and distribution of microplastics in 
industrial soil. Furthermore, microplastics have been identified in parks, gardens, wetlands (Yang et al., 
2021), industrial farmlands (Fuller & Gautam, 2016), and floodplain soils (Scheurer & Bigalke, 2018). 
The average microplastics found in industrial soils of Sydney were 300 - 67,500 mg kg−1 and 5.5 mg kg−1 
or 593 items kg−1 of microplastics in floodplain soil of Switzerland (Fuller & Gautam, 2016; Scheurer 
& Bigalke, 2018). Many researchers have identified the presence of microplastics in farmland soils of 
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China and reported a high concentration ranging from 50 - 12,560 MPs kg−1 (Y. Chen et al., 2020; M. 
Liu et al., 2018; J. Wang et al., 2017; B. Zhou et al., 2020; Q. Zhou et al., 2016) as show in Table 2. 
Low and high numbers of microplastics were found in the agricultural soil of Germany (0.34 - 0.36 MPs 
kg−1) and Spain (190 – 5,190 MPs kg−1), respectively (Piehl et al., 2018; Van den Berg et al., 2020). 
Microplastic accumulation in the soil with sewage sludge and mulching applications was confirmed by 
Piehl et al. (2018) and B. Zhou et al. (2020). The study of Van den Berg et al. (2020) also showed that 
farmlands without sludge applications had an average of 2,030 microplastics kg−1 while farmland with 
sludge application had an average of 5,190 microplastics kg−1. B. Zhou et al. (2020) observed higher 
amount of microplastics in mulching soil than non-mulching soil, with an average of 571 pieces kg−1 

Table 1. Worldwide abundance and characteristics of atmospheric microplastics

Study area and air 
type Identification Sample preparation 

method Shape Size (µm) Composition Microplastics abundance Reference

Paris, France (urban 
outdoor) Stereomicroscope Filtration Fibres, fragments 100- 1,000 N/A 29 - 280 particles m-2 day-1; 

Average:118 particles m-2 day-1
(Dris et al., 
2015)

Paris, France (urban 
and sub-urban outdoor)

Stereomicroscope, 
µ-FTIR Filtration (1.6 µm, GF) Fibers 50 – 5,000 RY, PET, PU, PA

Urban average:110 ± 96 particles 
m-2 day-1; Sub-urban average: 53 ± 
38 particles m-2 day-1

(Dris et al., 
2016)

Paris, France (indoor 
and outdoor)

Stereomicroscope, 
µ-FTIR

Vacuum pump + density 
separation (ZnCl2) + 
filtration (1.6 GF)

Fibres 50 – 4,850 RY, PE, PA, PP, 
PET

Indoor: 1 - 60 fibers m-3 (1586-
11,130 fibers m-2 day-1); Outdoor: 
0.3 - 1.5 fibers m-3

(Dris et al., 
2017)

Edinburgh, UK (indoor 
home)

Fluorescence 
microscope, 
µ-FTIR

Density separation (NaCl) 
+ filtration Fibres ≥ 500 PET, PUR 5±3.3 - 10±4.2 particles m-3 (Catarino et al., 

2018)

Aarhus, Denmark 
(indoor) µ-FTIR Filtration Fibres 4 - 400 PES, PE, nylon 1.7 – 16.2 particles m-3 (Vianello et al., 

2019)
Dongguan, China 
(urban outdoor)

Stereomicroscope, 
µ-FTIR, SEM Filtration (1 µm, GF) Fibres, fragments, 

foams, films
200 – 
4,200

PE (14%), PP (9%), 
PS (4%) 175 - 313 particles m-2 day-1 (Cai et al., 

2017)

Shanghai, China 
(urban - outdoor)

Stereomicroscope, 
µ-FTIR Filtration (1.6 µm, GF) Fibres, fragment, 

granule 23 - 9,555 PE, PET, PES, 
PAN, RY 0 - 4.18 particles m-3

(K. Liu, Wang, 
Fang, et al., 
2019)

Shanghai, China Microscope, 
µ-FTIR Filtration Fibres, fragments, 

and microbeads < 5,000 PET, PE, PP, PA 
and PS 0.05 to 0.07 particles m-3

(K. Liu, Wang, 
Wei, et al., 
2019)

Hamburg, Germany 
(metropolitan area)

Fluorescence 
microscope, 
µ-Raman 
spectroscopy

Digestion (NaClO) + 
filtration

Fragments and 
fibres

< 63 – 
5,000 PE, PVA, and PET 136.5 and 512 particles m-2 day-1 (Klein & 

Fischer, 2019)

Pyrenees mountains, 
France (remote 
mountain area)

Stereomicroscope, 
µ-FTIR Filtration Fragments, films, 

fibers 25 - 2,600 PS, PE, PP, PVC, 
PET 365 ± 69 particles m-2 day-1 (Allen et al., 

2019)

Snow from Europe 
and artic (Alps, N. 
Germany, Artic)

Stereomicroscope, 
µ-FTIR

Filtration (0.2 µm, 
aluminum oxide) Fibers 11 - 5000 PE, rubber, PA, PS 

and polyester 0 - 154 × 103 N liter−1 (Bergmann et 
al., 2019)

Asaluyeh County, Iran 
(suspended dust, urban 
dust-outdoor)

Fluorescence 
microscope, 
SEM-EDS

Digestion (30% H2O2) + 
density separation (NaI) + 
filtration

Spherules, films, 
fragments, fibers 2 - 1,000 N/A

900 MPs and 250 micro rubbers in 
15 gm dust sample. Average: 0.3 - 
1.1 particles m-3

(Abbasi et al., 
2019)

Victoria, Australia 
(roadside dust from 
rural and urban area)

Stereomicroscope, 
µ-FTIR

Dust collected (sweeping) + 
screening + digestion (30% 
H2O2) + density separation 
(NaCl) + filtration

Fiber, fragment, 
film and pellet 20 – 4,700 Polyester and PP 20.6 to 529.3 items kg-1 (Su et al., 2020)

Kusatsu, Japan, Da 
Nang, Vietnam, and 
Kathmandu, Nepal 
(road dust)

Stereomicroscope, 
ATR-FTIR

Digestion (30% H2O2) + 
density separation (NaI) + 
filtration

Fragments, 
film, fibers, and 
granules

100 - 5000 Rubbers, PE, PP, 
PS and PET

Kusatsu: 2.0 ± 1.6 pieces m-2; Da 
Nang: 19.7 ± 13.7; Kathmandu: 
12.5 ± 10.1 pieces m-2

(Yukioka et al., 
2020)

Chennai, India 
(suspended dust - 
outdoor)

Fluorescence 
microscope, 
µ-Raman, SEM-
EDS

Digestion (0.05 M Fe 
+ 30% H2O2) + density 
separation (NaI) + filtration

Fragments > 50 - < 
5000 PVC, PE, PTFE 227.94 ± 91.37 particles/100g 

dust sample
(Patchaiyappan 
et al., 2021)

Ireland (mosses from 
lakes catchment)

Stereomicroscope, 
Raman 
spectroscopy

Digestion (0.05 M Fe + 
30% H2O2) + filtration Fibers < 4,310 24 g−1 dry weight of mosses (Roblin & 

Aherne, 2020)

West Pacific Ocean 
(sea air)

Stereomicroscope, 
µ-FTIR Filtration (GF)

Fibers, fragment, 
granule, 
microbeads

20 - 500 PET, PE-PP, PS, 
EP, others 0-1.37 particles m-3 (K. Liu, Wu, et 

al., 2019)

North Atlantic Ocean 
(sea air)

Stereomicroscope, 
µ-Raman Filtration N/A 1-100 PP, PE, PP, poly-

silicone N/A (Trainic et al., 
2020)

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



58

Microplastics in the Environment
 

and 263 pieces kg−1, respectively. The above studies revealed that microplastic content increased with 
mulching and sewage sludge applications in the farmland. The mesoplastics are likely to break down 
further and degrade into the finer particle, and thus increasing microplastic pollution. The variation 
in abundance of microplastics mainly depends on the continuing damage and degradation of the film 
mulch over time due to biotic and abiotic factors. Many factors, such as cultivation, fertilization, and 
sampling sites, are the main reason for the diversified abundance of microplastics in different regions. 
Based on review data, it is evident that microplastics in the terrestrial environment is rapidly increasing. 
Eco friendly materials, techniques and fertilizers in agricultural practices can reduce the microplastic 
presence. Easy standard sampling procedure should be developed and adopted for identification and 
quantification of microplastics in terrestrial environment.

Aquatic Environment

Microplastics were identified in variable concentrations in freshwater and sediment depending on the 
region. Microplastics that are not trapped in sewage sludge throughout the treatment process end up 
in aquatic streams (Horton et al., 2017). Freshwater bodies are the primary sources of drinking water 
for people and are suspected of becoming possible sources of microplastics exposure to humans. The 
microplastics detected around the world, including lakes, rivers, sediments, beaches, and seawater, are 
presented in table 3. The microplastics concentration in surface water viz. 379 - 12,611 MPs m-3 in fresh 
water of China (Di & Wang, 2018; Lin et al., 2018), 58 – 1,265 items m-3 in Antuã River of Portugal 
(Rodrigues et al., 2018), 2.68 - 3.36 particles m-3 in lake of Italy (Fischer et al., 2016), 67 - 11,532 MPs 
m-3 in Meuse and Dommel rivers of Netherland (Mintenig et al., 2020), and 3.52 to 32.05 particles m-3 
in Carpathian basin of Europe (Bordós et al., 2019) was reported. While the concentration of micro-
plastic in the sediment of the same water system was observed in the range of 25 - 7924 items m-3 in 
China (Di & Wang, 2018; Lin et al., 2018), 18 - 629 items m-3 in Portugal (Rodrigues et al., 2018), 234 
particles m-3 in Italy (Fischer et al., 2016), and 0.46 to 1.62 particles m-3 in Europe (Bordós et al., 2019). 
Recent researchers in India Selvan et al. (2021) identified the presence of microplastics in groundwater. 
Moreover, J. Wang et al. (2017) reported that the microplastic concentrations in sediment are much 
higher than that in freshwater. Microplastics abundance in freshwater and sediment is generally higher 
in China when compared to other countries (Table 3); the rise in concentration is attributed to the rapid 
economic development of the country. Studies in China, Kores, Netherland, Italy, Turkey, and Tunisia 
reported the highest microplastics pollution in seawater and sediments (Yaranal et al., 2021b). Coastal 
areas recorded the maximum concentrations of microplastics (Kang et al., 2015; Lots et al., 2017; Nel & 
Froneman, 2015). Deep-sea sediments act as a major sink for microplastics (Kanhai et al., 2019, 2020); 
however, different factors influence the distribution of microplastics in marine water such as topography, 
ocean currents, wind, and human activities (Pan et al., 2019; Yaranal et al., 2021b).The concentration of 
microplastics in the ocean varied with different regions. For instance, the average abundance of seawater 
was around 1.15 particles m-3 in the Atlantic Ocean (Kanhai et al., 2017); 1.0 × 104 MPs km-2 in the 
North-western Pacific Ocean (Pan et al., 2019); 2 - 17 MPs/L in sea ice from Arctic Central Basin and 
0 - 18 MPs m-3 in seawater beneath ice floes of Arctic Ocean (Kanhai et al., 2020).

The microplastics ingestion by aquatic organisms can cause several negative health impacts. There-
fore, the role of researchers in future works is important in 1) identifying the sources of microplastics to 
aquatic environment; 2) development of new technologies to prevent microplastics dispersion in aquatic 
system; 3) preparation of alternative eco-friendly polymeric materials.
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CONCLUSION

The frequent utility of plastic in daily life, inadequate disposal, and improper waste management leads to 
the wide distribution of microplastics in atmospheric, terrestrial, and aquatic environments. The various 
household, industrial and construction activities are the major sources for the microplastic depository. 
The increasing application of plastic in daily life is a major concern for the environment. The microplastic 
accumulation and exposure to animals and humans will also affect the ecosystem health. Eventually, 
microplastics entering the ocean from different pathways result in accumulation and widespread distribu-
tion in the marine environment. The present study showed that the microplastic sources are diverse and 
can migrate from one environment to another environment in the ecosystem through different pathways.

WAY FORWARD

Microplastics are ubiquitous in the environment, however, knowledge of sampling methodology and 
concentration of microplastics in atmospheric, terrestrial, and aquatic regions is minimal. Therefore, the 
inclusion of alternative standard sampling methodology and more studies may facilitate the comparison 

Table 2. Worldwide abundance and characteristics of terrestrial microplastics

Study area Identification Shape Size 
(µm) Sample preparation Microplastics abundance Composition Reference

Sydney, Australia 
(soil from industrial 
area)

ATR-FT-IR N/A < 1mm Sieve 300 – 67, 500 mg kg-1 PVC, and PE (Fuller & Gautam, 
2016)

Shandong, China 
(coastal soil)

Stereomicroscope, 
SEM-EDS

Granules, fragment 
fibers, films

< 4.7 
mm

Density separation (NaI) 
+ filtration 634 MPs kg-1 N/A (Q. Zhou et al., 

2016)

Switzerland 
(floodplain)

Microscope, 
FT-IR N/A < 1 mm

Digestion (HNO3) + 
density separation (NaCl, 
ZnCl2) + filtration (0.45 
µm)

55.5 mg kg-1 or 593 particles kg-1 PE, PS, and PP (Scheurer & 
Bigalke, 2018)

Southeast Germany 
(farmland soil)

Stereomicroscope, 
ATR-FT-IR

Films and 
fragments < 5mm Digestion (H2O2) + 

filtration 0.34 ± 0.36 MPs kg-1 PE, PS, and PP (Piehl et al., 2018)

Shanghai, China 
(farmland soil) µ-FT-IR Fibers, fragments, 

films, and pellets < 5 mm
Digestion (H2O2) + 
density separation (NaCl) 
+ filtration (20 µm)

Top soil: 78 ± 12.91; Deep soil: 
62.50±12.97 items kg-1 PP and PE (M. Liu et al., 

2018)

Nanjing and Wuxi, 
China (farmland soil) µ-FT-IR Fibers, fragments < 5 mm

Digestion (H2O2 + H2SO4) 
+ density separation 
(NaCl, ZnCl2) + filtration 
(2 µm)

420–1,290 MP items kg-1 PE and PP (Q. Li et al., 
2019)

Wuhan, China 
(vegetable farmland 
soil)

Stereomicroscope, 
µ-Raman 
spectroscopy

Fibers and 
microbeads < 5 mm

Density separation 
(ZnCl2) + filtration 
(0.45 µm)

320 to 12,560 items kg-1 PA, and PP (Y. Chen et al., 
2020)

Shihezi City, 
Xinjiang, China 
(farmland soil)

Microscope, SEM 
ATR-FT-IR Film < 5 mm Flotation + filtration 40.35 mg kg-1 PE and others (W. Li et al., 

2020)

Hangzhou Bay, China 
(farmland soil)

Stereomicroscope, 
µ- FT-IR

Fragments, films, 
fibers < 5 mm Density separation (NaCl) 

+ filtration

Mulching soils: 571 pieces kg-1;
Non-mulching soils: 263 pieces kg-1;
Irrigation water: 3.9 – 17 pieces/L

PE, PP, PA 
polyester, 
rayon, and 
acrylic

(B. Zhou et al., 
2020)

USA 
(wetland)

Microscope, ATR-
FT-IR

Fibers and 
fragments < 5 mm Digestion (H2O2) + 

filtration
1,270 ± 150 MPs kg-1 Or 23200 ± 2500 
MPs m-2

PS, PE, and 
synthetic 
rubber

(Helcoski et al., 
2020)

Valencia, Spain 
(sewage sludge and 
soil)

Microscope, 
µ-FT-IR

Fragment, fibers, 
film and foam < 5 mm Density separation (NaI) 

+ filtration

Sewage sludge: 18,000 ± 15,940 and 
32,070 ± 19,080 MPs kg-1; Soil without 
sludge: 930 ± 740 and 1,100 ± 570 MPs 
kg-1; Soil with sludge: 2,130 ± 950 and 
3,060 ± 1,680 MPs kg-1

PP, and PVC (Van den Berg et 
al., 2020)

Mellipilla, Chile 
(crop lands and 
pastures)

Microscope, 
µ-FT-IR

Film, fibers and 
fragments < 5 mm Density separation (NaCl, 

ZnCl2) + filtration
Crop land: 306 ± 360 particles kg-1;
Pastures: 184 ± 266 particles kg-1

Acrylates, 
PU, PE, PP 
and PA

(Corradini et al., 
2021)
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Table 3. Worldwide abundance and characteristics of aquatic microplastics

Study area and 
sample type

Identification 
methods

Sample preparation 
method

Size 
(µm) Composition Microplastics abundance Reference

China, Three 
Gorges Reservoir

Microscope, 
µ-Raman 
spectroscopy

Digestion (30% H2O2) + 
filtration (0.45 µm, GF) < 5000 PC, PE, PP, 

PS, PVC

Surface water: 1,597– 12,611 
MPs m-3; Sediment: 25 – 300 
MPs kg-1

(Di & Wang, 
2018)

China, Pearl River Stereo light 
microscope, µ-FTIR

Digestion (30% H2O2) + 
filtration

20 - 
5000 PP, PE, PET

Surface water: 379–7,924 items 
m-3; Sediment: 80 – 9,597 MPs 
kg-1

(Lin et al., 
2018)

Portugal, Antuã 
River

Stereomicroscope, 
ATR-FTIR

Digestion (Fe + 30% 
H2O2) + density separation 
(ZnCl2), filtration (0.45 
µm)

55 - 
5000

PP, PE, PS, 
PET

Surface water: 58 - 1,265 items 
m-3; Sediment: 18–629 items kg-1

(Rodrigues 
et al., 2018)

Italy, Lake Chiusi, UV- microscope, 
SEM

Digestion (HCl) + density 
separation (NaCl), filtration 
(0.45 µm)

< 5000 N/A
Surface water: 2.68–3.36 
particles m-3; Sediment: 234 
particles kg-1

(Fischer et 
al., 2016)

Europe, Carpathian 
basin

Microscope, ATR-
FTIR

Density separation (NaCl), 
filtration

200-
5000

PE, PP, PTFE, 
PS

Surface water: 3.52 – 32.05 
particles m-3; Sediment: 0.46 – 
1.62 particles kg-1

(Bordós et 
al., 2019)

Netherland, Meuse 
and Dommel river

Stereomicroscope, 
µ-FTIR, ATR-FTIR

Digestion (H2O2), density 
separation (ZnCl2), vacuum 
filtration

<25 - 
1000

PE, PP, and 
EPDM

Surface water: 67 – 11,532 
MPs m-3

(Mintenig et 
al., 2020)

India, Ground, 
surface water

Stereomicroscope, 
ATR-FTIR, AFM, 
ICP-OES

Digestion (Fe + 30% H2O2) 
+ filtration

300 - 
5000

PP, PA, PE, 
and PVC

Ground water: 10.1 particles/L 
Surface water: 19.9 particles /L

(Selvam et 
al., 2021)

Germany, Drinking 
water treatment 
plants

Microscope, 
µ-Raman 
spectroscopy

Vacuum filtration 5 - 
1000

PE, PET, PP, 
PA

197 MPs m-3 (raw water), 1–102 
MPs m-3 (DWTP), 6 - 74 MPs 
m-3 (Tap water)

(Pittroff et 
al., 2021)

Korea, Geoje 
island, Seawater Microscope, FTIR N/A

<5000, 
and 
>5000

PE, PP, PES, 
ALK, PS 0.62– 15,560 particles m-3 (Kang et al., 

2015)

European, beach 
sediments (13 
different countries)

Microscope, Raman 
spectroscopy

Density separation + 
filtration < 5000 PES, PE, PP 72±24 -1,512 ±187 MPs kg-1 (Lots et al., 

2017)

South Africa, 
South-eastern 
coastline seawater 
and beach 
sediments

Microscope Vacuum filtration < 5000 N/A
Seawater: 275.9–1,215 
particles m-3; beach Sediment: 
688.9–3,308 particles m-2

(Nel & 
Froneman, 
2015)

China, Maowei 
Seawater Microscope, µ-FTIR Vacuum filtration < 5000 PP, PE, PES, 

PA, PS 1,200–10,100 particles m-3 (Zhu et al., 
2019)

North-western 
Pacific

Microscope, 
µ-Raman 
spectroscopy, SEM-
EDX

Digestion (Fe + H2O2), 
density separation (NaCl) 
+ filtration (0.2 µm)

< 5000 PE, PP, PA 1.0 × 104 items km-2 (Pan et al., 
2019)

India, beach 
sediment

Microscope, 
µ-Raman 
spectroscopy, 
FESEM-EDX

Digestion (H2O2) + density 
separation (NaCl) + 
filtration (0.2 µm)

< 5000 PE and PP 664 ± 114 MPs kg-1 (Yaranal et 
al., 2021b)

Atlantic Ocean Microscope, FTIR Filtration (GF) 250 - 
5000

PES, PA, 
acrylic

Seawater: 1.15 ± 1.45 particles 
m-3

(Kanhai et 
al., 2017)

Arctic Ocean, sea 
ice and seawater 
beneath ice floes

Microscope, FTIR Filtration (GF) 100-
5000

PVC, PA, 
polyester

Sea ice: 2 – 17 particles /L; Ice 
floes: 0 - 18 particles m-3

(Kanhai et 
al., 2020)
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of microplastics distribution in various environments. These studies will provide detailed data on micro-
plastic in different environments, which may be helpful in the futuristic plan for sustainable management 
and protection of environment and ecosystem health. Therefore, the development of new technologies 
and resources for the alternative materials to replace and mitigate plastic items is necessary. Further, 
the implementation of effective plans and technologies for solid and sludge waste management towards 
microplastics fate, degradation, and utilization is equally essential.
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ABSTRACT

Marine trash can be found all around the oceans. Debris enters oceans through a variety of sources, 
including but not limited to sources onshore, vessels, and other marine infrastructure. Plastics are often 
the most significant component of marine debris, contributing up to 100% of floating trash. Microplastics 
(MPs) or nanoplastics (NPs), which are fragmented or otherwise minute plastic materials, have remained 
a source of environmental concern. This chapter traces the different avenues of NPs and MPs in an 
aquatic setting along with their origin. The toxic impacts of NPs and MPs on the marine ecosystem 
have been discussed in detail. This chapter also highlights the toxicity comparison of MPs/NPs and the 
brief analytical techniques for their mitigation. The available data suggests that the prolonged presence 
of NPs and MPs in the aquatic systems could have long-term repercussions. The more empirical and 
doctrinal study is pertinent for a better understanding of systemic toxicity caused by MPs/NPs, as well 
as the underlying mechanism.

INTRODUCTION

The world population is anticipated to expand from 7.7 billion in 2020 to 9.7 billion in 2050, and an 
increase of 11 billion by the end of the century (UNDESA, 2019). Transformation or the modification of 
natural conditions and processes leads to a succession of changes in the biotic and abiotic components of 
the environment (Surbhi Sharma, Kundu, et al., 2020). These factors have led to dangerous consequences 
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like environmental pollution (Garg et al., 2021; Kundu, Sharma, et al., 2021), increasing population as 
well as energy demands (Singla et al., 2022). Additionally, the reckless disposal of garbage’s containing 
plastic items into natural bodies after domestic activities affect the quality of the water and also causes 
land pollution. The lives of aquatic organisms are affected, the alkalinity of the soil, the availability of 
magnesium is reduced, and the germination of the seeds is inhibited by the disposal of the garbage into 
the environment. Therefore, plastics have gained increased attention as a dominant large-scale pollutant.

Plastic debris pollution is a global environmental concern that has recently emerged as an emerging 
contaminant, with several research subjects focusing on its sources, origin, and ecological repercus-
sions, as well as the prospective health implications. Plastic garbage output has risen at a yearly growth 
of 8.70% over the last five decades, with worldwide production standing at 9.1 billion tons (Rai et al., 
2020). It has become a severe environmental issue as a result of the increased usage of plastic products, 
with an estimated 4.8-12.70 million tons of litter entering the marine ecosystem from land per year in 
2010, and the number expected to rise to more than 100-250 million tons by 2025 (Peng et al., 2018). 
Merely a tiny chunk of 06-14% of plastics is refurbished and put to reuse, which indicates almost > 
80% ultimately goes to landfills, in the natural environment, or water bodies through a variety of paths, 
posing a substantial threat to the atmosphere. Figure 1a depicts the chemical structure of the most com-
mon plastics. We have already (Kundu, Shetti, et al., 2021) reported that the breakdown of large-plastic 
waste produces macroplastics (>25 mm), mesoplastics (5-25 mm), microplastics (MPs) (5 mm), and 
nanoplastics (NPs) (100 nm).

NPs and MPs might have primary or secondary sources, dependent on their respective origins 
(Surbhi Sharma, Basu, et al., 2020). Primary MPs are made of plastics that are as small as pellets of 
any resinous material; hence virgin plastic production (usually ranging from 02-05 mm in diameter) 
can be called primary MPs (Mani et al., 2015). Primary MPs are mainly used as air blasting media or 
in facial cleansers and cosmetics. The best example of MPs are plastic beads utilized as an exfoliant in 
self-nourishment products, commercial, and factory used abrasives, and in involuntary and accidental 
spills (Kundu, Shetti, et al., 2021). Singh and Sharma stated that (Singh & Sharma, 2008) secondary 
MPs are small plastics fragments of bigger size, which result due to the disintegration of relatively larger 

Figure 1. (a) Structures of non-degradable polymer, (b) major sources for MPs, (c) MPs from other 
substantial sources
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plastic waste due to natural phenomena like sunshine, storm, rain, and other forms of geological wonder. 
Ropes, used plastic bottles, dysfunctional fishing nets, automobile tyres, plus agricultural mulches made 
up of plastic are some of the examples of secondary MPs (McDevitt et al., 2017). These two sources 
are primarily to blame for increased environmental pollution (Figure 1(b-c)). The absolute amount of 
secondary MPs emitted into the aquatic ecosystem is estimated to be between 68,500 to 275,000 tonnes 
per year (Alprol et al., 2021).

MPs are primarily found in wastewater treatment effluents (WWTE) and self-nourishment prod-
ucts such as cleaning chemicals, textile fibers, and, latterly in masks during the ongoing pandemic of 
COVID-19. As a result, these plastic residues are transferred to drainage systems, which haven’t been 
much successful in removing these unwanted particles and therefore, ultimately landing into the oceans 
(Shivika Sharma & Chatterjee, 2017).

MP fibers also reach the aquatic ecosystem through natural fabrics or artificially produced fibers 
(both inorganic and organic) (Da Costa et al., 2019). Furthermore, the most common source of oceanic 
waste is overseas shipping, farming, allied activities, and several other sorts of industrial productions that 
dump their trash directly or indirectly into the water, whether on purpose or by accident. Furthermore, 
when sewage sludge is utilized as fertilizer on agricultural land, it contains microfibers and MPs, which 
can discharge into the terrestrial environment. Also, fishing rigs that have been lost, as well as nylon 
netting and plastic monofilament lines are some of the most regularly observed plastic trash products 
which might end up on the ocean floor (Horton et al., 2017).

NPs can come from various sources, including industrial uses and products. Polymeric nanoparticles, 
nanocapsules, and nanospheres are among the various nanoparticle applications used in drug delivery 
(Guterres et al., 2007). Thermic fragmentation of polystyrene foam reproduced polymer particles almost 
equal to the size of a nanometre. Engineered plastics are electro-pinned to create mats with nano-scale 
fibers which can distort further to the nanoscale (H. Zhang et. al., 2012). MPs break down to the 100 
nm scale is another source of NPs. Synthetic fibers made of different polymers are the most critical NPs. 
Washing of synthetic cloths can produce >1900 fibers per wash in the sewage system (Mark Anthony 
Browne et. al., 2011).

The emergence of NPs and MPs scrutinizes the physical and chemical processes that lead to the 
production of MPs and then NPs. These processes are linked to the tendency of MPs/NPs to form single 
particles or agglomerates in water. Large plastic objects are fragmented by various mechanisms, which 
can occur separately or in combination, such as photo-oxidation by chemical reaction, mechanical shock, 
and ultraviolet light, resulting in biological assimilation by microorganisms and mechanical turbulence 
in water (Gewert et al., 2015). When exposed to ultraviolet radiation in soil and water environments, 
plastics pellets such as poly (lactic acid) (PLA), poly(styrene) (PS), terephthalate (PET), poly(ethylene) 
(PE), and poly (propylene) (PP) oxidize (Cai et al., 2018). Hydrolysis is one of the initial steps in the 
breakdown of heteroatom polymers such as poly(urethane) (PU) and poly (ethylene terephthalate) (PET) 
(Lambert & Wagner, 2016). The minor result of the air decomposition of certain hydrofluorocarbons as 
well as the pyrolysis of fluoropolymers, trifluoroacetic acid, is spread equally in seawater above 4000 
m depth (González-Fernández et al., 2018). When an organic compounds bond is broken, a chemical 
group is formed, resulting in autocatalysis, which increases the hydrolysis rate in acidic environments. 
Both degradations of response and photo-oxidation cause break to divide and trap on the surface of 
things, resulting in plastics induction embrittlement. The plastic fragments are weakened to the point 
that mechanical stress such as abrasion or friction causes them to break down into MPs particles (Cai 
et al., 2018).
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As shown in Figure 2, there are various threats of ingesting MPs by marine creatures. For instance, 
physical impairment, histological variations in the intestine, changes in the lipid metabolism, behavioral 
fluctuations, endocrine disruptions, dysfunctioning of neurotransmission, and growth impediment. MPs/
NPs also affect the immunity systems of marine mussels.

Microplastics tend to agglomerate in aquatic media by a variety of species because of their minute-
sized nature. Therefore, microplastics expand at various trophic levels through which they bioaccumulate 
in the human body as well. However, there are several analytical issues in identifying the microplastics, 
but the researchers have observed their enhanced false impacts (Q. Chen, Yin, et al., 2017). Owing to 
their small size, aquatic species are vulnerable to intake these MPs, sometimes for the sake of food 
resulting in the worst physical problems in this marine fauna. Persistent organic pollutants (POPs) can 
be absorbed by MPs which spreads the toxicity across the food chain. This, at the last stage, ends up 
bioaccumulating in humans. Desorption of POPs adds the concentration of the pollutant in water, en-
hancing the susceptibility of larger moieties to degradation. Several invertebrates and vertebrates such as 
zooplanktons, benthonic animals, fish, seabirds, amphibians, and others are prone to the adverse impacts 
of MPs. The primary impacts on zooplanktons occur via impediment of the digestive system, reduced 
appetite, eating impact, malnutrition, slow development, and also even death (Lee et al., 2013). Marine 
benthic organisms (oysters and mussels) are affected majorly because of their sedimental presence in 
the deep sea, which mussels move into the gastrointestinal system via endocytosis (Van Cauwenberghe 
et al., 2013). This further results in inflammation and reduction of lysosomal membrane stability. In the 

Figure 2. Dangers of MPs ingestion by marine creatures
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case of oysters, MPs increase mortality rate, poor growth, influence energy absorption, interfere with 
the progress of offspring, and reproductive issues. MPs also affect certain microorganisms harmfully, 
such as bacteria and fungus. For example, yeast cells are affected by polystyrene (PS) nanoparticles 
(Nomura et al., 2016).

Toxic Effects of NPs and MPs on Hydrosphere (Aquatic Species)

Aquatic species such as algae, ciliates, invertebrates, crabs, and fish have been used to test the toxicity 
of a variety of MPs of various sizes and features along with their lethal and sub-lethal impacts. Browne 
and co-workers (Mark A. Browne et al., 2008) analyzed the adverse effects of fluorescent polystyrene 
(PS) microspheres of different sizes upon cell viability, translocation, and uptake of Mytilus edulis (a 
model aquatic organism). The use of fluorescent particles enabled visual MPs examination. They inferred 
that small particle gets quickly accumulated in organisms and shorter interval of pulse exposure didn’t 
generate substantial biological impacts. However, the authors recommended that more data and further 
analysis of the long-term effects were required. Graham and Thompson (Graham & Thompson, 2009) 
investigated the ingestion of different kinds of plastic waste [PVC fragments (polyvinyl chloride), pel-
lets and fragments of nylon] which were gathered from sediments by sea cucumber (Echinodermata), 
particularly Thyonella gemmata, Cucumaria frondose, Holothuria floridana, and Holothuria grisea, 
during short term exposure (20-25 hours). The authors claimed that polychlorinated biphenyls (PCBs) 
adhered with the surface of plastics might have negative consequences and might pass across trophic 
chains from plastic consumers to predators and ultimately humans. In four-hour feeding trials, holothu-
rians consumed between 2- and 20-fold more PVC pieces than expected and between 2- and 138-fold 
more nylon lines than expected. In addition, PVC pellets were ingested by two species with a diameter 
of 4 μm. Condition index, lysosomal membrane stability, uptake, lipofuscin, histological diagnosis, and 
neutral lipids were among the markers of exposure to high-density polyethylene (HDPE) particles in 
Mytilus edulis studied by Von Moos et al. (Von Moos et al., 2012) Despite the relatively short exposure 
time (96 hours), ingested microplastics (0-80 μm) had a considerable negative impact on M. edulis 
tissue and cells. Kaposi and co-workers (Kaposi et al., 2014) used luminous green polyethylene (PE) 
microspheres with a diameter measuring 10-45 μm to study the adverse effects of short-term PE expo-
sure on the sea urchin, Tripneustes gratilla. The exposure periods varied between 15 minutes to 5 days. 
The microplastics were ejected from the stomach of T. gratilla larvae in some hours of intake. Ingested 
PE microplastics had some minor non-dose dependent influence over T. gratilla larvae development 
but did not affect their survival. The researchers found that microplastics concentration in the natural 
marine ecosystem poses harm to marine invertebrate larvae, including T. gratilla. Setälä et al., (Setälä 
et al., 2014) studied the ingestion of fluorescent polystyrene PS microspheres with a diameter of 10 μm 
by several zooplankton species. Prelabelled copepods and Marenzelleria sp. larvae were used to expose 
Mysis relicta and Mysis mixta to PS via food chain transmission. MPs could be transported from a lower 
trophic level to a higher level via the food chain. Hall et al. (Hall et al., 2015) tested the ingestion (over 
48 h) and feeding rates (3 and 12 h) of the scleractinian coral Dipsastrea pallida using polypropylene 
microplastics (10-2 μm). Ingested MPs were discovered in mesenterial tissue within the coral gut cavity, 
showing that high levels of MPs can harm the corals’ health. At concentrations 0 and 250 mL/L, Nobre 
et al., (Nobre et al., 2015) investigated the effects of virgin PE granules and beach-collected stranded 
pellets on the sea urchin Lytechinus variegatus. A pellet-water interface assay in interstitial water and an 
elutriate assay in the water column were used as test models. The embryonic development of L. variegatus 
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was found to be more toxic to virgin PE pellets than beach-collected pellets in both models. The authors 
concluded that, plastics can act as a vector for pollutants and that leached chemicals from pellets can 
be toxic through various routes of exposure. Green and co-workers (Green et al., 2016) used polylactic 
acid (PLA) (235.7± 14.8 μm), PVC (130.6± 12.9 μm), and high-density polyethylene (HDPE) (102.6 
± 10.3 μm) microplastics in mesocosm investigation to examine the feeding activity, nitrogen cycling, 
bioturbation, and metabolic rate of Arenicola marina for 31 days. MPs were exposed at concentrations 
of 0.02%, 0.2%, and 2%, and A. marina generated fewer casts in MPs affected sediments. In the high-
concentration exposure group, the metabolic rate was high and the microalgal biomass was low. Accord-
ing to the findings, various MPs compounds have varied effects on organisms. Toxicity investigation of 
MPs/NPs in marine habitats is summarised in Table 1.

Watts et al., (Watts et al., 2016) studied the effects of aminated, carboxylated, and neutral PS mi-
croplastics (8 μm) on the hemolymph function, absorption, and oxygen consumption of the marine 
crab C. maenas. After being swallowed into the gills and into the crab bodies, the MPS had a minor 
but substantial dose-response effect. The distribution of two distinct MPs with carboxyl (COOH) and 
amine (NH2) functional groups in the gill surface was carried out, although neither had a significant 
influence. In more than 20 investigations, marine organisms were used in simulated marine habitats. 
Studies employing simulated freshwater habitats were not undertaken until recently because there is a 
larger interest in MPs pollution in the marine ecosystem. Only three studies on the effect of MPs on 
freshwater ecospecies have been reported, but active investigations on the effect of MPs on freshwater 
ecospecies are ongoing, and studies will be undertaken soon, owing to growing concerns about MPs 
utilized in personal care products.

Della Torre et al., (Della Torre et al., 2014) employed PS-NPs with carboxyl (40 nm) and amine (50 
nm) functional group in the sea urchin Paracentrotus lividus. The organisms were toxic to embryos and 
had aberrant gene expression. Bergami and co-workers (Bergami et al., 2016) investigated sub-lethal 
effects and mortality on Artemia franciscana using amino-modified and carboxylated PS-NPs (40-50 
nm). The motility, feeding, serial molting of A. franciscana were all adversely harmed by NPs. These 
findings suggest that NPs have an impact on the ecosystem as well as the organism and population. Bes-
seling and co-workers (Ellen Besseling et al., 2014) studied the toxicity effects of PS-NPs functionalized 
with -COOH groups on S. obliquus and D. magna. The NPs had an impact on algae’s photosynthetic 
capability and biomass, as well as the reproduction, body size, survival, and physical development of D. 
magna neonates. Cedervall and co-workers (Cedervall et al., 2012) and Mattsson and co-workers (Matts-
son et al., 2015) conducted trophic transfer experiments on NPs. Cedervall and co-workers (Cedervall et 
al., 2012) investigated the trophic transmission of PS NPs (24 and 28 nm) in food chains that included 
Scenedesmus sp., Carassius Carassius, D. magna, as well as changes in cholesterol level in fish. More 
consumption of NPs causes disrupted lipid metabolism. Mattson et al. used the same food chain to study 
fish behavior and conduct NMR spectroscopy. They determined that PS-NPs influenced fish behavior 
and metabolism and that NPs were certainly transmitted up the food chain to higher trophic levels. NPs 
have a small volume and large surface area; they have tremendous potential for penetrating organisms’ 
bodies and tissues. Ingestion of NPs by zebrafish (Danio rerio) larvae resulted in neurotoxicity in loco-
motor activity. MPs alone had no significant effects excluding upregulated zfrho visual gene expression, 
although NPs inhibited larval locomotion by 22% during the last darkness period and greatly reduced 
larvae body length by 6%. It also inhibits the acetylcholinesterase activity by 40%. Also, it significantly 
upregulated the zfblue, zfrho, and gfap gene expression (Q. Chen, Gundlach, et al., 2017).
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Due to the enormous surface area of MPs, they facilitate the transfer of hydrophobic substances HOCs 
by adsorbing a wide variety of organisms within the trophic level carrying those chemicals on the plas-
tic’s surface (Kowalski et al., 2016). These chemicals cause side effects for marine species like oil and 
alkanes, as well as bio-accumulative, persistent, and hazardous substances, including heavy metals and 

Table 1. MPs/NPs have been used in ecotoxicity investigations in both freshwater and marine habitats
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pesticides which are attached to the surface of plastic trash from the environment (J. Wang et al., 2016). 
According to Wang and co-workers (F. Wang et al., 2020), surface area (electrostatic interaction, van der 
wall force, and hydrogen bonding), pore filling, and partitioning are all important factors in the sorption 
behavior of various organic pollutants on MPs/NPs (Figure 3). Moreover, plastic additives and chemicals, 
such as bisphenol A (BPA), are mutagens and carcinogens, which leaked into the marine atmosphere 
or the digestive systems of marine animals, and proved to be a possible cause of mortality (Kowalski 
et al., 2016). This is because of their harmful effect on nutrition, reproduction, life span, growth, and 
development. Reactive oxygen species production and related inflammation, kidney and liver damage, 
secondary genotoxic effects, and immunological impacts are harmful consequences induced by NPs, 
according to a study by Bouwmeester and co-workers (Bouwmeester et al., 2009).

Plastic degradation into the atmosphere could spread toxic metals like (Pb, Cd, Zn, Cu, Cr) as discov-
ered in MPs from the surface water in Thailand (Ta & Babel, 2020). MPs were found in surface water 
and sediments in a concentration of 48 ± 8 items/m3 and 39 ± 14 items/kg, respectively. MPs having 
small sizes (0.05-0.3 mm) were dominant in all the samples. Polyethylene and polypropylene were pres-
ent primarily in surface water and sediment, respectively (Ta & Babel, 2020).

Adu-Boahen and co-workers evaluated the environmental impacts of microplastics (< 5mm). The 
investigation discovered that MPs are prevalent in the river Akora and that some resident aquatic spe-
cies uptake MPs, posing a threat to lives. The study also discovered favorable relationships between the 
number of fish present and MPs load in fish. They revealed that the primary sources are uncontrolled 
gutters that pour directly into the river. Running water and wind have been identified as potential sources 
of MPs entering the river (Adu-Boahen et al., 2020). In Code River, a particular region of Yogyakarta, 
Sulistyo et al. investigated the abundance of MPs in fishes. The collected samples were assessed utilizing 

Figure 3. MPs and NPs detritus in the seawater and their interactions with other contaminants and 
primary transport mechanism
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Wet Peroxide Oxidation (WPO) method. The results inferred that in comparison to the downstream area 
(3.25 particles/gram), fish samples collected from the upstream region had the highest abundance (4.33 
particles/gram). Blue is the most common color, and fiber is the most common type of MPs (Sulistyo 
et al., 2020). Ding and co-workers (Ding et al., 2021) used zebrafish to evaluate the toxicity of MPs 
exposure. Here, PE-MPs in sphere shape having diameter 75-100 μm were exposed to zebrafish for 35 
days showing that survival rate was not affected significantly but the growth rate. More investigation of 
oxidative stress-related enzyme activities revealed that exposure to MPs at lower concentrations (0.1 and 
1 mg/L) stimulated the production of GSH, GSH-PX, and GST in the intestine, whereas exposure to those 
at 10 mg/L suppressed the production of SOD, CAT, GSH and GSH-PX. This investigation confirmed 
that the changes in intestinal enzyme activity of zebrafish, but found no evidence that persistent exposure 
to MPs cause higher mortality (Ding et al., 2021). Zhang and co-workers (C. Zhang et al., 2017) find a 
detrimental effect of micrometer-sized PVC MPs on microalgae Skeletonema costatum only at the highest 
and most ecologically unrealistic exposure concentration (50 mg/L). They inferred that aggregation and 
physical adsorption may have produced toxicity. After 96 h of exposure, it was shown that MPs (mPVC, 
average diameter 1 μm) had a significant inhibitory effect on microalgae development with a maximum 
growth inhibition ratio of 39.7%. The use of high concentrations of mPVC (50 mg/L) had a deleterious 
impact on algal photosynthesis, as both chlorophyll content and photosynthetic efficiency decreased 
(C. Zhang et al., 2017). Barboza and co-workers (Barboza et al., 2018) studied the single and combined 
effects of MPs and Hg on juveniles of the European seabass (Dicentrarchus labrax). They discovered 
the negative impacts on the swimming performance of seabass. MPs can cause some behavioral changes 
like reduction in swimming velocity and resistance time, erratic and lethargic swimming.

Plastic matters dominated in terms of several items (88% of 69 litter individual items) in the systematic 
survey of seafloor litter in the South African continental shelf. Of these plastic items, 38% were low-
density polyethylene, 34% polypropylene, 12% polyamide, and 3% each of high-density polyethylene, 
and polyethylene terephthalate bottles. Floating and biofouling may cause these items to sink (Ryan et 
al., 2020). Marine filter feeders, i.e., baleen whale (Megaptera novaeangliae), are introduced to MPs 
because of their indiscriminate food source. The variety of plastic forms and shapes found in the intes-
tine could be utilized to deduce the diversity of MPs and the non-selective way in which a baleen whale 
consumes them. Polymer kinds and shapes ranging from 1mm to 17 cm were discovered in this study 
(E Besseling et al., 2015).

Toxicity Comparison of MPs and NPs

Moving on to the toxicity comparison of MPs and NPs, Lee and co-workers (Lee et al., 2013) used 
fluorescent and plain MPs and NPs (50 nm, 500 nm, and 6 μm) in a toxicity test. The test species Ti-
griopus japonicus was studied for sex ratio, fecundity, ingestion, and mortality. T. japonicus fecundity 
was unaffected by the 50 nm polystyrene (PS) beads, however, all the PS beads physically hindered 
fertilization. There was no substantial difference in toxicity between NPs and MPs, on the other hand. 
Cole and Galloway (Cole & Galloway, 2015) employed fluorescently labeled PS MPs and NPs (70, 
160, and 870 nm) (1.84, 4.1, 7.3, 10.2, and 20.3 μm), carboxylated and fluorescently labeled PS (940, 
990 nm). The ingestion and growth of Crassostrea gigas larvae were studied using 1 and 10 μm MPs 
beads. The amount of plastic consumed during 24-hour exposure varied depending on the age of larvae, 
size of plastics. Aminated plastics were easier for larvae to absorb and keep in their bodies. Plastics 
had no discernible influence on the feeding or development of C. gigas. Utilizing fluorescently labeled 

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



80

Microplastics and Nanoplastics in Aquatic Environment
 

PS microbeads (50, 500 nm, and 6 μm), Jeong and co-workers (Jeong et al., 2016) studied the lifespan 
and fecundity of Brachionus koreanus in the presence of non-functionalized PS microbeads (50, 500 
nm, and 6 μm) and analyzed ingestion, antioxidant enzymatic activity, ROS induction, and egestion. 
Plastic bead exposure was linked to an increase in oxidative stress and antioxidant enzymes, as well as 
a decrease in growth rate, body size, reproduction time, and lifespan. The study found that the toxicity 
of MPs and NPs is proportional to their size. Smaller plastics are more harmful than larger ones. Danio 
reio was used by Lu et al. (Lu et al., 2016), to test the toxicity of PS MPs and NPs. To study the uptake 
and accumulation, fluorescent PS particles (5, 20 μm) containing encapsulated fluorescent dyes were 
employed. Virgin PS particles (70 nm, 5 μm) were used to test catalase (CAT) activity and superoxide 
dismutase (SOD), metabolism, and histopathology of D. reio. Both larger and smaller MPs of size 20 
μm and 5 μm, respectively were found in different parts of D. reio.

Brief of Analytical Methods for the Elimination of MPs and NPs

There have been different analytical techniques utilized to remove MPs and NPs (Figure 4), which will be 
discussed herein briefly. Biodegradation in which microorganisms have the potential for the breakdown 
of organic polymers into carbon dioxide, methane, water, and other inorganic products. This method 
is highly affected by environmental situations, such as temperature, humidity, and sunlight (Paço et 
al., 2017). Microorganisms are flexible to various environmental conditions and are also a factor for 
the revolution of soil-buried MPs. The microorganisms stick to the surface of the plastics to start the 
biodegradation by making biofilms. Since the MPs have hydrophobic nature but due to the interference 
with the groups of microbes as well as biofilm formation, microbial enzymes can enhance the incor-
poration of microorganisms on the surface of plastics by improving its hydrophilicity. Bacteria then 
act on plastics by excreting extracellular enzymes, further then accelerating the hydrolysis or oxidation 
processes (Helen Shnada Auta et al., 2018). The MPs biodegradation with the help of microorganisms 
is studied by various groups. Auta and co-workers (H S Auta et al., 2017) used Bacillus cereus to study 
polyethylene, polyethylene terephthalate, and polystyrene, and the polymer weight reduction observed 
was 1.6%, 6.6%, and 7.4%, respectively, in 40 days. This group also studied the biodegradation of poly-
ethylene, polyethylene terephthalate, polystyrene, and polypropylene with the help of Bacillus gottheilii 
in 40 days. The weight reduction of respective polymers was observed to be 6.2%, 3.0%, 5.8%, and 3.6%. 
Paco et al., (Paço et al., 2017) used Zalerionmaritimum for the biodegradation of MP polyethylene in 
14 days. The weight reduction of polyethylene was observed to be 56.7% ± 2.9%. Also, Chen et al., (Z. 
Chen et al., 2020) studied the degradation of polystyrene for 45 days using hyperthermophilic bacteria. 
The molecular weight reduction of polystyrene was found to be 43.7%. Park and Kim (Park & Kim, 
2019) studied the biodegradation of polyethylene using Bacillus sp. and Paenibacillus sp. for 60 days. 
The molecular weight reduction of polyethylene was observed to be 14.7% and 22.8% for Bacillus sp. 
and Paenibacillus sp, respectively.

MPs adsorption by activated biochar and biochar was studied by Siipola et al. (Siipola et al., 2020). 
Kang and co-workers (Kang et al., 2019) developed magnetic N-doped carbon nano springs for acceler-
ated sulphate oxidation of cosmetics MPs in hydrothermal conditions. After 8 hours of pyrolysis and 
hydrothermal temperatures of 800 and 160 °C, MPs lost ~54% of their weight. The hydrothermal condi-
tions provided both high pressure and physical ripping of the polymer, causing it to degrade. Ye et al., 
(Ye et al., 2020) developed a method for eliminating adsorbed metals from MPs by using an advanced 
oxidation process triggered by SO4

.- radicals to decompose an organic layer. This could help to reduce 
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co-contamination by reducing the risk of MPs acting as vectors for harmful substances. The biochar-
based catalyst with increased graphitization was capable of mineralizing organic contaminants into CO2 
and H2O with the help of active sites of defects (P. Zhang et al., 2019). Thus, the adsorbent/catalysts’ 
cost-effectiveness and reusability are the most important variables in assessing its practicality and utili-
zation at large scale. To synthesize a versatile catalyst, more straight forward separation approaches and 
low-cost synthesis routes should be developed. To eliminate MPs and NPs, this methodology requires 
a thorough investigation.

Photocatalytic degradation is a reaction (redox) in which a semiconductor absorbs photons of a 
specific wavelength, and valence band (VB) electrons are driven to the conduction band (CB), leaving 
behind positive holes. Superoxide radicals and hydroxyl radicals are formed when electrons and holes 
react with adsorbed water and oxygen (Kundu, Sharma, et al., 2021; Rathi et al., 2019). TiO2-embedment 
technique has been used to photocatalyzed the treatment of polyethylene, propylene, and polystyrene 
polymers under diverse light sources. The composite films were made by combining the polymers with 
TiO2 in solvents like tetrahydrofuran or cyclohexane (Shang et al., 2003; Thomas et al., 2013; Verma et 
al., 2017). Sekino et al., (Sekino et al., 2012) used photocatalysis and TiO2- based micro and nanodevices 
to explore the structure of MPs. Wang et al., (L. Wang et al., 2019) examined the use of Au@Ni@TiO2 
based micromotors to remove polystyrene MPs floating in freshwater using UV irradiation.

For the MPs and NPs removal, chemical procedures such as the sol-gel process, agglomeration, 
and ozonation, while physical techniques such as sedimentation and filtration are used. Chemical and 

Figure 4. Various techniques for the removal of MPs and NPs
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physical methods are frequently utilized in conjugation with the wastewater treatment plant. Various 
researchers have used sol-gel to treat MPs from the aquatic environment (Herbort et al., 2018; Herbort 
& Schuhen, 2017; Ratola et al., 2016; Sturm et al., 2020). Coagulation allows for the creation of larger 
particles, making the separation process more accessible. Coagulants can bind minuscule particles us-
ing these strategies, which involve the ligand exchange mechanism (Ma et al., 2019). MPs coagulation 
by Al, Fe, and alum-based coagulants has been widely studied (Ma et al., 2019; Skaf et al., 2020; Y. 
Zhang et al., 2020).

CONCLUSIONS

The ubiquity of MPs/NPs poses a significant threat to the macrocosm. The primary MPs are purpose-
fully produced for the preproduction of plastic granulates, air blasting, microbeads for cosmetics, and 
personal care products. Secondary MPs can form as a result of fragmentation in the terrestrial and 
aquatic environment. The micron range size of MPs/NPs lets them be swallowed by marine creatures 
and birds. The toxic effects of the MPs/NPs on aquatic species have been discussed in detail in the 
current chapter. Techniques for their removal have been explored in brief. Future research into MPs/
NPs mitigation should focus on improving analysis tools and their source regulation. To eliminate the 
problems from their root, large-scale units, as well as individuals, must be aware of waste management 
and health dangers associated with plastics.
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ABSTRACT

It is unavoidable that microplastics (MPs; &lt;5 mm in diameter) are becoming widespread in agroeco-
system. However, these changes act upon the agroecosystem with far-reaching but poorly understood 
consequences on ecosystem functions and subsequent plant-soil health. MPs could change a broad of 
essential soil biogeochemical processes by effecting soil properties, forming specific microbial hotspots, 
inducing diversed influences on microbial functions. The physical damage or chemical toxicity on soil 
organisms and plants caused by MPs may influence plant health. Due to the C contained in MPs, it 
contributes to the accumulation of soil organic matter as well dissolved organic matter. This further 
stimulates microbial activity and consequently CO2 and N2O emissions. Enhanced soluble C released 
from the decomposition of bioplastics increases microbial nutrient immobilizatization and thus causes 
competition between plants and microbes. Although MPs may confer some benefits in agroecosystems, 
it is thought that these will be far outweighed by the potential disbenefits.
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INTRODUCTION

Nowadays, we live in a plastic world as various types, shapes, and sizes of plastics are everywhere 
(Jamieson et al., 2019). The high demand for plastics from the second industrial revolution has mainly 
been met by a high supply from the plastic industries, which reached up to 359 million tonnes in 2018 
(PlasticsEurope, 2019). Since 79% would be landfilled or abandoned on Earth (de Lorenzo et al., 2018), 
these contaminants are thus considered as a global concern (Rillig et al., 2020). Due to the constant 
release but lower degradability of plastic debris in the environment, it causes a large accumulation of 
plastics in the environment (Geyer et al., 2017).

Plastics’ final sinks are the ocean, therefore, scientists have been showing the environmental fates, 
potential ecological risks, and analytical methods for plastic determination in the past decades (Galloway 
et al., 2017; Sharma et al., 2022; Zhou et al., 2022). However, around 80% of plastic debris comes from 
the terrestrial ecosystem, which could be much more compared with the ocean (Nizzetto et al., 2016). 
When released into the soil, plastic wastes would be fragmented into particles with smaller sizes such 
as microplastics (MPs, <5 mm) or even nanoplastics (<100 nm) by mechanical abrasion, UV exposure, 
and biological weathering (He et al., 2018). Because of their inert polymer chains, MPs are ubiquitous in 
soils and eventually would drive alterations in soil quality, microbial community and structure, ecosys-
tem function, and plant health (Rillig and Lehmann, 2020; Zhou et al., 2021b). Although recent studies 
have answered many questions, there are no consistent results on the effects of MPs on plant-microbe-
soil interactions without systematic comparisons. It is also a big challenge to determine the ecological 
impacts of MPs in the agroecosystems where plants might uptake some of these tiny particles, inducing 
a potential risk in the food chain. Environmental risks with liberal petroleum-based plastic application 
have resulted in the requirement for biodegradable alternatives which are considered as eco-friendly 
plastics due to their easy degradability and lower ecotoxicity in ecosystems (Haider et al., 2019). The 
released monomers of this degradation can further be metabolized and incorporated into microbial bio-
mass (Zumstein et al., 2018). However, such environmentally degradable plastics are not fully evaluated 
concerning their influences on plant-microbe-soil interactions and subsequent ecosystem functions in 
agroecosystems (Qi et al., 2020; Zhou et al., 2021a). As a consequence, it is crucial to assess the impacts 
of MPs on plant-microbe-soil interactions, soil biogeochemical cycles, and greenhouse gas emissions to 
gain a better understanding of this emerging contaminant in the agroecosystems.

Source and Mitigation

Agroecosystems have been determined as the most important source of MPs pollution. Based on lit-
erature reports, MPs can enter the soils either through primary or secondary pathways (Figure 1). The 
primary MPs mainly comes from the inputs of compost (Corradini et al., 2019), sludge (Crossman et al., 
2020), irrigation (Sighicelli et al., 2018), while the secondary MPs mainly originate from plastic mulch 
films (Liu et al., 2014; Zhang and Liu, 2018). The fragmentation of secondary MPs can originate from 
agricultural practices, or environmental exposure to sunlight and temperatures (Horton et al., 2017). As 
a consequence, MPs in soils may appear in the form of particles, fibers, films, and beads, presenting a 
variety of shapes and compositions (Rillig et al., 2019b). Given that plastic mulching is intensively used 
to promote crop yields, agricultural lands would be highly influenced by microplastic films (Liu et al., 
2014). It was reported that up to 550,800 tonnes of plastic film residues accumulated in agroecosystems 
from 1982 to 2011 based on a nationwide projection in China (Huang et al., 2020). The abundance of 
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MPs came up to 1.5 × 104 pieces kg-1 soil in the topsoil of a vegetable field from central China (Zhou et 
al., 2019). In Australia, the abundance of MPs reached 67.5 mg kg-1 in the topsoil (Fuller and Gautam, 
2016). Likewise, the use of slow-release fertilizers is another source of MPs in soils (Stubenrauch and 
Ekardt, 2020). Previous studies also documented that the weight of plastic particles could be decreased 
by around 262,500 tonnes in the next 20 years in Europe without using plastics particles as fertilizer 
additives or coating (European Chemicals Agency, 2019). In addition, atmospheric deposition is another 
important source of MPs entering the agroecosystems (Liu et al., 2020). For example, around 29-280 
particles m-2 per day of plastics were deposited in urban environment in 2014 in Paris (Dris et al., 2016).

After entering the soils, MPs can migrate to long distances from contaminated areas to remote places 
(Kundu et al., 2021; Sharma et al., 2021), and may leach into groundwater through biogenic activities 
and water infiltration (Figure 1) (Rillig et al., 2017; Chae and An, 2018). It has also been reported that 
MPs can accumulate in the food chain and become toxic to a wide array of organisms (de Souza Machado 
et al., 2019). The deposition and movement of MPs in soils are influenced by both biota activities and 
artificial disturbances (i.e. tillage). The main contribution to downward and horizontal transportation are 
biopores created by soil biota or soil cracking (Rillig et al., 2017) and farm management (e.g. harvesting 
and ploughing) (Paustian et al., 1997). Besides, this movement could also be influenced by the sizes and 
shapes of MPs (Rillig et al., 2017). Since nano-MPs have a larger ratio of surface area-to-volume and 
colloidal mobility compared to MPs, it would cause a stronger adsorption affinity to other pollutants and 
thus they serve as pollutant carriers to promote their transportation, consequently exhibiting a stronger 
toxic effect on soil organisms (Alimi et al., 2018). Therefore, MPs are ubiquitously present leaving almost 
no clean soil on Earth (Allen et al., 2019), which, in turn, raises concerns about the potential impacts of 
MPs on ecosystem functioning and plant-soil health (He et al., 2018).

Plant Health

The accumulated MPs in soils could migrate in plants, and then be transported into the food chain, 
ultimately posing risks to human health (Cole et al., 2016). So far, a diverse array of impacts has been 
documented within various plants species under MPs pollution, including stimulation or inhibition of 
plant growth and seed germination rate (Figure 2, 3; Table 1) (see review in Rillig et al., 2019b and Wang 
et al., 2022). This variation of individual plant responses could be explained by the direct physical and 
chemical effects, as well as the indirect alteration in soil physio-chemical properties and regulation of 
rhizosphere microorganisms (Rillig et al., 2019a; Zhou et al., 2021b).

The direct influences of MPs on plants are reported on two sides: physical damage and chemical 
toxicity (Rillig et al., 2019b; Lian et al., 2021). On the one hand, MPs can adhere to the root surface, 
establish obstruction in the space between root cells, and/or enter the plant tissues (Gao et al., 2019; Wang 
et al., 2020). In support of this, Bosker et al. (2019) found a 78% reduction in seed germination after 8 h 
exposure to MPs. On the other hand, various organic and inorganic additives are contained in the MPs, 
e.g., plasticizers, antioxidants, dyes, flame-retardants, and heavy metals (Cole et al., 2016; Hahladakis et 
al., 2018), which could be released into the soil. Additionally, MPs are considered as carriers or vectors 
of many chemical contaminants in soils (i.e. Cd2+) (Bakir et al., 2016), which cause a chemical toxic to 
the plant and thus inhibit its’ growth and performance. Specifically, nano-MPs are believed to not only 
obscure the connections between cells responsible for uptaking and transporting nutrients (Jiang et al., 
2019), but also inhibit the disease resistance of crops (Lian et al., 2021).
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The influence of MPs on plant is also attributed to the changes in soil properties, e.g., bulk density 
and soil moisture, due to the lower density (Lozano and Rillig, 2020). This, in turn, decreases the root 
penetration resistance and enhances aeration (de Souza Machado et al., 2019). Moreover, it facilitates 
resource (i.e. water and nutrient) supply to plants, thus increasing plant biomass (Rillig et al., 2019a), 
as proved by higher fine root length (Lehmann et al., 2021). On the contrary, MPs can affect the soil 
structure, reduce the soil O2 diffusion and water evaporation, then inhibit crop growth (Zhang and Liu, 
2018; Wan et al., 2019). Changes in soil porosity and water transport due to MPs could also inhibit 
aerobic microorganisms in the rhizosphere (Rubol et al., 2013), such as nitrogen (N) fixing bacteria, 
arbuscular mycorrhizal fungi (AMF) (Rillig et al., 2019a). The alteration in AMF colonization would then 
influence the interaction between carbon (C) allocation and nutrient uptake in the soil (Smith and Read, 
2010; Zhou et al., 2020), consequently impacting crop growth. Moreover, the relatively high C content of 
biodegradable MPs would increase the soil C:N ratio, promote microbial N immobilization, and thereby 
inhibit the growth and nutrient uptake of other soil microorganisms and plants (Figure 3c). Therefore, 
these inconsistent results induced by MPs call for further studies to understand the intervention of MPs 
in the soil, and to clarify the underlying mechanism of MPs influence on plant growth and productivity.

Microbial Community and Functions

Soil microorganisms are indispensable players for food production and climate regulation. Previously, 
Zang et al. (2020a) showed that polyethylene (PE) and polyvinyl chloride (PVC) increased microbial 
biomass as indicated by the increased total amount of phospholipid fatty acids. However, Fei et al. (2020) 
showed that PE and PVC decreased the activity and diversity of soil bacterial community in the topsoil 
of farmland in China. This variation in the microbial activity and diversity induced by MPs could be 
explained in four main aspects (Table 2). One is by changing the soil physio-chemical properties during 
MPs degradation as mentioned above (Figure 1), thereby changing the microbial living environment, 
as a consequence driving alterations in microbial community structures and functions (Rillig et al., 
2019b; Lozano et al., 2021). Secondly, MPs provide adsorption sites for microorganisms, allowing them 
to adsorb for a long time to form microbial hotspots (Zettler et al., 2013; Zhou et al., 2021a). Because 
of the large specific surface area of MPs, heavy metals, and organic pollutants as mentioned in section 
Plant Health will be adsorbed on the surface (Shen et al., 2019). These pollutants migrate with the MPs, 
thereby changing the soil microbial community and biodiversity (Wang et al., 2020). In addition, MPs may 
also become a transport carrier for pathogenic bacteria thus affecting soil quality (Huang et al., 2020). 
Thirdly, MPs are harmful to soil organisms directly due to toxic additives (Kim et al., 2021). Especially 
smaller or high concentrations of MPs can induce stress on plant growth and alter metabolic processes 
(Büks et al., 2020). MPs can further directly influence soil microbes via its’ breakdown products. Since 
biodegradable MPs can be broken down into labile monomers, it serves as a C source and energy for 
microbes and thus stimulates microbial growth (Figure 3e). Finally, MPs could alter the root exudates 
and soil microbial metabolites to facilitate the new dominant microbial formation (Dong et al., 2021). 
Furthermore, the different characteristics of polymers used in different case studies could also alter the 
response of microbial activity to MPs. In line with this, beads and films caused stronger impacts on 
bacterial community compared to the naturally occurring shapes (i.e. fibers) (Sun et al., 2020). Because 
of the narrow studies, however, the magnitudes and directions of MPs with diverse types, sizes, concen-
trations, and shapes on soil microbial communities remain unclear.
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The alterations in microbial communities may further influence the metabolic functional diversity 
(Feng et al., 2021). For instance, MPs-induced changes in metabolic functions may enhance the abil-
ity of bacteria to exploit polymers or additives as C sources (Kim et al., 2021), since the abundance 
of xenobiotics was affected by MPs (Feng et al., 2022). Also, soil C and N cycling were altered under 
MPs polluted soils, given that the lipid metabolism, amino acid metabolism, metabolism of terpenoids, 
and polyketides were increased (Neis et al., 2015). Although normally inert, MPs are mainly composed 
of C, which partly leaches as dissolved organic C (DOC) before being degraded by microorganisms 
(Romera-Castillo et al., 2018). This DOC could serve as an energy resource (Rillig, 2018), thus alter-
ing enzyme production as shown in Table 2. However, the impacts of MPs on soil enzyme activities 
show great differences. For example, while some studies showed that PVC and PE (1-20%, w/w) inhibit 
β-glucosidase and cellobiohydrolase (Zang et al., 2020a), others found that 28% of PP (polypropylene) 
stimulate the activities of phenol oxidase (Liu et al., 2017). Variations between studies can be explained 
by the different types, concentrations, sizes, and shapes of MPs used in the studies. Therefore, research 
about microbial metabolomics and functions are required to clarify the changes in soil ecosystem mul-
tifunctionality induced by MPs.

Soil Earthworm

Soil fauna, and in particular earthworm abundance, plays an important role in soil functions. Although 
lower concentrations of PE (less than 0.5%) did not affect the growth and survival of the earthworm 
E. Foetida, high levels of input (1-2%) resulted in a higher mortality rate and lower growth rate of 
earthworm (Cao et al., 2017). This was consistent with Huerta Lwanga et al. (2016) who found that a 
low amount of MPs had little influence on earthworms, but higher concentrations inhibited the growth 
of earthworms and increased their mortality. Taken together, the effects of MPs on earthworm was 
concentration-dependent. Given that earthworms can transport MPs in soil, incorporating MPs into soil 
via casts, burrows, and adherence to the earthworm’s exterior thus leading to potential risks of exposure 
for other soil biotas (Huerta Lwanga et al., 2017; Rillig et al., 2017). Although bio-MPs are intrinsically 
less toxic than conventional plastics when applied at the same concentrations (1%, w/w), bio-MPs derived 
from starch-based films had more intensive effects on earthworm growth than conventional low-density 
polyethylene films (Qi et al., 2018). Although the exact damage to earthworms through ingestion of MPs 
is not yet clear, negative effects are inevitable.

Soil Biogeochemical Cycles

Soil Physical Properties

The existing evidence has revealed that the effect of MPs on soil properties depends on types, size, shape, 
and concentrations of MPs (Figure 3). For example, MPs with fibers significantly decreased soil bulk 
density and water-stable aggregates, as well as increased water-holding capacity and evapotranspira-
tion, while other shapes of MPs, such as polyethylene fragments or polyamide beads had no effects on 
soil structures (de Souza Machadoet al., 2018, 2019). Similarly, Lozano et al. (2021) determined the 
impacts of MPs with different shapes on soil physical properties, and found that fibers increase water 
holding capacity, films decrease soil bulk density, while foams and fragments increase soil aeration and 
macroporosity. Not only shape-dependent, but the effect of MPs on soil properties is also size-dependent. 
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For example, Zhang et al. (2019) found that MPs (<5 µm) increased the volume of >30 µm pores and 
reduced the volume of <30 µm pores in clay soil. Also, water-stable aggregates significantly decreased 
with increasing polyester concentrations (de Souza Machado et al., 2018b). Likewise, higher concentra-
tions of microfilms also reduced soil aggregation (de Souza Machado et al., 2019). In short, MPs with 
smaller sizes and higher concentrations pose stronger adverse effects on soil properties.

Soil Carbon Cycles

The MPs are high-C polymers with a C content of more than 90% (Rillig, 2018), which may induce a 
hidden contribution to soil organic matter (SOM) (Zhou et al., 2021b). Although SOM is closely as-
sociated with soil fertility and plant growth (Yan et al., 2021, 2022), the effects of MPs on SOM until 
now have only received limited attention (Zhang and Zhang, 2020). It has been reported that effects 
of MPs include SOM pool accumulation (Liu et al., 2017; Chen et al., 2020), inhibition (Dong et al., 
2021), or no substantial changes (Zhou et al., 2021a). These inconsistent results indicated there are 
drivers regulating MPs effects on SOM. Firstly, MPs in soils vary soil physical properties, such as soil 
moisture, pH, and soil aggregation as discussed above. This, in turn, may facilitate the metabolism of 
specific microorganisms to accelerate the accumulation or inhibition of SOM (Wen et al., 2019; Figure 
3). Although the majority of MPs-C is considered unavailable to microorganisms, previous studies have 
suggested that MPs present in soil might induce profound impacts on soil microorganisms due to the 
living plastic-degrading bacteria and pathogens in the MPs-polluted soils (Huang et al., 2020; Rillig, 
2018). Besides SOM pools, soil dissolved organic matter (DOM), which is a sensitive indicator of soil 
quality changes, is more studied in the previous studies (Liu et al., 2017; Zhou et al., 2021a). In our 
literature review, we even found that the low amount of MPs increased the formation of DOC, while 
high-level of MPs had neutral impacts on DOC contents (Figure 3d, e). Moreover, rhizodeposition, as the 
main way for organic C to enter soils (Pausch and Kuzyakov, 2018; Zang et al., 2019), will be affected 
by the MPs in soils (Rillig et al., 2021b), either by the decreased plant growth and photosynthesis or the 
altered AMF colonization (Figure 2). In addition, MPs (especially bioplastics) can also be mineralized 
by some specific bacteria and then release soluble C into the soils. For instance, 10% (w/w) of PHBV 
enhanced the content of DOC (Zhou et al., 2021a). These findings suggest that MPs indeed affect the 
soil C pools, while the impact of MPs under environmental conditions is not well understood.

Soil Nutrient Cycles

The MPs also affected mineral nutrients (e.g., N and P), which are the foundation of plant growth and 
health (Achari and Kowshik, 2018; Wang et al., 2021). It has been shown that MPs increased, decreased, 
or did not affect soil nutrients (see Figure 3), which could be explained by two mechanisms. On the one 
hand, MPs occurring in the soil changed soil nutrient availability through absorption and accumulation 
due to the large specific surface area and strong hydrophobicity (Rillig et al., 2019b). For instance, PP 
fixed NH4

+ through the carbonyl group (-C=O) and hydroxyl group (-OH) on the surface (Green et al., 
2016). On the other hand, MPs also affected soil nutrient availability by mediating specific microbes 
(Rillig et al., 2019a). For example, AMF colonization was altered by MPs (Lehmann et al., 2020), thus 
indirectly influencing soil available P contents. However, these alterations in AMF colonization are 
dependent on the size, type, concentration, and shape of MPs. Specifically, the lower amount of MPs 
(<0-2%, w/w) stimulates the formation of AMF while higher amount of MPs (>2%, w/w) inhibited the 
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AMF colonization (Figure 3d, e). Lastly, the improved aggregation, changes in soil porosity, and aeration 
by MPs may accelerate O2 diffusion in the soil, thus stimulating the nitrification of NH4

+-N (Lozano et 
al., 2021). Different from the conventional polymers, the soluble C supply from biodegradable MPs to 
microorganisms stimulated the microbial N immobilization, as a consequence decreasing the nutrient 
availability in soils (Rillig et al., 2019a; Zhou et al., 2021a). In short, the effects of MPs on N and P 
cycles in agroecosystems vary greatly in different studies, and more studies are thus needed to clarify 
its regulatory mechanisms.

Greenhouse gases emissions

Soil respiration is a process that releases CO2 from soil through microbial SOM decomposition and root 
respiration to a large extent (Pausch and Kuzyakov, 2018; Zhou et al., 2021c). That is, soil respiration 
mainly depends on soil microbial activity (Wen et al., 2020; Zang et al., 2020b), which is sensitive to 
soil environments, such as soil aggregation and water holding capacity, which can be affected by MPs 
as discussed above. Although MPs may inhibit the growth of microorganisms, it would increase DOC 
contents (Gao et al., 2021), which provides energy and resource for microbial SOM decomposition, 
and, as a consequence enhances the production of CO2, regardless of low or high concentrations of MPs 
(Figure 3d, e). However, MPs can adsorb available C to their surfaces and then decrease the production of 
CO2 (Rillig et al., 2021b). Furthermore, MPs may inhibit the activities of β-glucosidase and cellobiohy-
drolase, involved in C cycles (Zang et al., 2020a), and subsequently decrease soil microbial activity (de 
Souza Machado et al., 2018), as well as the emissions of CO2. This could explain the neutral or negative 
response of CO2 to MPs as shown in our meta-analysis (Figure 3).

Moreover, the presence of MPs herein induced alteration in the SOM, leading to changes in the N2O 
emissions. For example, MPs increased soil DOC content, which also stimulated N2O emissions (Figure 
3a). Previous studies have documented that MPs can increase soil pH, which may favor nitrification (Qi 
et al., 2020; Lazano et al., 2021). MPs also decreased the utilization rate of O2 due to the increased water 
content or reduced porosity (de Souza Machado et al., 2018; Boots et al., 2019), leading to incomplete 
denitrification process and inhibiting N2O emissions (Jiang et al., 2016). When the O2 diffusion in soils 
was enhanced by MPs, the soil oxidation ability would thus enhance (Seeley et al., 2020), which in turn 
increased oxidation-reduction potential and subsequently improve the oxidation of CH4. Furthermore, 
studies have shown that PVC reduces CH4 emissions by inhibiting hydrolysis, acidification, and metha-
nation (Wei et al., 2019), and larger size of MPs may also reduce the cumulative absorption of CH4 
(Bettas et al., 2014). These deviations indicate that the presence of MPs could pose a potential threat to 
future climate change.

FUTURE RESEARCH DIRECTIONS

1.  MPs are becoming universal in agroecosystems and their abundance is likely to increase in the next 
decades. Similar to climate warming, N deposition, MPs pollution thus has been a global change 
factor (Rillig, 2020). Given that global environmental change is a multifactorial phenomenon (Rillig 
et al., 2019c), there is further a fair chance of simultaneous interaction of MPs pollution and other 
global change factors, i.e. drought (Lozano et al., 2021). The co-occurrence of several global factors 
could intensify the impact of every single factor (Rillig et al., 2019c). Although soil microorganisms 
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are documented to contribute to resistance and resilience against drought and pathogens (Rillig et 
al., 2019a). This, however, can be challenged if soil microorganisms are influenced by MPs. This 
uncertainty about the potential for global change to modify the impact of MPs on plant-microbe-soil 
interactions requires urgent attention, if we would like to fully understand the current and future 
risks of MPs pollution on sustainable agroecosystems.

2.  Although the physical properties of MPs (i.e. size, type, concentration, as well as shape) had variation 
in the impacts on terrestrial ecosystems (as reviewed by Zhou et al., 2021b), the research is still in 
the early stage. As shown from our literature review, most studies are focused on the MPs with the 
size of 1 μm to 5 mm, the effect of nanoplastics (<1 μm) on soil microorganisms, and soil quality 
and subsequent crop health are still unclear. Apart from that, due to the soluble C contained in the 
bioplastics, bioplastics may induce a stronger adverse effect on the plant-soil health because of 
the microbial nutrient immobilization. However, such environmentally degradable plastics are not 
fully evaluated concerning their effects on plant-microorganisms-soil interactions and subsequent 
ecosystem functions in agroecosystems. Therefore, further research about the effect of nanoplas-
tics and bioplastics are required to perfect our knowledge gaps on the potential risks of MPs on 
agroecosystems.

3.  Although previous studies documented that MPs may be a hidden contribution to SOM pools 
(Rillig, 2018), the analytical technology may limit our understanding of the impacts of MPs on 
SOM and DOM pools, since we could not discriminate the MPs-derived and soil-derived C (Rillig 
et al., 2021b). This further impedes our understanding and quantification of whether MPs could 
contribute to soil C pools. Therefore, more efforts are needed to develop analytical methods to 
trace and separate MPs-derived C from persistent soil-derived C.

4.  Although it has been known that MPs can influence soil GHGs (Figure 3), this response depends 
on MPs’ properties and soil conditions, with various magnitudes and directions. Therefore, more 
lab and field research is needed to focus on the underlying mechanisms for the major driving fac-
tors of GHG emissions under MPs.

CONCLUSIONS

Based on our current evidence, we found that MPs can impact plant growth and performance either by 
physical cell blocking or chemical toxic to soil organisms. The fact that MPs are particles that contain a 
lot of C, typically around 90%, makes them fairly unique to other pollutants, since they can drive diverse 
consequences for other element cycles (e.g., N and P). Alterations in structures and soil physical-chemical 
properties would be expected to change various microbial processes, including those related to N- and 
P-cycles. Also, the alterations in soil properties, such as controlling the availability of O2 in the soil, may 
stimulate the processes of CO2 and N2O formations. The enhanced CO2 and N2O productions may also 
be induced by the increased microbial activity due to the increased dissolved organic C content by MPs. 
Specifically, the C atom contained in the bioplastics can provide soluble C to fuel microbial growth and 
enzyme activity, induce microbial nutrient immobilization, as a consequence aggravate the plant-microbe 
competition for essential nutrients (i.e. N and P), thereby inhibiting crop growth and performance. As 
MPs may transport into the soil with various types, sizes, shapes, and concentrations, a comprehensive 
understanding of their influences on plant-microbe-soil interactions is mandatory, especially considering 
the increasing use of plastic worldwide.
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Figures and Tables

Table 1. Effect of microplastics on plant growth and performance

Microplastics
Crop Index Effect Location Reference

Type Shape Size Concentration

PE

Beads 125 μm 1%, 5%, 10%, 20% 
(w/w) Wheat Shoot and root 

biomass - Gwynedd, Wales, 
England

Zang et al., 
2020

Beads 23μm 0.25, 0.5, 1 mg L-1 Vegetable Weight, height - / Gao et al., 2019

Beads 100-154 μm 0.1%, 1%, 1 0% (w/w) Maize Biomass = Qingdao, China Wang et al., 
2020

HDPE

Beads <2 mm 0.1%, 0.25%, 0.5%, 
1% (w/w) Wheat Seedling emergence, 

biomass = NSW, Australia Judy et al., 2019

Beads 102.6 μm 0.1% (w/w) Perennial 
ryegrass

Shoot biomass, 
chlorophyll-a and 
chlorophyll-b content

=

Westland, 
Northern Ireland

Boots et al., 
2019Root biomass, 

chlorophyll-a/
chlorophyll-b (chla-a/
chl-b) ratio

+

PVC

Beads 125 μm 1%, 5%, 10%, 20% 
(w/w) Wheat Shoot and root 

biomass - Gwynedd, Wales, 
England

Zang et al., 
2020

Beads <2 mm 0.01%, 0.1%, 0.25%, 
0.5%, 1% (w/w) Wheat Seedling emergence, 

biomass = NSW, Australia Judy et al., 2019

Films
L: 0.5 mm 
W: 0.5 mm 

T: 0.008 mm
/ Rice Biomass, tillers 

number - Haikou City, 
Hainan, China Liu et al., 2021

PLA

Beads 65.6 μm 0.1% (w/w) Perennial 
ryegrass

Germination 
percentage, plant 

height
-

Westland, 
Northern Ireland

Boots et al., 
2019

Shoot biomass 
(dry weight), 
chlorophyll-a and 
chlorophyll-b content

=

Chlorophyll-a/
chlorophyll-b (chla-a/
chl-b) ratio

+

Beads 100~154 μm 0, 0.1%, 1%, 10% 
(w/w) Maize Biomass, chlorophyll 

content of leaves - Qingdao, China Wang et al., 
2020

Beads 53-1000μm 0.5-2.5% (w/w) Vegetable Biomass, leaf area + Netherlands Meng et al., 
2021

PS Beads 87 nm 10 mg L−1 Wheat seedling emergence + / Lian et al., 2020

PHBV Beads 125μm 10% (w/w) Wheat Biomass - Gottingen, 
Germany

Zhou et al., 
2021a

PET Beads <2 mm 0.1%, 0.25%, 0.5%, 
1% (w/w) Wheat Seedling emergence, 

biomass = NSW, Australia Judy et al., 2019

“+”, “-”, and “=” means microplastics addition has a positive, negative, and no effect, respectively. “/” means there is no information in the literature. “L” means length; 
“W” means width; “T” means thickness; unmarked letters mean particle size. PE: Polyethylene; HDPE: High-density polyethylene; LDPE: Low-density polyethylene; 
PP: Polypropylene; PS: Polystyrene; PVC: Polyvinyl chloride; PET: Polyethylene terephthalate; PLA: Polylactic acid; PHBV, 3-hydroxybutyrate-co-3-hydroxyvalerate.
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Table 2. Effect of microplastics on microbial activity and community, as well as enzyme activity depend-
ing on the type, shape, size, and concentration of plastics

Microplastics
Microorganisms Index Effect Location Reference

Type Shape Size Concentration

PE

/ 125 μm 1%, 5%, 10%, 20% (w/w) Microbe
Biomass, carbon 

utilization 
efficiency

+ Gwynedd, 
Wales, England

Zang et al., 
2020

Beads 678 μm 1%, 5% (w/w)

Bacteria Richness, diversity -

Lin’an, 
Zhejiang, China Fei et al., 2020

BG, NAG, LAP Activity -

URE, ACP Activity +

FDAse Activity +

Beads 100-200 μm 1% (w/w) Bacteria Diversity and 
richness - / Yu et al., 2021

LDPE

Films 0.01-2 mm 0.076 g kg−1 Bacteria Alpha diversities of 
the microbiota =

Peking 
University, 

China

Huang et al., 
2020

Beads 200~630 μm 1% (w/w) Microbe Microbial biomass 
carbon - Kleve, 

Germany
BlÖcker et al., 

2020

Films 0.01-2 mm 0.076 g kg−1 Bacteria Similarity -
Peking 

University, 
China

Wang et al., 
2020

Beads 678 μm 1%, 5% (w/w) Bacteria Nitrogen fixation + Lin’an, 
Zhejiang, China Fei et al., 2020

PVC

Beads 18 μm

5% (w/w)

Bacteria

Richness, diversity -

China Fei et al., 2020

1% (w/w) Richness, diversity =

1%, 5% (w/w) Nitrogenfixation +

Beads 678 18 μm 1%, 5% (w/w)
URE, ACP Activity +

FDAse Activity -

Beads <2 mm 0.01%, 0.1%, 0.25%, 
0.5%, 1% (w/w) Microbe Community 

diversity = NSW, Australia Judy et al., 2019

Beads 125 μm 1%, 5%, 10%, 20% (w/w)
Microbe

Biomass, carbon 
utilization 
efficiency

+ Gwynedd, 
Wales, England

Zang et al., 
2020

BG, NAG, LAP Activity =

PP

Beads 200~630 μm 1% (w/w) Microbe
Activity, 

community 
composition

= Kleve, 
Germany

BlÖcker et al., 
2020

Beads <250 μm 28% (w/w) Microbe Respiration + Ansai, Shaanxi, 
China

Yang et al., 
2018

Beads 100-200 μm 1% (w/w) Bacteria Diversity and 
richness - / Yu et al., 2021

Fibers / 1%,0.1%,0.3%,1% (w/w)
BG Activity + Kunming, 

China Guo et al., 2021
Bacteria Richness +

PLA Beads 20~50 μm 2% (w/w) Bacteria
Diversity = Nanjing, 

Jiangsu, China
Chen et al., 

2020Biomass -

PET
Beads <2 mm 0.1%, 0.25%, 0.5%, 1% 

(w/w) Microbe Community 
diversity = NSW, Australia Judy et al., 2019

Beads 200 μm       0.1%,0.3%,1% (w/w) Bacteria Diversity - Jiangsu, China Han et al., 2021

HDPE Beads <2 mm 0.1%, 0.25%, 0.5%, 1% 
(w/w) Bacteria Community 

diversity = NSW, Australia Judy et al., 2019

PHBV Beads 125μm 10% (w/w)
Microbe, BG, LAP, ACP Activity +

Goettingen, 
Germany

Zhou et al., 
2021aBacteria Acidbacteria, 

Bacteroidetes -

“+”, “-”, and “=” means microplastics addition has a positive, negative, and no effect, respectively. “/” means there is no information in 
the literature. PE: Polyethylene; HDPE: High-density polyethylene; LDPE: Low-density polyethylene; PP: Polypropylene; PS: Polystyrene; 
PVC: Polyvinyl chloride; PET: Polyethylene terephthalate; PLA: Polylactic acid; PHBV, 3-hydroxybutyrate-co-3-hydroxyvalerate. 
URE: Urease; ACP: Acid Phosphatase; FDAse: Fluorescein diacetate hydrolase; BG: β-glucosidase; NAG, chitinase; LAP, L-leucine 
aminopeptidase.
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Figure 1. Conceptual figures about the source, mitigation, as well as the effects of microplastics on plant 
growth, microbes, soil organic matter decomposition, and greenhouse gases emissions
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Figure 2. Observations from publications about the effects of microplastics types, shapes, sizes, and 
concentrations on plant biomass, soil nutrient, and greenhouse gases emissions. Publications we shown in 
this case were extracted before December 2021. PE: polyethene; PVC, polyvinyl chloride; PS, polystyrene; 
PET, polyethylene terephthalate; PP, polypropylene; PT, polytetrafluorethylene; PU, polyurethane; PC, 
polycarbonate; PA, polyamide; PES, poly(ether sulfones); Bioplastics includes polylactic acid (PLA), 
polylactic acid (PHA), and oly (butyleneadipate-co-terephthalate) (PBAT)
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Figure 3. (a) Overall number of reported effects with a significant positive, negative, or neutral response 
to microplastics. Reported effects based on: microplastics types (conventional v. Biodegradable micro-
plastics) (b, c); amount of microplastics (lower amount, 0-2%, w/w v. high amount, >2%, w/w) (d, e); 
as well as the microplastic shapes (powder v. fiber) (f, g). Here, the conventional microplastics were 
identified as polymer-based microplastics including PE, PVC, PS, PP, etc. And biodegradable micro-
plastics identified as biodegradable bioplastics like PHA and PLA that can be broken down by a range 
of organisms and are not thought to produce any harmful by-products
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ABSTRACT

The production of plastics has rapidly overwhelmed the world’s ability to manage it, hence the demand-
ing environmental issues on plastics pollution. The negative effects of plastics have become omnipresent 
and prompted many studies to be conducted leading to a global treaty. This study focused on reviewing 
measures for preventing plastic pollution in the environment. Based on the literature review approach, 
seven key measures are identified: recycling prioritization, utilization of bio-based and biodegradable 
plastics, improvement of waste collection systems, awareness and education in communities, extended 
producer responsibility (EPR) enforcement, strengthen stakeholder engagement, and technology and 
innovations. The study concludes by providing practical recommendations that should be implemented 
contextually.

INTRODUCTION

Plastic pollution is the amassing of plastic particles and objects in the earth’s environment thus affect-
ing wildlife and human habitat. Plastic production continues to fuel the amassing of plastic wastes in 
the environment and this has continued to impact waste management practices globally. Changes in 
consumer preferences also continue to contribute to the design changes in the life-cycle of plastic prod-
ucts and thus contributing to plastic waste amassing. For example, the production of disposable plastic 
products is whelming the earth’s ability to manage these wastes. Once a product such as ‘mineral water’ 
is bought and consumed, the plastic bottle reaches its end-of-life and it has to be disposed of sustainably 
or unsustainable. In most cases, the disposal is unsustainable and the plastic bottle ends up in the ocean 
or land. For example, 60 to 95% of marine litter account for plastic debris both in the deep-sea sediments 
and surface waters (Le Guern, 2018). Annually, between 4.8 and 12.7 million MT is approximated to 
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enter oceans (Jambeck, et al., 2015) while the rest is either landfilled, recycled, incinerated or ends up 
in other ecosystems (Geyer, 2017).

This study is significant because the production of plastics has continued to boom without a systematic 
management approach making it increasingly difficult to take away plastic from the environment. With 
the current challenges presented by plastic pollution, this research is relevant to all the stakeholders in 
the waste management arena such as the government, manufacturers, formal/informal waste management 
companies, households, etc. The research provides practical solutions for dealing with plastic wastes and 
at the same time, contributes theoretically to the body of knowledge. The research is also significant as 
it tries to use one of the waste management hierarchy aspects “prevention” but at the stage when waste 
has already been created. Research on preventive measures for plastic pollution is very important and 
comes at a time when the earth is trying to remedy all the processes and systems that are contributing to 
global warming. Therefore, there is an urgent need for studies that are focusing on the effects of emerg-
ing plastics on the environment and public health.

The objectives of this research are to review the current state of plastic pollution in the natural envi-
ronment in developed and developing economies. With this general objective, the research establishes 
and discusses control measures for preventing plastic pollution. The development of bioplastics as a 
strategy for preventing plastic pollution is also discussed.

The rest of this chapter is organized as follows; the background of the study is discussed in section 2. 
The research methodology is discussed in section 3 while results and discussion is presented in section 
4. Conclusion and recommendations are presented in the last section.

BACKGROUND OF THE STUDY

According to UN Environment Programme Report (2018), globally, every minute, 1.0 million plastic 
drinking bottles are sold while 5.0 trillion single-use plastic bags are utilized globally per annual. Re-
search has estimated that, more than 8.3 million tons of plastics have been manufactured between 1950 
and 2018 (Mortillaro, 2017) with 60% of these plastics having ended up in the natural environment or 
landfill (UN Environment Programme Report, 2018). Further, 79% of plastics ever produced has been 
disposed in the dumps, landfills or natural environment while only 9% has been recycled and 12% in-
cinerated (Schmidt, Krauth, & Wagner, 2017; Geyer, 2017). According to Helinski, Poor & Wolfand 
(2021), plastic pollution prevention is heavily assigned on users through recycling but this is not work-
ing as only 9% of the plastics ever produced have been recycled. According to Surfers against sewage 
(2021) plastic pollution is having plastics where it should not be either in the ocean, bench or natural 
environment. With this definition and the statistics provided on the current state of plastics on the natural 
environment, there is an urgent need to prevent the current plastic pollution.

Plastic wastes present many problems once they enter the environment. They endanger and damage 
ships; cause animal death through ingestion and entanglement; structurally and visually damage fresh-
water, oceanic and coastal ecosystems; spread invasion diseases and species; and reduce economic gains 
(Krelling, Williams, & Turra, 2017). Plastics also impact human health in many ways such as, possible 
internal injury from ingestion of microplastics; accidents; water, air, and food contamination, and patho-
gen vectors from microplastics (Vethaak & Leslie, 2016; Thompson, Moore, vom Saal, & Swan, 2009).

To address plastic pollution from the environment, numerous strives have been made (¨ohr, et al., 
2017) including research studies. Policy interventions and market-based strategies (i.e. levies, bans) 

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



113

Preventive Measures for Plastic Pollution
 

have increased in the last 10 years (Schnurr, et al., 2018) and extended producer responsibility (EPR) 
is a prominent policy strategy that has been proposed for marine plastic pollution reduction (Tibbetts, 
2015). Global ingenuities comprise Action Plans (APs) by the G20 and G7 countries (G7, Annex to the 
Leaders’ Declaration, 2015.; G20, G20 Action Plan on Marine Litter, 2017); United Nations Law of the 
Sea Convention (Vince & Hardesty, 2018); the Honolulu Strategy (Shevealy, Courtney, & Parks, 2011); 
and the four Sustainable Development Goals important to marine wastes (Haward, 2018).

Despite the implementation of policies and strategic measures to combat the effect of plastic pollution 
on the environment, the challenges continue but the aspect of scientific research remains confident in 
pursuing more research for sustainable management of these plastic wastes. Helinski, Poor & Wolfand 
(2021) developed a framework to aid device capture selection for reducing plastic pollution in freshwa-
ter. The study concluded that, before device selection, community buy-in attainment and assessment of 
whether plastic pollution capture device is necessary should be considered first. Charitou, et al (2021) 
explored the attitudes and knowledge of the Greek public to marine plastic pollution and the EU Single-
Use Plastics Directive. The study recommended the integration of topics on micro-plastics into formal 
education. Walther, Yen & Hu, (2021) reviewed the policies, strategies and actions for reducing plastic 
pollution and use as recommended by Taiwan’s stakeholders. The study showed how Taiwan has become 
a comparatively successful example in terms of tackling plastic pollution related problems.

The reviewed studies above attempted to establish strategies or measures for managing plastic pol-
lution. Helinski, Poor & Wolfand (2021) used a technological and innovative approach by indicating 
the relevance of engaging stakeholders. Charitou et al (2021) focused on the aspect of awareness and 
education as a measure for managing plastic wastes and Walther, Yen & Hu (2021) focused on policies 
as measures for reducing plastic pollution. These studies have shown that education and awareness, 
policy implementation, and technology and innovation are key measures for managing plastic pollution.

Harries, et al (2021) evaluated the influence of EPR packaging policy on shoreline pollution reduction 
and the study revealed no reduction in pollution from the introduction of EPR policy. To successfully 
evaluate plastic pollution prevention in the marine environment, it is proposed that, monitoring programs 
for plastic policy intervention should be tailored to their fixed requirements. Prata, et al (2019) reviewed 
and discussed strategies for improving waste management and the life-cycle of plastics for implementa-
tion to reduce environmental and health impacts caused by plastics as well as reduce plastic pollution. 
10 recommendations to stakeholders were suggested for the reduction of plastic pollution. Flury & 
Narayan (2021) discussed the advantages of biodegradable plastics in integration with proper disposal 
systems. The study concluded that, while biodegradable plastics should be an essential part of strategies 
for minimizing environmental plastic pollution, their use and management should be specific to end-of-
life scenarios, and disposal must never be an end-of-life option except for agricultural plastic mulches.

For the reviewed studies above, Harris, et al (2021), identified EPR as a key measure for controlling 
plastic pollution while Prata, et al (2019) recommends 10 strategies that embed the other strategies sug-
gested by other authors such as Helinski, Poor & Wolfand (2021); Charitou et al (2021); Walther, Yen 
& Hu (2021), Harris, et al (2021) and Flury & Narayan (2021). Flury & Narayan (2021) showed that 
bio-based and biodegradable plastics should be considered as measures for managing plastic pollution.

Ponis, et al (2020) conducted a systematic meta-review analysis on papers that have used a review 
approach on the subject of marine plastic pollution (MMP). Based on the objectives that were set, the 
review identified the research gap that, land-based and water-based composition and sources including 
social and economic impacts of MMP are still under-reviewed areas despite the potential of the area. 
Ferraro & Failler (2020) dispenses the difficulties of marine plastic pollution by focusing on the policy 
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feedback at the international level. The study presents many institutional problems in an effort to stop, 
manage and reduce marine plastic litter at universal level. Four aspects that are critical for an integrated, 
universal and holistic approach to the problem of plastic wastes management in the oceans are considered; 
science-policy interaction; harmonization of international laws; consistent across national policies; and 
coordination of international organizations.

Ponis, et al (2020) showed that there is a need for more research in the area of plastic pollution from 
a social and economic perspective. Ferraro & Failler (2020) showed that challenges are still existing in 
the area of managing plastic pollution and that universal and holistic approaches focus on science-policy 
interaction; harmonization of international laws; consistent across national policies; and coordination of 
international organizations should be considered.

The reviewed studies have shown that, there is a need for measures for managing plastic pollution 
to be considered at a universal level because the problem of plastic pollution is contributing to many 
difficulties that society is facing today. Difficulties of global warming, depletion of non-renewable 
resources and many others.

METHODOLOGY

In relation to, Mark (2018), review research types focus on synthesizing past work with the intend of 
assimilating recent knowledge and escalating its accumulation into the prevailing body of knowledge. 
Nevertheless, a broad range of review research types, conforming to disparate criteria are recognized 
in literature. To conduct this research, a literature review was conducted in order to answer the research 
questions. The questions that were answered focused attention on; (1) what are the measures that should 
be used for preventing plastic pollution? (2) has the development of bioplastics contributed to the pre-
vention of plastic pollution?

To select the papers to use in the literature review, search engines such as Scopus and Science Direct 
were used. A query of keywords “plastic AND (pollution OR prevent measures) AND (bioplastics)” was 
entered in the search engine default tab (Document Search form). The inclusion and exclusion criteria 
for the consideration of articles for review demanded that, articles to be incorporated in the review pro-
cess should be studies that should; (1) be affiliated to the “Environmental Science”, “Social Sciences”, 
“Engineering”, and “Multidisciplinary”; (2) have been published in the English language, (3) incorporate 
the aforementioned keywords; and (4) be from published peer-reviewed journals. The articles that were 
found using the specified keywords from the specified database were précised and amount to 193. Fur-
ther application of the inclusion and exclusion criteria resulted in a final review of 58 articles. After the 
review of the articles, themes emerging from the final reviewed articles were established. These themes 
formed the measures that were discussed in detail.

RESULTS AND DISCUSSION

This section discusses the measures that should be undertaken to prevent plastic pollution. Based on the 
studies that were reviewed, a number of preventative measures were identified. Seven major plastic pol-
lution measures are discussed in detail by focusing on; what each prevention measure is; the applicability 
of each prevention measure and the benefits each pollution prevention measure offers. The following 
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prevention measures are discussed; recycling prioritization; utilization of bio-based and biodegradable 
plastics; improvement of waste collections systems; awareness and education of communities; extended 
producer responsibility enforcement; strengthen stakeholder engagement and innovations and technolo-
gies. Further, a comparison between the amount of plastic waste littered from the land to the ocean in 
developed and developing countries is shown.

Recycling Prioritization

Recycling of plastic materials is complex and involves many processes such as sorting, collection, 
extrusion of polymers and selling of the recycled pellets to producers. According to Mwanza (2018) 
recycling involves processes in which unwanted waste materials are recovered for remanufacturing into 
new products. It is also classified into primary, secondary, tertiary and quaternary recycling depending 
on the nature of the recycling process. Primary recycling, also known as closed-loop recycling, pro-
duces high-grade plastics compared to secondary recycling. The products from primary recycling and 
secondary recycling are used in different applications and based on the grade of plastics, the majority 
of the products from secondary recycling are used in less demanding applications such as construction 
materials, concrete, composites and textiles etc. However, recycling should be applied in long term and 
durable applications (Walker & Xanthos, 2018).

Despite the several disadvantages of plastic recycling such as the low ability to substitute virgin plas-
tics (Lazarevic, Aoustin, Buclet, & Brandt, 2010), there are several advantages. For instance, recycling 
is still preferred as a sustainable option for managing wastes. It decreases pollutant emissions, decreases 
the amount of wastes destined for the landfills, saves energy and resources, improves local economies 
and creates jobs, decreases the amount of imported resources and ultimately reduces plastic pollution. 
Despite recycling being expensive, the benefits it gives society outweigh the costs of other alternative 
waste management options. Therefore, countries need to prioritize recycling by improving recycling 
technologies, mandatory EPR policies, mandatory taxes and penalties associated with recycling. For the 
plastics that cannot be recycled because of contamination, other options such as tertiary or quaternary 
recycling should be encouraged.

Utilization of Bio-Based and Biodegradable Plastics

A clear definition of biodegradable plastics is necessary and according to Flury and Narayan (2021), 
they are plastics that are convertible to CO2, CH4 and microbial biomass through microbial action. They 
include additives that accelerate their decomposition rate in the presence of light and oxygen. The carbon 
substrate found in the plastic polymers is used by microorganisms for carbon assimilation and energy. 
It is a process that can occur under anaerobic and aerobic states, yet in terms of energy gain, aerobic is 
most efficient. Examples of biodegradable plastics include, polycaprolactone (PCL); polybutylene suc-
cinate (PBS); polybutyrate adipate terephthalate (PBAT) and polyvinyl alcohol (PVOH/PVA).

Bio-Based plastics are polymers extracted from renewable feedstocks (e.g. biomass) and are indepen-
dent of biodegradability (i.e. bio-polyethylene) (Harding, Gounden, & Pretorius, 2017). These plastics 
are purely manufactured from natural substances such as corn starch and examples include; NatureWorks 
and EverCorns.

Despite the uncertainties found with the utilization of bio-based and biodegradable plastics, many 
benefits exist and include utilization in (i) single-use and packaging items and (ii) agricultural mulch films 
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(Flury and Narayan, 2021). Cellulose-based materials can replace conventional plastic packaging but in 
many situations plastic packaging is still in demand. For example, it is a challenge to replace plastics in 
food packaging because of standard stipulations for conserving food safety and quality. Nevertheless, 
research has affirmed that, biodegradable plastics functionality is equivalent to that of conventional 
plastics in terms of food packaging (Panseri, et al., 2018) and this presents a great opportunity for the 
usability of biodegradable plastics Guillard (2018).

From the circular economy model, utilization of biodegradable for non-packing single-use products 
is acceptable. For instance, many single-use products (i.e. straws, retail bags; toothpicks; cotton bud 
sticks) have been legally banned and are being replaced with non-plastic products. This has created an 
opportunity for the utilization of biodegradable plastics although not all single-use plastic products can 
be replaced.

Agricultural plastic films are manufactured from non-biodegradable plastics (polyethylene) and are 
critical parts of the agricultural production systems (i.e. fruits and vegetables). They control weeds, 
provide suitable microclimate and soil temperature, and preserve soil moisture. Despite their application 
and relevance in the agricultural production systems, they are non-biodegradable and become brittle 
because of weathering and fragments hence have to be removed. This is a tedious and expensive process 
and a majority of the time, it’s not achievable. As a solution to the challenges presented by agricultural 
plastic films, biodegradable plastics are an alternative to polyethylene mulch films because of their 
ability to be tilled in the ground after use. This ability has resulted in no costly removal and equivalent 
agronomic performance between the two plastic mulch films (biodegradable and conventional) has been 
shown (Tofanelli & Wortman, 2020).

Bio-based and biodegradable plastics present many advantages that are comparable to conventional 
plastics. These advantages include; easy to recycle; consumption of less energy during manufactur-
ing; reduction in the amount of waste produced; less petroleum consumption; compostability; carbon 
dioxide reduction; reduction of greenhouse gas emission levels; non-release of harmful products upon 
decomposition; ability to be broken by nature bacteria; ability to mix with other traditional products; 
and ability to compost under specific conditions.

Improvement of Waste Collection Systems

It is a fact that, human beings generate waste and will continue to generate it. This fact is evident from 
the amount of wastes that are generated and finally landfilled or illegally dumped. Wastes generated 
from plastic wastes continue to increase because of the many applications in which plastic products are 
used. As a result of this increase, it is necessary to discuss strategies for managing these plastic pollution 
problems. Based on the waste management hierarchy, final disposal of wastes to the landfills, should be 
the last option because wastes should be considered for reuse, recycling, and recovery.

Waste disposal is associated with collection, processing, recycling and deposition of generated 
waste materials. A number of methods exist for disposing of wastes. For example, plastic wastes can 
be recycled and this is one of the methods that is contributing to effective waste management of PSWs. 
Incineration and landfilling are but some of the methods that are currently used for disposing of PSWs. 
In as much as these methods exist, developed and developing economies, are still facing plastic pollu-
tion problems from plastic wastes. Globally, approximately 40% of waste is disposed of in the landfills 
(Chrisafis, 2016). These statistics indicate that, there need to improve waste disposal practices. Ac-
cording to Kaza, et al (2018) waste disposal actions alter remarkably by region and income level. For 
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instance, in lower- income nations, open dumping is common since landfills are mostly unavailable. 
Almost 93% of the waste is dumped or burnt in roads, waterways or open land in lower-income nations, 
while in high-income nations, only 2% is dumped (Kaza, et al., 2018). These wastes are a composition 
of different waste types and plastic wastes account for 12% of the global waste composition. However, 
as the composition of waste alters greatly by income levels, organic waste which accounts for 44% of the 
global waste decreases as the income level rises. This means in higher-income nations, plastic wastes; 
paper and cardboard represent a high proportion compared to organic waste.

It is necessary for waste disposal practices such as waste collection to be improved both in developed 
and developing nations. The purpose of these improved collection systems is for improving waste disposal 
practices but it is suffice to mention, most developed nations have efficient waste collection systems 
but developing nations are still facing implementation challenges (Prata, et al., 2019). For example, in 
low-income nations, only 39% of generated waste is collected for disposal while in high-income nations, 
96% is collected for disposal (Kaza, et al., 2018). To reduce the impact of plastic pollution in developing 
nations, it is necessary for suitable waste collection systems to be adopted.

The initial step in the implementation of effective waste disposal practices is the collection of waste 
by source or post-separation (Bing, Bloemhof-Ruwaard, & van der Vorst, 2014). It is a preferred practice 
because it is cheaper and decreases waste contamination. However, there are several waste collection 
systems that can be implemented as plastic pollution measures such as, door-to-door collection; curbside 
collection, buy-back-centers (purchasing litter); drop-off centers (not purchasing litter) (Liu, Adams, 
& Walker, 2018). These waste collection systems have a positive effect on reducing plastic pollution.

Awareness and Education in Communities

The majority of human activities result in waste generation and as such, everyone should have a structured 
and proper understanding of issues related to waste management. Otherwise, the absence of understanding 
waste management practices prevents the success of the best devised management plans. Hasan (2004) 
concluded that, the public should be made aware on the consequences of improper waste management 
and its effect on the well-being of living things. Mwanza and Mbohwa (2019) concluded that, there is an 
urgent call for society to be informed and educated on the importance of recycling/ waste management 
practices. Debrah, Vidal & Dinis (2021) affirmed that, to achieve environmental or waste sustainability 
in developing economies, environmental awareness, environmental knowledge and environmental at-
titude should be communicated to students from teachers using formal education. These studies show 
the relevance of awareness and education from different perspectives but all with the aim to achieve 
sustainable waste management that can result in less pollution.

Education has been recognized as a powerful tool for fighting plastic pollution (Potts, et al., 2011) and 
there are many strategies that can be used to provide awareness and education as a strategy for combating 
plastic pollution. The internet and social media platforms such as Facebook, Instagram, Twitter etc. can 
be exploited as tools for providing education and awareness on plastic pollution. Social media creates 
chances for engaging with information (Dabbagh & Kitsantas, 2012) and the majority of the population 
has access to these devices such as mobile phones to enable them to utilize the social media platforms. 
Awareness and education should focus on pragmatic actions such as boosting recycling rates; reducing 
harmful products consumption and reducing littering. In a study by Mwanza (2018), intensification of 
awareness on plastic recycling in households can be done through the provision of education on waste 
management in learning institutions particularly primary level institutions. Traditional methods of in-
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formation dissemination such as radio, television, newspapers, billboards and magazines can be used 
to discuss prevention measures for plastic pollution. Promotion of public information campaigns for 
businesses and citizens on waste generation reduction, reuse, avoidance of littering and utilization of 
provided waste collection systems can be discussed in awareness campaigns.

There are many benefits to providing awareness and education as strategies for plastic pollution pre-
vention. The benefits can include; creation of behavior change in the approach citizens have on garbage 
and this can result in instilling cultural responsibility on wastes (plastic) pollution. Other than focusing 
on the benefits, there are strategies that should be promoted to increase awareness on plastic pollution 
such as supporting local and international research collaborations, promotion of knowledge sharing 
through expert exchange and inclusion of technical and scientific aspects in measure related suggestions 
for plastic pollution prevention.

Extended Producer Responsibility Enforcement

Extended Producer Responsibility (EPR) is defined by the OECD as an environmental policy approach 
that extends the producer’s responsibility for products manufactured to the post-consumer stage of that 
product’s life cycle inclusive of final disposal (OECD, 2001; Widmer, Oswald-Krapf, Sinha-Khetriwal, & 
al., 2005). EPR has become an established environmental approach since the late 1980s and its mandate 
is to shift the environmental impacts of products on its producers throughout the product’s life cycle in-
clusive of the post-consumer phase. The plan behind the establishment of EPR was to shift financial and/
or physical responsibilities of managing waste to the upstream producers while calling for environmental 
deliberation during product designs. It was anticipated that, the approach can increase recycling rates 
and reduce amount of waste landfilled. EPR addresses authority for a cleaner and greener environment 
throughout the product’s life cycle. Manufacturers of plastic packaging items and products are motivated 
to recycle end-of-life plastics using operational and funding activities towards EPR. It is among the best 
approaches for reducing plastic amassing rates (Thushari & Senevirathna, 2020).

As a policy approach, EPR can be implemented using policy and economic instruments. Walls (2011) 
discusses many policy tools that are used in OECD countries.

The policy instruments or tools center around; ‘product take-back directive and recycling rate goals’: 
this mandatory makes producers and/or retailers return EOL plastic products while setting recycling 
goals. It facilitates the formation of producer responsibility organization (PRO). ‘Voluntary product 
take-back directive and recycling rate goals’: this demands a completely voluntary take-back approach 
and penalties do not apply for unmet targets. ‘Mandatory return and targets with tradable recycling 
plan’: this tool enables producers to trade credits among themselves for target achievement even though 
it demands setting recycling goals and take-backs.

The economic instrument focuses on the following; ‘advanced recycling fee’: for the sale of the 
product, a tax is forced in order to cover the recycling cost of EOL products. Fees are charged during 
selling and are determined per unit of the product. Fees can also be assessed upstream on manufacturers 
and included in the retail price. ‘Recycling fee merged with subsidy for recycling’: it utilizes revenue 
made from advanced recycling fee or post-consumption recycling fee in order to subsidize recycling 
processes. Revenue created is used in many ways such as, subsidizing the upstream producer’s enterprise 
of obtaining recycled waste or waste management cost inclusive of infrastructure cost. ‘Deposit Refund 
System (DRS):’ It merges the product’s consumption tax with refund if the EOL product is returned 
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for recycling. The deposit is the summation of the environmental cost related with recycling and the 
product’s commercial cost.

There are several benefits associated with the implementation of EPR and these benefits apply to 
EOL plastic products. Surak (2018) mentions that, EPR benefits are environmental, social and economic. 
Environmental benefits include; increased product recyclability, decreased utilization of toxic components 
and reduced landfilling. Social benefits include increased demand by society for environmentally friendly 
products, increased product image and job creation. With the associated benefits of EPR, Lihndqvist 
(2000) has identified five responsibilities cardinal for EPR implementation and these are informative, 
liability, physical, economic and owner responsibility. These responsibilities are presented in a model 
and should be considered for successful implementation of EPR.

Strengthen Stakeholder Engagement

The waste management arena comprises of many stakeholders and these can be people and organizations 
that have a desire for proper management of wastes as well as to participate in possible activities. The 
stakeholders can consist of the public, city planners, NGOs/social workers, municipalities, academicians, 
vendors, households, hospitals, politicians and corporations (Vutivoradit & Jakkapattarawong, 2018). 
Structured approaches for the engagement of stakeholders is a cardinal measure for plastic pollution 
control because all stakeholders generate waste in one way or another. This entails they should be taking 
active steps to control the plastic pollution.

A number of strategies for encouraging stakeholder engagement and participation in waste manage-
ment related activities should be developed. The G20 action plan on marine litter (G20 Germany, 2017) 
inspires a number of strategies for stakeholder engagement and these include; continue communicating 
among partners and third-parties; implementation and tracking of existing regional plans and develop-
ment of new ones; acceptance of responsibilities among stakeholders for active and cooperative networks; 
continuous involvement of stakeholders; support a stimulation of Public Private Partnerships (PPP); 
development of integrated waste treatment and management solutions; and promotion of waste control 
subjects in high level focused economic forums. The implementation of these suggested strategies to 
the engagement of stakeholders can have a positive effect in terms of how plastic pollution is controlled.

Innovations and Technologies

Several technologies for managing plastic wastes exist. These technologies directly contribute to the 
reduction of plastic pollution. A study conducted in Zambia showed that, mechanical recycling is pre-
dominately used by a number of recycling companies (Mwanza, 2018) and this was the same outcome 
for a study conducted on low and medium-income countries on strategies for reducing marine plastic 
wastes (Gamaralalage & Onogawa, 2019). Despite the popular use of mechanical recycling, there are 
several technologies such as chemical recycling technologies (depolymerization) and energy recovery 
technologies (grate, Fluidized Bed and Two-Stage Incineration, Rotary and Cement Kiln Combustion). 
All these technologies directly contribute to the management of plastic wastes and should be promoted 
through the implementation of new ideas.

The implementation of new ideas for the purpose of introducing new products or services is innova-
tion. This approach has contributed to the development of additional technologies. For example, the use 
of plastic wastes in road construction projects; the use of PSWs in co-processing (as an alternative raw 
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material) in industrial processes and the convention of PSWs to oil (Gamaralalage & Onogawa). All these 
innovations and technologies begin with the sorting and segregation of plastic wastes from other wastes, 
thus contributing to the reduction of plastic wastes that are disposed of. The benefits of advancing the 
technologies for managing PSWs is directly linked to the control of plastic pollution.

Comparative Analysis of Plastic Pollution in 
Developed and Developing Economies

Based on the study conducted by Jambeck et al (2015), the amount of plastic waste littered from the 
land into the oceans from developed and developing countries was determined (Table 1). The countries 
are categorized into developed and developing based on their Human Development Index of 2020 (The 
World Bank, 2021). Using this study, this chapter has compared the plastic waste littered from developed 
and developing economies. The results show that, developed countries litter less compared to develop-
ing countries. The difference in the amount littered can be attributed to the fact that, most developed 
countries have well-structured waste management systems compared to developing countries. Prata et 
al (2019) affirms that developing countries do not have efficient waste collection systems compared 
to developed countries. For example, 39% of generated waste is collected for disposal in developing 
countries compared to developed countries, 96% (Kaza, et al., 2018).

Figure 1 shows that, Japan is one of the developed countries with the highest plastic waste w littered 
from land into the oceans while Poland is the least. In Japan, 143120.88 MT of plastic waste was littered 
into the ocean compared to Poland which had 2,302.42 MT.

Figure 2 shows that, China is one of the developing countries with the highest plastic waste littered 
from land into the oceans while Saudi Arabia is the least. In China, 231157.42 MT of plastic waste was 
littered into the ocean compared to Saudi Arabia which had 4,075.225 MT.

Further analysis of the results shows that, China litters more compared to Japan. Similarly, Saudi 
Arabia also litters more compared to Poland.

Table 1. Plastic pollution in developed and developing countries

Developed Country HDI Plastic Pollution Developing Country HDI Plastic Pollution

Australia 0.944 13888.98 China 0.761 231157.42

Belgium 0.931 2742.975 Brazil 0.763 89582.315

Canada 0.929 7959.555 India 0.645 13728.015

France 0.901 24108.615 Indonesia 0.718 77821.65

Germany 0.947 31238.89 Mexico 0.779 14248.14

Italy 0.872 31238.89 Nigeria 0.539 20520.665

Japan 0.919 143120.88 Saudi Arabia 0.854 4075.225

Netherlands 0.944 27699.85 South Korea 0.919 33746.805

Poland 0.88 2302.42 Thailand 0.777 27262.945

Spain 0.904 45852.395 Turkey 0.82 52564.38

(Jambeck et al., 2015)
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CONCLUSION AND RECOMMENDATIONS

Plastic is a widely used material because of the many applications in which it is utilized. Subsequently, 
the swift growth of the plastic manufacturing industry especially in the single-use plastics has contributed 
to plastic pollution related challenges in the environment. Thus, there are expanding international drives 
to resolve plastic pollution from the environment. The measures for controlling plastic pollution can be 
short and medium term but it depends on contextual implementation and acceptability.

Figure 1. Plastic pollution in developed countries

Figure 2. Plastic pollution in developing countries
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This study focused attention on reviewing measures for controlling plastic pollution from the en-
vironment. Several measures were identified in literature but the study focused attention on a detailed 
discussion of seven measures; recycling prioritization; utilization of bio-based and biodegradable plastics; 
improvement of waste collection systems; awareness and education in communities; ERP enforcement; 
strengthen stakeholder engagement and technologies and innovations. These measures can be implemented 
in the short, medium or long term depending on the context to which they are being implemented. The 
discussion around short, medium and long term implementation steps depend on how each measure is 
weighed by the implementing body. While these measures are proposed, it is also necessary to mention 
that, promotion of a circular economy is a long term strategy and can be achieved through effective 
implementation of the proposed measures.

In conclusion, this study recommends the consideration of the following crucial points for the suc-
cessful control and management of plastic pollution in the environment.

• Comprehensive collection of data on plastic wastes throughout the product’s lifecycle i.e. produc-
tion, generation, collection, treatment and final disposal is needed for evidence-based monitoring 
performance, planning, coordination of waste management policies and systems. This informa-
tion is cardinal for effective enforcement of EPR policies as well as prioritization of recycling. 
Therefore, the establishment of the necessary institutions at local, national and global levels to 
foresee the collection of data on plastic wastes should be a requirement.

• Despite the existence of several technologies and methods for managing plastic wastes, facilitation 
and identification of suitable technologies that are financially, technically and socially feasible 
to the local communities is important. Therefore, responsible stakeholders should be engaged in 
assessing key aspects such as characteristics and volume of plastic wastes, technology develop-
ments, commercial feasibility i.e. maintenance cost, operational costs, overall costs, social and 
environmental acceptability of the new technologies etc.

• Leadership from engaged stakeholders is required for the creation of integrated and holistic plastic 
wastes mitigation plans that focus on accelerating and addressing the plastic pollution challenges.

• To promote recycling and more innovations, suitable project-finance investments environment 
should be promoted for the private sectors. Nevertheless, risk management techniques should be 
set up to motivate investment from the private sector.

• Transitioning to sustainable and eco-friendly plastic manufacturing and consuming society is still 
challenging for most developing economies. However, strategies should be put in place on how to 
get there. In this case, the use of bio-based and biodegradable should be promoted in manufactur-
ing companies.

• Waste disposal systems should be designed to fit the contextual needs. However, these disposal 
systems should be aligned to the drives for achieving the circular economy.
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KEY TERMS AND DEFINITIONS

Awareness: Condition associated with being alert of something.
Education: The accession of personal development, values, knowledge, beliefs, skills, and habits.
Extended Producer Responsibility: A policy proposition in which producers are mandated to take 

responsibility (physical and financial) for the disposal of their end-of-life products.
Innovation: Is the pragmatic application of ideas that effect in the establishment of new services or 

goods or advancement in the offering of services or goods.
Plastic Wastes: Amassing of plastic objects in the Earth’s environment with adverse effects on hu-

mans, wildlife, and wildlife habitat.
Prevention: The efforts of terminating something form arising or happening.
Measures: A scheme of action taken to attain a particular motive.
Strategies: A conventional plan to attain one or more long-term goals under uncertainty or certain 

circumstances.
Stakeholders: A person with a heed or care in something.
Technology: The summation of any processes, techniques, methods, and skills utilized in the manu-

facturing of goods and services.
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ABSTRACT

The spreading and abundance of micro and nano plastics into the world are so wide that many research-
ers used them as main pointers of the modern and contemporary period defining a new historical era. 
However, the inferences of microplastics are not yet systematically understood. There is the significant 
difficulty involved to know their impact due to dissimilar physical-chemical characteristics that make 
micro-plastics complex stressors. Micro-plastics carry toxic chemicals in the ecosystems, therefore serving 
as vectors of transport, and, on the other hand, a combination of dangerous chemicals that are further 
voluntarily during their manufacture as additives to increase polymer properties and extend their life. In 
this chapter, the authors prominently discuss the different kinds of literature on micro and nano-plastic 
exposure pathways and their probable risk to human health to encapsulate present information with the 
target of enhanced attention, upcoming study in this area, and information gaps.

INTRODUCTION

Contagion by mass plastics and plastic waste is presently a severe environmental issue in the land, air, 
and marine ecosystems (Mato et al., 2001) (Gregory, 2009) (Dunlap et al., 1991) (Thompson et al., 2009) 
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(Rochman et al., 2013). Particularly, small-scale plastic waste for example micro and nano-plastics has 
become the most important supplier to the contamination of marine ecosystems. Researchers are inves-
tigating the effect of micro and nano-plastics on marine organisms and ecosystems globally. Plastics are 
widely used in our standard of living. Though, an important quantity of plastic waste is discharged into 
the environment openly or passing through inappropriate recycling or reusing. Degradation of plastic 
waste produces micro or nano-plastics which are named micro and nano-plastics or micro and nano-
plastics (Lee et al., 2013) (Cole et al., 2015) (Kaposi et al., 2014) (Desforges et al., 2015). The range 
of Nanoplastics (NPS) diameter varies from 1 to 100 or 1000 nm (Koelmans et al., 2015) (Bergami 
et al., 2016), while the particles size of micro-plastics (MPs) diameter is less than 5 mm (Betts et al., 
2008) (Barnes et al., 2009). In the present chapter, we initially summarize the environmental infectivity 
of micro and nano-plastics and then discuss their impacts on health derived from existing micro and 
nano-plastics studies. As plastics come in contact with marine water, the persistence and degradation 
rate of plastics differ by polymer, density, shape, and the purpose of it (Eriksen et al., 2014). These 
features also oversee wherein the water column plastics may be noticed. For instance, more floating 
plastics are expected to be passed by sea currents and wind across the marine environment (Eriksen et 
al., 2014). Moreover, while plastics are exposed to sunlight and wave action, they will degrade into MP 
(micro-plastics – the plastic particles <5 mm in size). The degree of plastic degradation relies on a few 
aspects including the type of polymer, environmental circumstances like pH, temperature, weathering, 
and irradiation (Akbay et al., 2016). Plastic particles pollute the aquatic environment and the food chain, 
as well as foods intended for human feeding (Smith et al., 2018). Our study signifies that micro and 
nano-plastics can be noticed in both land and marine ecosystems globally and be ingested and accrued 
by animals along the food chain. Data has suggested the injurious health impacts of micro and nano-
plastics on marine animals. Latest studies found microplastics in human stool samples, suggesting that 
humans are exposed to microplastics throughout the food and drinking water chain (Rillig et al., 2012) 
(Cedervall et al., 2012) (Mattsson et al., 2014). Though, the impact of micro and nano-plastics on hu-
man health is barely investigated. Over and above the micro and nano-plastics themselves, these small 
plastic particles can discharge plastic additives or adsorb other environmental chemicals, a lot of which 
have been noticed to display endocrine disturbing and other toxic effects (Klein et al., 2015) (Cole et al., 
2013). So far, there is a significant lack of knowledge on the main additives of concern applied in the 
plastic industry, their fate once micro-plastics dispose into the environment, and their resultant effects 
on human health when related to micro and nano-plastics. This chapter highlights the most dangerous 
and toxic chemical materials that are confined in all plastic goods to define the properties and effects 
of these harmful chemicals on human health, as long as a full summary of studies that have scrutinized 
their abundance in micro and nano-plastics.

TYPE AND USE OF PLASTICS

The most important categorization of plastics is based on the durability or non-durability of their natures, 
or whether they are thermoplastics or thermosets (Figure 1). Thermosets contain polyurethane, alkyd, 
and epoxy, and they are frequently applied as adhesives, insulators, and plywood. The thermosetting 
procedure is mainly based on heat-induced crosslinking to make new and irreparable covalent bonds, 
which makes the thermosets steady and not simple to decompose (Rudyak et al., 2018) (Jiang et al., 2020). 
In contrast, thermoplastics have no recently formed chemical bonds and can be recycled and remolded, 
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making them more extensively used than thermosets in customer goods (Mattsson et al., 2015) (Raddadi 
et al., 2019) (Xu et al., 2019) (Battulga et al., 2019). There are four special kinds of thermoplastics: poly-
propylene (PP), polyethylene (PE), polyvinyl chloride (PVC), and polystyrene (PS). Polyethylene (PE) 
is used in an extensive range of economical plastic products, as well as plastic bottles and bags. There 
are two regularly used subtypes of polyethylene (PE): (a) high-density polyethylene (HDPE), which is 
typically used in milk cans, and molded plastic cases; and (b) the low-density polyethylene (LDPE) used 
in siding, outdoor furniture, shower curtains, and floor tiles. Polypropylene (PP) is mainly used to create 
drinking straws, bottle caps, butter containers, fishing lines, car bumpers, appliances, and plastic pressure 
pipe systems. Polystyrene (PS) is the main chemical used to make CDs, food containers, cutlery, foam 
peanuts, disposable cups, plastic tableware, plates, and cassette boxes. Polyvinyl chloride (PVC) is the 
main element of shower curtains, plumbing pipes, window frames, and flooring. Over and above the 
usual plastic classifications listed above, microplastic fibers (MFs) are one of the most familiar types of 
microplastics found in the environment (Cole, 2016) (Hu et al., 2020). Micro-plastic fibers (MFs), are 
usually applied in a variety of fibrous materials, for example agricultural, clothing, industrial, as well as 
some textile products (Liu et al., 2019). Usually, polypropylene (PP), polyethylene (PE), and polyvinyl 
chloride (PVC) are the three main types of micro-plastics used in research. Polyethylene (PE) and poly-
styrene (PS) are the most accepted plastic materials applied in customer products. Moreover, polyvinyl 

Figure 1. A schematic diagram of probable environmental degradation pathway of plastics
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chloride (PVC) is mostly applied for plastic wire insulation or the cable jacket of data cables. When a 
cable’s life span ends, only the inner metal wire is recycled but the outer PVC cover is usually thrown 
away into the environment as the separation cost is very high. It was informed that 15% is burned, only 
3% is recycled, and 82% of PVC waste is thrown away in landfills (Suresh et al., 2017).

PLASTICS AND CO-CONTAMINANTS

Plastics are mainly synthetic components made of polymers and other chemical additives (like phthalates, 
bisphenols, and flame retardants) which add unique elements to plastic materials (Gigault et al., 2018). 
As plastics are cheaper, easier to manufacture, hydrophobic, and versatile, it is widely used in multiple 
profitable application. The production of plastics is rapidly growing each year, whereas, the policies 
of recycling, repurposing, and reusing are not effectively implemented in a few developing countries 
(Wang et al., 2019) (Avio et al., 2017). From the 1950s to 2015, almost 6.3 billion tons of plastic waste 
have been calculated to be generated globally (Geyer et al., 2017) (Kubowicz et al., 2017). This number 
might increase to 26 billion tons by 2050 if this continues (Guglielmi, 2017). Although only 21-26% of 

Figure 2. Human interaction and the pathway of micro and nano-plastic elements in the human body
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these wastes are prominently recycled and destroyed, the rest of the wastes are destroyed in open pits or 
dumped in an open environment, which leads to plastic pollution of the soil, water, air, etc. (Liu et al., 
2016) (Rhodes et al., 2018). As the plastic comes in contact with nature, the communication between the 
natural elements and the plastic waste material can cut down the larger plastic pieces into smaller plastic 
trash (Waring et al., 2018). Additionally, smaller plastic elements are generally produced and added to 
customer kinds of stuff like personal care products which are thrown away after use, and this is another 
significant reason for plastic pollution in the environment (Hernandez et al., 2019) (Sharma et al., 2017). 
Depending on the diameter of the plastic particles, they can be classified into nano-plastics (NPS) and 
micro-plastics (MPs), with the diameter of NPs being 1 to 100 or 1000 nm and micro-plastics (MPs) 
being less than 5mm respectively (Jiang et al., 2020). Figure 2 shows the human contact and the pathway 
of micro and nano plastic elements in the human body. Presently, one of the major alarming factors is 
whether microplastics are a threat to human life and the ecosystem. Although, many improbabilities 
are related to this factor. To analyze the level of threat to human life and the ecosystem, information on 
disclosure and impact levels is required. The adversarial impact on organisms that came in contact with 
micro-plastics can be divided into two groups: physical impacts and chemical impacts (Campanale et al., 
2020). It mainly depends on the shape, concentration, and size of the micro-plastic particles and lastly, 
it also depends on harmful chemicals which are related to micro-plastics. Although recently information 
on the disclosure level of micro-plastics in the atmosphere and with organisms has briskly increased, 
very restricted data is accessible about the chemicals related to micro-plastics (Zhang et al., 2018). 
Micro-plastic is comprised of two types of chemicals: (a) chemicals captivated from the neighboring 
atmosphere, and (b) additives and polymeric raw material (oligomers or monomers) originating from 
plastics (Figure 3). Therefore, micro and nano-plastics (MNPs) have been spotted worldwide in both 
oceanic and terrestrial environments including marines, rivers, drinking water, air, deposits, and diet 
(Bouwmeester et al., 2015) (Cózar et al., 2014). Earlier studies have described that exposure to micro 
and nano-plastics can cause propagative toxicity in liver toxicity in zebrafish (Lu et al., 2016), oysters 
(Sussarellu et al., 2016), and tissue bioaccumulation and possible organ harmfulness in mice (Yang et al., 
2019) (Lu et al., 2018). These results designate that the affluence of micro and nano-plastics is extensive, 
and the biological harm of micro and nano plastics to both humans and other existing organisms cannot 
be overlooked. Though, the acquired experimental results are not convincing; the inferences given by 
dissimilar studies are rather contradictory, and the essential mechanisms of exposed toxicities are still 
unwell and unspoken. Furthermore, current studies have found microplastics in human feces, signifying 
that humans are uncovered to micro and nano-plastics over the food web or food chain (Huerta et al., 
2017) (Prata et al., 2020). However, the influence of micro and nano-plastics on human health has been 
barely investigated. Moreover, in addition to the micro and nano-plastics themselves, these tiny plastic 
elements can release plastic additives and/or adsorb other eco-friendly chemicals, many of which have 
been exposed to display endocrine-disrupting and other toxic effects (Jin et al., 2019). Though, how 
micro and nano-plastics will influence the toxicities of these additives and adsorbents is still basically 
unidentified.

ADDITIVES OF CONCERN

Many elements that are categorized as harmful according to the European Union (EU) regulation on 
cataloging and classification (Regulation, E. C; 2008) are existing in everyday products as consistent 
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components. The toxicity of affluence is its capability to cause risky effects. These things can strike a 
particular cell or a total group of cells, an organ system, or the whole body. Elements that are measured 
as most injurious are those that cause mutations to DNA, cancer, have contaminated reproductive effects, 
are intractable into the environment, and other injurious properties, for example, disorderly hormones 
(Moyce et al., 2018). The vital organs that are most frequently affected are the kidneys, the liver, the 
nervous system (as well as the brain), the heart, and the reproductive system (Moyce et al., 2018) (Cin-
gotti et al., 2019). Among these materials, numerous regularly used to create plastics are hazardous. 
Phthalates, BPA (Bisphenol-A), in addition to some of the brominated flame retardants, that are used to 
produce food packaging and household products, have been confirmed to be endocrine disruptors that 
can injure human health if inhaled or ingested (Cingotti et al., 2019).

EDC (Endocrine-disrupting chemicals), recognized as elements that are exogenous to the animal or 
human organism, have hormonal activity that modifies the homeostasis of the endocrine method, so they 
are of certain concern. These composites affect the growth of the endocrine system and affect the work-
ing of organs that reply to hormonal signals. The endocrinal and reproductive properties of endocrine 
disruptors may be a sign of their capability to (a) mimic normal hormones, (b) provoke their action, 
(c) modify their configuration of synthesis and metabolism, or (d) transform the expressions of exact 
receptors (Colborn et al., 1992) (Miyagawa et al., 2016) (Yu et al., 2008). Modern science has connected 
EDC (Endocrine-disrupting chemicals) with numerous infections and situations, for example, hormonal 
growths (prostate, breast, testes), reproductive complications (genital abnormalities, sterility), asthma, 
metabolic complaints (obesity, diabetes), and neurodevelopmental disorders (autism spectrum disorders, 
learning disorders). Together with the previously shown systematic proof, the concern occurs because 
of the increasing levels of many infections worldwide. Furthermore, people are extensively exposed to 
these chemicals from numerous sources (Cingotti et al., 2019).

IMPACTS ON FRESHWATER ORGANISMS

The micro and nano-plastics influence the organisms of freshwater habitat which leads to a major at-
traction. Research shows various concentrations of micro and nano-plastics in the terrestrial aquatic 

Figure 3. Micro and nano plastic
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ecosystem, having numerous impacts on the growth, evolution, activities, reproduction, and fatality of 
aquatic animals (represented by Daphnia and zebrafish) (Chae et al., 2017). In toxicological research, 
an ornamental freshwater fish, mainly known as Zebrafish (Daniorerio) is generally used as a vertebrate 
model. The absorption and growth configurations of zebrafish have been observed using a seven-day 
acquaintance with 20 μm and 5 μm of polystyrene microplastics at concentrations of 20 mg/l, where, the 
toxicity of the liver was also examined using a three-day experience of 70-nm and 5-μm polystyrene 
microplastics at the concentrations of 20, 200, and 2000 mg/l. The outcomes indicated that 5-μm polysty-
rene microplastics can accrue in the liver, gills, and gut, but 20-μm polystyrene microplastics could not 
accrue in the gill tissue. The outcome of organ toxicity evaluation specified that both 70-nm and 5-μm 
PS MPs can persuade swelling and growth of fatty acid in the liver. In the meantime, by examining the 
rise and fall of certain enzyme actions, variations in oxidative anxiety and fat absorption were noticed 
(Lu et al., 2016). Another research states that microplastics do not impact or do not often cause death 
in zebrafish (Daniorerio) after a ten-day exposure to 0.001–10.0 mg/l microplastics. Nevertheless, after 
exposure to all four common MPs (polyamides (PA), PE, PP, and PVC), intestinal injuries, as well as 
cracking of villi and splitting of enterocytes were noticed (Lei et al., 2018). A small planktonic crustacean 
named Daphnia Magna (D. Magna) (adult length at 1.5–5.0 mm), is mostly used as fish food in aquaria 
and aquaculture and it is also analyzed as a biological research topic since the 18th century. Moreover, 
for examining chemicals in ecotoxicology, D. Magna is utilized as per OECD (Organization for Eco-
nomic Co-operation and Development) guidelines. Recently, research on the impact of plastic wastes 
on marine organisms with the use of D. Magna has concentrated on the rate of survival after exposure, 
bioaccumulation of plastic elements in their intestinal tissues, and possible poisonous reproduction. One 
of research with exposure to four naturally applicable MPs at the concentration of 100 mg/l for 48 h was 
observed in the gut of D. Magna but no severe impacts were seen (Kokalj et al., 2018). Furthermore, after 
a short-term contact of 12.5–400 mg/l with diameters of 1 μm and 100 μm polyethylene microplastics 
for 96 h, Rehse et al., 2016 found that the effect of 1-μm plastic particles on D. Magna immobilization 
changed in a time- and dose-dependent manner. Although the 100-μm-sized plastic elements which 
could not be ingested or swallowed, have no major dangerous effect on the size of the plastic element. 
Another study used 100 nm and 2 μm fluorescent polystyrene microplastics to examine the consequence 
of microplastics on the feeding and reproduction rate of D. Magna.

IMPACTS ON MARINE ANIMALS

Nowadays, several studies are concentrating on the harmful effects of MNPs using non-mammalian marine 
animals for study material as the ocean act as the main storehouse for plastic waste (Guzzetti et al., 2018) 
(Franzellitti et al., 2019). Additionally, few organisms, like bivalves are used as it is a significant food 
source for humans, signifying one way which exposed humans directly to plastic elements. Bivalves are 
a group of animals that require some of the familiar molluscan organs, for example, the odontophore and 
radula, so they cannot chew up when they consume. All their ingested food goes openly into the diges-
tive system and can be applied in micro and nano-plastic research (von Moos et al., 2012) (Magara et 
al., 2018) (Van Cauwenberghe et al., 2014). Mainly bivalves are filter feeders, as well as clams, oysters, 
mussels, shellfish, etc. Consequently, they consume an adequate amount of plastic particles to accrue 
in their bodies and cause dangerous impacts on health. Studies have shown that plastic particles lesser 
than 10 μm can gather in the gut and be engrossed into their circulatory system, and particles bigger 
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than 4 μm can stay in the body of the blue mussel (Mytilusedulis) (Bouwmeester et al., 2015) (Riisgård 
et al., 1988). Moreover, another research found that when larvae of blue mussel (Mytilusedulis) were 
exposed with an equal mass of plastic particles, the consumption of 2 μm particles was more than the 
lesser particles with 100 nm diameter (Rist et al., 2019). Microplastics are consumed by marine crea-
tures, which leads to their food chain. According to the International Atomic Energy Agency (IAEA), 
the volume of microplastics in the area, by 2030, it is predicted to rise to some 3.9 times as related to 
2008 levels. This amount could almost double in 2050, and increase by 6.4 times related to 2008 levels, 
and again, the volume of plastics in the sea is predicted to be more than 10 times higher in 2100 com-
pared to 2008 except act is taken to amend this trajectory (Figure 4). The discrepancy takes of dissimilar 
sized plastic particles may be because of the reality that the 2-μm particles were mistakenly consumed 
as food (1–9 μm), whereas the the100-nm particles float in the water and go through the gastrointestinal 
tract (GI) passively with the water. Consequences from the same study explained that while the blue 
mussel larvae growth was not exaggerated, irregular development increased, and irregularity showed 
in all treatment groups (0.42 g/L, 282 g/L, and 28.2 g/L) of both sizes of plastic particles (Rist et al., 
2019). Another literature found that oyster larvae can usually consume plastic particles of 160–7.3 μm. 
Moreover, when oyster Crassostreagigas larvae (3–24 days post fertilization, d.p.f.) were uncovered to 
1- and 10-μm Polystyrene (PS) particles for eight  days at the concentrations of 0.11 × 10-3 μg/ml and 
0.18 g/ml, correspondingly, there was no computable difficult effect on the development, growth, or 
feeding capacity (Cole et al., 2015). Another literature reported that mature oysters ate polystyrene (PS) 
microspheres and preferred 6 to 2–μm particles at the disclosure concentration of 0.023 mg/l (Sussarellu 
et al., 2016). It was assumed that the mature oysters preferred 6- to 2-μm plastic particles as 6-μm par-
ticles were more comparable in size and shape to their diet (Sussarellu et al., 2016). Microplastics were 
noticed to considerably decrease the number of sperm motility in oysters as well as the production and 
increase of offspring larvae after a 2-month maternal contact experiment (Sussarellu et al., 2016). Ad-
ditionally, another study reported that exposure to 50 nm nano-plastics can cause an important reduction 
of overfertilization rates and embryo–larval growth, as well as many deformities, which consequences 
in the total stagnation of growth (Tallec et al., 2018).

CONSEQUENCES OF MICRO AND NANO-PLASTICS ON HUMAN HEALTH

In response to the studies signifying that micro-plastics are all over the place present in different environ-
ment mediums, their impacts on the health of both humans and other organisms have become one of the 
investigational focuses. Furthermore, the tropic move of plastic particles may be a general occurrence that 
arises at an equal time, creating the health impact of micro and nano-plastics extensive and multifarious 
(Au et al., 2017). A current study summarized the existence of micro and nano-plastics in animals and 
foods and explicated the extensive biological introduction of micro and nano-plastics (Toussaint et al., 
2019), signifying that considering the health impacts of micro and nano-plastics is a critical and unmet 
requirement. A new piece of information from the WHO (World Health Organization) (Novotna et al., 
2019) highlighted the everywhere micro-plastics existence in the surroundings and produced great alarm 
regarding the exhibition and belongings of micro and nano-plastics on human health (Revel et al., 2018) 
(Bradney et al., 2019) (Lehner et al., 2019). One of the most important micro and nano-plastic entrance 
positions into the human system is signified by the intake of unhygienic food (Silva-Cavalcanti et al., 
2017). In a current study performed by (Cox et al., 2019), 0.44 MPs/g of micro and nano-plastics were 
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noticed in sugar, 0.11 MPs/g were noticed in salt, 0.03 MPs/g were noticed in alcohol, and 0.09 MPs/g 
were noticed in bottled water. Humans could also imagine the expected ingestion of 80 g per day of 
micro-plastics via vegetation and fruits which accrue micro-plastics during uptake from contaminated 
soil (Ebere et al., 2019). The existence of microplastics in the marine genus for human expenditure 
(bivalves, fish, and crustaceans) is now recognized (Smith et al., 2018). For example, in Mytilus gallo-
provincialis and Mytilus edulis of five European countries, the micro-plastics number has been noticed 
to vary from 3 to 5 fibers per 10 g of mussels (Nelms et al., 2016). Consequently, subsequent experience 
through diet and uptake in humans is probable, as confirmed by the ability for synthetic particles lesser 
than 150 μm to pass the gastrointestinal (GI) epithelium in mammalian bodies that causes complete 
contact. Though, researchers consider that only 0.3% of these particles are estimated to be engrossed, 
at the same time a lower fraction (0.1%) which includes the particles that are larger than 10 µm should 
be able of getting both cellular and organs membranes and fleeting throughout the blood-brain barrier 
(BBB) and placenta (Barboza et al., 2018). Disclosure attentions are expected to be small, even though 
data about micro and nano-plastics in the atmosphere are still restricted because of the technical ana-
lytical difficulties to remove, differentiate, and measure them from ecological matrices (Stock et al., 
2019). Another microplastic entrance point to the human body is the airborne one during inhalation 
(Gasperi et al., 2018). The authors of (Catarino et al., 2018) noticed how the intake of synthetic fibers 
from mussel consumption is fewer than that of the ones which are breathing in from domestic dust for 
the duration of the same food. The authors of (Wright et al., 2017) informed finding eighteen fibers and 
four fragments/L of rain throughout rainfall events. Microplastics are conceded by the wind or from 
atmospheric depositions and could also affect by the attrition of fertilized and agricultural lands, dried 

Figure 4. Microplastic abundance in Eastern Tropical Pacific
(Photo Curtsey to IAEA, 2020)
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sludges, and crops from wastewater management, industrial emissions, synthetic clothes fabric, marine 
aerosol, and road dust. This increase could lead to respiratory suffering, inflammatory effects, cytotoxic, 
and autoimmune illness in humans (Rezaei et al., 2019) (Stock et al., 2019). Furthermore, the human 
lung has a reasonably spacious alveolation surface of ca. 150 m2, with a very lean tissue barrier that is 
smaller than 1 μm and which could permit nanoparticles to go through the bloodstream and all human 
body (Lehner et al., 2019). Figure 5 shows the effect of microplastic on human health. The 50 nm size 
of polystyrene particles has led to cytotoxic and genotoxic effects on cells and macrophages cells and 
pulmonary epithelial cells (Paget et al., 2015). More commonly, the reaction to breathing in particles, 
dependent on individual metabolism and vulnerability, maybe articulated as instantaneous bronchial ef-
fects (asthma-like), inflammatory and fibrotic changes in the bronchial and peribronchial tissue (chronic 
bronchitis), interalveolar septa lesions (pneumothorax), disseminate interstitial fibrosis and granulomas 
with fiber inclusions (extrinsic allergic alveolitis, chronic pneumonia) (Prata, 2018). For instance, com-
parable effects have been listed in workers in the textile industry in close contact with polyester, nylon, 
acrylic fibers, and polyolefin. The low deterioration of microfibers has been noticed in patients suffering 
from pulmonary cancer as a confirmation of the bio-persistence of these synthetic particles. As well as 
bio-persistence, fiber size has an impact on their toxicity (Wright et al., 2017); for instance, fibers of 
15-20 μm cannot be effectively removed from macrophages to the lungs. Latest in-vitro studies about 
the properties of plastics on the human body have typically used engineered nano plastics which can 
manipulate their incorporation and also the translocation and manufacture of ROS due to their charge, 
dimension, and shape (Inkielewicz-Stepniak et al., 2018) (Forte et al., 2016). The application of metal 
nanoparticles (NPs) (ZrO2NPs, TiO2NPs, AuNP, CeO2NPs, AgNP, and Al2O3NPs), polyethylene (PE), 
carbon nanomaterials (C60 fullerene, graphene), and polystyrene (PS) micro-plastics has established 
that cytotoxic properties are stimulated on HeLa cell lines and T98G (human brain and epithelial cells) 
(Schirinzi et al., 2017). Furthermore, the employ of polypropylene (PP) particles has noticed dissimilar 
but dangerous impacts on different cell lines, based on the size (~20 μm and 25–200 μm) and the dis-
similar applications used in the different tests. Consequently, the relations of micro-plastics with humans 
can create hypersensitivity, cytotoxicity, useless immune responses, and severe responses like hemolysis, 
therefore representing a possible threat to human health (Hwang et al., 2019).

CONCLUSION

Environmental pollution with plastics is a budding alarm, and due to the longevity of plastics, this 
trouble is estimated to continue for a long time. The production of plastic persists to produce noticeably, 
resulting in an increasingly raising amount of plastic waste. Therefore, microplastics will be all over 
the place nearby in the food chain for several years. One main distress is the impending destruction of 
microplastics into nanoparticles. Unlike nanoparticles, microplastics may attain and infiltrate all organs, 
as well as the brain and placenta. Though, it is possible that microplastics can be gradually eroded into 
the intestinal wall into the circulatory system and dispensed to different tissues and organs. If gathered 
ultimately, their toxic effects may create consequent injuries to the human body. These chapters fo-
cused on nanoparticles have just begun. Due to the inimitable size and shape-reliant characteristics of 
nanoparticles, they may display notably differential effects from microplastics. Upcoming studies on 
microplastics and nanoparticles should concentrate on the main critical topics, like a) the generational 
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effects of microplastics and nanoplastics, and b) the connections between the surfaces of microplastics 
and nanoplastics and the atmosphere, aquatic organisms.
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ADDITIONAL INFORMATION

Micro and nano-plastics are an evolving worldwide environmental pollutant that is distressing various 
domains. Despite their ubiquity in all provinces of life and ecosystem, little is identified about the health 
impacts of micro and nano-plastics contact with humans. This chapter searches the present substantiation 

Figure 5. The impact of microplastic on human health
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on the possible human health effects of micro and nano-plastics and consequent information gaps. Human 
contact with micro and nano-plastics can happen through inhalation, drinking, eating, and dermal contact 
because of their existence in water, food, air, and different consumer products. Micro and nano-plastics 
exposure can cause harmfulness through inflammatory lesions, oxidative stress, increased uptake, etc. 
Numerous studies have confirmed the potentiality of neurotoxicity, metabolic disturbances, and cancer 
risk. Furthermore, micro and nano-plastics have been initiated to release their constituent compounds as 
well as those that are adsorbed onto their surface. Further research is needed to enumerate the properties 
of micro and nano plastics on human health.
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KEY TERMS AND DEFINITIONS

Additives: To inhibit plastic ingredients from becoming soft and sticky at high temperatures, or 
inflexible and brittle at low temperatures.

Atmospheric Pollutant: Atmospheric pollutants are elements that accrue in the air which is injuri-
ous to living organisms. Common air pollutants contain smog, smoke, and gases for example CO2, CO, 
N2, SO2, and hydrocarbon fumes.
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Micro Plastics: Microplastics are basically small plastic particles less than 5 mm long which can be 
injurious to our land and marine life. Microplastics originate from a multiplicity of sources, containing 
from higher plastic wreckage which degrades into smaller and smaller pieces. Additionally, micro beads, a 
type of micro plastic, are very small parts of manufactured polyethylene plastic which are supplementary 
as exfoliates to health and consumer products, for example some detergents and toothpaste.

Nano-Plastics: Nano plastics are elements caused by the degradation of plastic substances. It exhibits 
colloidal actions within size extending from 1 to 1μm.

Toxicity: Toxicity can denote the consequence on an entire organism, for example, bacterium, ani-
mal, or plant, other than the consequence on an arrangement of the organism, for example, a cell or an 
organ such as the heart, liver, etc.
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ABSTRACT

In the contemporary world, the menace of plastic pollution dovetailed with the current pandemic scenario 
is a globally rising concern which is affecting every life form on Earth. Plastics hold several properties 
like ductility that permit the material to be casted and given numerous shapes and forms for various 
commercial uses. When summed up, it has benefited mankind by becoming an indispensable part of 
our lives. But the negative impacts associated with it lurks behind silently. Most of the plastic polymers 
manufactured today are highly resistant to degradation, and the accumulation of these complex and 
persistent materials are not only causing serious damage to the environment, but also to human health. 
Additives are added during the manufacturing process to improve the life of these synthetic polymers. The 
excessive usage of plastic products has resulted in accumulation of the hazardous chemicals, associated 
with plastic polymers in human body about which this chapter discusses further.
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INTRODUCTION

It was during the 1800s, when the term ‘Plastic’ was derived from a Greek Word. Owing to its cost benefit 
advantage, the terrestrial and aquatic ecosystem in the current times stand as the greatest witness and 
victim of emerging disposal of these synthetic and non-recyclable compounds. The particles or fragments 
of plastic which has dimension of £ 5 mm are termed as micro plastics (MPs). Often, these MPs end 
up being ingested by different phytoplankton, zooplanktons, corals, invertebrates and vertebrates, large 
sea mammals and ultimately find their fate through the food chain. Posing a direct threat not only to the 
marine biota but also to the ecosystems they propagate from, these plastic compounds have a property 
to adsorb other pollutants of marine origin. It can directly absorb hydrophobic pollutants, given its huge 
surface area to volume ratio.

The 20th century has been a revolutionary era with first advent of technology wherein plastic manu-
facturing industry had a major breakthrough, but it’s after effects can only be observed in the 21st century. 
Inaccurate management, negligence of over exploitative usage, lack of scientific research and uncondi-
tioned discarding of the same into the ecosystem are few of the factors responsible for their increasing 
presence. One of the major reasons contributing to this factor is human conscience that is programmed 
into the concept of “out of sight out of mind”. Continuous and uncontrolled disposal of plastics have led 
to its humongous accumulation into the environment. Given their size which is invisible to the naked 
eye, fragments of MPs easily enhance their bioavailability and the ability of being ingested by a vast 
batch of marine life forms which in turn impacts their survival, pacing its way up through the food chain, 
affecting the top predators in the food chain, nonetheless other than humans.

Thus, in this Chapter, we discuss the various facets of research that has been carried out regarding 
the effects of Micro and Nano-plastic concerning human health, their impacts on bodily systems with 
respect of nervous system, respiratory system, placental barrier, digestive system, excretory system and 
skin and the various research gaps that exists and hasn’t been addressed yet.

BACKGROUND

It is just occasionally, that researchers have carried out studies on impacts of MPs on environment and 
human health. Initial studies in the past two decades dealt with consequences of MP’s on circulatory 
system of bivalve (Mussels) which concluded effects on their immune responses. Various studies sug-
gest that the bottom feeders, filter feeders, primary producers are primarily affected due to the size 
of MPs. Future research on this prospect is a strong need of the hour to understand such interactions. 
Investigations on the effects of MPs on marine mammals occurring as a result of contaminated food 
source (through small fishes) have also been documented frequently. Thus, necessity to elucidate the 
background structure for probing the occurrence of MPs which affect apex predators (or top consumers 
in the food chain) is acutely important. Although, detailed research studies are required regarding the 
extent to which MPs are involved in changing species assemblages and how they influence survival of 
certain endemic species, but still MPs serve the purpose as modes of transport for invasive microbes to 
inaccessible regions.
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MAIN FOCUS OF THE CHAPTER

The current day synthetic compounds are a result of the primitive evolution of plastic from various 
natural compounds. One of the most remarkable characteristics of plastic is its ductility which allows 
it to be moulded into a handful of shapes and forms, which are later utilised in the commercial sector 
for packaging materials, constructing buildings, sports equipment, art and craft, pharma and medical 
industry, etc. Apart from its anti-corrosive nature and durability, other properties of plastics include its 
social aspect of possessing less face value which makes it easily accessible in the production market.

As lack of research persists on the present day, it is very important to understand how plastics (MPs 
& NPs) impact life forms on a regular basis. Mankind has depended upon oceans since ages. And since 
the biofouling of plastics is all over the oceans, there is rich growth of fauna everywhere which prevents 
plastic degradation by UV rays or slows down the process. There is no proven result of plastic degrada-
tion in the darker zones. In the areas where surface fauna is removed, the plastic may re-float on the 
water surface which may further aid its pathway for food chain entry. As human lives are dependent on 
Oceans, hence, a major threat lurks in the background which are either consciously or unconsciously 
created through humans actions.

Issues, Controversies, Problems

During the initial investigations by various researchers in the 2000’s, it was understood that the level 
of organic contaminant is about twice as higher than that of natural sediments, although circumstantial 
studies are required in this context. Research gaps of pollutants adhering to micro-plastics remains higher 
when compared to studies done on suspended matter adhesion to micro-plastics, or adhesion of micro-
plastics to detritivores or phytoplankton. Adding up, research gaps prevail even in existence of research 
data concerning human beings, as secondary data have always aided in the amount of literature available 
on human study subjects. Effect of MPs on humans through examining stools, nails, hair, bodily fluids 
are available but so far, no direct study has been carried out on humans as a test subject itself. Rarely, 
cadavers have been used as a tool to study the effects of micro and nano-plastics on human health.

Although there are a handful of research articles available that include measuring sub-micrometre 
plastic particles and analytical methods associated with it, studying and investigating micro-plastics in 
soil, review articles on soil micro-plastic analysis, analysis and separation of MPs and NPs in complex 
samples from environment (Paul MB et al., 2020), yet there are various critical parameters that need to 
be taken under consideration for detecting plastic particles analytically and for obtaining information 
with regards to both chemical and morphological composition of the particles which stands alone vastly 
as a data deficient area.

Types of Micro-Plastics and their Classification

Different characteristics of plastic like durability, strength, light weight and anti-resistance and anti-
corrosiveness makes it useful and most widely accepted polymer. Withstanding high electrical discharge 
and thermal compression and insulation, plastics hold high potential in industrial as well as commercial 
applications. Plastic production has drastically increased from 1950 (One point five million tonnes) 
to three hundred twenty-two tonnes in 2015. Often it is observed that small fragments of plastics are 
generated from larger debris of plastic upon degradation. And these fragments can range from meter to 
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micro meter because of external conditions arising from the environment. Particles which are <5mm 
have been termed as micro plastics and they have the property to retain themselves in ecosystem and 
turn persistent with time. Certain criteria like shape, size, physical processes and chemical structures 
are considered while differentiating micro-plastics which are represented as follows:

Primary Micro Plastics

Primary micro plastics are generally composed of polypropylene (PP), polystyrene (PS) and polyethylene 
(PE) and are <2 mm in their size. They are composed of micro-sized synthetic polymers which are a 
result of various processes arising from chemical formations (or exfoliates), leachates (or by-products) 
of production processes, sand blasting and synthetic garment industries. Cosmetic products like Sun-
screen, exfoliating scrubs are other contributors of micro plastics (<2mm) apart from health care related 
products. Industrial primary MPs are of different kinds, for example- ‘industrial scrubbers’ which are 
utilized for blast cleaning surfaces, plastics required in moulding related to industrial procedures. Ad-
ditionally, virgin resin pellets (<5mm) which are either cylindrical or spherical have often found their 
usage in plastic manufacturing processes or during production of “feedstock” processes.

Secondary Micro-Plastics

When fragmentation occurs in primary micro-plastics because of weathering processes, it gives rise 
to what is called as secondary micro-plastics. Secondary micro-plastics are nothing but fragmented 
particles of macro/meso plastics arising under certain processes such as photo-degradation, thermal 

Figure 1. Schematic diagram representing the six majorly used micro plastics that govern the commercial 
industry and markets
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degradation, biodegradation, hydrolysis, emerging from different environmental processes. Secondary 
micro-plastics can further be divided again into Nano-plastics, (NPs). These are fragments of plastic < 
1 μm size. Together MPs and NPs because of their particle size, have potential for inducing long term 
effects in the environment by bio-amplification/bio-magnification and bioaccumulation through the food 
chain. Examples which serve as secondary plastics arising from weather degradation processes include 
paints, tyres, rubber, textiles etc.

IMPACTS OF MICRO-PLASTICS AND NANO-PLASTICS ON DIGESTIVE SYSTEM

Marine organisms like Shellfish and those which are consumed whole, possesses major potential threat 
to human life. Toxicity, if imparted, are generally dose-dependent and lies on several factors like type of 

Figure 2. Origin, source and various effects of micro and nano-plastic on human health
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polymer, surface chemistry and its size, its property of hydrophobicity etc. Because of human-induced 
micro-plastic contamination, micro-plastics and nano-plastics are often ingested by shellfish.

Being a matter of global, governmental and public concern, MPs have less benefits when compared 
to the consequence it brings with its usage. According to Seltenrich, 2015, the main concerns about 
MPs include (1) non-conventional resource (2) its POP (Persistent Organic Pollutant) characteristic (3) 
It is degradation-resistant due to its property of durability (4) fragmenting vulnerability (5) Ingestion 
by living organisms leading to mortality (Wright et al. 2017).

Because of their size and structure, MPs are easily ingested by all organisms. Generally, it is because 
of trophic transfer by which direct or indirect intake of food takes place by micro-organisms. Documenta-
tion of MPs has been carried out in planktonic life or producers in food chain (Steer et al., 2017; Smith 
et al., 2018) in secondary consumers and invertebrates (Murray and Cowie 2011; Smith et al., 2018) 
as well as in fish (Lusher et al., 2017). Many studies have documented the presence of micro-plastic 
occurring in predatory Crucian carps (Smith et al., 2018). The presence of these MPs in every type of 
organisms makes contamination easily available, occurring via the food chain, thus affecting the top 
most consumers in the food chain. Because of whole consumption of small fishes and bivalves (which 
otherwise accumulate MPs and NPs), humans are easily susceptible to contamination occurring because 
of their diet (GESAMP 2016).

In studies carried out by Cauwenberghe and Janssen 2014, it was observed that mussels which were 
farmed, showed comparatively higher MP levels when compared to mussels that were caught in the wild. 
Apart from this, a study done by Rochman et al. 2015, concluded commercially sold fishes (> 500 μm) 
from Makassar, Indonesia contained MPs in tissues of dried fish and organs, gills, etc. Karami et al 2017 
confirmed foreign particles of MPs in dried fishes which were later found to be polymers of plastics. Y 
Lu et al. 2016 investigated presence of MPs being translocated to gills from GI tract of many adult and 
juvenile fishes including that of Zebra fish (Danio rerio). Few other fishes where MP translocation has 
been observed include Common Goby and European seabass (de Sá LC et al., 2015). Hence, summing 
up these studies together, it is evident that ingestion of sea food has a major role in contributing towards 
the continuous contamination and the ability to mitigate it remains the biggest challenge, given its ubiq-
uitous nature in the environment. And hence, this makes humans more susceptible to its harmful effects.

Figure 3. Routes of entry of micro-plastics into human body through different pathways
Source: Joon, M. (2019). Trophic transfer of microplastics in zooplanktons towards its speculations on human health: A review. 
Journal of biomedical and therapeutic sciences, 6(1), 8-14.
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Researchers, worldwide has also investigated the chances of cross-contamination in products those 
are obtained from these substances. Few products which holds a record of being investigated with micro-
plastic signatures include honey, beer, and ocean salt. (Smith et al., 2018). Potential sources which could 
be responsible for the former cause can be due to uptake of MP’s by food products, or because of their 
presence in atmosphere, by-products arising from processing materials and packaging material contami-
nants, although other causes for their origin remains uncertain and cannot be ruled out (Liebezeit et al., 
2014). On a different note, scientific evidence has demonstrated the increasingly growing history of 
MP exposure pathway which is arising via the food chain, thus contributing to increasing concern with 
regards to food safety and contamination of marine fisheries, globally (Lusher et al., 2017).

It was observed by researchers that annually, the intake of MPs on a total note, is thirty-seven par-
ticles per individual (Yang et al., 2015). It has been concluded by various studies that a consumer intakes 
approximately 11,000 particles of plastic, annually (Smith et al., 2018) of whose conclusion are still 
unknown. Further research is required for assessment, analysis and monitoring of MPs and its chemi-
cal association in sea food industry, especially in Shellfish industry. Apart from monitoring of rates of 
consumer consumption of sea food (for example: bivalves, shellfish), it is important to implement risk 

Figure 4. Origin, uptake and pathway of micro and nano-plastic into digestive system
Source: Paul, M. B., Stock, V., Cara-Carmona, J., Lisicki, E., Shopova, S., Fessard, V., ... & Böhmert, L. (2020). Micro-and 
nanoplastics–current state of knowledge with the focus on oral uptake and toxicity. Nanoscale Advances, 2(10), 4350-4367.
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evaluation and management of the same and to elucidate the sources of MP contamination occurring 
in the background.

A common association that goes between biota and MPs involve “ingestion”. Varying among the spe-
cies and environment, micro-plastics have different kind of fate and effects on the environment (Lusher 
et al., 2017). Research across the world is still searching answers for the possible toxicological effects 
of MPs on humans and to what extent it can affect humans (Talsness et al., 2009), although in animals, 
there are significant differences. Often, localised toxicity to particle is exerted by MPs on their constitu-
ents, although when long term exposures are produced, can certainly lead to a matter of higher concern.

Research has shown that the reported values of MPs in packaged water and tap water generally var-
ies between zero and hundred and four particles per litre thereby small-sized MPs constituting most of 
its component (Koelmans et al.,2019).. Some of the special concerns related to contamination occur-
ring through MPs include direct intake of house-hold dust or particles settling on food, and also other 
sources like higher amount of indoor air exposure. (Vethaak et al., 2005). Other sources include direct 
exposures occurring through plastic containers and plastic bottles, food containers which also includes 
infant feeding containers containing polypropylene, etc. It is through faeces from where large particles 
of MPs are excreted apart from being disposed through respiratory tract/lungs or through clearance form 
muco-ciliary mechanism into the GI tract (gut) (Wright et al., 2017; Vethaak et al., 2005). Given, the 
limitations imposed by methodologies, and higher chances of passage of larger particles, existing research 
under determines the possibility of external human exposure to small size particles (which are <10mm) 
and are likely to pose greater danger in terms of toxicity (Yong. et al., 2020; Vethaak et al., 2005).

Notably, research is still being carried out in preliminary developmental stages regarding the effect of 
plastic particles inside human body. A superior idea and understanding are required to access the need 
to study the ability of MPs to cross GI tract and epithelial airway barriers which can aid in risk assess-
ment studies of MPs on human health. It has been observed that only little portions of MPs which are 
administered (in vitro and in vivo) are able to cross epithelial lung and intestinal barriers with particular 
profiles of uptake and generally has shown greater uptake efficiency when particle size decreased. 
When considering long-term exposures which might affect organs and tissues, this particular point is 
important (Yong. et al., 2020; Vethaak et al., 2005). Sometimes, MPs act as vectors and are responsible 
for transferring of exogenous chemicals which are of hazardous nature to external or internal particles 
present in the body (Ribeiro et al., 2019; Vethaak et al., 2005). Various research studies suggest that MPs 
in the aquatic environment can also act as vectors of microbial toxicity which in turn carry associative 
opportunistic bio-film bacterial pathogens which in turn interferes with gut microbial fauna (Lu et al., 
2019). A broader perspective of research is required to understand the potential toxicity effects, (short- 
and long-term effects) and underlying methods on life conditions.

Potentially toxic and hazardous as well as less explored and under-studied characteristic of MP is its 
presence of bio-corona (particles which are present on surface of MPs). This, directly or indirectly has 
an effect on the fate, impact and uptake of MPs (Vethaak et al., 2005). The determining factor of these 
bio-corona is based on its heterogeneous nature and the physicochemical properties it exerts with the 
human body and the nature of the environment (biomolecules, microbial fauna and chemical contami-
nants) (Ribeiro et al., 2019; Shi et al., 2021; Vethaak et al., 2005). Initially MPs get trapped in the lining 
of the mucus layer of the epithelial cells, before invading the intestine and lungs. Contrastingly, particles 
which are ingested have to pass under acidic conditions through the gut lining and stomach. The part 
of bio-corona composition, which MPs acquire externally to internally, arising across tissue barriers 
and their underlying toxicity mechanisms are very poorly recognised, hence, this requires further study.
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POTENTIAL IMPACTS OF MICRO-PLASTICS AND NANO-
PLASTICS ON EXCRETORY SYSTEM HEALTH

As liver and kidneys are the main excretory systems of our body and are responsible for filtering out 
most of the unwanted materials from our blood and other body fluids, hence, owing to their size, and 
easy transportability, the presence of NPs and MPs can have an adverse impact on the nephrotic tissue 
and overall excretory health. Long term exposure to MPs and polystyrene exposures possess a threat 
to kidney health. Studies done on vertebrates like mice have shown ER stress, internal inflammation, 
mitochondrial dysfunction, and autophagy in kidney tissues on being exposed to MPs. Not only kidneys 
but also organs and tissues such as the liver, intestine, and kidneys negatively respond to the presence 
of NPs and MPs. Adverse effects include alteration of the gut microbiota and induced inflammatory 
response of the small intestine. The impacts of liver include lipid accumulation, alterations in hepatic 
lipid expression, histopathological changes and changes in hepatic and serum markers. Certain signal-
ling pathways like MAPK signalling pathways and AKT/mTOR signalling pathways are also altered at 
molecular level due to the presence of MPs and NPs. Further, kidney injury and alteration of creatinine 
levels due to presence of polystyrenes and NPs have also been observed in in vitro studies. Moreover, 
evidence gathered on autopsy of donated human cadavers strongly supports the presence of micro-plastics 
in spleen, kidneys and other organs.

Given the scenario of Sea food consumption globally, humans are the most susceptible to the effects 
of micro-plastics. It is known through literature that human being’s excretory system removes MPs 
greater than 90% from the ingested Micro and Nano-Plastic through the waste they produce. The factors 
that affect retention and rate of clearance by human beings depend upon the shape, type of polymer, the 
additional chemicals of MPs which are used etc. (Lusher et al., 2017; Smith et al., 2018).

Preliminary research has led to the discovery of several potential harmful effects which include el-
evated inflammatory response, size-dependant toxicity of MPs, adsorbing tendency of plastic particle, 
thus causing disturbances and disruption of enzymes and microbiota of gut. Although, apart from this, 
there are several other physical effects of accumulated MPs which are less recognized. (Wright et al., 
2017; Smith et al., 2018). Micro-plastic uptake is also dependant on size, surface charge, shape, functional 
groups on the surface and the charge it carries, buoyancy, and hydrophobicity (Anderson et al., 2016). It 
is because of mammalian systems modelling that has revealed that MPs with particular properties have 
the tendency to translocate across living cells of that which includes dendritic cells that have the capac-
ity to translocate across lymphatic/circulatory system and get accumulated in secondary organs, which 
in turn can affect the internal organs and cell health (Brown et al., 2001; Smith et al., 2018). Pathways 
such as endocytic pathways and per-sorption through GI epithelium, has also been frequently reported 
to be disrupted functionally due to effects of Micro plastics (Smith et al., 2018). The dynamic movement 
of MPs in human beings which originates from various medical and surgical procedures, as medical 
literature suggests, provides information about their movement through human body (Lusher et al., 2017). 
For instance, MPs released from surgical substances and materials are only left to get absorbed in the 
tissue and bloodstream that gradually mimic the effects of enzymes/particles already absorbed in the 
blood stream, whereas particles those are inhaled interfere with similar epithelial tissue which are used 
during ingestion. Literature also suggests that microbes present in the surface of the ingested MP, can 
also serve as an active medium for harmful bacteria, especially when they are ingested, thus resulting in 
direct physiological effects that impacts developmental, nutritional, immunological, toxicological fea-
tures on marine animals. MPs when ingested cause inflammatory tissue, necrosis, cellular proliferation 
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(Wright and Kelly, 2017) Studies carried out on Blue Crabs (Callinectes sapidus) have demonstrated 
instances of microspheres of plastic being ingested that stimulate hemocyte aggregation which in turn, 
reduces respiratory function (Johnson et al., 2011). Moreover, formation of Granulomas due to the same 
cause has been observed in Blue Mussels (Köhler et al., 2010). Apart from this, hepatic stress has also 
been experienced in several other organism like the Japanese Medaka (Oryzias latipes) after ingestion 
of virgin polyethylene fragments (Rochman et al., 2015).

THE EFFECTS OF MICRO- AND NANO-PLASTICS 
ON HUMAN PLACENTAL BARRIER

Most of the plastic polymers manufactured today are highly resistant to degradation and the accumula-
tion of these highly complex and persistent materials is causing serious damage to both environment 
and humans as a whole. Several toxic substances and chemicals are added during the process of manu-
facturing which acts as additives, to improve the life of these synthetic polymers. Thus, the excessive 
usage of plastic products has resulted in accumulation of the hazardous chemicals associated with plastic 
polymers in human body (Pietroiusti, 2012). Prolonged exposure to these MPs may cause adverse effects 
such as inflammation, cellular proliferation, cellular necrosis, disrupt immune function, oxidative stress 
etc. Long term exposure to MPs and NPs may result in significant change in morphology and function 
(Rasmussen et al. 2010).

Presently the application of nanoparticles (NPs) in the consumer and industrial products is increas-
ing gradually day by day. In vitro as well as epidemiological studies involving the use of engineered, 
naturally occurring as well as combustion-derived NPs have shown to jeopardise human health (Bell et 
al. 2012). However, nano-plastics need to overcome intricate and dense biological protective barriers 
in order to disrupt in vivo systems. Currently, various medical products like metal oxide particles (On-
cogenic therapy) and contrast agents for imaging are equipped with NPs (Gupta and Gupta 2005). By 
the application of these medical products on the human body, NPs get infused into the blood circulation 
which further causes several adverse effects by crossing the protective barriers.

The feto-maternal organ which is an interface operating between mother and foetus is known as ‘human 
placenta’. This disc-shaped organ deals with the gaseous exchange and the transfer of nutrients and waste 
products between maternal and foetal plasma. It also assists in the transfer of immunoglobulins from the 
mother to the foetus, thus providing immunity to the foetus. This organ secretes hormones which helps 
in maintaining the growth and development of the foetus. The only physical link between the mother and 
foetus is provided by the placenta. The placental growth takes place during pregnancy which provides an 
increase surface area for maternofoetal exchange (Enders and Blankenship 1999). The vascular projec-
tions of foetal tissue which are surrounded by chorion are known as the Villi. The chorion comprises of 
two cellular layers viz., the outer syncytiotrophoblast through which maternal blood flows through out 
the intervillous space, and the inner cytotrophoblast. As the villi develops, significant reduction in the 
cytotrophoblast takes place, thereby separating only a single layer of syncytiotrophoblast from maternal 
blood and foetal capillary endothelium. The maternal blood supply to the uterus takes place through the 
uterine and ovarian arteries which form the arcuate arteries, and from which radial arteries penetrate 
the myometrium. The plasma membrane of the syncytiotrophoblast is highly polarised and comprises of 
two membranes viz., the basal membrane and the brush border membrane. Furthermore, there is a large 
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variety of transporters exporter and importer which ensure sufficient nutrient supply and proper efflux 
of waste products and harmful drugs at the right quantity (Ganapathy et al. 2000).

The placental transfer of these substances relies on four mechanisms, namely active transport, phago-
cytosis (or pinocytosis), passive diffusion & metabolic enzymes biotransformation (Syme et al. 2004). 
Various studies on animals, those were carried out in vivo revealed that several NPs like Si, Au or TiO2 can 
bypass placental barrier and even damage foetal development (Semmler-Behnke et al. 2008; Yamashita 
et al. 2011). However, the placenta is also considered a species-specific organ and information that is 
obtained in vivo studies on experimental animals like rodents can never be extrapolated to the human 
placenta (Takata & Hirano 1997; Enders & Blankenship 1999). To investigate placental transport of 
the NPs as well as xenobiotics, an ethically validated model seems to be the ex vivo human placental 
perfusion (Grafmuller et al. 2013; Malek et al. 2009). Studies conducted in this model revealed that 
silica particles (25 - 50 nm) bypass human placental barrier while PEGylated gold particles (10 - 30 nm) 
remained intact in maternal circulation and placental tissue (Myllynen et al. 2008; Sonnegaard Poulsen 
et al. 2013). It has been observed that, the studies on in vivo and in vitro (about placental NP transport) 
has increased gradually, however, very less data is available on mechanism of transport across placental 
barrier (Buerki-Thurnherr et al. 2012). For understanding the mechanisms of transport of NPs, in the 
future, knowledge about their route/pathway bypassing placental barrier as well as physicochemical 
properties of the NPs, stands very important.

Figure 5. Mechanism of micro and nano-plastic entering human-placental barrier
Source: Gruber, M. M., Hirschmugl, B., Berger, N., Holter, M., Radulović, S., Leitinger, G., & Wadsack, C. (2020). Plasma 
proteins facilitates placental transfer of polystyrene particles. Journal of nanobiotechnology, 18(1), 1-14.
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THE EFFECTS OF MICRO- AND NANO-PLASTICS ON RESPIRATORY SYSTEM

The process of respiration occurs through the exchange of gases between the cells and the blood. Respi-
ratory system also known as pulmonary ventilation helps in delivering oxygen to the cells in the body. 
Nose, nasal cavity, larynx and pharynx constitute the upper respiratory tract system. Mucous membrane 
lining the tract trap foreign particles and prevent them from getting inhaled into the lungs. Situated in 
the thoracic cavity, the lungs look like two upside cones in the chest. The trachea (known as windpipe) 
connects larynx to bronchi of lungs and branch into primary bronchi and it is composed of 20 rings of 
cartilage. Although they are microscopic, alveoli are the workhorses of our respiratory system. They are 
made up of thin layer of epithelial cells and situated at the end of bronchioles where gaseous exchange 
takes place.

The pathway is through inhalation for the micro-plastics and nano-plastics that affect the respiratory 
system and cause adverse effect. Occupational exposure is when particles from synthetic textiles are 
inhaled unknowingly and unintentionally (Stapleton, 2019). Outdoor exposure occurs when fertilizer 
particles from wastewater treatments and contaminated aerosols pollute oceans. The barrier which is 
present (less than 1 µm) is sufficient enough for the penetration of nano particles into the respiratory 
system and blood stream circulation (Lehner et al., 2019). Absorption of various sized particles (MPs 
and NPs) leads to various harmful impacts on human health like chemical and particle toxicity thereby 
introducing vectors that of biological origin (pathogens/parasite) which often leads to mortality to 
humans (Vethaak and Leslie, 2016). Plastic particles which belong to this particular parameter embed 
themselves intricately inside lung and remain undisturbed on the alveolar surface or get transformed into 
various parts of the body (Stapleton, 2019; Porter et al., 2010). Apart from GI tract and skin, air-blood 
barrier happens to be a significant site for NP entry into the body. Both in vitro and in vivo invasion of 
NPs through this protective barrier has been observed in numerous research studies (Geiser et al. 2005; 
Kreyling et al. 2009). It is because of plastic particles, getting absorbed by lung tissues, which leads to 
serious damage caused to the lungs. The absorption of MP and NPs in lungs depends on several factors 
viz., surface charge, hydrophobicity, protein surrounded coronas, surface functionalization, and the particle 
size. Additionally, literature (on rate of absorption by animals) suggests a positive correlation occurring 
among occupational exposures and increased inflammation and pulmonary cancer. (Prata, 2018).

Varela et al., 2012 observed that the size of the particle of plastic affected the absorption in alveolar 
epithelial cells. Recent studies on the inhalation of micro-plastics and nano-plastics particles showed 
that atmospheric fallout in the urban areas is a significant cause for the increase of these particulate pol-
lutants which affects the air and thus enter the human body through inhalation. By considering the fibre 
dimensions, fibre densities average and the atmospheric flux of total fibres, an estimated 3–10 tons of 
MPs are deposited, in a year, because of atmospheric dust settling. The atmospheric flux recorded for the 
urban areas was double the average of the suburban areas. The observed depositions were also impacted 
with the amount of rainfall (Dris et al., 2016). A study conducted by Dris et al., 2017 to examine MP 
levels in outdoor & indoor setups of an office, in 2 private apartments revealed that concentration was 
between 1 and 60 fibres/m3 in indoor samples whereas it was between 0.3 and 1.5 fibres/m3 for outdoor 
samples indicating indoor samples had greater values when compared to outdoor samples.

Atmospheric dust and wind are the major carriers of micro-plastics. Others contributors of MPs are 
wastewater treatment plants, dried sludge, agricultural run offs containing fertilizer residues, industrial 
emissions, synthetic clothes fabric, marine aerosol, road-dusts etc. The accumulation of these MPs in 
the human body leads to major disruptive effects, thereby progressing into inflammation, cyto-toxicity, 
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cell death, psycho-somatic ailments, including other respiratory diseases. Research has concluded that 
pulmonary epithelial cells (Calu-3 and THP-1) have faced cytotoxic and genotoxic effects and also, 
similar effects being caused to macrophages due to polystyrene particles (50 nm) (Paget et al., 2015). 
Responses to these particles those are inhaled, relies upon susceptibility of the particular individual and 
their metabolic rate, which, sometimes, may lead to asthma (or bronchial reactions), often progressing to 
chronic bronchitis (involving the peri-bronchial tissue), inflammatory responses, interstitial fibrosis. In 
various other cases, chronic pneumonia, pneumothorax (lesions in the interalveolar septa), and allergic 
alveolitis have also been observed (Da Costa, 2018). Very often, similar effects have been noticed in 
industrial workers (who were associated with working closely on polyolefin, polyester, nylon, acrylic 
fibres). Bio-persistence of synthetic particles has also been documented among patients with pulmonary 
cancer which in turn, depends upon the range of size of the fibres that can cause toxicity (Calafat et al., 
2008). Also, a potential threat lingers in pathogen or microorganism transport suspended MPs in the air, 
where these pathogens get attached to the surface of MPs (usually for protecting themselves against UV 
radiation), which thereby could lead its way into lungs causing severe damaging effects (Da Costa, 2018).

Figure 6. Uptake and pathway of entry of micro and nano-plastic into respiratory system
Source: Facciolà, A., Visalli, G., Pruiti Ciarello, M., & Di Pietro, A. (2021). Newly Emerging Airborne Pollutants: Current 
Knowledge of Health Impact of Micro and Nanoplastics. International Journal of Environmental Research and Public Health, 
18(6), 2997.
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THE EFFECTS OF MICRO- AND NANO-PLASTICS ON NERVOUS SYSTEM

The nervous system comprises of CNS (central nervous system) and PNS (peripheral nervous system). It 
helps in coordinating behaviour and transmission of signals between various parts of the body. The CNS 
contains brain and spinal cord. The PNS (peripheral nervous system) consists of nerves and enclosed 
in axons and connect the CNS to various body parts. Coordination of bodily movements and functions 
and transmission of sensory impulses are done by both the CNS and PNS. The brain and spinal cord act 
as the source of data centre as they receive information and impulses from various sensory organs and 
nerves and help in processing the information and transmitting the signals back to the source. The nerve 
endings carry the signals along the pathways. The spinal cord is a thin, long, tubular structure made of 
nervous tissue and extends from the medulla oblongata to the vertebral column. Primary function is to 
transmit nerve signals and coordinate and control reflexes.

The neurotoxic effects of MPs and Nano-plastics (NPs) on human brain is not familiar due to the 
lack of literature. But neurotoxicity in certain organisms have been documented where the immune 
system response of the brain was activated which caused oxidative stress. It could have been due to the 
direct contact with the transference plastic particles or else the pro-inflammatory cytokines which while 
circulating led to permanent neuron damage. (Waring et al., 2018). Due to lack of research data on hu-
man beings, different studies conducted on vertebrates like Zebra fish and European seabass (Dicentrar 
chuslabrax) have shown decrease in acetylcholinesterase (AChE) enzyme release, and increase in lipid 
peroxidation (LPO) levels which resulted in oxidative stress on being exposed to MPs like polystyrene 
and Bisphenol A (BPA) (Chen et al., 2017; Barboza et al., 2018). It was observed in the same species 
that the swimming ability had lowered due to affected neurotransmitter levels and disruption in loco-
motion. The findings were regarded as indication of neuronal behaviour. Damage of spatial recognition 
memory occurred due to oxidative damage cause of cell death which happened due to accumulation of 
MPs and NPs in the brain tissues of fishes. In vitro studies concluded that NPs and MPs can cross the 
blood brain barrier. Mammalian modelling studies put forward the ability of MNPs to transfer across 
dendritic cells and M cells accumulating internally, which compromised immunity and circulated in the 
lymphatic and circulatory system.

A study conducted by Shirinzi et al., 2017 on human brain & epithelial cells (T98G and HeLa cell 
lines) reported metal NPs, that of Ag, Au, CeO2, Al2O3, TiO2, ZrO2, and that of nanomaterials of Carbon 
(C60 fullerene, graphene) & polystyrene (PS) and polyethene (PE). The study concluded that MPs suc-
cessfully induced effects (in cytotoxic origin) on T98G and HeLa cell lines. In addition, use of polypro-
pylene (PP) particles indicated harmful effects on various cells according to the size (20 µm and 25–200 
µm) together with the concentrations varying in each test. Hence as a result of human interaction with 
micro plastics were proven to cause hypersensitivity, haemolysis, cytotoxicity, standing as a potential 
risk to overall human health (Hwang et al., 2019).

Hence, monitoring of the exposure to MPs and NPs is indicative to neurotoxicity. In addition to 
exposure levels, route of exposure and nature of particles should also be determined. Various routes of 
exposure are through ingestion, inhalation, and retrograde transport. The weathering of the particles, 
size, shape and type should be determined along with the degree of inhalation through lungs or gills, 
nasal epithelium, gut, blood brain barrier crossing and translocating to various body parts. The above 
examinations will help in proving the mode of motion of MPs and NPs to the brain via taste nerve end-
ings or olfactory nerve endings or via the blood stream. (Carbery et al., 2018).
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POTENTIAL EFFECTS OF MICRO-PLASTICS 
AND NANO-PLASTICS ON THE SKIN

Being the largest part of the body and containing 15% of total adult body weight, the skin is one of the 
major components of human body. The skin helps against external biological assailants, thereby protect-
ing us from various physical and chemical harm. Thermoregulation is also one of the major functions 
performed by the skin, thus, minimising excess loss of bodily water. Parallel with the mucous membranes 
underlining the body’s surface, the skin can be divided into 3 layers viz., the epidermis, the dermis, and 
subcutaneous tissue. Keratinocytes are the outermost layer (constellation of cells) that comprises of the 
epidermis, which are involved in synthesizing keratin, which is associated with a protective property. 
The middle layer constitutes dermis, and is mainly constituted of fibrillary structural protein which is 
called the ‘collagen’. Lying on the subcutaneous tissue (panniculus), it consists of small lobes of fat cells 
known as lipocytes (James et al, 2006).

‘Stratum corneum’ is the outermost layer of the skin which fights against chemical, injuries and mi-
crobial agents that contains ‘corneocytes’ which are surrounded by lamellae of hydrophilic lipids. Some 
of these are Cholesterol, long-chain free fatty acids and ceramide (Bouwstra et al., 2001,). It is either 
through NP contaminated external sources like water or beauty & health products from where MPs and 
NPs are introduced. As MPs and NPs are of hydrophobic origin, hence, from contaminated sources like 
water, absorption through the stratum corneum is not possible, though sweat glands, skin wounds or 
hair follicles can give away a point of entry to plastic particles into human body (Facciolà et al., 2021). 
Washing scrubs are another major source of micro and nano-plastics entering human body. However, 
particles (MPs and NPs) those are lower than 100 nm are unable to penetrate into the corneous layer. 
Hence, it’s not likely that micro-plastic absorption could take place through the skin, contradictorily, 
nano-plastic might hold a point of entry for the same cause (Revel et al., 2018).

Together, in vivo and in vitro studies have shown impacts of various beauty products being taken 
up by the human body via the skin barrier. Being hydrophobic in nature, when MPs and NPs transfer 
from contaminated water, they are unable to absorb via the stratum corneum (outermost layer of human 
skin), although high chances of MPs entering the body through sweat glands, hair follicles, open wounds 
can’t be ruled out. Studies done on human skin have also concluded that polystyrene particles (20–200 
nm) can penetrate only topical layer of the skin (2-3 µm). When certain products containing NPs are 
applied transcutaneously, they get absorbed by Langerhans cells. The mechanical processes involved 
in production of beauty products like facial scrub, containing microbeads also enhances the chances of 
fragmentation of these microbeads into more harmful NPs.

Key origin of NPs and MPs that affect human skin includes health and beauty products which are 
applied topically on skin and they are specifically found in body and facial scrubs. Another significant 
exposure route includes nano-carriers associated with drug delivery (through dermal applications). In-
controvertible data depicting the impacts on skin includes particle size(small) and skin in stress condition 
are critical parameters for skin penetration (Hernandez et al., 2017). Furthermore, no studies till date 
has been carried out which has intrinsically looked into the capability of NPs to invade skin topically. 
However, according to Som et al., 2011, it was proven likely that engineered nanoparticles arising from 
textiles were successful in penetrating the skin barrier, that too in very scarce quantity.

Alvarez-Roman et al. 2004 had made the use of fluorescent polystyrene particles (ranging from 20 - 
200 nm diameter) and skin tissue from a pig to look into how plastic particles penetrate the body and get 
distributed thoroughly. The results concluded that more number of 20 nm polystyrene NPs were concen-
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trated (compared to 200 nm Nano-plastics) in the hair follicles. However, it was observed that particles 
were unable to enter the stratum corneum and implant themselves in deeper skin tissue. Vogt et al. 2006 
successfully differentiated 40 nm (diameter) fluorescent polystyrene NPs in the perifollicular tissue of 
skin explants which were treated with cyanoacrylate follicular stripping. Hence, this led to the conclusion 
that particles that were applied transcutaneously, got absorbed by Langerhans cells. Additionally, the 
mechanism involved in manufacturing the microbeads (used in facial and body scrubs) leads to chances 
of breaking NPs into even more harmful compounds that might continue to affect humans in the future.

FUTURE RESEARCH DIRECTIONS

Although several techniques are used scientifically for particle separation and size determination, 
procedures that remain available for material characterization are scanty and generally, it remains very 
challenging for extracting a suitable solution for the same. The two frequently available options avail-
able for identification of chemical structure and composition of plastic particles include micro-Raman 
spectroscopy and micro-FTIR spectroscopy. However, they are limited and bounded by the particle 
size in terms of applications. Given, their legal definitions, it gets obvious that the feasibility of these 
procedures does not include the size range of the NPs and MPs.

As currently, a lot of deficiency prevails in terms of nano-plastic quantification methods, hence 
detection of the same (micro and nano-plastics) through facades of analytical procedures gets difficult 
and remains very challenging in this field which is often overlooked. Often, localised particle toxicity is 
exerted by MPs on their constituents and is a matter of concern during long-term exposures. Summariz-
ing this, future research techniques and technologies are the need of the hour, that are to be undertaken 
for estimating the exact dosage of toxicants (or chemicals) arising from contaminated biota irrespective 
of their particle size. Strong detection techniques are required in the future to address the ambiguity and 
research gaps in the present era of plastic particle research.

CONCLUSION

Summarizing it as a whole, as risk-assessment studies of MPs and NPs aren’t possible practically be-
cause of data deficiency and research gaps, but nevertheless, various new outlooks have been opened 
up recently to question and target these gaps. As currently, there is lack of NP quantification methods, 
hence consumption of MPs and NPs through food remains a biggest inevitable challenge to mitigate. 
Other routes of exposures to MPs include bottled water as it contains leachates of PET (polyethylene 
terephthalate) or other materials. PET has also shown potential carcinogenic effects on humans. For 
accessing the exposure, the existing methods of analysis which are associated with nano-toxicological 
research, need to refined and adapted, specifically with respect to that of quantification of data from 
contaminated environments and particularly the food sector. Oral exposures of micro-plastic and transfer 
through food chain of the same also remain inevitable and challenging due to its particle size. Overall, 
numerous studies carried out still remain very less. In vitro studies have resulted in ambiguity of results 
and in vivo studies have often provided weak outputs which have frequently not allowed an evaluation 
and monitoring of standards, thereby over-looking several critical considerations.
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Further, dose-dependent and dose-response relationship studies cannot be established, or neither 
can molecular tools and techniques be proclaimed that would otherwise permit generation of different 
pathways which would act as a tool to integrate data, mechanically into risk-assessment. As chronic and 
long-term studies have also been missing in terms of literature context, hence, continuous studies that 
bring about continuous evaluation, thereby obtaining relevant data and addressing the knowledge and 
research gaps that allow risk and hazard assessment of MPs and NPs on human health are the need of 
the hour today.
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KEY TERM AND DEFINITIONS

Accumulation: The gradual gathering of mass/quantity of something.
Ambiguity: Anything possessing more than one interpretation.
Axons: The long threadlike portion of a nerve cell which conducts impulses from the cell body to 

other cells.
Bio-Persistent: Tending to stay inside any biological medium.
BioPET: Plastic based on 30% renewable raw material and 70% oil-based raw material.
Contamination: Turning impure by polluting or poisoning.
Degradation: The process of being degraded gradually.
Ecosystem: The sum total of the environment.
Exposure: The act of getting exposed or state of having protection from something harmful.
Histopathological: Examination of biological tissues in order to observe the appearance of diseased 

cells in microscopic detail.
Jeopardise: Put (someone or something) into a situation in which there is a danger of loss, harm, 

or failure.
Langerhans’s Cell: Langerhans cells (LCs) reside in the epidermis as a dense network of immune 

system sentinels. These cells determine the appropriate adaptive immune response (inflammation or 
tolerance) by interpreting the micro-environmental context in which they encounter foreign substances.

Moulding: To give something a shape.
PEGylated: PEGylation (or pegylation) is the process of both covalent and non-covalent attachment 

or amalgamation of polyethylene glycol.
Persistent: Continuing firmly or obstinately in an opinion or course of action in spite of difficulty 

or opposition.
Phytoplankton: Phytoplankton, also known as microalgae, are similar to terrestrial plants in that 

they contain chlorophyll and require sunlight in order to live and grow.

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



171

The Effects of (Micro and Nano) Plastics on the Human Body
 

Pollutant: A substance which is capable of polluting the environment physically, chemically or 
biologically.

Polymer: A substance which has a molecular structure built up chiefly or completely from a large 
number of similar units bonded together, e.g., many synthetic organic materials used as plastics and resins.

Spectroscopy: The branch of science concerned with the investigation and measurement of spectra 
produced when matter interacts with or emits electromagnetic radiation.

Toxic: Very harmful and unpleasant, capable of causing damage.
Transcutaneous: Existing, applied, or measured across the depth of the skin.
Translocate: Move from one place to another.
Uptake: The action of taking up or making use of something that is available.
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ABSTRACT

Plastic contamination in the ocean has recently received a lot of attention. Plastic production has been 
growing and its use spread to many sectors. More than 80% of plastic enters the ocean from land-based 
sources, with the remaining having ocean-based sources. Once in the ocean, plastic undergoes frag-
mentation and degradation that lead to the formation of microplastics (MPs) and nanoplastics (NPs), 
and their dimensions are becoming an environmental concern. Thus, this chapter provides an overview 
of the effects of MPs and NPs on marine organisms, from bacteria to fish. Plastic affects marine organ-
isms from molecular to population levels but some knowledge gaps exist regarding the biogeochemical 
cycle of plastic, how it behaves and is distributed in the aquatic-sediment compartment and in deep-sea. 
Moreover, more attention is necessary concerning NPs ecotoxicological effects already detected and 
because not all polymer types and size effects have been investigated. In addition, risk assessment of 
plastic particles is needed to characterize their risks and for data to be comparable.
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Plastic pollution in the ocean was first reported in the 1970s, yet in recent years, it has drawn tremendous 
attention from scientists and different parts of society (Law, 2017). In the middle of the 19th century, the 
first synthetic plastic, known as ‘Bakelite’, was invented and its countless properties have ever since led 
to different types of plastics shaping the world (PlasticsEurope, 2020). The increasing use of plastics 
in day-to-day life had world plastic production reaching 368 million tonnes in 2019 (Figure 1) (Plastic-
sEurope, 2020). In Europe, plastic production decreased between 2018 and 2019 by 3.9 million tonnes, 
representing 16% of the world’s plastic production, whilst China alone is responsible for producing 31% 
of this amount (PlasticsEurope, 2020). Today, 60% of plastic products have a lifetime between 1 and 50 
years, sometimes even more; however, a gap of information remains between the amount of plastic waste 
collected, and the quantity of plastic produced and/or consumed (PlasticsEurope, 2020).

The Plastics Europe Fact sheet (2020) states that the leading plastic polymers manufactured are poly-
propylene (PP; 19.4%), low-density polyethylene (LDPE; 17.4%), high-density polyethylene (HDPE; 
12.4%), polyvinyl chloride (PVC; 10%), polyurethane (PUR; 7.9%), polyethylene terephthalate (PET; 
7.9%), and polystyrene (PS; 6.2%). All these polymers have high demand in many industries, such as 
electronics, personal health care, food packaging, housing insulation, as well as in medical equipment 
and devices (PlasticsEurope, 2020).

The increasing use of plastics has incremented their release into the marine environment, where 
around 80% of plastic debris originates from land-based sources; illegal dumping and inadequate waste 
mismanagement, wastewater treatment plants inefficiency in filtering smaller particles, coastal litter-
ing, tourism, and industrial activity (Sebille et al., 2016). The remaining originates from ocean-based 
sources; fishing equipment, shipping, offshore oil and gas platforms, and undersea exploration (Sebille et 

Figure 1. Amount of global plastic production
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al., 2016). Therefore, plastics are found in the atmosphere, ocean, lakes and rivers, soils, sediments, and 
animal biomass all around the world, being a ubiquitous problem (Lau et al., 2020). Despite expanded 
attempts in recent years to estimate the quantity of plastic pollution entering rivers and oceans (Tramoy 
et al. 2019), critical data gaps remain. Moreover, plastic particles can be detected in different compart-
ments of freshwater environments, estuaries, and in the marine environment such as coastal beaches, 
water columns, and deep sediments (Ricciardi et al., 2021).

In the top 200 metres of the Atlantic Ocean, there is about 21.1 million metric tonnes of three main 
polymers (PE > PP > PS; 32-651 µm), which represents only 5.3% of the Atlantic Ocean volume, indi-
cating that the problem is significantly worse than previously assumed (Pabortsava & Lampitt, 2020). 
Moreover, this does not include 44% of other littered plastic polymers or consider microplastics (MPs) 
below their detection limit and nanoplastics (NPs) are not included (Pabortsava & Lampitt, 2020).

In some areas, sediments are more contaminated by plastics than surface waters (Erni-Cassola et 
al., 2019). In intertidal sediments around 103 – 104 plastic particles m−3 were detected, while in surface 
waters 0.1–1 particle m−3 were found with polyethylene (PE) being the most prevalent plastic polymer, 
accounting for 23% of relative abundance. The group PP&A (polyesters, PEST; polyamide, PA; and 
acrylics) was the second most prevalent polymers, accounting for 20%, followed by PP (13%), and PS 
(4%). Figure 2 shows data available on plastic detected in waters worldwide collected with a manta net 
(ranging from 0.15 to 3.0 mm in size) showing the widespread of plastic in the marine environment.

Once they reach the ocean, plastic particles are transported long distances by the currents and undergo 
two primary breakdown processes: fragmentation and degradation (Mattsson et al., 2018) (see Figure 
3). The polymer itself is unaltered after fragmentation of larger plastic polymer chains into smaller 
pieces; nevertheless, during degradation processes, plastic polymers are vulnerable to bond-breaking 
mechanisms, altering the polymer characteristics. Five primary processes occur in the marine environ-
ment during the breakdown of plastics, namely, hydrolysis, mechanical/physical and thermal oxidative 
degradation, photo-degradation, and biodegradation (Andrady, 2011; Figure 3).

Plastics are quite resistant to decomposition and plastic debris is classified according to its size. Large 
plastic litter, known as mega (> 1m) macroplastics (25 mm – 1m) will breakdown to mesoplastics (5 – 
25 mm), then to MPs (100 nm - 5 mm >) (GESAMP, 2016), and finally to NPs (1 – 100 nm) (Gigault et 
al., 2018) before full decomposition. MPs and NPs may enter the marine environment in two forms: as 
a primary micro/nanoplastics and as a secondary micro/nanoplastics. The difference between primary 
and secondary MPs/NPs is determined by whether the plastic particles were manufactured to that size 
from the start (primary), or if they were formed from the breakdown of bigger objects (secondary) 
(Kershaw, 2015). An example of primary MPs can be found in personal care items where they are added 
purposefully, such as glitter or microbeads found in scrubs, and account for less than 2% of total MPs 
discharged into the marine environment (Boucher & Friot, 2017). The bulk of MPs in the water come 
from inadvertently release of synthetic textile fibres (35%), tyre dust (28%), city dust (24%), road runoff 
(7%) and others (6%) (Boucher & Friot, 2017). Primary NPs, on the other hand, are found in specific 
applications and consumer products, such as cosmetics, clothing fibres, drug delivery and ink for 3D 
printers (Bergami et al., 2016; Canesi et al., 2015; Bessa et al., 2018; Tamminga et al., 2018; Wang et 
al., 2018), though it is assumed that most NPs in the marine environment are secondary. The existence 
of NPs in the ocean is known, and although quantification and several analytical methods remain chal-
lenging, Halle et al. (2017) managed to obtain a segment containing nano-scaled plastic polymers such 
as PVC, PET, PE, and PS in the North Atlantic Gyre.
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After entering the marine environment, plastic debris will migrate to other locations (Wang et al., 
2016). Most synthetic polymers, such as PE and PP, float in seawater and can be carried for great distances 
due to ocean currents (Andrady et al., 2011). Even polymers that are denser than seawater (such as PVC) 
can be moved by underlying currents (Engler, 2012). During the permanence in the marine environment, 
the density of plastic can increase, which in turn increases plastic sedimentation (Morét-Ferguson et al., 
2010). Moreover, marine plastic debris (MP/NPs) has also been shown to leach a “cocktail” of chemical 
compounds (Rochman, 2015) that also can cause additional effects on marine biota (Gunaalan et al., 
2020; please see the specific section).

Moreover, the ability of plastics to adsorb other contaminants such as persistent organic compounds 
(POPs) and metals is a huge concern (O’Donovan et al., 2018, 2020; Islam et al., 2021). For POPs the 
adsorption is based on physical and chemical properties, the physical being mostly based on the large 
specific surface area and Van der Waals’ force. Chemical adsorption is primarily based on organic con-
taminants’ higher affinity for the hydrophobic surface of the plastic compared to saltwater (Wang et al., 
2016). It is important to note that the surface area of plastic increases as the size decreases. Therefore, 

Figure 2. (a) Particle count and (b) particle mass of plastic collected from 11,854 surface-towing plankton 
net trawls. The data were standardized using a generalized additive model to represent no-wind condi-
tions. From Law (2017) and adapted from van Sebille et al. (2015)
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NPs have higher surface areas than MPs, making NPs potentially more harmful than MPs towards marine 
biota because of this characteristic.

Another factor that interferes in plastic behaviour is their ingestion by marine animals. Ingestion has 
been documented for a range of animals, from invertebrates, such as copepods, mussels, and jellyfish, to 
vertebrates such as fishes, turtles, and seabirds (Laist, 1997; Macali et al., 2018; Andrades et al., 2019; 
Sacova et al., 2021, Bai et al., 2021; Collard &Ask, 2021) (Tables 1-2). This ingestion by the animals is 
responsible for the spread of plastic particles to different locations from where it was ingested.

Overall, plastics in the marine environment can be a threat to living organisms. Thus, the aim of 
this chapter is to review the principal findings about MPs and NPs effects in marine organisms, from 
bacteria to fish.

IMPACT AND EFFECTS OF MICROPLASTICS ON MARINE ORGANISMS

In this section the impact and effects of MPs in different marine species will be described.

Bacteria

In marine ecosystems, bacteria and microbial communities play essential roles in critical ecosystem 
services such as biogeochemical cycling (Rotini et al., 2017). This group, however, can degrade pieces 

Figure 3. Illustration of fragmentation/degradation of plastics in the marine environment
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of (macro) plastic (Haritash & Kaushik, 2009), and this ability contributes to the MPs and NPs forma-
tion and dispersion in the environment (Rogers et al., 2020).

In bacterial communities, it has been noted that MPs toxicity leads to repercussions in growth and 
development, physiological and biochemical alterations, which ultimately can affect the whole ecosystem. 
For example, the toxicity of irregular shape and sized PE MPs (0 – 500 mg/L; 323.3 ± 51.8/656.8 ± 
194.4 µm; 36 h) from commercially available toothpaste was tested in four different bacteria: two gram-
positive (Bacillus subtilis and Staphylococcus aureus) and two gram-negative (Pseudomonas aeruginosa 
and Escherichia coli) (Ustabasi & Baysal, 2020). The PE-MPs caused significant growth inhibition of B. 
subtilis compared to the other three bacteria, presenting a species-specific effect. At a biochemical level, 
PE-MPs main toxicity pathway is related to oxidative damage and protein metabolism in P. aeruginosa 
and B. subtilis, whereas all species followed a similar increasing pattern in relation to extracellular car-
bohydrate levels (Ustabasi & Baysal, 2020). Physiological alterations and accumulation of MPs are also 
effects observed after exposure to MPs. For instance, the microbial composition in Oryzias melastigma 
internal organs, exposure to PE-MPs (100 μg/L; 2.5 µm; 30-d) reduced the diversity and abundance of 
the intestinal microbiota (Yan et al., 2020). This is highly concerning, as physiological alterations of an 
organism’s organ can lead to unpredictable effects in species higher up in the trophic level.

There are several plastic polymers that end up as MPs in the ocean, however not all polymers’ effects, 
and size, have been evaluated in some bacterial communities. Moreover, the effects they pursue are not 
comparable, as different polymers and/or sizes of MPs may act in a different way once in the ocean, 
thus incrementing the importance to assess differentiating MPs effects towards bacterial communities. 
Otherwise, it is impossible to get close to a conclusion about the real effects of MPs on these organisms.

Algae

A healthy aquatic environment starts at the beginning of the food chain with primary producers as key 
organisms. Algae are an important source of oxygen and many other nutrients (Mao et al., 2018), and 
their ecotoxicological importance is linked to their high-sensitivity response to toxic effects of low 
contaminant concentrations, which are unattainable by other marine organisms (Palumo & Mingazzini, 
2011). Nonetheless, one of the main effects that is noticeable in algae is the presence of MPs accu-
mulated in several species of macroalgae (Seng et al., 2020), microalgae, diatoms and cyanobacteria 
(Yokota et al., 2017) across freshwater, coastal, open ocean and even in sea ice (Hoffmann et al., 2020). 
Understanding the effects of MPs on algal species is still challenging, however negative impacts on 
growth (i.e., Tetraselmis chuii) (Davarpanah & Guilhermino, 2015), inhibition of photosynthesis and 
chlorophyll content (Besseling et al., 2014; Prata et al., 2018; Zhang et al., 2017) have been observed 
(Table 1). Additionally, in macroalgae populations, MPs have been shown to adhere to the surface of 
macroalgae and other macrophytes (i.e., seagrasses). MPs adhesion to algae can be explained by an 
electrostatic interation with cellulose, which is also seen later in this chapter in relation to NPs. Once 
MPs adhere to algae cell wall, these particles become more bioavailable to other organisms that feed 
on algae (Gutow et al., 2016; Seng et al., 2020). Thus, further ingestion and magnification of MPs may 
occur in higher trophic levels through direct or indirect consumption of macroalgae (Yang et al., 2021; 
see more about plastic magnification in the specific section). The effects that have been reported that 
MPs have on algae is alarming, as hindered photosynthesis, growth, and chlorophyll content rise severe 
implications for the whole ecosystem, and biomagnification of these particles through tropic transfer is 
even more apprehensive.
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Rotifers

Rotifers, as zooplankton members, are relevantly important primary and secondary consumers that play 
a crucial role in the transference of energy from the bottom of the food chain to species higher up in the 
marine ecosystem (Wallace et al., 2006; Rico-Martínez et al., 2016). Additionally, rotifers are unable 
to digest MPs (Xue et al., 2020), therefore, rotifers are an important group of animals as they transport 
pollutants across the food web (Wallace et al., 2006). Different species of rotifers can ingest/uptake 
MPs from the water (Ronneberger, 1998), and through food (Setälä et al., 2014) (Table 1). Most rotifers 
are small (adults generally have a length of <200 μm; (Dahms et al., 2011)), the particle size ingestion 
and the palatability are limited, since they have preference for different particle sizes, according to the 
species, even when they have the same adult size, i.e., Keratella cochlearis, Keratella quadrata, and 
Polyarthra dolichoptera preferred 1– 2-µm diameter beads, whereas Synchaeta pectinata selected for 
2–3-µm particles (Ronneberger, 1998). In addition, the ingestion of food-sized MPs by rotifers has not 
been completely explored (Lan et al., 2021).

The rotifer, Brachionus plicatilis, exposed to PS microbeads (6 μm; 1 and 2.5 μg/mL) had alterations 
in transcriptional expression levels of ATP-binding cassette genes related to multi-xenobiotic resistance 
function (Kang et al., 2021). MPs increase intracellular ROS levels of B. plicatilis, and, consequently, the 
activity of enzymes related to the antioxidant defence system (glutathione - GSH, superoxide dismutase 
- SOD and catalase - CAT activities), as well as the activity of biotransformation enzymes (glutathione-
S-transferases - GSTs) this last one through the MP toxicity itself and/or the possible organic compounds 
released by the MPs. Similar results, at the biochemical level, were detected in Brachionus koreanus, 
exposed to PS microbeads (0.05 – 6 μm; 0.1 - 20 μg/mL), with ROS levels decreasing with the increase 
of microbeads size, indicating the size-dependent toxicity (Jeong et al., 2016). Also, this result suggests 
that the effects of the specific polymer (PS) can also be species-specific, as PS-MPs of similar size 
caused an increase in ROS production in B. plicatilis and a decrease in B. koreanus. Moreover, the status 
of phosphorylation of different mitogen-activated protein kinases (MAPK), a linking signal between 
extracellular signals to intracellular processes, associated with apoptosis and inflammation, increased, 
indicating the toxic effects of MP towards these species (Malik et al., 2015).

Additionally, MPs induce physiological alterations in rotifers, and can lead to significant repercus-
sions on life cycle parameters. In reproduction terms, some MPs effects are associated with a delay in 
maturation time (appearance of the first batch of eggs in the brood pouch), thus producing offspring 
later but also decrease the total number of offspring per rotifer (Sun et al., 2018). In addition, growth is 
directly associated with rotifer maturation (Jeong et al., 2016), so, consequently, as population growth 
decreases, so does the reproduction rate, therefore, affecting animals’ fecundity (Jeong et al., 2016; Sun 
et al., 2018; Xue et al., 2021).

Moreover, MPs cause swimming behaviour alterations (Kang et al., 2021: Xue et al., 2021), but these 
alterations can also be a hormetic response. B. plicatilis exposed to PS microbeads at low concentra-
tions, resulted in a stimulatory effect, whilst an inhibitory one was noticeable at high concentrations 
(Gambardella et al., 2018). A decrease in swimming speed also decreases the ability of algae uptake and 
consequently affects survival, reproduction, and population growth negatively. MPs can also be lethal 
to rotifers by decreasing their lifespan (Jeong et al., 2016; Sun et al., 2018).

Indirectly, MPs can be lethal for this group of animals, as behaviour, physiology, molecular, a repro-
duction of rotifers is highly affected after exposure to MPs, and eventually jeopardizing the population. 
For rotifers, MPs toxicity is size-dependent and species-specific, though more information is necessary 
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to confirm this. Moreover, the type, size and shape of the plastic polymer can have different effects, thus 
further studies need to be carried out to fully comprehend MPs toxicity towards different rotifers species.

Corals

Coral reef ecosystems are complex and diverse communities of animals that interact with one another 
and with their surroundings; coral, like hydroids, jellyfish, and sea anemones, is a type of colony (EPA, 
2021). Corals live in shallow waters, produce reefs, and have a symbiotic interaction with photosynthetic 
algae known as zooxanthellae that dwell in their tissues. The coral provides a haven for zooxanthellae 
and the molecules they require for photosynthesis. In exchange, the algae provide the coral with carbo-
hydrates as well as oxygen (NOAA, 2019).

In general, the first MP effect on marine animals is ingestion and this also occurs in corals (Table 
1). In fact, corals can ingest different kinds (type, size, and shape) of MPs. High density PE (HDPE) 
microspheres, (≤1000 μm and >1.7 mm respectively) (Hankins et al., 2021), low density PE (LDPE) 
microspheres (90 μm–2.8 mm; <100 - 500 μm) (Syakti et al., 2019; Hall et al., 2015), shavings of blue 
PP (10 μm–2 mm) (Hall et al., 2015), PE microplastic beads (Hankins et al., 2018) and other polymers 
were detected in different tissues such as gastrovascular tissue and mesenterial filaments (Grillo et al., 
2021). However, corals are also able to egest these particles (Axworthy et al., 2019; Hankins et al., 2018).

MPs in some coral species can be retained in the gut cavity (Hall et al., 2015) that induce the increase 
in mucus production, facilitating the adhesion of particles to the body surface (Martin et al., 2019). 
Furthermore, MP exposure can impair food intake (Chapron et al., 2018; Savinelli et al., 2020) and may 
be related to the decrease in polyps’ activity (Chapron et al., 2018), consequently affecting the animal’s 
fitness. For example, a forty-eight-hour exposure of fluorescent PE microbeads reduced the fitness of 
Danafungia scruposa, due to ingestion and tissue adhesion (Corona et al., 2020).

Growth parameters are another “group” of animals’ responses that can be affected by MPs. Nine 
months of exposure to PE (175.5 ± 73.5 μm; 0.25 mg/L) decreased the surface area, volume, and cal-
cification rate of Acropora muricata and Heliopora coerulea (Reichert et al., 2019). However, similar 
results were observed during a smaller exposure period. Hankins et al. (2021) exposed Pseudodiploria 
clivosa and Acropora cervicornis to HDPE microspheres and PE for 4 months and observed a decrease 
in tissue surface area and animal calcification.

At a biochemical level, changes can be seen at an earlier onset. A 6-hour exposure to 1 μm PS (50 
mg/L) was enough to trigger the antioxidant system and increase SOD activity in Pocillopora damicornis, 
as well as a decrease of the immune system by decreasing alkaline phosphatase activity (AKP). After 
12 hours, this exposure was also able to increase CAT activity and chlorophyll content and alter the 
detoxifying system by decreasing GSTs activity (Tang et al., 2019). On the other hand, when Tubastrea 
aurea was exposed to 300 mg/L of PVC, PE, PET, and PA-66, it decreased different enzymatic activity 
of the antioxidant and immune system, energy metabolism and calcification process (Liao et al., 2021) 
(see Table 1).

Another effect of MP exposure in coral species is bleaching, meaning that they expel the symbiotic 
algae living in their tissues, causing them to turn completely white (NOAA, 2021), decreasing, therefore, 
the access to carbohydrates and oxygen, which is seriously threatening for coral survival. This effect was 
observed in Acropora formosa after LDPE-14 days exposure (Syakti et al., 2019), in Acropora humilis 
and Acropora millepora after 4 weeks of pristine MPs (Reichert et al., 2018) and in Pocillopora ver-
rucose after 6 months of exposure to PE (Reichert et al., 2019).
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In reproduction terms, weathered PP MPs and spherical PE microbeads impair the success of gamete 
fertilization, embryo development and larval settlement in Acropora tenuis (Berry et al., 2019) and MP 
exposure can cause coral tissue necrosis (Reichert et al., 2018, 2019; Syakti et al., 2019) that can lead 
to problems at a populational level, as MPs can lead to a decreasing number of new coral generations.

Ultimately, coral communities are vital to many species as a source of food, shelter and/or nursery. 
The importance of these communities as part of the marine ecosystem is highly concerning when con-
fronted with MPs effects. Coral bleaching has already significantly impacted the diversity of biota in 
coral regions, and inevitabley these effects are felt higher up the trophic levels. With the addition of the 
effects that MPs pursue on corals, MPs pollution may be devastating for the surrounding ecosystem. 
As priorly mentioned, there is still a vast array of unknown knowledge of MPs toxicity in corals, and 
different size and shape of MPs needs significant attention to fully understand MPs effects, not only 
towards corals, but how it impacts the surrounding environment. Moreover, as the detection of MPs has 
been reported in the deep sea (Peng et al., 2018), the coral communities at this depth and the impact of 
MPs still needs to be addressed.

Echinoderms

Echinodermata is the sole group of deuterostomes invertebrates in the animal kingdom, with roughly 
6500 species, a unique phylogenetic position with a great diversity of forms and habitats (Ruppert et al., 
2005). They are important key species since they help to reduce algae growth, feed other animals, and 
are an important food source in certain countries (Oney, 2015).

For more than a century, echinoderm embryos and larvae were employed as experimental model 
systems in a variety of fields (Micael et al., 2009), including MPs marine ecotoxicology. In general, 
different classes of echinoderm are capable of taking up MPs particles and this is the most studied “end-
point” in this animal group (Hart, 1991; Graham et al., 2009; Kaposi et al., 2014; Lizárraga et al., 2017) 
(see Table 1). MPs were detected in tissues, but also in the celomic fluid (Mohsen et al., 2019; 2021).

Holothuroid, asteroid, and echinoid larvae ingest PS divinylbenzene beads of different sizes that, 
within each species, the maximum size of edible beads increase with age and a variation according to 
species was detected, not exceeding >45 µm apart from Astropecten armatus (Lizárraga et al., 2017).

Morphological alterations in Paracentrotus lividus, exposed 48 h to PS (6 μm; 103, 104 and 105 mi-
crospheres PS/mL) microspheres and HPDE fluff (>0–80 μm; 0.005, 0.5 and 5 g HDPE fluff/L) reduced 
larval growth and increased larval abnormalities. These include undeveloped embryos, collapsed embryo 
development at early stages, thickening and abnormal proliferation of the ectodermal membrane and 
reduced arm length (Martínez-Gómez et al., 2017). After 72 h of exposure to spherical PS (10 μm), this 
species also presented alterations in body and arm length, and a decrease in body width (Messinetti et 
al., 2018). These alterations were related to the delay in their development (Richardson et al., 2021). For 
example, echinoderms, such as starfish, can regenerate and grow back arms. With the effects of MPs, 
this function is compromised, jeopardizing the animal’s fitness, as the arms and rods of echinoderms 
are extremely important for locomotion, burrowing, and prey capture (Da, 2011). Moreover, MPs have 
also been found to increase swimming speed of echinoderms (Gambardella et al., 2018),

Additionally, biochemical parameters are also affected by MPs exposure. Spherical fluorescent green 
MPs (1–5 μm; 10 – 10000 MPs/mL) increase SOD, gluthatione peroxidase (GPx), CAT, protein carbonyl 
(PC) activities, and oxidative damage in Pseudechinus huttoni (Richardson et al., 2021). Moreover, P. 
lividus, exposed for 72 h to PS microbeads which caused an increase in intracellular ROS, reactive ni-
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trogen species (RNS), and the total antioxidant capacity as well as immunological alterations (Murano 
et al., 2020).

Furthermore, molecular, and cytological alterations were also found in echinoderms after MPs 
exposure. PS and polymethyl methacrylate (PMMA) also cause an increase in cytogenetic aberrations 
and mitotic abnormalities in Sphaerechinus granularis (Trifuoggi et al., 2019). Alterations in a set of 
related metabolic and signal transduction pathways were also seen in Apostichopus japonicus after PE 
microsphere exposure (Mohsen et al., 2021). In a more concerning aspect, MPs can also cause a decrease 
in fertilization rates (Martínez-Gómez et al., 2017; Trifuoggi et al., 2019), and histological alterations 
revealed by injuries and loss of cell components in animal tissues (Mohsen et al., 2021), thus threatening 
the viability of future generations as well as populational dynamics.

Finally, exposure to MPs leads to impaired responses across a range of morphological, physiological, 
cytological, molecular, behavioural, growth and development, reproduction, and mortality endpoints for 
both larval and adult stages of echinoderms.

Crustaceans

Crustaceans contribute to a large proportion of commercial seafood; therefore, efforts have aimed to 
monitor the impacts of MPs on this group of organisms (Table 1). In the water column, copepods and 
amphipods ingest available plastic (Cole et al., 2013). Benthic crustaceans, including crabs, also show 
evidence of accumulating plastic in the gills, stomach, hepatopancreas and the brain from their envi-
ronment (Brennecke et al., 2015; (Crooks et al., 2019). When crustaceans were exposed to MPs, they 
actively ingest particles causing behavioural changes in food consumption and swimming activity as 
well as physiological impacts on reproductive rates and enzyme activity (Cole et al., 2015; Gambardella 
et al., 2017). The behavioural changes of crustaceans can adversely impact their chance of survival by a 
reduction in feeding (Carrasco et al., 2019; Cole et al., 2015) and inhibited predator evasion responses as 
seen in European hermit crabs (Pagurus bernhardus) (Nanninga et al., 2020). Eventually, these impacts 
can cause a reduction in growth and higher mortality rates (Horn et al., 2020).

There is evidence of trophic transfer from prey items to crustaceans such as from mussels (Mytilus 
edulis) to crabs (Carnicus maenas) (Farrell & Nelson, 2013) and has been witnessed in other species 
(Crooks et al., 2019; Santana et al., 2017). In the Ria Formosa lagoon (Portugal) a green polypropylene 
MPs fragment (280 µm) was detected in the gills of the crab C. maenas (Vital et al., 2021). High levels 
(3 mg/g) of MPs accumulated in the hepatopancreas cause hepatic injury and reduce neural activity in 
the crab, Charybdis japonica (Wang et al., 2021). However, at lower concentrations (1-2 mg/g) crabs 
displayed a mitigated response to these foreign particles allowing physiological activity to remain normal 
(Wang et al., 2021).

Ingested particles are often expelled, and no obvious health impacts were observed as seen in the 
marine isopod, Idotea emarginata (Hämer et al., 2014). As MPs concentrations continue to increase in 
the ocean, the capacity of organisms to counteract MPs impact in their systems may collapse and cause 
increase damage to populations. This is especially relevant for intertidal and nearshore species living in 
the polluted coastal areas (Horn et al., 2020). Acute toxicity of MPs in crustaceans have been evaluated, 
however, there is a lack of information on the long-term effects of MPs exposure. Additionally, there 
is a need to evaluate more crustaceans species, as well as, other endpoints, such as histopathology, to 
increase the data spectrum of MPs effects for this group of organisms.
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Molluscs

It is well known that bivalves are excellent sentinel species for ecotoxicological studies because of their 
wide geographical distribution and their natural filter-feeding habits, which allow these organisms to 
ingest MPs from the surrounding environment and therefore detect stressor levels in their tissues. Since 
they can ingest MPs particles (Xu et al., 2017; Guilhermino et al., 2018) these can, therefore, be detected 
in different organs, such as the haemolymph, gills and, especially, in digestive glands (Avio et al., 2015; 
Oliveira et al., 2018; Ribeiro et al., 2017; O’Donovan et al 2018, 2020; Islam et al. 2021) which, con-
sequently, can jeopardize their biological functions (Table 1).

One of the first consequences of MPs in molluscs is related to feeding. MPs decrease the filtration 
rate of Curbicula fluminea after 8 and 14 days of exposure to 0.13 mg/L of a plastic of unknown com-
position (1-5 µm) (Oliveira et al., 2018). In addition, filtration by M. edulis was significantly decreased 
after 50 days of exposure to 25 μg/L of polylactic acid and HDPE (Green et al., 2017). Similarly, in 
Scrobicularia plana, after 14 d of exposure to LDPE (4-6 and 20-25 μm; 1 mg/L) the filtration rate 
also decreased (Islam et al., 2021). PS (between 63 μm and 250 μm) exposure for 10 d to 10 and 1000 
particles/L decreased the clearance rate of Atactodea striata (Xu et al., 2017). Accordingly, even in-
terspersed exposure periods (2-hour-time-periods per day for 3 months total), Perna viridis exposed to 
polyvinylchloride (PVC; 1 –50 μm) also caused a decrease in clearance rate (Rist et al., 2016). Overall, 
this effect can be allied with the decrease in valve opening duration after MPs exposure, in the bivalves’ 
case (Bringer et al., 2021).

Morphological alterations were also observed in molluscs exposed to MPs. HDPE-MPs (20-25 µm) 
after 24-d exposure delayed shell growth in Crassostrea gigas (Bringer et al., 2021). However, the most 
analysed endpoints in molluscs are the biochemical ones, and the results are diverse according to the 
species, time of exposure and plastic type.

ROS are induced in MPs exposed mussels i.e., exposure of Tegillarca granosa to PS (30 and 500 μm; 
0.26 and 0.29 mg/L) for 14 days (Shi et al., 2020; Sun et al., 2020; Zhou et al., 2021). The same mate-
rial and time of exposure, though smaller in size (2 μm), caused an increase in ROS content in Mytilus 
coruscus (Huang et al., 2021). This, in most of the cases, triggered the antioxidant enzyme system, in-
creasing the activity of enzymes such as CAT, SOD, GPx and others (Magara et al., 2018; O’Donovan 
et al., 2018; Cole et al., 2020; Wang et al., 2020; Teng et al., 2021). Ultimately, causing cellular damage, 
mostly through lipid peroxidation (Oliveira et al., 2018; Capolupo et al., 2021; Gu et al., 2021; Huang 
et al., 2021) in both the digestive gland and gills.

However, the effects can be more intense, and the antioxidant system is not capable of handling 
increasing ROS, which therefore decreases enzymatic activity (Paul-Pont et al., 2016; Teng et al., 
2021). Besides the antioxidant enzyme system, GST is also affected by MPs, and its activity increases 
or decreases depending on tissue, time of exposure and material type (Ribeiro et al., 2017; Revel et al., 
2019; Tlili et al., 2020).

Haematological effects can be related to a significant reduction in the total haemocyte count; decreased 
red granulocyte and hyalinocyte and increased basophil granulocyte; suppression of the phagocytic rate 
of haemocytes. This was observed after T. granosa was exposed to different concentrations of PS (Shi 
et al., 2020; Sun et al., 2020; Zhou et al., 2021).

In addition, even short exposure times (7 d) of PS and PE (20 μm and 75 μm) affect molluscs signifi-
cantly, as shown in Trestrail et al. (2021), where MPs affect the activity of the digestive enzymes shown by 
the reduction in amylase, and xylanase activities, as well as increase cellulase and total protease activity.
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Concerning reproduction, the total number of oocytes collected by stripping and oocyte diameter were 
significantly lower in C. gigas exposed to PS-MPs (Sussarellu et al., 2016) as well as increased larval 
mortality and delayed development time of the offspring in Amphibalanus amphitrite (Yu & Chan, 2020).

Genotoxic effects after PS-MP exposure (20 μm; 1 mg/L) for 14 d were observed in S. plana (Ri-
beiro et al., 2017). In addition, transcriptomic alterations in different genes of different systems, such 
as antioxidant, immune and energy balance (Gardon et al., 2020), immunotoxicity pathway (Sun et 
al., 2020) and carbon metabolism (Détrée and Gallardo-Escárate, 2017) were also affected by MPs in 
molluscs. Moreover, histopathological damage in gills and digestive glands can also be observed after 
MP exposure (Paul-Pont et al., 2016; Bråte et al., 2018; Alnajar et al., 2021; Teng et al., 2021). Overall, 
the toxicity of MPs towards molluscs is time, size, polymer type, shape, and concentration dependent. 
Thus, further studies should focus on the variety of plastic polymers type, shape, and size to gain a much 
deeper understanding of MPs impact and how it affects these filter-feeding organisms, as MPs can be 
biomagnified to higher trophic levels, including humans, due to the consumption of MP contaminated 
shellfish batches.

By far, molluscs is the group of marine organisms most evaluated in the marine environment concerning 
MPs toxicity. However, there is a lack of a standardized methodology, making the comparison between 
studies not always attainable. Thus, although there is extensive data on MPs effects in molluscs, the lack 
of a standardized method restricts decision-makers and authorities from developing risk-assessment and 
management policies for MPs pollution.

Fish

Many interactions between fish species and MPs in the ocean have been reported (Table 1). Due to the 
small nature of MPs, many species are exposed to them through ingestion (Boerger et al., 2010). The 
feeding behaviour of some fish species puts them directly at risk of ingesting MPs by mistake, and this 
has been documented extensively (Anastasopoulou et al., 2018; Boerger et al., 2010; Budimir et al., 
2018; Chagnon et al., 2018; Collard et al., 2015; Davison & Asch, 2011; Foekema et al., 2013; Forrest 
& Hindell, 2018; Miranda & de Carvalho-Souza, 2016; Nelms et al., 2018). Surface feeders are likely 
to mistake floating microplastic for prey (Savoca et al., 2017) and benthic feeders will consume MPs 
that have sunk to the seafloor. The consequences of plastic ingestion include, but are not limited to, in-
flammation of the gut, starvation, and death (Rochman et al., 2016). Histopathological examinations of 
European seabass (Dicentrarchus labrax) fed with PVC have proven severe alterations to the structure and 
function after 90 days (Pedà et al., 2016). In more elevated cases of continued accumulation of plastic, 
stomachs can become full of plastic, and it is unable to be passed through the digestive system, causing 
gastric blockage, as seen in seabirds (Azzarello & Van Vleet, 1987). The plastic occupies important 
space in an animal’s stomach, causing a feeling of false fullness and preventing them from absorbing 
enough nutrients to maintain growth. MPs were found in multiple wild fish organs including the diges-
tive tract, gills and muscle (Barboza et al., 2020). Gills function is reduced as particles become stuck in 
gills, cause breakage, infection and oxidative stress (Barboza et al., 2018). Laboratory studies also show 
MPs to be easily eliminated from fish after ingestion (Mazurais et al., 2015).

MPs may cause long-term impacts on individuals and fish populations by reducing survival capabilities 
such as swimming speed, response time, predatory responses (Mattsson et al., 2015) and escape responses 
(Nanninga et al., 2021). This can cause knock-on effects by reducing growth (Critchell & Hoogenboom, 
2018) and overall health of an animal. The cause of these behavioural changes can be seen in physiologi-
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Table 1. Evidence of impact and effects of microplastics on marine organisms

Taxonomic 
group Species Particle type Particle size Concentration Exposure time Effects Reference

Bacteria

Bacillus subtilis

PE 323.3 and 
656.8 µm 10 - 500 mg/L 1-36 h

Growth inhibition; ↓ protein content and LPO; ↑ extracellular 
carbohydrate levels Ustabasi et al., (2020)

Escherichia coli ↑ extracellular carbohydrate levels Ustabasi et al., (2020)
Pseudomonas 

aeruginosa ↓ LPO; ↑ extracellular carbohydrate levels Ustabasi et al., (2020)

Staphylococcus 
aureus ↑ extracellular carbohydrate levels Ustabasi et al., (2020)

Algae

Chaetoceros gracilis PVC 1 µm 25, 50, 100, 200 mg/L 24, 48, 72, 96 h ↓ chlorophyll content, photochemical efficiency and photosynthesis Wang et al., (2020)
Chaetoceros 
neogracile PS 2 µm 3.96 µg/L 30 d Hetero-aggregation, little impact on algal physiology Long et al., (2020)

Dunaliella salina PS (+ZnO) - 1mg/L
72 h

MPs ↓harmful effects of ZnO Gunasekazan et al., 
(2020)

Dunaliella tertiolecta

PS

0.05, 0.5 and 6 μm 250 mg/L Up to 45% ↓ of growth rate, smaller particles show higher ↓ Sjollema et al., (2016)
0.04 µm 0.5 - 50 mg/L Aggregation of MPs and inhibition of growth Bergami et al., (2017)

Heterocapsa triquetra 2 µm 3.96 µg/L 30 d Little impact on algal physiology Long et al., (2020)

Karenia mikimotoi 65 nm, 100 nm, 
1 µm 10 mg/L

72 h

Impaired cell viability, reduced cell membrane integrity and DNA 
concentration Zhao et al., (2022)

Platymonas 
helgolandica var. 

tsingtaoensis
1, 2, 3, 4, 5 µm 10mg/L 1 and 2 µm particles in algae, ↓ photosynthesis and density of algae Chen et al., (2020)

Phaeodactylum 
tricornutum PS, PMMA <100 µm 0.5, 50 mg/L 27 d ↓ in biomass and carbohydrate production Cunha et al., (2020)

Phaeodactylum 
tricornutum PVC 1 µm 25, 50, 100, 200 mg/L 24, 48, 72, 96 h ↓ chlorophyll content, photochemical efficiency and photosynthesis Wang et al., (2020)

Pyropia yezoensis 
(Commercial Nori) PET 100 - 2000 µm 0, 1000, 5000, 10,000 

fibers/L 2 h MP fibres adhere to surface of algae Li et al., (2020)

Rhodomonas baltica PS 10 µm 75-7500 particles/L 264 h Inhibition of cell count and ↓ chlorophyll content Lyakurwa, (2017)

Skeletonema costatum PVC
1 µm

0-50 mg/L 96 h 40% ↓ in growth rate, up to 20% ↓ in chlorophyll content and 
photosynthetic rate Zhang et al., (2017)

Skeletonema costatum mPVC (+Cu2+) 0, 3, 6, 10, 15, 20, 30 mg/L 24 h Inhibited growth but ↓ toxicity of Cu particles Zhu et al., (2020)

Tetraselmis chuii PE 1-5 µm
0.75 - 48 mg/L

96 h
↓ chlorophyll content at some concentrations Prata et al., (2018)

0.046 – 1.472 mg/L No significant effects on population growth Davarpanah & 
Guilhermino (2015)

Thalassiosira sp. PVC 1 µm 25, 50, 100, 200 mg/L 24, 48, 72, 96 h ↓ chlorophyll content, photochemical efficiency and photosynthesis Wang et al., (2020)
Tisochrysis lutea PS 2 µm 3.96 µg/L 30 d Little impact on algal physiology Long et al., (2020)

Rotifers

Brachionus 
calyciflorus PE-spherical 10–22 μm 0.5 × 103, 2.5 × 103, and 

1.25 × 104 particles/mL

24 
h-progenitors 

died

Ingestion; reproduction suppressed; ↓ swimming linear speed; 
↓SOD and Na+-K+-ATPase activities, ↑ GPx activity Xue et al., (2020)

Brachionus koreanus PS-beads 0.05 - 6 μm 1 - 20 g/L 24 h-12 d

↑ antioxidant enzymes activities; oxidative stress (ROS level) and 
phosphorylation status of MAPK); ↑ phosphorylation of c-Jun 

N-terminal kinase (p-JNK) and p38 (p-p38); ↓ growth rate, lifespan, 
fecundity, reproduction time and body size

Jeong et al., (2016)

Brachionus plicatilis

PS-beads 6 μm 1 and 2.5 g/L 24 h-6 d

↓ population growth rate and swimming behavior; ↑ ROS level, 
GSH, GSTs, SOD and CAT activities; ↓ calcein AM, Alterations 
in transcriptional expression levels of ATP-binding cassette genes 

related to multi xenobiotic resistance function.

Kang et al., (2021)

PS
0.07 - 7 μm 1 - 20 g/L

initial maternal 
rotifers died 

or algae 
elimination

↓ rotifer survival and reproduction, prolonged the time to 
maturation, and reduced the body size at maturation; significantly 

delayed the elimination of phagocytosis by rotifers
Sun et al., (2019)

10 μm 3 -5 mg/L 12, 24, 48 h Ingestion Laksono et al., (2021)

PE 0.1 μm 0.001 -10 mg/L 48 h Swimming speed stimulatory effect at low concentrations and an 
inhibitory at high concentrations; ingestion

Gambardella et al., 
(2018)

Keratella cochlearis

latex beads
0.04 - 10 µm

- 5 min Ingestion Ronneberger (1998)
Keratella quadrata

Polyarthra 
dolichoptera

Synchaeta pectinata
Synchaeta spp. PS - spheres 1000 - 10 000 particles/mL 3 h Ingestion from food web transfer Setälä et al., (2014)

Corals

Acropora cervicornis HDPE and PE ≤1000 μm and 
>1.7 mm 1560 mg/L 48 h and 12 w ingestion and egestion until 1 mm; ↓ tissue surface area, 

calcification, and buoyant weight Hankins et al., (2021)

Acropora formosa LDPE <100 - 500 μm 0.05 - 0.15 g/L 0 - 14 d Bleaching and necrosis; ingestion; ↓ Zooxanthellae abundance Syakti et al., (2019)

Acropora hemprichii
PE

53–63, 125–150, 
215–250, 300–355 
and 425–500 μm

0.2 g /L 28 h ingestion; ↑ production of mucus Lizárraga et al., 
(2017)

Acropora humilis 37 - 163 μm 0.1 g/L 4 w Bleaching; overgrowth of microplastic particle Reichert et al., (2018)
Acropora muricata 175.5 μm 0.25 mg/L 6 m ↓ growth parameters; ↑ photosynthesis Reichert et al., (2019)

weathered PP and 
PE beads 1 um - 2 mm2 5 - 200 pieces/L 2, 5 h and 24 h ↓ gamete fertilization, embryo development and larval settlement Berry et al., (2019)

Acropora sp. PS spheres and 
microfibres

500–1000 μm,and 
0.05–1 cm 0.1 mg/L 0-14 d

(Photo)physiology alterations according to temperature; ↓ 
gross photosynthesis (O2 production) and ↑ net respiration (O2 

consumption)
Mendrik et al., (2021)

Astroides calycularis PE 2 and 3 mm 1.33 particles/L 30-90 min Captures, ingests, and egests microplastics; ↓ food intake Savinelli et al., (2021)

Danafungia scruposa fluorescent PE-
beads

212–355, 
600–710, and 
850–1000 μm

0.38 g/L 48 h ↓ fitness Corona et al., (2020)

Dipsastrea pallida shavings of 
blue PP 10 μm–2 mm 0.197 - 0.395 g/L 3 - 48 h Ingestion, retainment within their gut cavity and egestion Hall et al., (2015)

Heliopora coerulea PE 175.5 μm 0.25 mg/L 6 m ↓ growth parameters Riechert et al., (2019)

Lophelia pertusa
LDPE 500 μm 350 particles/L 2 m ↓ capture rates, percentage of active polyps and growth rates; Chapron et al., (2018)
LDPE 500 μm 350 particles/L 5 m ↓ growth rate and prey capture rates Mouchi et al., (2019)

Montastraea 
cavernosa

PE-beads 
and polyester 
microfibers

90 μm–2.8 mm 30 mg/L 48 h Ingestion and egestion Hankins et al., (2018)

Montipora capitata PE (green 
fluorescent) 150–180 µm 2000 particles/L 10 d Ingestion and egestion Axworthy et al., 

(2019)

continued on following page
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Taxonomic 
group Species Particle type Particle size Concentration Exposure time Effects Reference

Pocillopora 
damicornis

PS 1.0 μm 50 mg/L 6, 12, 24 h
↑ SOD and CAT activities and chlorophyll content; ↓ GSTs 
and AKP; 349 and 107 differentially expressed genes in the 

scleractinian coral and symbiotic zooxanthellae
Tang et al., (2018)

PE 37 μm to 163 μm 0.1 g/L 4 w Tissue necrosis Reichert et al., (2018)
PE (green 

fluorescent) 150–180 µm 2000 particles/L 10 d Ingestion and egestion Axworthy et al., 
(2019)

Pocillopora verrucosa

PE

175.5 ± 73.5 μm 0.25 mg/L 6 m ↑ photosynthesis parameters; compromised coral health (i.e., 
bleaching, tissue necrosis, feeding scars from parasites) Reichert et al., (2019)

37 μm to 163 μm

0.1 g/L

4 w Tissue necrosis

Reichert et al., (2018)Porites cylindrica 37 μm to 163 μm 4 w Bleaching; overgrowth of microplastic particle

Porites lutea 37 μm to 163 μm 4 w Mucus production; overgrowth of microplastic particle (energy 
coast)

Porites porites PS ≤ 5μm 1 - 1000 mg/L 96 h Ingestion Grillo et al., (2021)
Pseudodiploria 

clivosa HDPE and PE ≤1000 μm and 
>1.7 mm respec 1560 mg/L 48 h and 12 w Uptake and egestion until 2.8 mm; ↓ tissue surface area and 

calcification Hankins et al., (2021)

Seriatopora hystrix PS spheres and 
microfibres

500–1000 μm and 
0.05–1 cm 0.1 mg/L 0-14 d

(Photo)physiology alterations according to the temperature; ↑ 
gross photosynthesis (O2 production) and ↓ net respiration (O2 

consumption)
Mendrik et al., (2021)

Stylophora pistillata PE 106–125 μm 5000 and 50,000 μg/L 28 d ↑ levels of phosphorylated sugars and pyrimidine nucleobases; ↑ 
photosynthetic efficiency Lanctôt et al., (2020)

Tubastrea aurea PVC; PE; PET; 
PA66 1 to 20 μm 300 mg/L 24 h

Ingestion; ↓ GHS, CAT, SOD, TAC and Alkaline Phosphatase 
activities; ↓ Pyruvate Kinase and Na, K-ATP (energy metabolism) 

and Ca-ATP, Mg-ATP, and Ca, Mg-ATP activity (calcification 
process)

Liao et al., (2021)

Zoanthus sociatus LDPE and PVC 63–125 μm 1 and 10 mg/L (LDPE and 
PVC, respectively) 96 h ↑ adherence to coral epidermis, photosynthetic efficiency, LPO 

and CAT activity Rocha et al., (2020)

Echinoderms
Apostichopus 

japonicus PE-MFs

0.87 mm with a 
range of 0.13–2.54 

mm
2 particles/mL 0.5 - 16 h Mohsen et al., (2021)

1–5 mm 3 - 6 mg/L (in water) 0.6 - 
1.2 particles/g (in sediment) 72h/168h/60d Ingestion and persistence in the coelomic fluid; ↑ lysozyme 

responses in the coelomic fluid; Mohsen et al., (2019)

Apostichopus 
parvimensis PS-

divinylbenzene 
beads

15–60 µm 25 - 100 beads/mL 5-16 d Ingestion Lizárraga et al., 
(2017)

Astropecten armatus 45-120 µm 25 - 100 beads/mL 08-28 d Ingestion Lizárraga et al., 
(2017)

Cucumaria frondosa

PVC fragments, 
nylon fragments, 
and PVC resin 

pellets

0.25 - 15 mm 
(PVC) and 0.25 - 

1.5 mm nylon

10.0 g (wet) PVC shavings, 
65.0 g (wet) PVC resin 
pellets, or 2.0 g (dry) 

nylon line

4 h Ingestion Graham and 
Thompson (2009)

Dendraster 
excentricus

PS-
divinylbenzene 

beads
15-60 µm 25 - 500 beads/mL 4-14 d Ingestion Lizárraga et al., 

(2017)

Dermasterias 
imbricata

PS 
divinylbenzene 
microspheres

20 um 2.4 microplastics μL−1 - Ingestion Hart (1991)

Holothuria 
cinerascens

PE 0.5–1 mm and 
1–2 mm 50 - 150 particles/L

72 h
Ingestion Iwalaye et al., (2021)

PE fluorescent 
fragments 1–2 mm 1 mg/L Microplastics in guts, coelomic fluid; digested respiratory trees and 

undigested respiratory trees Iwalaye et al., (2020)

Holothuria floridana PVC fragments, 
nylon fragments, 
and PVC resin 

pellets

0.25 - 15 mm 
(PVC) and 0.25 - 

1.5 mm nylon

10.0 g (wet) PVC shavings, 
65.0 g (wet) PVC resin 
pellets, or 2.0 g (dry) 

nylon line

4 h Ingestion Graham and 
Thompson (2009)Holothuria grisea

Lytechinus pictus
PS - 

divinylbenzene 
beads

15-75 µm 25 - 500 beads/mL 5-21 d Ingestion Lizárraga et al., 
(2017)

Paracentrotus lividus

PS and HPDE
6 μm (PS) and 

>0–80 μm 
(HPDE)

10^3, 10^4 and 10^5 
particles/mL (PS) and 0.005 

- 5 g/L (HDPE)
48 h Reduce fertilization rate and larval growth; ↑ larvae abnormalities; Martínez-Gómez et 

al., (2017)

PS
10 μm and 45 μm 10 particles/mL 72 h

↑ total immune cells count, ratio between red (%) and white 
amoebocytes (%), intracellular ROS and RNS and total antioxidant 

capacity
Murano et al., (2020)

10 μm 0.125 - 25 μg/ml microbeads 72 h Ingestion; alterations ins body length and arm length; decrease 
body widths

Messinetti et al., 
(2018)

PE
5.5 μm 1 mg/L 48 h Ingestion; ↓ filtration rate Beiras and Tato 

(2019)

0.1 μm 0-0.001-0.01-0.1-1-
10 mg L−1 24 h ↑ swimming speed Gambardella et al., 

(2018)

Patiria miniata
PS 

divinylbenzene 
beads

45-120 µm 25 - 100 beads mL−1 07-28 d Ingestion Lizárraga et al., 
(2017)

Pseudechinus huttoni
spherical 

fluorescent green 
MPs

retention (1–5 
μm), and short-
term exposure 

effects (1–4 μm)

10 - 10,000 particles/mL 24 h/10 d Ingestion ↑ SOD, GPx and CAT activities of protein carbonyl (PC) 
and lipid peroxides (LPx) concentrations, larval arm asymmetry

Richardson et al., 
(2021)

Sphaerechinus 
granularis

PS and 
polymethyl 

methacrylate 
(PMMA)

10 - 230 μm (PS) 
and 10 - 50 μm 

(PMMA)
0.1 - 5 mg/L 72 h

Developmental morphological defects; ↑cytogenetic aberrations, 
mitotic abnormalities and developmental defects in offspring 

following sperm; ↓ fertilization rate;

Trifuoggi et al., 
(2019)

Strongylocentrotus 
droebachiensis

PS - 
divinylbenzene 
microspheres

20 μm 2.4 particles/μL
-

Ingestion

Hart (1991)

Strongylocentrotus 
purpuratus

-
PS 

divinylbenzene 
beads

15-100 µm 25 - 500 particles/mL 7-20 d Lizárraga et al., 
(2017)

Stylasterias forreri
PS 

divinylbenzene 
microspheres

20 μm 2.4 particles/μL - Hart (1991)

Table 1. Continued
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Taxonomic 
group Species Particle type Particle size Concentration Exposure time Effects Reference

Thyonella gemmata

PVC fragments, 
nylon fragments, 
and PVC resin 

pellets

0.25 - 15 mm 
(PVC) and 0.25 - 

1.5 mm nylon

10.0 g (wet) PVC shavings, 
65.0 g (wet) PVC resin 
pellets, or 2.0 g (dry) 

nylon line

4 h Ingestion Graham and 
Thompson (2009)

Tripneustes gratilla PE microspheres 25–32 μm 1 - 300 particles/mL 27 h/5 d Ingestion ↓ larvae body widths Kaposi et al., (2014)
Crustaceans Acartia tonsa PE 10-90 µm 0-25000 MP/mL 48 h ingestion, ↑ metabolic activity and mortality Syberg et al., (2017)

Amphibalanus 
amphitrite

PS beads
0.1 µm

0.001 - 10 mg/L 24 h and 48 h Ingestion of MPs, alteration of swimming and enzyme activity 
indicating neurotoxic effects and oxidative stress

Gambardella et al., 
(2017)

Artemia franciscana 0.001 – 10 mg/L 24 h and 48 h Ingestion of MPs, alterations of swimming and enzyme activities 
indicating neurotoxic effects and oxidative stress

Gambardella et al., 
(2017)

Calanus 
helgolandicus 20 µm 75 particles/L 24 h ↓ feeding and reproduction output Cole et al., (2015)

Callinectes ornatus PVC 0.1-1 µm 0.5g/L from mussels as food 10 d Trophic transfer but low particle resistance Santana et al., (2017)

Carcinus maenas PP 1-5 mm [0% (0 mg), 0.3% (0.6 mg), 
0.6% (1.2 mg), 1% (2.0 mg 4 weeks ↓ food consumption, energy and growth Watts et al., (2015)

Charybdis japonica PS 5µm 1 x 103 particles/mL 1 week Capacity to counteract effects of low concentrations, hepatic injury, 
reduced neural activity Wang et al., (2021)

Emerita analoga PP 1mm 3 pieces/L 71 d ↑ adult mortality, ↓ egg retention, variable embryonic development 
rates Horn et al., (2020)

Eriocheir sinensis

PS

0.5µm 40000µg/L 7 d ↑ oxidative stress, negative effects on growth Yu et al., (2018)
Eriocheir sinensis 5µm 0, 0.04, 0.4, 4, 40 mg/L 7, 14, 21 days ↓ immune enzyme activity and immune gene expression. Liu et al., (2019)

Necora puber 0.5µm 4.1 × 106 MPs/mussel 
as food 21 d MPs in the brain, trophic transfer from mussels (Mytilus edulis) Crooks et al., (2019)

Orchestoidea 
tuberculata 8 µm 0%, 5% and 10% of artificial 

food source 24 h ↓consumption rate of algae Carrasco et al., (2019)

Pagurus bernhardus PE 10-29 µm 0, 0.1, 1 mg/L 5 d ↓ startle response Nanninga et al., 
(2020)

Tigriopus japonicus

PS

005, 0.5, 6µm 240 µm in 4mL 96 h Acute toxicity, ↓ in fecundity and triggered mortality in next 
generation. Lee et al., (2013)

Uca rapax (Fidler 
crab) 180 –250 µm 0.1-1% sediment volume 2 months ingestion of fragments in gills, stomach and hepatopancreas Brennecke et al., 

(2015)

Molluscs Amphibalanus 
amphitrite 1.7 - 19 μm 1 - 1000 particles/mL 11 w ↑ larval mortality and delayed development time (offspring) Yu and Chan (2020)

Atactodea
striata 63 - 250 μm 10 and 1000 particles/L 10 d Ingestion and ↓ clearance rate Xu et al., (2017)

Corbicula fluminea

unknown 
composition 1 and 5 µm 0.13 mg/L 8 and 14 d Ingestion; ↓ filtration rate and Che activity; ↑ LPO Oliveira et al.; (2018)

1–5 μm 0.2 and 0.7 mg/L 96 h Ingestion; ↓ AChE activity Guilhermino et al., 
(2018)

Crassostrea gigas

PS 2 and 6 µm 2.06 and 118 particles/mL 2, 5, and 8 w
Ingestion; ↑ algal consumption; hyalinocytes and granulocytes 

size; ↓ total number and diameter of oocytes, D-larval yield, sperm 
velocity, larval growth; molecular alterations

Sussarellu, et al., 
(2016)

HDPE 20-25 µm 10 and 30 µg/L 24 d ↑ valve micro-closures; ↓ valve opening duration and shell growth Bringer et al., (2021)

PS 6 μm 104, 105 and 106 particles/L 80 d Ingestion; alterations in the condition index and shell length; ↑ 
weight; ↓ lysosomal membrane stability; Thomas et al., (2020)

PE and PET

irregularly shaped 
particles

10 and 1000 μg/L 21 d

Alterations in clearance, respiration rate, SOD and CAT activities, 
protein expression, expression levels of several genes from both 
intrinsic and extrinsic apoptosis pathways and aerobic and lipid 

metabolism Teng et al., (2021)

36.72 and 31.11 
μm

Ingestion; ↓ hexokinase and glutamic pyruvic transaminase, total 
cholesterol, and triglyceride; histological damage; ↑ pyruvate kinase 

and glutamic pyruvic transaminase; metabolic alterations

Donax trunculus PE and PP 100 - 400 μm 0.24 g of PP/PE mixture 
(0.06 g/Kg of sand) 3h, 1 -15 d Ingestion; ↓ AChE activity; ↑ CAT and GSTs activities Tlili et al., (2020)

Mytilus coruscus PS 2 μm
0, 10, 104, 106 particles/L 14 d

↑ ROS, LPO and MDA levels, acid phosphatase and alkaline 
phosphatase activity; metabolic alterations Huang et al., (2021)

↑ CAT, GSH and lysozyme activities; ↓ pepsin, trypsin, alpha-
amylase, and lipase Wang et al., (2019)

2.5 μg/L 21 d ↓ clearance rate; ↑ acid phosphatase, alkaline phosphatase activities 
and ROS content and MDA levels Gu et al., (2020)

Mytilus edulis

HDPE 0–80 μm 2.5 g/L 3 - 96 h ↑ granulocytoma formation;↓ LMS Von Moos et al., 
(2012)

Poly(l-lactide) < 250 μm 10 and 100 μg/L 8 d Metabolic alterations (Glycerophospholipids were down-regulated) Khalid et al., (2021)

PE 10 – 90 μm 100, and 1000 particles/mL 96 h ↑ CAT activity in gills and DG; ↑ SeGPx and GPx activities in gills; 
↓ GPx activity in DG; alterations in total glutathione concentration Magara et al., (2018)

Mytilus edulis Polylactic acid 
(PLA) and HDPE

65.6 μm - PLA 
and 102.6 μm - 

HDPE
2.5 and 25 μg/L 50 d ↓ filtration rate Green et al., (2016)

Mytilus 
galloprovincialis

PS and PE 20 μm and 75 μm 1 × 104 and 5 × 104 
particles/L 7 d ↓ amylase and xylanase activities, ↑ cellulase activity and total 

protease activity Trestail et al., (2021)

PS 3 µm 1.5 - 150 ng/L 21 d ↓ LMS, lysozyme and hemocite phagocite activities; ↑ intra-
lysosomal content of lipofuscin, LPO, CAT activity

Capolupo et al., 
(2021)

PE 40–48 μm 1- 100 μg/L 14 d ↓ filtration rate, CAT and GST activities ;↑ LPO Abidli et al., (2021)

PE and PS < 100 μm 1.5 g/L 7 d
Ingestion; ↑ DNA strand breaks in hemocytes; ↓ granulocytes 

versus hyalinocytes type cells, AChE, Se-GPX activities, LMS, 
lysosomal integrity and lipofucsin; molecular alterations

Avio et al., (2015)

Mytilus 
galloprovincialis

PE 1–50 μm 1.5 x 107 particles/L 24 h
Up-regulation of genes relative to carbon metabolism, oxidative 

stress, immune response, and apoptosis; down-regulation of genes 
involve in carbon metabolism

Détrée and Gallardo-
Escárate (2015)

LDPE 20–25 μm 10 mg/L 28 d Ingestion ↓ in phagocytosis activity and granulocytes/hyalinocytes 
ratio; ↑ micronuclei and heat shock protein 70(hps70) expression Pittura et al., (2018)

PS 3-μm 50–10,000 particles/mL 48 h

Ingestion: transcriptomic alterations in genes related with immune 
responses, alterations in lysosomal responses, neuroendocrine 
signaling, shell biogenesis, and antioxidant responses at the 

D-veliger stage

Capolupo et al., 
(2018)

PE (virgin and 
weathered) 50-600 um 0.01 mg/mL 21 d Ingestion; histopathological alterations in gills and digestive 

system; Bråte et al., (2018)

Lint microfibers

20 to 750 μm in 
length and were 

always <30 μm in 
thickness

56 - 180 mg/L 7 d ↑ DNA damage; histopathological alterations in gills and digestive 
gland Alnajar et al., (2021)

Table 1. Continued

continued on following page
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cal data on fish. The immune system can be significantly impacted by MP ingestion as they are foreign 
particles which initiate an immune response. The strain that MPs put on the immune system can alter the 
natural responses such as reducing phagocytic activity, increase lysosome activity and influence gene 
expression (Sharifinia et al., 2020). Populations may also be affected by the impacts on reproduction. 
Environmentally relevant levels of MPs are enough to cause reduced gonad development in female fish 
(Oryzias melastigma) and alter the production of hormones (Wang et al., 2019). The ingestion of MPs 

Taxonomic 
group Species Particle type Particle size Concentration Exposure time Effects Reference

Mytilus spp.

PS; Polyamide 
microfibres

20 μm; 10 ø × 
30 μm 500 ng/mL 24 h or 7 d ↑ SOD activity Cole et al., (2020)

PS 2 and 6 μm 32 μg/L 7 d Histopathological alterations; ↑ % of dead hemocytes and ROS 
production; ↓ CAT, GR activities and LPO; molecular alterations

Paul-Pont et al., 
(2016)

mixture 
composed of PE 

and PP

0.4 and 720 μm 
- PE and 0.4 and 

950 μm - PP
0.008 - 100 μg/L 10 d Ingestion; alterations in enzymatic activity (CAT, SOD and GSTs); 

↑ acid phosphatase activity, DNA damage Revel et al., (2019)

Ostrea edulis PLA and HDPE 65.6 μm- PLA and 
102.6 μm HDPE 2.5 and 25 μg/L 50 d ↑ filtration rate; Green et al., (2016)

Perna canaliculus PE 38–45 μm 1 g/cc 48 h ↓ clearance rate, oxygen respiration and byssus production Webb et al., (2020)

Perna viridis

weathered-PE

<32 µm and 
32 – 43 µm 

at the relative 
proportions of 
15% and 85%,

1 - 3 μg/L 30 d
Ingestion; ↑ LPO and GSTs activity and decrease in CAT and 

GSH activities in intestine and gills; changes in the morphology of 
internal organs; ↓ locomotory behaviour and byssus production

Hariharan et al., 
(2021)

PVC 1–50 μm 21.6 - 2160 mg/L

for two 2-hour-
time-periods 

per day. 3 
months total

↓ clearance and respiration rate; byssus production and survival Rist et al., 2016)

Pinctada 
margaritifera

PS 6 and 10 μm 0.25 - 25 μg/L 2 m ↓ assimilation efficiency, energy balance and gametogenesis 
alteration Gardon et al., (2018)

PS-beads 6 and 10 μm 0.25 - 25 μg/L 60 d

Alterations in gene expression of GCT 1, toll-like receptor 
13, myeloid differentiation primary response 88, and HSP70. 

Transcriptomic alterations in different genes (antioxidant, immune 
and energy balance)

Gardon et al., (2020)

Scrobicularia plana
LDPE

11–13 μm 1 mg/L 3 - 14 d ↑ CAT activity in gill and ↓ in digestive gland O’Donovan et al., 
(2018)

4-6 and 20-25 μm 1 mg/L 3 - 14 d ↓ filtration rate; ↑ SOD, GPx activities and MDA in the gills and 
SOD activity in digestive gland Islam et al., 2021

PS

20 μm 1 mg/L 14 d PS microplastics in the hemolymph; alterarios in AChE, LPO, 
SOD, CAT, GPx and GSTs activities; genotoxic effects; Ribeiro et al., (2017)

Tegillarca granosa

30 μm and 500 nm 1 mg/L 4 d
↑ total hemocyte counts and ROS production; ↓ proportions of red 
granulocytes, phagocytic activity; intracellular concentrations of 

Ca2+ and LZM
Tang et al., (2019)

PS

500 nm

0.26 mg/L

14 d

↓total hemocyte count, red granulocyte, hyalinocyte, lectin content 
in the serum of blood, phagocytic rate of hemocytes; cell viability, 

growth and gene expression (NFκB, IKKα, MAPK, GST and 
CYP1A2); ↑ basophil granulocyte, ROS content and DNA damage; 

molecular alterations

Zhou et al., (2021)

30 μm

↓ total hemocyte count, red granulocyte, phagocytic activity and 
cell viability of hemocytes; ↑ basophil granulocyte, intracellular 
ROS content of hemocytes; alteration in genes from the immune-
related NFκB signaling pathway; from the AHR-immunotoxicity 

pathway; from the apoptosis pathway

Sun et al., (2020)

500 nm and 30 μm 0.29 mg/L

↑ caspase 3 activity, intracellular ROS, MDA and GABA content; 
↓ total counts, phagocytosis of hemocytes, viability, ATP contents, 

pyruvate kinase activities, in vivo concentrations of CYP1A1; 
transcriptomic alterations

Shi et al., (2020)

Fish

Acanthochromis 
polyacanthus (Spiny 

chromis)
PET 1-2 mm 0, 0.025, 0.055, 0.083 and 

0.1 mg/L 6 weeks Negative effect on growth Critchell & 
Hoogenboom, (2018)

Dicentrarchus labrax 
(European seabass, 

juveniles)
Polymer (+Hg) 1-5µm 0.26 and 0.69 mg/L 96 h ↓ swimming velocity and resistance time, lethargic and erratic 

swimming behaviour Barboza et al., (2018)

Dicentrarchus labrax 
(European Seabass)

PE 10-45 µm 1, 104, 105 particles/g 43 d Limited impact, slight ↑ in mortality Mazurais et al., 
(2015)

PVC, PE 40 – 150µm 0, 1, 10, 100 mg/mL 1, 24 h Limited impact of MPs on immune system Espinosa et al., 
(2018)

PVC - 1.4% body weight 90 d Severe alterations to intestines and ↓ function Pedà et al., (2016)

Girella laevifrons PS 8µm 0, 0.01, 0.1 g/feed 45 d ↑ crypt cell loss, leukocyte infiltration, hyperemia, lesions in 
intestine Ahrendt et al., (2020)

Oryzias latipes 
(Japanese medaka)

PE (+PCBs, 
PBDEs and 

PAHs)
<0.5 mm 0.3 mg/day 2 months Glycogen ↓, fatty vacuolation, cellular necrosis, lesions in the gut 

and hepatic stress.
Rochman et al., 

(2013)

Oryzias melastigma PS 10µm 0, 2, 20, 200 µm/L 60 d Oxidative stress, histological changes and adverse effects on 
reproduction Wang et al., (2019)

Pomatoschistus 
microps

PE 450-500 µm 100 items/L

96h

↓ of predatory performance and efficiency de Sá et al., (2015)
PE + pyrene 01-May 18.4-184 µm/L Altered enzyme activity, ↓ energy production Oliveira et al., (2013)

Pomatoschistus 
microps PE 1-5 µm 0.184mg/L Mortality, ↓ predatory response Fonte et al., (2016)

Sebastes schlegelii PS 15 µm 1 × 106 microspheres per L 14 d ↓ feeding activity, speed and movement, histopathological impact 
on gallbladder and liver, ↓ protein and lipid content Yin et al., (2018)

Sparus aurata (Gilt-
head seabream)

PVC 40-150 µm 0, 100, 500 mg/kg feed 30 d Altered gene expression, ↑ enzyme production Espinosa et al., 
(2017)

PVC, PE 40 – 150µm 0, 1, 10, 100 mg/mL 1, 24 h Limited impact of MPs on immune system Espinosa et al., 
(2018)

PE 180–212 µm 4.1 mg/L 5 d ↓ escape response Nanninga et al., 
(2021)

Table 1. Continued
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does not always cause obvious physiological or behavioural effects (Tosetto et al., 2017) but are very 
likely to contribute to long-term impacts. A summary of MPs effects can be found in Figure 4A.

IMPACT AND EFFECTS OF NANOPLASTICS ON MARINE ANIMALS

NPs possess properties facilitating their entry through biological barriers, accumulating in tissues, and 
consequently affecting the organism’s metabolism and behaviour (Worm et al., 2017; Mattsson et al., 
2018; Ramirez et al., 2019). These effects in different species will be described below.

Bacteria

In the presence of NPs, significant alterations in bacterial communities may occur (Table 2). NPs affect 
the biofilm formation of marine bacteria, being highly dependent on the polymer type, size, and con-
centration (Okshevsky et al., 2020). The surface charge of NPs, whether negative (-COOH) or positive 
(-NH2) have different properties and promotes differential effects in bacterial communities. PS-NPs with 

Figure 4. (A) Microplastic effects in marine organisms; (B) Nanoplastic effects in marine organisms
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Table 2. Evidence of impact and effects of nanoplastics on marine organisms

Taxonomic group Species Particle type Particle size Concentration (µg/
mL)

Exposure 
time Effects Reference

Bacteria

Marinobacter adhearens

PS-NH2

20 nm 0 - 200 5 d

↑ aggregation; ↓ growth 
rate; ↓ OD600

Okshevsky et al., 
2020

Oceanobacter kriegii
↑ biofilm formation; ↑ 

aggregation; ↓ growth rate; 
↓ OD600

Cobetia marina
↓ biofilm formation; ↑ 

aggregation; ↓ growth rate; 
↓ OD600

Marinobacter algicola
↓ biofilm formation; ↑ 

aggregation; ↓ growth rate; 
↓ OD600

Pseudoalteromonas 
carrageenovora

↓ biofilm formation; ↑ 
aggregation; ↓ growth rate; 

↓ OD600

Phaeobacter inhibins
↓ biofilm formation; ↑ 

aggregation; ↓ growth rate; 
↓ OD600

Marinobacter 
hydrocarbonoclasticus

↓ biofilm formation; ↑ 
aggregation; ↓ growth rate; 

↓ OD600

Halomonas alkaliphilia 50 nm 20 - 320 2 h
⏊ growth rate; ↓ 

chlorophyll content; ↑ 
oxidative damage

Sun et al., 2018

Marinobacter adhearens

PS-COOH 20 nm 0 - 200 5 d

↑ biofilm formation

Okshevsky et al., 
2020

Oceanobacter kriegii ↑ biofilm formation; ↓ 
growth rate; ↓ OD600

Cobetia marina
↑ biofilm formation; ↑ 

growth rate; ↑ OD600; ↑ 
aggregation

Marinobacter algicola ↑ biofilm formation
Pseudoalteromonas 

carrageenovora ↑ aggregation

Phaeobacter inhibins ↓ biofilm formation
Marinobacter 

hydrocarbonoclasticus ↑ biofilm formation

Halomonas alkaliphilia PS (beads) 55 nm 20 - 320 2 h ↓ growth rate Sun et al., 2018

Escherichia coli PS 30 nm 4, 8, 16 and 32 12 h ↑ ROS; ↑ Oxidative 
damage Ning et al., 2022

Algae

Tetraselmis chuii

PMMA 40 nm

0 - 304.1

96 h

↓ growth rates; EC50 = 
132.5 µg/mL; EC20 = 

117.4 µg/mL

Venâncio et al., 
2019

Nannochloropsis gaditana ↓ growth rates
Isochrysis galbana ↓ growth rates

Thalassiosira weissflogii 0 - 293.0
⏊ growth rates; EC50= 

83.4 µg/mL; EC20 = 48.9 
µg/mL

Rhodomonas baltica

PMMA

50 nm 0.5 - 100

72 h

↓ cell viability, ↑ cell size 
& complexity; ↑ ROS; ↑ 
LPO; ↓ DNA content; ↓ 
photosynthetic capacity; 

hyperpolarization of 
mitochondrial membrane; 

loss 0of membrane 
integrity; overproduction 

of pigments

Gomes et al., 2020

PMMA-COOH

↓ growth; ⏊ cell cycle; ↓ 
cell viability; ↓ metabolic 
activity; ↓ photosynthetic 

capacity

Dunaliella tertiolecta
PS-COOH 50 nm

250
no effects Bergami et al., 

2017a

PS-NH2

40 nm ⏊ growth rate (EC50 = 
12.97 ± 0.57 µg/mL)

Bergami et al., 
2017a

Chaetoceros neogracile 50 nm 0.05 and 5 96 h

↓ cellular energy reserves; 
↓ pigment composition; re-
adjustment of galactolipids 

& triacylglycerol; 
re-adjustment of thylakoid 

membrane structures

González-
Fernández et al., 

2020

continued on following page
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Taxonomic group Species Particle type Particle size Concentration (µg/
mL)

Exposure 
time Effects Reference

Rotifers

Brachionus koreanus PS 50 nm 10 24 h

↑ mortality; NSW → EC50 
= 6.62 ± 0.87 µg/mL; 
RSW → EC50 = 2.75 ± 

0.67 µg/mL

Manfra et al., 2017

Brachionus plicatilis

PS-COOH 40 nm 0.5 - 50 24 h & 48 h ↑ gut retention of PS-
COOH Manfra et al., 2017

PS-NH2 50 nm 0.5 - 50 24 h &48 h

↑ mortality; NSW → EC250 
= 6.62 ± 0.87 µg/mL; 
RSW → EC50 = 2.75 ± 

0.67 µg/mL

Manfra et al., 2017

PMMA 40 nm 4.7 - 75 96 h

⏊ survival (L-type > 
S-type); L-type → EC50 
= 13.3 µg/mL; S-type → 

EC50 = 37.6 µg/mL

Venâncio et al., 
2019

Crustaceans Amphibalanus amphitrite (II 
stage of nauplius)

PS

100 nm

0.5 - 10

24 h & 48 h

↑ expression of clap and 
cstb; ↑ nº of molts

Bergami et al., 
2017b

Artemia franciscana (1st instar 
larvae) 0.001 - 10

⏊ swimming speed; 
Ingested and accumulated 

PS in gut

Gambardella et al., 
2017

Trigriopus japonicus 50 nm 0.125 - 25 96 h

↓ fecundity; ↑ embryo 
malformations; ↑ mortality 
larvae; mortality of parents 

at highest concentration

Lee et al., 2013

Artemia franciscana

PS-COOH

40 nm
0.5 - 10 24 h & 48 h no effects Bergami et al., 

2017b

- upto instar III nauplius 5 - 100 72 h &14 d Accumulated and retained 
in gut lumen Bergami et al., 2016

Euphausia superba 60 nm 2,5 48 h
No mortality; active 

swimming; waterborne 
ingestion and egestion

Bergami et al., 2020

Artemia franciscana

PS-NH2 50 nm

0.5 - 10 24 h & 48 h ↑ expression of clap and 
cstb; ↑ nº of molts

Bergami et al., 
2017b

- upto instar III nauplius 5 - 100 72 and 14* Ingested and retained in 
gut lumen; most toxic Bergami et al., 2016

Euphausia superba 2,5 48 h
no mortality; ↑ exuviae 

production; ↓ swimming 
activity

Bergami et al., 2020

Amphibalanus amphitrite PMMA 45 nm 25 24 h ↑ Ingestion Bergami et al., 
2017b

Echinoderms

Paracentrotus lividus

PS-NH2 50 nm

1 - 50 6, 24, 48 hpf

⏉ malformations in 
larvae; 24 hpf → EC50 = 
3.82 µg/mL; 48 hpf → 

EC50 = 2.61 µg/mL

Della Torre et al., 
2014

3 and 4 24 h & 48 h
⏊ skeletal elongation; ⏉ 
malformations of skeletal 

rods and arms
Pinsino et al., 2017

Sterechinus neumayeri 1 and 5 6 h & 24 h

in vitro assay; ↓ 
phagocytic capacity; 
↓ gene modulation; 
↑ cellular debris; ↑ 

inflammatory response; ↑ 
apoptosis

Bergami et al., 2019

Paracentrotus lividus

PS-COOH 40 nm

2.5 - 50 6, 24, 48 hpf Ingested in embryos; no 
malformations

Della Torre et al., 
2014

Sterechinus neumayeri 1 and 5 6 h & 24 h

in vitro assay; ↑ 
antioxidant response; 

↑ apoptosis; ↑ 
phagocytic capacity; 

changes in modulation 
of genes related to 

external challenges; ↑ 
inflammatory response

Bergami et al., 2019

Molluscs Mytilus edulis

PS

30 nm 100, 200 and 300 8 h

⏉ production of 
pseudofaeces → ↑ 
proportionally to 

concentration

Wegner et al., 2012

Mytilus galloprovincialis 106 ± 10 
nm

0.5 - 50
96 h

↓ enzymatic activity; 
⏊ neurotransmission; 

↑oxidative stress; ↑ LPO; ↑ 
genotoxicity; alterations in 

gene expression
Brandts et al., 

2018b

PS with 
carbamazepine (Cbz) 0.5 + 6.3 µg/L of Cbz ↑ genotoxicity; ↓gene 

expression

Table 2. Continued

continued on following page
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an attached amide group (PS-NH2; 20 nm; 200 ppm; 5 days) increase bacterial biofilm formation but 
generate a decrease in growth rate and optical density. On the other hand, NPs with an attached carboxyl 
group (PS-COOH; 20 nm; 200 ppm; 5 days) stimulate the aggregation of some bacterial species (e.g., 
Marinobacter adherens, marinobacter algicola, cobetia marina, oceanobacter kriegii) whilst decreas-
ing the biofilm formation of others (e.g., Phaeobacter inhibins) (Okshevsky et al., 2020). Moreover, the 
size and functional modifications of NPs are crucial to comprehend NPs toxicity (Ning et al., 2022). In 
Escherichia coli, PS-NPs increase the generation of ROS and caused oxidative damage, and enhance 
antibiotic resistance mutations (Ning et al., 2022). Furthermore, NPs with a positive surface charge 
present synergistic effects when in contact with antibiotics (e.g., erythromycin) (Ning et al., 2022). NPs 
with a surface charge induce higher oxidative stress than NP beads, highlighting the importance of as-

Taxonomic group Species Particle type Particle size Concentration (µg/
mL)

Exposure 
time Effects Reference

Crassostrea gigas (gametes)

PS-COOH

100 nm 0.1 - 100 1 h to 5 h

↑ cell size; ↑ spermatozoa 
complexity; ↓ nº 

spermatozoa; ↑ ROS 
(dose-response)

González-
Fernández et al., 

2018

PS-NH2

↑ cell size; ↑ spermatozoa 
complexity; ↓ nº 

spermatozoa

González-
Fernández et al., 

2018

Mytilus galloprovincialis 50 nm 0.0001 - 20 48 h

↑ malformations D-larvae; 
↑ delay in development; ↓ 
shell length; EC50 = 0.142 

µg/mL

Balbi et al., 2017

Crassostrea gigas (gametes)

PS-COOH

100 nm 0.1 - 100 1 h to 5 h

↑ cell size; ↑ spermatozoa 
complexity; ↓ nº 

spermatozoa; ↑ ROS 
(dose-response)

González-
Fernández et al., 

2018

PS-NH2

↑ cell size; ↑ spermatozoa 
complexity; ↓ nº 

spermatozoa

González-
Fernández et al., 

2018

Mytilus galloprovincialis

50 nm

0.0001 - 20 48 h

↑ malformations D-larvae; 
↑ delay in development; ↓ 
shell length; EC50 = 0.142 

µg/mL

Balbi et al., 2017

- haemocytes 1-50 30 m
↓ lysosomal membrane 

stability; ↑ ROS; ⏉ 
cellular damage

Canesi et al., 2016

Mytilus galloprovincialis PS

1.5, 15, and 150 ng/L

21 d

Gills: ↑ LPO; ↑ CAT; ↑ 
GST; ↓ Lysozyme activity; 
↓ AChE Digestive gland: 

↑ GST

Capolupo et al., 
2021

10 µg/L

Haemolymph: ↑ DNA 
damage Gills: ⏊ SOD; ⏊ 
CAT; ⏊ GPx; ⏊ GST; ↑ 
LPO Digestive gland: ↑ 
SOD; ⏊ CAT; ⏊ GPx; 

↑ LPO

Gonçalves et al., 
2022

Fish

Dicentrarchus labrax

PS 100 nm

0.001 - 10 24 h ↓ cell viability

Almeida et al., 2019

Spaurus aurata

0.001 - 10 24 h
↓ cell viability; mild 

effects at higher 
concentrations

PMMA

45 nm

0 - 10 24 h & 96 h

↑ antioxidant defences; 
⏉ alterations in lipid 

metabolism pathways; 
↑ genotoxicity in blood 
cells; ↑ cholesterol and 
triglycerides in plasma; 
↑ Erythrocytic nuclear 

abnormalities

Brandts et al., 2021

Dicentrarchus labrax

0 - 20 96 h
↑ abundance of mRNA 

transcript; ⏊ fish immune 
system

Brandts et al., 2018

100 nm 0.001 - 10 24 h

⏊ immune system; ↑ 
abundance of mRNA 

transcript; alterations in 
molecular signalling & 

pathways

Almeida et al., 2019

Table 2. Continued
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sessing polymer type, size, and shape. The main implications for bacteria are compromising cell growth, 
ammonia conversion efficiencies, and chemical composition, where the concentration of NPs is highly 
influential (Sun et al., 2018). The surface charge of NPs facilitates the adhesion to cells by electrostatic 
activity; however, overall toxicity of NPs is size, surface charge and concentration dependent.

Algae

The toxicity effects of NPs in algae (Table 2), with a focus on PS and PMMA with different surface 
charges and functional groups attached, include inhibition of cell growth, density, and development in 
microalgae (Dunaliella tertiolecta, T. chuii, Nannochloropsis gaditana, Isochrysis galbana, Rhodomo-
nas baltica) (Sjollema et al., 2016; Bergami et al., 2017; Venâncio et al., 2019; González-Fernández et 
al., 2020; Gomes et al., 2020). The positively charged NPs can interact with cellulose by electrostatic 
interaction, explaining the high affinity of NPs to algae cell wall (Sjollema et al., 2016). This specific 
observation suggests that positively charged NPs are highly toxic when compared to negatively charged 
NPs. Thus, these interactions with microalgae are particle behaviour dependent, and the effects on cel-
lular and physiological parameters of algae, consequently, can interrupt photosynthetic performance 
and hinder photosynthesis entirely, as NPs compromise algae cell wall and pigmentation (Gomes et al., 
2020). As primary producers, the effects encountered in algae implement the importance of evaluating 
all polymer types, size and shape of NPs and raise concern about the repercussions that can affect the 
whole ecosystem. Comparing to MPs, the smaller size of NPs facilitates the entry through cellular bar-

Figure 5. Illustration of MPs biomagnification in the marine environment
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riers, however, the effects MPs and NPs pursue on algae are very similar. Future research is necessary 
to evaluate the accumulation of NPs in algae as seen for MPs, as well increase the number of analysed 
endpoints.

Rotifers

The effects of NPs in rotifers remains scarce (Table 2). Most evaluated polymer types of plastics are 
PS with amide group (-NH2) or carboxyl group (-COOH) attached, and PMMA, being particles of a 
size range between 40 – 50 nm (Manfra et al., 2017; Jeong & Choi, 2019; Venâncio et al., 2019). NP 
mediated toxicity exerts difficulty for rotifers survival, and is highly dependent on polymer type and 
size, being that positively charged NPs are more toxic to rotifers than negatively charged, as seen for 
algae and bacteria. This is evidenced in Manfra et al. (2017), where PS-COOH (40 nm; 0.5 – 50 mg/L; 
24 – 48 h) led to no acute toxicity, whereas PS-NH2 (50 nm; 0.5 – 50 mg/L; 24 – 48 h) led to increase 
mortality of B. plicatilis. Also, after a 96 h exposure (PMMA; 40 nm; 4.7 – 75 mg/L), the survival of 
L and S type B. plicatilis was highly affected (LC50 = 13.3 mg/L and LC50 = 37.6 mg/L, respectively) 
(Venâncio et al., 2019), and comparing NPs with MPs, NPs present higher toxicity towards organisms 
as they accumulate a higher number of NPs. Their toxicity is associated with oxidative stress-induced 
damage to lipid membranes (Jeong & Choi, 2019). Not without mention, it is important to highlight that, 
as seen for MPs, more endpoints, such as at a molecular level and reproduction, needs to be evaluated, 
as well as the evaluation of the impacts of NPs in other rotifer species, in order to have a more deeper 
understanding on how plastic pollution affects this group of organisms.

Echinoderms

Not many data exist on NPs effects in echinoderms. Within this group, sea urchins are the most evalu-
ated organism for the ecotoxicological evaluation of NPs effects, as they have high sensitivity to low 
concentrations of contaminants, especially during embryonic life stages (Sugni et al., 2007). PS-COOH 
and PS-NH2 are the polymers of NPs that have been analysed (Table 2). Again, PS-NH2 possess a more 
toxic threat to sea urchins than PS-COOH, suggesting a predominate association with the electrostatic 
cell membrane repulsion in relation to PS-COOH (Bhattacharya et al., 2010), though more evidence is 
necessary to confirm this. Malformations of skeletal rods and arms, and undeveloped embryos are the 
common effects observed by Della-Torre et al. (2014) and Pinsino et al. (2017). These were observed 
after exposure of NPs to P. lividus embryos and larvae for 6, 24 and 48 hours post fertilization (hpf) 
(PS-NH2: 50 nm; 10 µg/mL) (PS-NH2: 50 nm; 4 µg/mL), suggesting that this may be a specific effect 
of NPs exposure. Moreover, cellular phagocytosis, inflammatory response towards oxidative stress and 
apoptosis at a molecular level were incited in Sterechinus neumayeri after an in vitro exposure to PS-
COOH and PS-NH2 (40 and 50 nm, respectively; 6 and 24 h; 1 and 5 µg/mL) (Bergami et al., 2019). In 
summary, the toxicity of NPs are particle size and type dependent in echinoderms.

Crustaceans

PS, PS-COOH, PS-NH2 and PMMA, ranging from 40 to 100 nm, are NPs polymers that have been 
studied in crustaceans (Bergami et al., 2017, 2020; Gambardella et al., 2017; Bhargava et al., 2018; 
Sendra et al., 2020; Table 2). As seen in other organisms, PS-COOH, although ingested, does not have 
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adverse effects in crustaceans, whereas PS-NH2 is highly toxic (Bergami et al., 2017). This suggests 
that NPs surface charge is an important factor determining the particles toxicity. On acute toxicity re-
sponses, (24, 48 and 72 h) NPs exposure led to an inhibitory effect on growth, development and mobil-
ity, and an increase accumulation of NPs as well as the mortality of larvae (Lee et al., 2013; Bergami 
et al., 2017, 2020; Gambardella et al., 2017; Bhargava et al., 2018; Sendra et al., 2020). The Antarctic 
krill, Euphasia superba, is a keystone species as they play an essential role in the Antarctic food chains 
and carbon cycling, and recently, after an exposure to PS-NH2 (50 nm; 2.5 µg/L; 48 h), a reduction in 
swimming activity and increased moulting was observed (Bergami et al., 2020). In Artemia francis-
cana (PS-COOH and PS-NH2; 40 and 50 nm, respectively; 0.5 – 10 µg/mL; 72 h and 14 d) (Bergami 
et al., 2017) and A. nconsiste (PS; 100 nm; 0.001 – 10 µg/mL; 24 and 48 h) (Gambardella et al., 2017) 
(PMMA; 45 nm; 5 – 25 ppm; 24h) NPs were ingested and retained in the gut. Therefore, NP ingestion 
is independent of polymer size, type, concentration, and exposure time. The evaluation of the ingestion 
of NPs in A. franciscana (PS; 100 nm; 0.006 and 0.6 mg/L; 24h) showed that more than 90% of NPs 
were ingested and accumulated in the mandible, stomach, gut, tail gut and appendages of the organism, 
and that the ingestion of microalgae in the presence of NPs was not affected (Sendra et al., 2020). There 
is an incrementing importance in understanding the toxicity of NPs towards crustaceans, especially in 
the Antarctic pelagic ecosystems, and how the biogeochemical cycle may be affected (Bergami et al., 
2020), and what implications can surface at other trophic levels.

Molluscs

The effects of NPs in bivalves remain scarce, however the effects of both acute and chronic exposures 
have been evaluated. Wegner et al. (2012) suggests that mussels, M. edulis, recognize nPS (30 nm; 100 
– 300 µg/mL) as non-or low-nutritional food and that the production of pseudofaeces was induced. The 
lysosomal membrane stability of haemocyte cells in M. galloprovincialis decreased after exposure to 
PS-NH2 (50 nm; 1 – 50 mg/L; 30 mins) and increased the oxyradical generation (Canesi et al., 2015). In 
embryo-larval development, malformations of D-shaped veligers were observed in M. galloprovincialis 
(Balbi et al., 2017) and in C. gigas (Tallec et al., 2018) after exposure to PS-NH2 (50 nm; 0.001 – 20 
mg/L; 24 and 48 hpf) and PS-beads, PS-COOH and PS-NH2 (50 nm; 0.1 – 25 µg/mL; 24 and 48 hpf), 
respectively. Moreover, in M. galloprovincialis, nPS-NH2 (20 mg/L) led to complete inhibition of D-
shaped veliger, being that 90% of larvae remained at the trocophore stage, with an EC50= 0.142 mg/L 
(Balbi et al., 2017). In C. gigas, embryo-larval development success was completely inhibited (100% 
reduction) after exposure to nPS-NH2 at an EC50 = 0.15 ± 0.4 µg/mL (Tallec et al., 2018). After a chronic 
exposure to nPS (50 nm; 1.5, 15 and 150 ng/L; 21 d) in comparison to PS-MPs (3 µm; 1.5, 15 and 150 
ng/L; 21 d) in M. galloprovincialis, a change in overall greater health status of mussels was noticeable 
in nPS compared to nPS-MPs, being that PS elicited greater effects on lysosomal parameters and GST 
activity and impaired neurological functions of mussels (Capolupo et al., 2021). More recently, M. gal-
loprovincialis exposed to nPS (50 nm; 10 µg/L; 21 d) led to genotoxicity after 3 days, overwhelmed 
antioxidant defences, and caused oxidative damage in gills and digestive gland, wherein the gills were 
the tissue most compromised (Gonçalves et al., 2022). However, after 21 days of exposure, an increase in 
enzymatic activity is observed in gills, and it was suggested that there is an activation repair mechanism 
such as autophagy (Gonçalves et al., 2022), though further investigation is necessary to confirm this. 
Additionally, Gonçalves et al. (2022) observed that NPs toxicity was tissue-specific and time-dependent, 
and that abiotic and biotic characteristics of seawater led to an increase in hydrodynamic diameter, and, 
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consequently, the higher the concentration, the higher the probability that particle aggregates will fall within 
the µm spectrum rather than nm. However, this is true for the specific polymer characteristics evaluated 
in Gonçalves et al. (2022), thus for other nano-sized NPs, as well as other polymers, further attention 
is necessary in order to conclude that, in general, NPs aggregate/agglomerate in seawater conditions.

Fish

The metabolism of fish can also be affected by NPs as they move up trophic levels after being ingested by 
primary consumers (Mattsson et al., 2015) and/or by direct contact through water ingestion and filtration 
by fish gills. However, the knowledge of the effects of NPs in marine fish remain scarce (Table 2), and 
for ecotoxicological purposes, scientists are using marine continuous fish cell lines as a crucial tool to 
comprehend the molecular and physiological responses to stressors such as NPs (Langner et al., 2011; 
Villalba et al., 2017; Morcillo et al., 2017; Pannetier et al., 2018) as well as to avoid the use of animals 
in experiments as recommended by the European Union (Directive 2010/63 EU). An exposure of PS 
(100 nm; 0.001 – 10 mg/L; 24h) in two fish cell lines (Sparus aurata: SAF-1; D. labrax: DLB-1) led to 
a decrease in cell viability with oscillations observed at higher concentrations (Almeida et al., 2019). In 
S. aurata and D. labrax after exposure to PMMA (45 nm; 0 – 20 mg/L; 96 h), antioxidant defences were 
activated, lipid metabolism pathways suffered alterations, increased abundance of mRNA transcript, 
impaired fish’s immune system and genotoxicity occurred in S. aurata blood cells (Brandts et al., 2018, 
2021). With mRNA transcript being highly affected by the presence of NPs, the possibility for mutation 
increases, possibly leading to cellular malfunctions, henceforth its importance in understanding how 
different NPs polymers affect different species of fish, and what impact this may mean for the quality 
of aquaculture, effect on fisheries and, consequently, the effect on human beings. A summary of NPs 
effects can be found in Figure 4B.

Despite the emerging issue to reduce the use of large vertebrates in animal experimentation, for ethi-
cal reasons, a knowledge gap still remains in comprehending how NPs affect adult and juvenile fishes, 
and how NPs impact embryo-larval development. Additionally, more species need to be evaluated, as 
NPs toxicity may or may not differ from species to species. Moreover, additional endpoints, such as 
reproduction and histopathology, needs further attention, as this group of organisms is of high economic 
value and interest, due to human consumption.

MICRO- AND NANOPLASTICS IN THE FOOD WEB: IS 
THERE A BIOMAGNIFICATION PROBLEM?

Plastic debris has been found to impact more than 1400 marine species, through either ingestion or 
entanglement (Teuten et al., 2007, Galgani et al., 2021). MPs have the potential to enter the food chain; 
however, there is little evidence. Starting below and working our way up trophic levels, Setälä et al. 
(2014) shows for the first time the potential of MPs transfer via planktonic organisms from one trophic 
level (mesozooplankton) to a higher level (microzooplankton – mysid shrimp). Organisms were subjected 
to free-MPs and MPs coated with dichlorodiphenyltrichloroethane (DDT), where the authors highlight, 
in addition, the need to understand the transfer of MPs, and the ability to transfer compounds adsorbed 
to it or the release of compounds from the MPs themselves to other trophic levels. In a simplifying two-
level trophic chain where copepod’ nauplii (T. fulvus) was prey and the ephyrae stage of Aurelia sp. 
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A predator, feeding ephyrae with nauplii previously exposed to polyethylene MPs. MPs were detected 
clustered in the manubrium of the mouth and near gastric filaments of the jellyfish (Costa et al., 2020). 
Moreover, the common crab (C. maenas) was fed with blue mussel (M. edulis) previously exposed to 
PS-MPs. Although the number of MPs that transferred from one species to another was small, results 
demonstrate that trophic transfer occurs between mussels and crabs, and that MPs can translocate to 
the haemolymph and tissues (stomach, hepatopancreas, ovary and gills) of the crab (Farrel and Nelson, 
2013). Complementary, the brown mussel (P. perna) was incubated with PVC microspheres and then 
supplied to two secondary consumers (fish – Spheoeroides greeleyi and crabs – Callinectes ornatus), in 
a first attempt to establish MP transmission through a multi-dimensional food web (Santana et al., 2017). 
Although MP translocation was demonstrated in both fish and crabs, it was suggested that the quick 
depuration of MPs posed no risk to higher trophic levels. In a laboratory perspective, Norway lobsters 
(Nephrops norvegicus) were fed with pieces of fish seeded with strands of PP, and after 24 hours, the 
plastic particles were detected in their stomachs (Murray & Cowie, 2011). Both examples show that 
MPs can be transferred from one trophic level to the next that could have negative consequences for 
accumulation and biomagnification.

Although, here, mammals were not the focus, in relation to biomagnification McMahon and colleagues 
(1999) made the first suggestion of this “event” when they discovered small plastic fragments in the 
scats of sea lions (Phocartos hookeri) together with otoliths of the Electrona subaspera, a Myctophid 
fish species. In addition, as previously shown, Myctophids constitute a large proportion of the diet of 
some fur seals cohabiting the same geographical location, being detected around 92% of all otoliths in 
the respective scats belonging to this fish species (Goldsworthy et al., 1997). Later, it was confirmed 
when Eriksson & Burton (2003) detected plastic particles in fur seals’ (Arctocephalus spp) scat, were 
thus believed to have been ingested through the food web, that means, E. subaspera ingested the plastic 
particles, which were in turn eaten by the seals.

All factors that directly and/or indirectly can cause damage to the biota deserve greater attention, 
whether related to ingestion or biomagnification, where more research is crucial to comprehend these 
effects. Finally, the possible biomagnification of NPs up trophic levels is still unknown, and therefore 
future research should acknowledge this as an important matter due to their relatively small size and 
the facility in passing through cellular boundaries. An illustration of biomagnification of MPs can be 
found in figure 5.

IMPACT OF PLASTIC LEACHATE

As previously mentioned, the plastic classification follows their chemical structure, polarity, and ap-
plication, thus, their fragmentation and degradation may accelerate the release of additive chemicals, 
the majority of which are not covalently bound to the polymers and so are prone to be released into the 
seawater (Teuten et al., 2009).

As a result of additives leaching from plastics discharged into seawater, wild animal species may be 
exposed to complex chemical mixtures including not just components controlled under existing envi-
ronmental regulations, but also emerging contaminants of concern (Gunaalan et al., 2020). In general, 
the most common additives used in plastic production include metals, flame-retardants, polymerization 
solvents, dyes, UV stabilizers, antioxidants, and plasticizers (Hahladakis et al., 2018).
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Two Prochlorococcus strains (the most abundant photosynthetic bacteria in the ocean) were subjected 
to leachate from common plastic products, including PVC matting and HDPE bags. Thus, the leachate 
exposure, in vitro of the two strains, reduces the growth and photosynthetic capacity, and causes genome-
wide transcriptional alterations. Besides, the amount and timing of each strain’s reaction to each leachate 
was significantly different, according to each observed effect with a leachate concentration range from 
0.5 – 10% (PVC) and 6.25 – 50% (HDPE) produced from 5 min to 48 h (Tetu et al., 2019). On an environ-
mental perspective, plastic leachates may have an impact on the composition of marine Prochlorococcus 
populations, as well as the overall composition and productivity of ocean phytoplankton communities.

Leachate effects on marine microalga Skeletonema costatum originated from car tire rubber PVC, 
PP and PS significantly inhibited the microalgae growth (EC50 in the range of 18–34% of leachate) (Ca-
polupo et al., 2020). Chemical analysis of the leachate revealed a clear relationship between observed 
effects (growth) and relatively high concentrations (up to mg/L) of organic compounds (i.e plasticizers, 
antioxidants, antimicrobials, lubricants, and vulcanizers) and metals (notably Zn, Cu, Co, Sb and Pb), 
corroborating what was previously mentioned in relation to plastic components and additives.

Silva et al. (2016) observed that brown mussel embryo (Perna perna) development is sensitive to 
leachate from both virgin and beached pellets. However, the toxicity of leachate from beached pellets 
was higher than that of virgin pellets; suggesting that beached pellets’ toxicity comes from the contami-
nants adsorbed onto the pellet surface, while the toxicity of leachate from virgin pellets was mainly due 
to plastic additives. However, there remains a lack of comparable information to reach a conclusion on 
the effects of plastic leachate. Thus, more evaluations of plastic debris from differentiating geographical 
locations are necessary to further understand the toxicity of plastic leachates.

The larval survival and settlement of barnacle Amphibalanus (=Balanus) amphitrite was affected by 
leachates of seven recyclable plastic categories (HDPE, LPDE, PP, PVC, polycarbonate-PC, PET, and 
PS) and the chemical analysis revealed a complex mixture of substances released in plastic leachates 
(Li et al., 2016).

Nitocra spinipes was also affected by plastic leachates. The species presented acute toxicity to differ-
ent plastic products (i.e., DVD, garbage bags, gloves, phone covers and others) made of PE, PP, PVC, 
PS, PET, and polyurethane (PUR). The toxicity varies among the type of plastic (principal component), 
as well as the final product. Differences were also observed after plastic sunlight irradiation (attempt 
to simulate a natural process). However, no consistent trend in how toxicity of leachates from plastics 
changed as a function of irradiation time was observed (Bejgarn et al., 2015). Leachates from materials 
collected from a beach (natural weathering) was higher compared to matching new materials, which 
supports results obtained by Silva et al. (2016), as previously mentioned. Acute toxicity, i.e., PP, PS and 
PET pellets’ leachates were higher when the leachate was obtained under sunlight irradiation compared 
with that obtained in the darkness. Meanwhile the raw leachate, obtained in the dark, caused no mortality 
in the organisms but increase to almost 100% after sunlight irradiation (Gewert et al., 2021).

Assessments of leachate toxicity on fish are much scarcer than on invertebrate species. In orchid 
dotty back (Pseudochromis fridmani) exposed to nonylphenol (surfactant) leached from Food Drug and 
Administration food-grade PE bags, nonylphenol leached up to about 160 µg/L after 48 h of plastic-water 
interaction and tended to accumulate in fish tissue at levels up to 369 µg/Kg. The leached concentration 
is very close to the fish lethal concentration (LC50 = 175 ± 14 μg/L) (Hamlin et al., 2015).

Leachates from a new generation of compostable bags and conventional non-degradable bags (HDPE) 
was tested on the coastal dune plants Thinopyrum junceum and Glaucium flavum. Both plastic materials 
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affected the timing of seed germination, led to alterations in seedling growth and seedling anomalies 
were observed in both species (Menicagli et al., 2019).

In addition, physiological impacts often result from compounds that have leached from ingested 
plastic such as plasticizers or colourants. Plasticizers such as dibutyl phthalate, diethylhexyl phthalate, 
dimethyl phthalate, butyl benzyl phthalate and bisphenol A (BPA) directly cause behavioural changes 
and can be toxic to crustaceans (Oehlmann et al., 2009).

In general, information about leachate toxicity is still scarce, and with many gaps, requiring more 
investigation. However, the available data suggests that MPs may be harmful even if ingestion is not the 
only pathway of interaction of marine organisms with contaminated plastic debris.

When considering leachates of plastic debris, there are some points that still need to be clarified. 
Leachates deriving from NPs needs significant attention, as to date, this class has not yet been evaluated. 
More importantly, it is crucial to understand the effects of leachates orginating from NPs as the smaller 
the particle size, the greater the surface area. Additonally, there is a lack in understanding the ability of 
NPs to release chemical compounds into the aquatic environment and produce toxic effects. On another 
note, the wide use of plastic materials in fishing gear should be a focus, as there is still scarcity on the 
effects of leachates orginating from fishing activities.

In this line of research, it is important to note that there is a lack in the diversity of species studied 
and in the standardization of methodology of how the leachate is obtained. Thus, the doubts within the 
scientific community in relation to plastic leachates leaves large knowledge gaps and reduces the pos-
sibility of comparisons to reach a conclusion. Finally, we recommend Gunaalan et al. (2020) review to 
attain a much deeper understanding of the matter.

CONCLUSIONS

The effects described throughout this chapter on different organism groups indicates that plastic particles, 
either MPs or NPs, are a threat to marine organisms. There is, by far, a vast amount of information on 
MPs in comparison to NPs. The complexity of analysed endpoints is also greater for MPs than NPs, 
wherein the effect at molecular and biochemical levels, growth and development, behaviour and repro-
duction raise a red signal on the topic and are classified as an emerging global environmental concern. 
NPs, on the other hand, a main focus has been growth, development and mortality, which nonetheless 
increments that NPs are also a threat, and may potentially be a bigger threat, however more attention is 
necessary concerning NPs ecotoxicology. On another note, the particle charge of NPs has been consid-
ered in comprehending the potential effects of NPs, though the same has not been evaluated for MPs, 
and may be an interesting approach to be explored. Although some data exist, not all polymer types and 
sizes have been investigated, remaining a huge knowledge gap in this research topic. Other gaps in the 
plastic research are related with the absence of a standard methodology for MP and NP detection and 
quantification in tissues, leading, sometimes to misinterpretation of the data, ensuring complexity in 
standardizing protocols for risk assessment of different particles (plastic size, polymers, type of exposure 
and the animals lifestage). A standard risk assessment should be proposed, as soon as possible, to facili-
tate data comparisons, so the scientific community can reach more effective and reliable conclusions. 
Additionally, this will aid politicians and decision makers with the legislation on this matter. Another 
crucial point is that most of the tested concentrations are quite high considering concentrations that have 
been detected in the marine environment, highlighting the necessity to use more realistic concentrations 
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(environmentally relevant ones) to fully understand the biogeochemical cycle of plastic pollution as well 
the (possible) toxicity itself. Information relative to the biomagnification of plastic particles is almost 
inexistent, being most of the data on MPs, therefore biomagnification of NPs needs more attention. 
Concerning plastic leachates, there is still some inconsistency observed. The main breach in knowledge 
is due to the lack of a standardized methodology in the extraction of the leachates (i. e. light temperature, 
salinity, pH solar irradiation or note and etc). The use of micro and/or mesocosms approach, in a more 
integrative way, is suggested to interpret the possible effects of plastic particles in the marine environ-
ment. Finally, preventive, and legal measures should be considerable in terms of plastic use, disposal, 
ocean observation and care.
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KEY TERMS AND DEFINITIONS

Biological Effects: Processes that occur in the body and cells of an organism.
Biomagnification: Or biological magnification is the process by which a a concentration of a pol-

lutant (such as plastic particles) in organisms in a food chain increases towards the top of that chain.
Ecotoxicology: The branch of toxicology concerned with the effects of toxic chemicals on biological 

organisms, especially at the population, community, and ecosystem level.
Leachate: A solution resulting from leaching as a soluble constituent from a solid passing phase, or 

suspended solids, or any other component of the material.
Marine Pollution: Refers to diret or indirect introduction by humans of substances or energy into 

the marine environment (including estuaries) resulting in harm to living resources, hazards to human 
health, hundrances to marine actividies including fisheries, impairment of the quality of sea water and 
reduction of amenities.

Microplastics: Plastic particles, with size < 5 mm normally formed from the deterioration/degrada-
tion of plastic objects/products.

Nanoplastics: Particles with a colloidal characteristic, formed unintentionally (i.e. from the deterio-
ration and production of plastic objects) and ranging in size from 1 to 100 nm.
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ABSTRACT

Pollution by microplastics is a recent global problem owing to their preponderance in various matrices 
like air, water, biota, sediment, or soil and has become a global concern for the future generation sus-
tainability. The mushrooming concerns about the detrimental effects of microplastics (MPs) on biota in 
response to its crescive detection and quantification in the aqueous ecosystems is looming large since 
last few decades, and it’s a need of the hour for a thorough ecological risk assessment. The chapter 
highlights the MP production, release, and transport pathways along with its detrimental impacts on 
the aquatic biota at different levels of biological organization with available degradation approaches.
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INTRODUCTION

Plastic polymers have given a new definition to the comforts of human life from packaging, textiles, 
consumer & institutional products, electrical/electronics, constructions, industrial machinery, transporta-
tion, cosmetics to even the most important healthcare sector (Wang et al., 2021). These ironical neces-
sities have instead demanded the health of the entire biosphere thereby coming back to the humankind 
in life threatening forms. With a whopping 368 million metric tons of plastics being produced by 2019 
(PlasticsEurope -2019), even the quantity of plastic wastes (60 to 99 million metric tons by 2015) has 
been extrapolated to be reaching a figure of 155- 265 million metric tons/year by 2060 (Lebreton et al., 
2019). These kind of macroplastics of sizes 1 cm or more (Hartmann et al., 2019) eventually results 
in the formation of micro- (<5 mm) and nano- (<100 nm) plastics respectively. The type of polymers 
includes Polypropylene (PP), Polystyrene (PS), Polyethylene (PE), Polyvinylchloride (PVC), Polymethyl 
methacrylate (PMMA), Polyethylene terephthalate (PET) etc. Their ubiquitousness, hydrophobicity and 
characteristic residence time in the various environmental matrices jeopardizes the biosphere to a greater 
extent (Chen et al., 2021). It has been largely reported that the number of plastics in certain stretches 
of the oceans have surpassed its planktonic abundances and is already on the way to transcend the fish 
populations in next thirty years (Jovanović et al., 2018). MPs as well as its nano-sized transformations 
have reached even the remote pristine areas of the world from the Challenger Deep, Mariana Trench 
(Peng et al., 2018), reaching heights of 8,848 m above the sea level to that of the Mount Everest (Napper 
et al., 2020). MPs internalization has been vastly reported from the microbial colonies and planktons 
to the aquatic mammals and is known to be exerting significant levels of adverse effects in near future. 
However, the environmental concentrations of MPs which elicit the adverse effects in the biota are largely 
unknown and highly debatable (Phuong et al., 2018).

The hydrological cycle governing the movement of water among the aqueous ecosystems such as 
oceans, lakes, rivers, ponds, snow, glaciers, ground water as well as soil moisture; plays an integral 
part in the climate change due to constant energy exchanges, depicting its pivotal role in the process of 
evolution (Gonçalves et al., 2011; Chahine, 1992). Any obstacles in the form of even a minute particle 
of plastic, provides functional friction in the entire mechanism that governs the ecological cycles over 
time. Water bodies act as the ultimate destination of plastic trash harbouring all shapes, sizes and types 
of the plastics constantly infiltrating into it with an anthropogenic lineage which themselves act as a sink 
to other contaminants (Amrutha et al., 2020; Liu et al., 2019). The movement of these plastic particles 
give rise to an imbalanced aquatic ecosystem that is unfit for the biota inhabitation. The physico-chemical 
factors such as water current, temperature, depth, biodiversity, density, and size of the MPs governs its 
transport across the water surface. Biofouling of the MPs and its ingestion by biota is also known to fa-
cilitate vertical displacement of plastics (Vecchi et al., 2021). The requisite to study, extrapolate, update 
as well as combat the hazardous effects of MPs in the aquatic environment is the need of the hour. The 
routes of MPs entry and transport in the hydrosphere and subsequent biota exposure is shown in figure1.

Over the last 4 decades, MPs in the form of fibres, pellets, fragments, beads, etc., have been filling 
in the environmental pockets taking away their natural essence and posing greater risks to the keystone 
species ranging from invertebrates to vertebrates. for instance, Everaert et al., 2018 highlights the surge 
of MPs from 2010 to 2100 by a 50-folds increase to 1.3E+08 MPs/m3 in the worst-case scenario where 
the rate of production is greater than the rate of MPs removal or degradation. According to the UNEP, 
(2016) the global status of MPs from 2013 to 2016 across the continents was 41 million tonnes (Mt) 
in Asia (Excluding Japan and China), 11 Mt in Japan and 62 Mt in China alone, 18 Mt in Middle East 
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Africa, 12 Mt in South America, 60 Mt in Europe, 49 Mt in North America, and 7 Mt in Commonwealth 
states respectively. Since oceans are the ultimate sink for MPs, it is difficult to predict accurately the 
quantity owing to their continuous fragmentations, aggregation, transportations, etc., (Hale et al., 2020).

The present chapter deals with current trend of MPs pollution and its potential adverse impacts on 
the hydrosphere in terms of the ecophysiology of the biotic components as well as abiotic components. 
Specifically, the overall impact of MPs/NPs on the aquatic environment can be well assessed by study-
ing the effects on:

1.  Water quality and nutrient cycling of the biosphere
2.  The entire biota inhabiting the aqueous ecosystems; and
3.  Human beings

ROUTES OF INFILTRATIONS

Anthropogenic Sources (Production and Release Pathway)

In the forms of fibres from cloth to beaded or fragmentized particles from the most hygienic medical 
equipment and products, plastic has first largely infiltered human life than being evident in the environ-
ment. Occurrence of Primary MPs results from the use of ready-made products such as, pellets and beads 
used in common household items (toothpastes, personal care products, shaving creams (Leslie et al., 
2014), makeups, and shower gels (Hintersteiner et al., 2015) etc. In a study by Lechner et al., (2015), MPs 
in the forms of pellets and flakes was found outnumber the larval fish in Austrian river Danube. Other 
primary sources include road markings, household dusts, decorative items such as glitters and beads 
(Yurtsever, 2019), architectural paint coatings, and marine coatings (Boucher & Friot, 2017). Textile 
effluents from the processing mills was found to be another source of MP fibres (MPFs) (Chan et al., 
2020). Wang et al., (2019) have elaborated the sources of primary MPs into the water systems under four 
major categories such as from the 1) Domestic sewage pathway 2) Road wash-off pathway 3) Winds, 
and 4) Adjacent water pathway. Wastewater Treatment Plants (WWTPs) are a significant contributor of 
MPs releasing around 100 MPs/individual in a day (Murphy et al., 2016). The sampling of WWTPs by 
several authors have been reported between 0.0009 to 0.009 MPs/L in the secondary treatment wastewater 
and from 0.000002 to 1 MPs/L in the tertiary samples (Carr et al., 2016). Road markings and abrasions 
of the tyres were reported to be the largest source of MPs to the hydrosphere (42%) followed by textile 
polymers (29%), dusts (19%), and personal care products (10%) (Siegfried et al., 2017). Rillig et al., 
(2018) reported that approximately, 94500 microbeads are released into the environment leading to a 
nearby sewage by the cuticle removers in toothpastes (Tang et al., 2020; Praveena et al., 2018) and facial 
cleansers. Nonetheless, MPs from the aquaculture gears and activities are another potential secondary 
source of MPs (Tang et al., 2020; Krüger et al., 2020).

Natural Sources: (Transport Pathway)

MPs in the hydrosphere comprises of their presence and transport in the freshwater and marine ecosystems 
where the freshwater juggles between MPs riverine transport and deposition into the lakes and ponds 
whereas the marine ecosystem majorly acts as the sink (Petersen & Hubbart, 2020). The floating debris 
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of the MPs on the surface water constitutes 1% of the total MP production (Sebille et al., 2015; Halle 
et al., (2017). The MP debris released into the hydrosphere undergoes natural processes of breakdown 
such as photo-oxidation, weathering, mechanical stress from the sediments, pebbles, waves, and water 
currents (Luo et al., 2022; Duan et al., 2021; Sun et al., 2020), heat irradiation, and biodegradation by 
ingestion and egestion phenomenon of the water inhabitants feeding unknowingly on the surrounding 
MPs thereby displacing them from one place to another.

Wind and Waves: Horizontal Transport

Allen et al., (2019) outlined MPs transport size ranging from 300 to 750 µm to about 100 kms through 
winds that are responsible for the contamination of pristine sites such as the Himalayas and the Mount 
Everest, the Italian Alps (Ambrosini et al., 2019) and Ross Sea. Bergmann et al., (2019), reported many 
MPs in the European snow where the explanation of transport was reported to be the global warming 
leading to melting of the glacial ice and subsequent transport of MPs to the nearby rivers and oceans. 
Storm water run-off was also regarded as a significant source of MPs to the aquifers (Horton et al., 2017). 
Siegfried et al., (2017), presented a model for the transport of MPs from land to sea for the European 
rivers. Total export of the MPs storm water ponds samples reported 3.44E+03 MPs from seven ponds 
as analysed by Liu et al., (2019). Water currents too rapidly transport MPs to significant distances from 
their source of origin and is the reason why MPs are discovered all over the surface of the earth. Nature, 
therefore, is found to redistribute the already existing load of MPs apart from the invasion of secondary 
MPs through various anthropogenic non-point sources.

Biofouling: Vertical Transport MPs

Biofilms are microorganisms’ community surrounded by the extracellular macromolecules, increasing 
the sizes of MPs, and rendering some hydrophilic properties unlike its innate nature, also known as a 
Plastisphere. As MPs infiltrate the aquatic ecosystem and interact with the various abiotic factors such 
as water, pressure, salinity, pH, etc., it gets colonized by the diverse microbial lifeforms creating a bio-
film corona (Rummel et al., 2017). The film covers the sharp and uneven edges of the MPs and changes 
the chemical as well as the physical properties such as crystallinity, molecular weight, hardness, and 
hydrophobicity and increases the density of the MPs (Luo et al., 2022). Aging of the MPs in water due 
to the physicochemical and biological processes, releases some additives and leachates which might act 
as a nutritional source to the microbial communities colonizing it enhancing their growth rate (Rummel 
et al., 2017). The phenomenon of formation of a biofilm is commonly referred to as biofouling (Ye et 
al., 1991) and it impacts the aquatic ecosystem by reducing the intensity of light, perturbed oxygen, and 
carbon production, and inhibits the exchange of gases etc. (Galgani et al., 2021). Kooi et al., (2017) has 
given an interesting size selective model of vertical transport of MPs showing particles either float, sink 
or reside in the water column over time depending on their size and density and hence their concentra-
tion at the surface water is highly variable. Sinking of MPs due to biofouling depends largely upon the 
aquatic ecosystem type as PE particles were found to sink within 6 weeks of incubation in coastal waters 
due macrofouling in the presence of blue mussels whereas no sinking was noted even after 14 weeks of 
incubation in an estuarine water of Germany (Kaiser et al., 2017), however their continuous dialogues 
with the inhabiting biota may superimpose their sinking patterns. The MPs transported to the seafloor 
becomes available for ingestion to the benthic communities (Vecchi et al., 2021).
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MPs IN ABIOTIC COMPONENTS OF THE HYDROSPHERE

The Great Pacific Garbage Patch (Pacific Ocean between Hawaii and California) has accumulated 79 
(45–129) thousand tonnes of ocean plastic inside an area of 1.6 million km2 (Lebreton et al., 2018). Nu-
merous reports are available on the occurrence of microplastics in the most deserted regions. For instance, 
microplastic concentration ranges from 1 to 3 items/m3 were recorded in the sub-water off Northeast 
Greenland (Morgana et al., 2018). Nonetheless, samples of South Korean urban coastal seawater have the 
mean microplastic abundance as high as 1051 particles/m3, compared to 560 particles/m3 in rural coastal 
areas (Song et al., 2018). Microplastics evidence in freshwater ecosystems have been widely reported in 
variable concentration. Depending upon the location of sampling, the abundance of microplastics can 
vary from more than 1 million pieces /m3 to less than 1 piece in 100 m3. (Li et al., 2018). On the other 
hand, a noticeable high concentration of microplastic of around 172000 to 419000 particles/m3 were 
detected in Saigon River, Vietnam (Lahens et al., 2018). This widely spaced range of microplastic in 
freshwater ecosystems is largely governed by factors like geographical locations, topography, seasons, 
hydrodynamic influences, and proximity to population rich areas (Vanapalli et al., 2020). Studies have 
reported positive correlation of microplastic abundance with population density and a negative core-
lation of MP abundance with velocity of water (Xiong et al., 2019). Microplastics in sediments were 
influenced by water flow rate, sediment depth, and distance from the shoreline. Compared to the inner 
depth, the abundance of microplastics near the shoreline is found to be in uptrend (Zhang et al., 2019). 
In a study of the sediments collected from the southeast coast of India, the high tide line was four times 
more polluted (MP abundance of 95 – 2551 mg/m2) than low tide line (0 – 439 mg/m2) (Vanapalli et 
al., 2021). Physiochemical characteristics of sediments in addition to spatial variation and flow rate of 
aquatic systems affects the abundance of microplastics in freshwater sediments. Elevated abundance of 
MPs was found to be in river Ganges at several locations, highest being at Frazergunj (500-600/Kg), 
400-500 MP/Kg in Buxar, 300-400 MP/Kg at Godakhali and least in Patna, Bhagalpur, Nabadwip, and 
Barrackpore (100-200/Kg) respectively. The microplastic abundance was highly correlated with the 
phosphate content and electrical conductivity of the sediments (Sarkar et al., 2019).

EFFECTS AND OCCURRENCE OF MPs IN BIOTA

The occurrences of MPs cannot be listed on fingers and are rather increasing rapidly with every passing 
second of MPs disposal, their impacts on the biotic in terms of survivorship, fecundity, organ toxicity, 
cytotoxicity, have been reported at all the phylum level.

Aquatic Producers

Aquatic MPs affect the microalgae mostly in terms of growth dynamics however, the impact on physi-
ological, biochemical responses, as well as gene expressions have been studied by (Mao et al., 2018; 
Lagarde et al., 2016). Zhang., (2017) exposed Skeletonema costatum to PVC-MPs (0.001 mm) and a 
40% reduction in the growth rate was observed at 50 ppm due to blockage of the airways and surficial 
damage to the cells. A size dependent observation was noted where no effects were seen at larger MPs 
of size 1mm even up to 40 times higher concentration. Increased toxicity to decreasing size was also 
seen with Chlorella vulgaris and Thalassiosira pseudonana exposed to PS-MPs (Sjollema et al., 2015). 

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



231

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Chae et al., (2019) however demonstrated a positive impact of MPs where the growth rate of the algae 
was enhanced post exposure to PE MPs. Long et al., (2017) reported aggregation of MPs and algae cells. 
Another report of MP’s minimal effects on aquatic vascular plants which were found to adsorb the par-
ticles on their surface due to electrostatic forces, and leaf structure. Reduced root-lengths, growth rate, 
photosynthesis of the freshwater plants is reported (Ge et al., 2021; Tang et al., 2021). Oxidative stress 
was reported in Chlorella vulgaris and Scenedesmus sp. (Prata et al., 2019).

Aquatic Invertebrates

MP uptake have been reported in Protozoans (Zhang et al., 2021; Geng et al., 2021-b) where the feed-
ing experiments depicted a reduced biomass for the ciliates exposed to MPs. Ingestional experiments 
reported a significant MP induced toxicity in poriferans (Mendrik et al., 2021; Savinelli et al., 2020; 
Reichert et al., 2018; Martin et al., 2019). Apoptotic stress was reported in the corals after they were 
found to selectively enrich MPs where small-polyp corals (Pocillopora damicornis) were more affected 
by the MPs than their larger counterpart Galaxea fascicularis. The overall physiology, growth, and 
energy balance in the corals was found to be greatly affected by the presence of MPs (Huang et al., 
2020). Coelenterate were affected by MPs majorly by the pathway of ingestion as depicted by Costa et 
al., (2019). Feeding behaviour in anthozoans is mediated significantly by the chemical cues which are 
in turn triggered by the release of the phagostimulants, present on the plastics as the core ingredients of 
the plastic production recipe or produced by the microorganisms during the biofouling of the MPs (Allen 
et al., 2017). Diana et al., (2020) observed that, sea anemones readily ingested pristine LDPE, HDPE II, 
and HDPE III plastic pellets without the presence of any supplementary food item, thereby undergoing 
physiological stress and sided with the hypotheses that the pristine plastics have ‘flavour-molecules’ 
which stimulate the chemoreceptor cells of the organism. Jeong et al., (2016) studies the effect of PS-
MPs on monogonont rotifer, Brachionus koreanus depicting significant size dependent effects in terms 
of inhibited growth and reproduction, biomass, and elevated levels of antioxidant enzymes along with 
an activated MAPK signalling pathway up 20 mg/L. The bigger particles were found to be egested out 
faster than their smaller counterparts. Ingestion, accumulation, and translocation of MPs was studied in 
economically and ecologically significant Sydney rock oyster Saccostrea glomerate (Scanes et al., 2019). 
Translocation of MPs from the gut to the haemolymph and MP accumulations upon feeding exposures 
in the mussel Mytilus edulis, Pacific oyster Magallana gigas, freshwater pond snail Lymnaea stagnalis, 
Quagga Mussel Dreissena bugensis have been reported (Cauwenberghe et al., 2014; Weber et al., 2021; 
Pedersen et al., 2021). Inefficiency of the aquatic organisms to distinguish between the food and plastic 
particles leading to the unintentional or falsely selective consumption of the latter are reported, mostly 
in the case of filter feeders (Canniff et al., 2018; Hossain et al., 2019). Paracentrotus lividus was ex-
posed to mechanically powdered MPs which exerted no adverse effects other than reducing the density 
of the faecal matters egested loaded with ingested MPs, affecting its ability to sink (Piarulli et al., 2020; 
Melkebeke et al., 2020). Reproductive toxicity leading adverse effects on the developing young one has 
been demonstrated to highlight the impact of MPs on an organism’s fecundity. Life history stages of 
Meretrix meretrix, when exposed to PS-COOH and PS-NH2 by Luan et al., (2019) exerted toxicity in 
the increasing order of the developmental stages where PS-NH2 (164 nm) was found to be more toxic 
than PS-COOH (206 nm) in terms of its higher binding affinity towards negatively charged lipid bilayers 
of embryo. Similarly, PS-NH2 caused inhibitory effects on the larvae movements in comparison to the 
PS-COOH at the end of 48 hours (Bergami et al., 2016). Hatching success of Limecola balthica varied 
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between 68.5 and 86.2% when exposed to PS-MPs (Colen et al., 2020). Early life stages of Sphaerechinus 
granularis (sea urchins) when exposed to PS and PMMA from 10 min post-fertilisation to the pluteus 
larval stage resulted in a significant concentration dependent increase of developmental defects and MP 
uptake in the pluteus stage (Trifuoggi et al., 2019). Inhibition of brain neurotransmitters specifically 
AChE, and oxidative stress signifies MPs induced neurotoxicity in Scrobicularia plana and is known 
to be time dependent (Ribeiro et al., 2017). Other instances of neurotoxicity in invertebrates have been 
compiled by Deidda et al., 2021.

Aquatic Vertebrates

The first report of MP ingestion in fish was in 1972 (Carpenter et al., 1972). As false food particles MPs 
are ingested directly or indirectly by a range of fish thereby damaging and blocking their digestive tract 
(Setälä et al., 2014), besides acting as a pollution collector due to its high affinity towards a range of 
environmental organic contaminants. The dietary exposure of Sparus aurata resulted in altered growth 
rate, oxidative stress, and bioaccumulation. MPs were detected in the livers of some fish at an average rate 
of <1 particle per liver. Dantas et al. (2020), reported MPs in the stomach contents of the fish from an 
urban beach in Brazil. MPs have a species-specific distribution in terms its abundance, physical attributes, 
and polymeric units as reported by Zheng et al., (2019). The species-specific variation was significantly 
observed among the Redbelly Tilapia and the Common Carp where the former had the highest number 
of MPs retained in the GITs than the latter. Ingestion NPs/MPs in fish affects the metabolism of fish as 
well as their distribution in muscle and liver tissues (Cedervall et al., 2012). In a study on small spotted 
catshark (Scyliorhinus canicular) from the Mediterranean Sea, macroplastics (MaP) particles (> 1 cm 
in) composed of PP, PE, and PET, were found to be more toxic than the smaller MPs (1 μm to <1 mm) 
in terms of eliciting an immune response (Mancia et al., 2020). Incidental ingestion (Sun et al., 2019) is 
known to be a potential route of MPs in fishes of Yellow Sea, though the excretion happens over a short 
time (Mazurais et al., 2015), the vector properties of MPs cause harms. Ingestion NPs/MPs in fish affects 
the metabolism of fish through alteration of triglycerides and cholesterol in blood serum, as well as their 
distribution in muscle and liver tissues (Cedervall et al., 2012). Marine medaka (Oryzias melastigma) 
exposed to PS MPs for 60 days to elucidate the effects of MPs by Wang et al., (2019) corroborated not 
only into obvious oxidative stress and tissue damages after significant accumulations (5.8E+02 particles/L) 
in the liver gills and intestines, but also disrupted the reproductive endocrine system in a sex-dependent 
manner. Moreover, an exhibition of transgenerational effect was evident as the fertility (10%) and hatch-
ing rate (17.5%) decreased in the offspring derived from parents exposed to 20 mg/L MPs. Seizures are 
the abnormal involuntary movements of the body, elicited by the unprecedented firing of the neurons, 
often a precursor to the neurotoxicity. They are followed by the inflections of the neurotransmitters 
required for stimulation (Acetylcholine) and inhibition (GABA and glutamate). Neurotoxicity of 1–5 
μm of red fluorescent MPs causing inhibition of brain acetylcholinesterase was reported at 0.69 ppm 
in European seabass (Barboza et al., 2019). Sarasamma et al., (2020) reported neurotoxicity in adult 
zebrafish when exposed to PS-NPs (70 nm) at 0.5, 1.5 and 5 ppm, to determine the neurobehavioral 
modifications, (where AChE, ACh, dopamine, GABA, Serotonin (5-HT), vasopressin, kisspeptin, pro-
lactin, oxytocin and vasotocin were considered) accumulation, tissue NP retention. Genotoxic effects of 
PS (1 μm) on Daphnia magna and Neocaridina davidi were investigated by Berber, (2019), where the 
robust tail length and movement in the comet assay with increasing doses, signifying DNA damage in 
N. Davidi. Reactive Oxygen Species (ROS) is associated centrally to the toxic responses, and the imbal-
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ance between ROS production and antioxidant capacity results in oxidative stress leading to perturbed 
expressions of the stress related genes. DNA fragmentation, oxidative stress due to overproduction of 
ROS in the the early juvenile stage of Nile Tilapia (Oreochromis niloticus) exposed to 1-100 mg/L of 
MPs were studied by Hamed et al., (2020). Gilthead seabream (S. aurata) when exposed to PVC-MPs 
for a long-term observation, affected the expression of genes (prdx5, ucp1, hsp90, coxIV). The nuclear 
factor erythroid 2–related factor 2 (nrf2) gene, which is functional for the regulation of oxidative stress, 
was found to be up-regulated in exposed head-kidney leucocytes (Espinosa et al., 2018).

Trophic Transfer

MPs transitions from lower trophic levels towards the top, through freshwater ecosystem face a paucity 
of relevant and realistic data as compared to the marine food webs. Transfer of MPs from the contami-
nated brown seaweed to the periwinkle as they consume the former (Gutow et al., 2016), from artemia 
to zebrafish (Batel et al., 2016), mussels to crab (Farrell and Nelson 2013). Presence of MPs on the 
blades of the seagrass (Thalassia testudinum, a potential feed for the invertebrates) in natural environ-
ment has been shown by (Goss et al., 2018.) Santana et al., (2017) depicted a multilevel food web with 
brown mussel (Perna perna), fish (Spheoeroides greeleyi) and crabs (Callinectes ornatus) confirming 
Bio-transference. The unintentional ingestion of MPs transfers through the prey species of common 
minke (Balaenoptera acutorostrata) and sei whale (B. borealis) was explored by Burkhardt-Holm et 
al., (2019). Similarly, Nelms et al., (2018) suggested that the feeding pattern of the consumption of the 
whole prey represents an important route of MPs tropic transfer. Walkinshaw et al., (2019) suggested 
that the increase in the number of MPs is not directly dependent on the increasing trophic levels, and 
that organisms at lower trophic levels act as a sink to all the environmental MPs than the apex predators. 
Trophic transfer of MPs from the prey to the predator was demonstrated when faecal matter of penguins 
and northern fur seals were tested positive for the presence of MPs (Nelms et al., 2019; Donohue et al., 
2019) with no reported toxicity. MPs were also reported to be present in the gut contents of both adult 
and calves of a coastal delphnid (Sousa chinensis), through unintentional consumption along with the 
prey (Zhu et al., 2019), posing an immense risk potential to these organisms which are already threatened 
with extinction, further cutting down their survival rates. Phagocytosis mediated entry of PS-MPs in a 
dinoflagellate species Heterocapsa triquetra (Long et al., 2017) implicated another potential pathway 
of MP transfer to higher trophic levels. In a study by Duncan et al., 2018, species of marine turtles viz 
Bystranded green (Chelonia mydas) and Loggerhead (Caretta caretta) from the Mediterranean basin, 
Kemp’s ridley (Lepidochelys kempii) and leatherback (Dermochelys coriacea) turtles from Atlantic basin 
and flatback (Natator depressus), hawksbill (Eretmochelys imbricata) and olive ridley (Lepidochelys 
olivacea) turtles from the pacific basin were found to be enriched with MPs by either environmental 
exposure of the turtles to contaminated sea water and sediments, or the consumption of contaminated 
primary producers and sessile filter feeders.

EFFECTS ON NUTRIENT CYCLES

The detection of MPs in the surface, subsurface, and deep waters as well as the sediments of the water-
sheds have been greatly explored around the globe to report enormous amounts of plastics pitted in each 
of the locations. Accumulations of MPs on the surface of the water due to their buoyancy have been 
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reported to cause eutrophication, leading to a reduced light penetration increased microbial assemblages, 
and decreased oxygen levels in the water bodies (Law, 2017). Weathering renders MPs rough-surfaced 
and biofouling makes it reactive due to the presence of additional functional groups and molecules. This 
leads to an increased density and decreased ability to float, promoting such MPs-contaminant aggregate’s 
downward movement towards the pristine seafloor altering their biogeochemistry. Such particles rich in 
organic content are known to create oxygen-less zones (Arias-Andres et al., 2018). MPs from the surface 
reach the sediments which are reported to have an increased ammonia content (Seeley et al., 2020). This 
sinking of the surface MPs affects the carbon and nitrogen on the water surfaces, the dissolved organic 
matter breakdown causing disturbances in the oceanic biological pump, global greenhouse gases (Khalid 
et al., 2020; Katija et al., 2017; Rogers et al., 2020). The carbon pools of the environment are affected a 
great deal due to the presence of Dissolved Organic Carbon (DOCs) in the surface layer which in turn 
disturb the natural carbon pool of the ocean and affect microbial growth and nutrient cycling (Castillo et 
al., 2018). Eutrophication was also reported due to the disturbed nitrogen content (Cluzard et al., 2015) 
whereas Chen et al., (2020) reported the increase in the oceanic phosphorus content due to the forma-
tion of biofilms on MPs in his microcosm experiment simulating the natural settings. Scanty data on the 
hydrogeochemical cycle is available and is hence a potential gap of research with MPs looming large.

EFFECTS ON HUMANS

With MPs being detected in air, water, sediments, soils, and even the edible biota; humans are not an 
exception. Reports of MPs in the daily commodities and its subsequent ingestion by humans are eventu-
ally reflecting their presence in feces, colon, placenta, scalp hair, hand skin, facial skin, and saliva (Basri 
et al., 2021; Ragusa et al., 2021) etc. These particles are already invading human body through gastric, 
dermal (weakened skin barrier or a wound), or inhalation (due to its size and hydrophobicity) routes 
(Yee et al., 2021). MPs can cross the cellular barrier by phagocytosis, micropinocytosis, clathrin- and 
caveolae-mediated endocytosis and are known to exert cytotoxicity and get accumulated (Ding et al., 
2021). In vitro studies with the human cell lines such as human hepatoma cell line HepG2 (toxicity of 
single and combine PE-MPs and Polychlorinated biphenyls (PCBs)) where PCBs were reported to be 
exerting a ‘trojan horse’ effect in presence of MPs (Pedriza et al., 2022). Shrinzi et al., (2017) reported 
oxidative stress mediated cytotoxicity in T98G (cerebral) and HeLa (epithelial human cells) when exposed 
to NPs. It has been noted that exposure of PS-NPs resulted in metabolic disorders of human cancer cell 
lines A549, HepG-2, and HCT116 through the formation of binucleated cells (Yee et al., 2021). Apart 
from cell lines approach, studies from mammalian models have also reported microplastics induced 
neurotoxicity (Deng et al., 2017), lesions and inflammations, decreased body weight, altered microbiota 
(Lu et al., 2018; Jin et al., 2021), and transgenerational toxicity (Luo et al., 2019).

DEGRADATION AND REMOVAL OF MPs

The irreversible breakdown of polymers by mechanisms such as biological, physical, and chemical 
such that their physico-chemical properties are altered into simpler product is commonly referred to as 
degradation phenomenon (Oliveira et al., 2020). The degradation mechanisms are generally classified 
based on the pathways such as abiotic (light, heat, UV, stress), chemical, biodegradation, photodegrada-
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tion, thermo-oxidative, thermal degradation, and hydrolysis (Oliveira et al., 2020; Aljaradin et al., 2020; 
Liu et al., 2021).

Biodegradation

The action of biotic agents such as bacteria, fungi and their enzymes destroy plastic by their innate ability 
to decompose by the formation of biofilm on the MPs. Microorganisms such as Ideonella sakaiensis, 
Fusarium oxysporum, Fusarium solani, Thermobifida fusca are known to degrade PET; Shewanella sp., 
Moritella sp., Psychtobactor sp., Pseudomonas sp. Clonostachys Rosea, Trichoderma sp. Are known 
to degrade Polycaprolactone (PCL); Vibrio Alginolyticus, Vibrio Parahemolyticus, Aspergillus Versi-
color, Aspergillus sp (PVA-LDPE); Zalerion Maritimum, Aspergillus niger, A. versicolor, Penicillium 
pinophilum, P. frequentan, P. oxalicum, and P. chrysogenum, (PE); Alcanivorax sp., Tenacibaculum sp., 
(Polybutylene PBS) (Aljaradin, 2020).

Photodegradation

The degradation of MPs in water by the sun’s solar radiation cause plastics to become brittle, discolored, 
hard, and of decreased mechanical properties eventually degrading it, however the speed depends largely 
upon many factors such as the size of the particles, amount of light reaching the particles and other 
physicochemical properties of the water (Klein et al., 2018). Photo catalytic degradation of MPs have 
been reported to reduce the MP-particle volume by 65% in visible light irradiating Zinc oxide nanorods 
(Uheida et al., 2021)

Thermal and Thermo-Oxidative Degradation

The breakdown of MPs by the action of high temperatures than those bearable by their polymeric struc-
tures, inducing chemical changes in the polymers is an efficient method of MPs removal while oxidative 
degradation of MPs at moderate temperatures lead to formation of degradation products such as ketones, 
aldehydes, alcohols, carboxylic acids, and low molecular mass hydrocarbon waxes (Aljaradin et al., 2020).

Hydrolysis

The action of water at high temperature and pressure is an efficient and cost-effective method of MPs 
degradation. Acidic hydrolysis (H2SO4; for PET), Alkaline hydrolysis (NaOH), and neutral (Steam) are 
reported to degrade MPs with above 80% yield (Oliveira et al., 2020; Shirke et al., 2018; Sinha et al., 2018).

Removal of MPs

Membrane removal tool designed by Ward et al., (2015) and membrane bioreactors investigated by Talvite 
et al., (2017) efficiently removed MPs from synthetic water. Coagulations and agglomeration of MPs to 
form bigger particles using Iron and Aluminium salts and ultrafiltration and electrocoagulation techniques 
are also practiced (Ariza-Tarazona et al., 2019). Yang et al., (2019) designed a combination of activated 
sludge treatment plant and membrane bioreactors with a removal efficiency of 99.4%. MPs removal by 
green unicellular algae was mediated by Cole et al., (2011), Nolte et al., (2017) using seaweed Fucus 
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vesiculosus and Pseudokirchneriella subcapitata respectively by adsorption mechanism. Other organisms 
such as Red Sea coral’s (Danafungia scruposa), crustacean Antarctic Krill (Euphausia superba) have 
been known to fragmentize and remove MPs (Corona et al., 2020; Padervand et al., 2020). However, 
their health status remains unclear under such circumstances. Alternatives such as starch (Ferreira et al., 

Figure 1. MPs Production, Release, and Transport in Aquatic Ecosystem
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2016), polylactic acid (PLA) (Oi et al., 2017), Polyhydroxyalkanoates (PHA) (Perez et al. 2018) have 
been recommended as MPs removal agents from environmental matrices.

CONCLUSION

The chapter highlighted the occurrence of MPs and their detrimental effects on various organisms at dif-
ferent levels of biological organization. Besides, it also dealt with the available degradation approaches 
to minimize the impact on the biosphere. However, its omnipresence cannot be neglected as of now. 
Besides, the vector potential of the MPs with other hydrophobic organic contaminants threatens the rela-
tive pristine areas with significant impact on the ecosystem services. This eventually destroys the natural 
ambience of the waterways, compromising the organisms’ health and perturbing the biogeochemical 
cycling of respective ecosystem by the depleting the essential nutrients. Among the organisms, planktonic 
species, filter-feeders, bivalves, large vertebrates including turtles, seals, sharks, whales, penguins, and 
seabirds etc., are found to be vulnerable to MPs uptake through feeding in polluted water resulting in 
several stress pathways from false satiation, mechanical injuries in the gut, reduced reproductive output, 
developmental toxicity, immunotoxicity, cytotoxicity, and neurotoxicity etc. This needs a thorough risk 
assessment strategy for ecosystem sustainability.

REFERENCES

Aljaradin, M. (n.d.). Biodegradation of Microplastics in Drinking Water, A review. Academic Press.

Allen, A. S., Seymour, A. C., & Rittschof, D. (2017). Chemoreception drives plastic consumption in a hard 
coral. Marine Pollution Bulletin, 124(1), 198–205. doi:10.1016/j.marpolbul.2017.07.030 PMID:28743368

Ambrosini, R., Azzoni, R. S., Pittino, F., Diolaiuti, G., Franzetti, A., & Parolini, M. (2019). First evidence 
of microplastic contamination in the supraglacial debris of an alpine glacier. Environmental Pollution, 
253, 297–301. doi:10.1016/j.envpol.2019.07.005 PMID:31323612

Amrutha, K., & Warrier, A. K. (2020). The first report on the source-to-sink characterization of micro-
plastic pollution from a riverine environment in tropical India. The Science of the Total Environment, 
739, 140377. doi:10.1016/j.scitotenv.2020.140377 PMID:32758976

Arias-Andres, M., Kettner, M. T., Miki, T., & Grossart, H. P. (2018). Microplastics: New substrates for 
heterotrophic activity contribute to altering organic matter cycles in aquatic ecosystems. The Science of 
the Total Environment, 635, 1152–1159. doi:10.1016/j.scitotenv.2018.04.199 PMID:29710570

Barboza, L. G. A., Vieira, L. R., Branco, V., Figueiredo, N., Carvalho, F., Carvalho, C., & Guilher-
mino, L. (2018). Microplastics cause neurotoxicity, oxidative damage and energy-related changes and 
interact with the bioaccumulation of mercury in the European seabass, Dicentrarchus labrax (Linnaeus, 
1758). Aquatic Toxicology (Amsterdam, Netherlands), 195, 49–57. doi:10.1016/j.aquatox.2017.12.008 
PMID:29287173

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



238

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Basri, K., Syaputra, E. M., & Handayani, S. (2021). Microplastic Pollution in Waters and its Impact on 
Health and Environment in Indonesia: A Review. Journal of Public Health for Tropical and Coastal 
Region, 4(2), 63–77. doi:10.14710/jphtcr.v4i2.10809

Berber, A. A. (2019). Polystyrene nanoplastics trigger toxicity on two different aquatic organisms (Bra-
chionus plicatilis, Daphnia magna). Academic Press.

Bergami, E., Bocci, E., Vannuccini, M. L., Monopoli, M., Salvati, A., Dawson, K. A., & Corsi, I. (2016). 
Nano-sized polystyrene affects feeding, behavior and physiology of brine shrimp Artemia francis-
cana larvae. Ecotoxicology and Environmental Safety, 123, 18–25. doi:10.1016/j.ecoenv.2015.09.021 
PMID:26422775

Bergmann, M., Mützel, S., Primpke, S., Tekman, M. B., Trachsel, J., & Gerdts, G. (2019). White and 
wonderful? Microplastics prevail in snow from the Alps to the Arctic. Science Advances, 5(8), eaax1157. 
doi:10.1126ciadv.aax1157 PMID:31453336

Boucher, J., & Friot, D. (2017). Primary microplastics in the oceans: a global evaluation of sources 
(Vol. 43). IUCN. doi:10.2305/IUCN.CH.2017.01.en

Burkhardt-Holm, P., & N’Guyen, A. (2019). Ingestion of microplastics by fish and other prey organisms 
of cetaceans, exemplified for two large baleen whale species. Marine Pollution Bulletin, 144, 224–234. 
doi:10.1016/j.marpolbul.2019.04.068 PMID:31179992

Canniff, P. M., & Hoang, T. C. (2018). Microplastic ingestion by Daphnia magna and its enhancement on 
algal growth. The Science of the Total Environment, 633, 500–507. doi:10.1016/j.scitotenv.2018.03.176 
PMID:29579661

Carpenter, E. J., Anderson, S. J., Harvey, G. R., Miklas, H. P., & Peck, B. B. (1972). Polystyrene spher-
ules in coastal waters. Science, 178(4062), 749–750. doi:10.1126cience.178.4062.749 PMID:4628343

Carr, S. A., Liu, J., & Tesoro, A. G. (2016). Transport and fate of microplastic particles in wastewater 
treatment plants. Water Research, 91, 174–182. doi:10.1016/j.watres.2016.01.002 PMID:26795302

Cedervall, T., Hansson, L. A., Lard, M., Frohm, B., & Linse, S. (2012). Food chain transport of nanopar-
ticles affects behaviour and fat metabolism in fish. PLoS One, 7(2), e32254. doi:10.1371/journal.
pone.0032254 PMID:22384193

Chae, Y., Kim, D., & An, Y. J. (2019). Effects of micro-sized polyethylene spheres on the marine mi-
croalga Dunaliella salina: Focusing on the algal cell to plastic particle size ratio. Aquatic Toxicology 
(Amsterdam, Netherlands), 216, 105296. doi:10.1016/j.aquatox.2019.105296 PMID:31541944

Chahine, M. T. (1992). The hydrological cycle and its influence on climate. Nature, 359(6394), 373–380. 
doi:10.1038/359373a0

Chan, C. K., Park, C., Chan, K. M., Mak, D. C., Fang, J. K., & Mitrano, D. M. (2021). Microplastic 
fibre releases from industrial wastewater effluent: A textile wet-processing mill in China. Environmental 
Chemistry, 18(3), 93–100. doi:10.1071/EN20143

Chen, G., Li, Y., & Wang, J. (2021). Occurrence and ecological impact of microplastics in aquaculture 
ecosystems. Chemosphere, 274, 129989. doi:10.1016/j.chemosphere.2021.129989 PMID:33979917

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



239

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Chen, X., Chen, X., Zhao, Y., Zhou, H., Xiong, X., & Wu, C. (2020). Effects of microplastic biofilms 
on nutrient cycling in simulated freshwater systems. The Science of the Total Environment, 719, 137276. 
doi:10.1016/j.scitotenv.2020.137276 PMID:32114222

Cluzard, M., Kazmiruk, T. N., Kazmiruk, V. D., & Bendell, L. I. (2015). Intertidal concentrations of 
microplastics and their influence on ammonium cycling as related to the shellfish industry. Archives 
of Environmental Contamination and Toxicology, 69(3), 310–319. doi:10.100700244-015-0156-5 
PMID:25916196

Coppock, R. L., Galloway, T. S., Cole, M., Fileman, E. S., Queirós, A. M., & Lindeque, P. K. (2019). 
Microplastics alter feeding selectivity and faecal density in the copepod, Calanus helgolandicus. The 
Science of the Total Environment, 687, 780–789. doi:10.1016/j.scitotenv.2019.06.009 PMID:31412481

Corona, E., Martin, C., Marasco, R., & Duarte, C. M. (2020). Passive and active removal of marine micro-
plastics by a mushroom coral (Danafungia scruposa). Frontiers in Marine Science, 7, 128. doi:10.3389/
fmars.2020.00128

Costa, E., Gambardella, C., Piazza, V., Vassalli, M., Sbrana, F., Lavorano, S., Garaventa, F., & Faimali, 
M. (2020). Microplastics ingestion in the ephyra stage of Aurelia sp. triggers acute and behavioral 
responses. Ecotoxicology and Environmental Safety, 189, 109983. doi:10.1016/j.ecoenv.2019.109983 
PMID:31785944

Dantas, N. C., Duarte, O. S., Ferreira, W. C., Ayala, A. P., Rezende, C. F., & Feitosa, C. V. (2020). 
Plastic intake does not depend on fish eating habits: Identification of microplastics in the stomach 
contents of fish on an urban beach in Brazil. Marine Pollution Bulletin, 153, 110959. doi:10.1016/j.
marpolbul.2020.110959 PMID:32275522

Deidda, I., Russo, R., Bonaventura, R., Costa, C., Zito, F., & Lampiasi, N. (2021). Neurotoxicity in marine 
invertebrates: An update. Biology (Basel), 10(2), 161. doi:10.3390/biology10020161 PMID:33670451

Deng, Y., Zhang, Y., Lemos, B., & Ren, H. (2017). Tissue accumulation of microplastics in mice 
and biomarker responses suggest widespread health risks of exposure. Scientific Reports, 7(1), 1–10. 
doi:10.1038rep46687 PMID:28436478

Diana, Z., Sawickij, N., Rivera, N. A. Jr, Hsu-Kim, H., & Rittschof, D. (2020). Plastic pellets trig-
ger feeding responses in sea anemones. Aquatic Toxicology (Amsterdam, Netherlands), 222, 105447. 
doi:10.1016/j.aquatox.2020.105447 PMID:32145485

Ding, Y., Zhang, R., Li, B., Du, Y., Li, J., Tong, X., Wu, Y., Ji, X., & Zhang, Y. (2021). Tissue distri-
bution of polystyrene nanoplastics in mice and their entry, transport, and cytotoxicity to GES-1 cells. 
Environmental Pollution, 280, 116974. doi:10.1016/j.envpol.2021.116974 PMID:33784569

Donohue, M. J., Masura, J., Gelatt, T., Ream, R., Baker, J. D., Faulhaber, K., & Lerner, D. T. (2019). 
Evaluating exposure of northern fur seals, Callorhinus ursinus, to microplastic pollution through fecal 
analysis. Marine Pollution Bulletin, 138, 213–221. doi:10.1016/j.marpolbul.2018.11.036 PMID:30660265

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



240

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Duan, J., Bolan, N., Li, Y., Ding, S., Atugoda, T., Vithanage, M., Sarkar, B., Tsang, D. C. W., & Kirkham, 
M. B. (2021). Weathering of microplastics and interaction with other coexisting constituents in ter-
restrial and aquatic environments. Water Research, 196, 117011. doi:10.1016/j.watres.2021.117011 
PMID:33743325

Espinosa, C., Beltrán, J. M. G., Esteban, M. A., & Cuesta, A. (2018). In vitro effects of virgin micro-
plastics on fish head-kidney leucocyte activities. Environmental Pollution, 235, 30–38. doi:10.1016/j.
envpol.2017.12.054 PMID:29274535

Europe, P. (2020). Plastics–the facts 2020. PlasticEurope, 1, 1–64.

Everaert, G., Van Cauwenberghe, L., De Rijcke, M., Koelmans, A. A., Mees, J., Vandegehuchte, M., & 
Janssen, C. R. (2018). Risk assessment of microplastics in the ocean: Modelling approach and first con-
clusions. Environmental Pollution, 242, 1930–1938. doi:10.1016/j.envpol.2018.07.069 PMID:30061084

Farrell, P., & Nelson, K. (2013). Trophic level transfer of microplastic: Mytilus edulis (L.) to Carcinus 
maenas (L.). Environmental Pollution, 177, 1–3. doi:10.1016/j.envpol.2013.01.046 PMID:23434827

Galgani, L., & Loiselle, S. A. (2021). Plastic pollution impacts on marine carbon biogeochemistry. En-
vironmental Pollution, 268, 115598. doi:10.1016/j.envpol.2020.115598 PMID:33158618

Ge, J., Li, H., Liu, P., Zhang, Z., Ouyang, Z., & Guo, X. (2021). Review of the toxic effect of microplas-
tics on terrestrial and aquatic plants. The Science of the Total Environment, 791, 148333. doi:10.1016/j.
scitotenv.2021.148333 PMID:34412379

Geng, X., Wang, J., Zhang, Y., & Jiang, Y. (2021). How do microplastics affect the marine microbial 
loop? Predation of microplastics by microzooplankton. The Science of the Total Environment, 758, 
144030. doi:10.1016/j.scitotenv.2020.144030 PMID:33340809

George, M., & Fabre, P. (2021). Floating plastics in oceans: A matter of size. Current Opinion in Green 
and Sustainable Chemistry, 32, 100543. doi:10.1016/j.cogsc.2021.100543

Gonçalves, H. C., Mercante, M. A., & Santos, E. T. (2011). Hydrological cycle. Brazilian Journal of 
Biology, 71(1), 241–253. doi:10.1590/S1519-69842011000200003 PMID:21537597

Goss, H., Jaskiel, J., & Rotjan, R. (2018). Thalassia testudinum as a potential vector for incorporating 
microplastics into benthic marine food webs. Marine Pollution Bulletin, 135, 1085–1089. doi:10.1016/j.
marpolbul.2018.08.024 PMID:30301005

Gutow, L., Eckerlebe, A., Giménez, L., & Saborowski, R. (2016). Experimental evaluation of seaweeds as 
a vector for microplastics into marine food webs. Environmental Science & Technology, 50(2), 915–923. 
doi:10.1021/acs.est.5b02431 PMID:26654910

Hale, R. C., Seeley, M. E., La Guardia, M. J., Mai, L., & Zeng, E. Y. (2020). A global perspective on 
microplastics. Journal of Geophysical Research: Oceans, 125(1), e2018JC014719.

Hamed, M., Soliman, H. A., Osman, A. G., & Sayed, A. E. D. H. (2020). Antioxidants and molecular 
damage in Nile Tilapia (Oreochromis niloticus) after exposure to microplastics. Environmental Science and 
Pollution Research International, 27(13), 14581–14588. doi:10.100711356-020-07898-y PMID:32048193

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



241

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Hartmann, N. B., Hüffer, T., Thompson, R. C., Hassellöv, M., Verschoor, A., Daugaard, A. E., Rist, 
S., Karlsson, T., Brennholt, N., Cole, M., Herrling, M. P., Hess, M. C., Ivleva, N. P., Lusher, A. L., & 
Wagner, M. (2019). Are We Speaking the Same Language? Recommendations for a Definition and 
Categorization Framework for Plastic Debris. Environmental Science & Technology, 53(3), 1039–1047. 
doi:10.1021/acs.est.8b05297 PMID:30608663

Hintersteiner, I., Himmelsbach, M., & Buchberger, W. W. (2015). Characterization and quantitation 
of polyolefin microplastics in personal-care products using high-temperature gel-permeation chroma-
tography. Analytical and Bioanalytical Chemistry, 407(4), 1253–1259. doi:10.100700216-014-8318-2 
PMID:25410643

Hossain, M. S., Rahman, M. S., Uddin, M. N., Sharifuzzaman, S. M., Chowdhury, S. R., Sarker, S., & 
Chowdhury, M. S. N. (2020). Microplastic contamination in Penaeid shrimp from the Northern Bay of 
Bengal. Chemosphere, 238, 124688. doi:10.1016/j.chemosphere.2019.124688 PMID:31524623

Huang, W., Chen, M., Song, B., Deng, J., Shen, M., Chen, Q., Zeng, G., & Liang, J. (2021). Microplastics 
in the coral reefs and their potential impacts on corals: A mini-review. The Science of the Total Environ-
ment, 762, 143112. doi:10.1016/j.scitotenv.2020.143112 PMID:33172634

Jeong, C. B., Won, E. J., Kang, H. M., Lee, M. C., Hwang, D. S., Hwang, U. K., Zhou, B., Souissi, S., 
Lee, S.-J., & Lee, J. S. (2016). Microplastic size-dependent toxicity, oxidative stress induction, and p-
JNK and p-p38 activation in the monogonont rotifer (Brachionus koreanus). Environmental Science & 
Technology, 50(16), 8849–8857. doi:10.1021/acs.est.6b01441 PMID:27438693

Jin, H., Ma, T., Sha, X., Liu, Z., Zhou, Y., Meng, X., Chen, Y., Han, X., & Ding, J. (2021). Polystyrene 
microplastics induced male reproductive toxicity in mice. Journal of Hazardous Materials, 401, 123430. 
doi:10.1016/j.jhazmat.2020.123430 PMID:32659591

Jovanović, B., Gökdağ, K., Güven, O., Emre, Y., Whitley, E. M., & Kideys, A. E. (2018). Virgin micro-
plastics are not causing imminent harm to fish after dietary exposure. Marine Pollution Bulletin, 130, 
123–131. doi:10.1016/j.marpolbul.2018.03.016 PMID:29866538

Kaiser, D., Kowalski, N., & Waniek, J. J. (2017). Effects of biofouling on the sinking behavior of micro-
plastics. Environmental Research Letters, 12(12), 124003. doi:10.1088/1748-9326/aa8e8b

Katija, K., Sherlock, R. E., Sherman, A. D., & Robison, B. H. (2017). New technology reveals the role of 
giant larvaceans in oceanic carbon cycling. Science Advances, 3(5), e1602374. doi:10.1126ciadv.1602374 
PMID:28508058

Khalid, N., Aqeel, M., Noman, A., Hashem, M., Mostafa, Y. S., Alhaithloul, H. A. S., & Alghanem, S. 
M. (2021). Linking effects of microplastics to ecological impacts in marine environments. Chemosphere, 
264, 128541. doi:10.1016/j.chemosphere.2020.128541 PMID:33059282

Klein, S., Dimzon, I. K., Eubeler, J., & Knepper, T. P. (2018). Analysis, occurrence, and degrada-
tion of microplastics in the aqueous environment. In Freshwater microplastics (pp. 51–67). Springer. 
doi:10.1007/978-3-319-61615-5_3

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



242

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Krüger, L., Casado-Coy, N., Valle, C., Ramos, M., Sánchez-Jerez, P., Gago, J., Carretero, O., Beltran-
Sanahuja, A., & Sanz-Lazaro, C. (2020). Plastic debris accumulation in the seabed derived from coastal 
fish farming. Environmental Pollution, 257, 113336. doi:10.1016/j.envpol.2019.113336 PMID:31753624

Lagarde, F., Olivier, O., Zanella, M., Daniel, P., Hiard, S., & Caruso, A. (2016). Microplastic interac-
tions with freshwater microalgae: Hetero-aggregation and changes in plastic density appear strongly 
dependent on polymer type. Environmental Pollution, 215, 331–339. doi:10.1016/j.envpol.2016.05.006 
PMID:27236494

Lahens, L., Strady, E., Kieu-Le, T. C., Dris, R., Boukerma, K., Rinnert, E., Gasperi, J., & Tassin, B. 
(2018). Macroplastic and microplastic contamination assessment of a tropical river (Saigon River, 
Vietnam) transversed by a developing megacity. Environmental Pollution, 236, 661–671. doi:10.1016/j.
envpol.2018.02.005 PMID:29438952

Law, K. L. (2017). Plastics in the marine environment. Annual Review of Marine Science, 9(1), 205–229. 
doi:10.1146/annurev-marine-010816-060409 PMID:27620829

Lebreton, L., & Andrady, A. (2019). Future scenarios of global plastic waste generation and disposal. 
Palgrave Communications, 5(1), 1–11. doi:10.105741599-018-0212-7

Lechner, A., & Ramler, D. (2015). The discharge of certain amounts of industrial microplastic from a 
production plant into the River Danube is permitted by the Austrian legislation. Environmental Pollu-
tion, 200, 159–160. doi:10.1016/j.envpol.2015.02.019 PMID:25734504

Leslie, H. A. (2014). Review of microplastics in cosmetics. IVM Institute for Environmental Studies, 
476, 1–33.

Li, J., Liu, H., & Chen, J. P. (2018). Microplastics in freshwater systems: A review on occurrence, envi-
ronmental effects, and methods for microplastics detection. Water Research, 137, 362–374. doi:10.1016/j.
watres.2017.12.056 PMID:29580559

Lim, X. (2021). Microplastics are everywhere—but are they harmful? Academic Press.

Liu, F., Olesen, K. B., Borregaard, A. R., & Vollertsen, J. (2019). Microplastics in urban and highway 
stormwater retention ponds. The Science of the Total Environment, 671, 992–1000. doi:10.1016/j.scito-
tenv.2019.03.416 PMID:31604201

Liu, X., Shi, H., Xie, B., Dionysiou, D. D., & Zhao, Y. (2019). Microplastics as both a sink and a source 
of bisphenol A in the marine environment. Environmental Science & Technology, 53(17), 10188–10196. 
doi:10.1021/acs.est.9b02834 PMID:31393116

Long, M., Paul-Pont, I., Hegaret, H., Moriceau, B., Lambert, C., Huvet, A., & Soudant, P. (2017). In-
teractions between polystyrene microplastics and marine phytoplankton lead to species-specific hetero-
aggregation. Environmental Pollution, 228, 454–463. doi:10.1016/j.envpol.2017.05.047 PMID:28558286

Long, M., Paul-Pont, I., Hegaret, H., Moriceau, B., Lambert, C., Huvet, A., & Soudant, P. (2017). In-
teractions between polystyrene microplastics and marine phytoplankton lead to species-specific hetero-
aggregation. Environmental Pollution, 228, 454–463. doi:10.1016/j.envpol.2017.05.047 PMID:28558286

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



243

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Lu, L., Wan, Z., Luo, T., Fu, Z., & Jin, Y. (2018). Polystyrene microplastics induce gut microbiota 
dysbiosis and hepatic lipid metabolism disorder in mice. The Science of the Total Environment, 631, 
449–458. doi:10.1016/j.scitotenv.2018.03.051 PMID:29529433

Luo, H., Liu, C., He, D., Xu, J., Sun, J., Li, J., & Pan, X. (2022). Environmental behaviors of micro-
plastics in aquatic systems: A systematic review on degradation, adsorption, toxicity and biofilm under 
aging conditions. Journal of Hazardous Materials, 423, 126915. doi:10.1016/j.jhazmat.2021.126915 
PMID:34461541

Luo, T., Zhang, Y., Wang, C., Wang, X., Zhou, J., Shen, M., Zhao, Y., Fu, Z., & Jin, Y. (2019). Maternal 
exposure to different sizes of polystyrene microplastics during gestation causes metabolic disorders in their 
offspring. Environmental Pollution, 255, 113122. doi:10.1016/j.envpol.2019.113122 PMID:31520900

Mao, Y., Ai, H., Chen, Y., Zhang, Z., Zeng, P., Kang, L., Li, W., Gu, W., He, Q., & Li, H. (2018). Phyto-
plankton response to polystyrene microplastics: Perspective from an entire growth period. Chemosphere, 
208, 59–68. doi:10.1016/j.chemosphere.2018.05.170 PMID:29860145

Mendrik, F. M., Henry, T. B., Burdett, H., Hackney, C. R., Waller, C., Parsons, D. R., & Hennige, S. 
J. (2021). Species-specific impact of microplastics on coral physiology. Environmental Pollution, 269, 
116238. doi:10.1016/j.envpol.2020.116238 PMID:33321308

Menéndez-Pedriza, A., Jaumot, J., & Bedia, C. (2022). Lipidomic analysis of single and combined ef-
fects of polyethylene microplastics and polychlorinated biphenyls on human hepatoma cells. Journal of 
Hazardous Materials, 421, 126777. doi:10.1016/j.jhazmat.2021.126777 PMID:34364209

Morgana, S., Ghigliotti, L., Estévez-Calvar, N., Stifanese, R., Wieckzorek, A., Doyle, T., Christiansen, J. 
S., Faimali, M., & Garaventa, F. (2018). Microplastics in the Arctic: A case study with sub-surface water 
and fish samples off Northeast Greenland. Environmental Pollution, 242, 1078–1086. doi:10.1016/j.
envpol.2018.08.001 PMID:30096546

Murphy, F., Ewins, C., Carbonnier, F., & Quinn, B. (2016). Wastewater treatment works (WwTW) as 
a source of microplastics in the aquatic environment. Environmental Science & Technology, 50(11), 
5800–5808. doi:10.1021/acs.est.5b05416 PMID:27191224

Napper, I. E., Davies, B. F., Clifford, H., Elvin, S., Koldewey, H. J., Mayewski, P. A., Miner, K. R., 
Potocki, M., Elmore, A. C., Gajurel, A. P., & Thompson, R. C. (2020). Reaching new heights in plas-
tic pollution—Preliminary findings of microplastics on Mount Everest. One Earth, 3(5), 621–630. 
doi:10.1016/j.oneear.2020.10.020

Nelms, S. E., Barnett, J., Brownlow, A., Davison, N. J., Deaville, R., Galloway, T. S., Lindeque, P. K., 
Santillo, D., & Godley, B. J. (2019). Microplastics in marine mammals stranded around the British coast: 
Ubiquitous but transitory? Scientific Reports, 9(1), 1–8. doi:10.103841598-018-37428-3 PMID:30705316

Nelms, S. E., Galloway, T. S., Godley, B. J., Jarvis, D. S., & Lindeque, P. K. (2018). Investigating micro-
plastic trophic transfer in marine top predators. Environmental Pollution, 238, 999–1007. doi:10.1016/j.
envpol.2018.02.016 PMID:29477242

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



244

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Oliveira, J., Belchior, A., da Silva, V. D., Rotter, A., Petrovski, Ž., Almeida, P. L., Lourenço, N. D., & 
Gaudêncio, S. P. (2020). Marine environmental plastic pollution: Mitigation by microorganism degrada-
tion and recycling valorization. Frontiers in Marine Science, 7, 1007. doi:10.3389/fmars.2020.567126

Padervand, M., Lichtfouse, E., Robert, D., & Wang, C. (2020). Removal of microplastics from the envi-
ronment. A review. Environmental Chemistry Letters, 18(3), 807–828. doi:10.100710311-020-00983-1

Pedersen, A. F., Gopalakrishnan, K., Boegehold, A. G., Peraino, N. J., Westrick, J. A., & Kashian, D. R. 
(2020). Microplastic ingestion by quagga mussels, Dreissena bugensis, and its effects on physiological 
processes. Environmental Pollution, 260, 113964. doi:10.1016/j.envpol.2020.113964 PMID:31991349

Peng, X., Chen, M., Chen, S., Dasgupta, S., Xu, H., Ta, K., Du, M., Li, J., Guo, Z., & Bai, S. (2018). 
Microplastics contaminate the deepest part of the world’s ocean. Geochemical Perspectives Letters, 9, 
1–5. doi:10.7185/geochemlet.1829

Petersen, F., & Hubbart, J. A. (2021). The occurrence and transport of microplastics: The state of the 
science. The Science of the Total Environment, 758, 143936. doi:10.1016/j.scitotenv.2020.143936 
PMID:33333307

Phuong, N. N., Zalouk-Vergnoux, A., Poirier, L., Kamari, A., Châtel, A., Mouneyrac, C., & Lagarde, F. 
(2016). Is there any consistency between the microplastics found in the field and those used in laboratory 
experiments? Environmental Pollution, 211, 111–123. doi:10.1016/j.envpol.2015.12.035 PMID:26745396

Piarulli, S., & Airoldi, L. (2020). Mussels facilitate the sinking of microplastics to bottom sediments 
and their subsequent uptake by detritus-feeders. Environmental Pollution, 266, 115151. doi:10.1016/j.
envpol.2020.115151 PMID:32673992

Prata, J. C., da Costa, J. P., Lopes, I., Duarte, A. C., & Rocha-Santos, T. (2019). Effects of microplas-
tics on microalgae populations: A critical review. The Science of the Total Environment, 665, 400–405. 
doi:10.1016/j.scitotenv.2019.02.132 PMID:30772570

Praveena, S. M., Shaifuddin, S. N. M., & Akizuki, S. (2018). Exploration of microplastics from personal 
care and cosmetic products and its estimated emissions to marine environment: An evidence from Ma-
laysia. Marine Pollution Bulletin, 136, 135–140. doi:10.1016/j.marpolbul.2018.09.012 PMID:30509794

Ragusa, A., Svelato, A., Santacroce, C., Catalano, P., Notarstefano, V., Carnevali, O., Papa, F., Ron-
gioletti, M. C. A., Baiocco, F., Draghi, S., D’Amore, E., Rinaldo, D., Matta, M., & Giorgini, E. (2021). 
Plasticenta: First evidence of microplastics in human placenta. Environment International, 146, 106274. 
doi:10.1016/j.envint.2020.106274 PMID:33395930

Reichert, J., Schellenberg, J., Schubert, P., & Wilke, T. (2018). Responses of reef building corals to 
microplastic exposure. Environmental Pollution, 237, 955–960. doi:10.1016/j.envpol.2017.11.006 
PMID:29146203

Ribeiro, F., Garcia, A. R., Pereira, B. P., Fonseca, M., Mestre, N. C., Fonseca, T. G., Ilharco, L. M., & 
Bebianno, M. J. (2017). Microplastics effects in Scrobicularia plana. Marine Pollution Bulletin, 122(1–2), 
379–391. doi:10.1016/j.marpolbul.2017.06.078 PMID:28684108

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



245

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Rillig, M. C., & Bonkowski, M. (2018). Microplastic and soil protists: A call for research. Environmental 
Pollution, 241, 1128–1131. doi:10.1016/j.envpol.2018.04.147 PMID:30029321

Rogers, K. L., Carreres‐Calabuig, J. A., Gorokhova, E., & Posth, N. R. (2020). Micro‐by‐micro interac-
tions: How microorganisms influence the fate of marine microplastics. Limnology and Oceanography 
Letters, 5(1), 18–36. doi:10.1002/lol2.10136

Romera-Castillo, C., Pinto, M., Langer, T. M., Álvarez-Salgado, X. A., & Herndl, G. J. (2018). Dissolved 
organic carbon leaching from plastics stimulates microbial activity in the ocean. Nature Communications, 
9(1), 1–7. doi:10.103841467-018-03798-5 PMID:29651045

Rummel, C. D., Jahnke, A., Gorokhova, E., Kühnel, D., & Schmitt-Jansen, M. (2017). Impacts of biofilm 
formation on the fate and potential effects of microplastic in the aquatic environment. Environmental 
Science & Technology Letters, 4(7), 258–267. doi:10.1021/acs.estlett.7b00164

Sarasamma, S., Audira, G., Siregar, P., Malhotra, N., Lai, Y. H., Liang, S. T., Chen, J.-R., Chen, K. H.-C., 
& Hsiao, C. D. (2020). Nanoplastics cause neurobehavioral impairments, reproductive and oxidative dam-
ages, and biomarker responses in zebrafish: Throwing up alarms of wide spread health risk of exposure. 
International Journal of Molecular Sciences, 21(4), 1410. doi:10.3390/ijms21041410 PMID:32093039

Sarkar, D. J., Sarkar, S. D., Das, B. K., Manna, R. K., Behera, B. K., & Samanta, S. (2019). Spatial 
distribution of meso and microplastics in the sediments of river Ganga at eastern India. The Science of 
the Total Environment, 694, 133712. doi:10.1016/j.scitotenv.2019.133712 PMID:31400677

Savinelli, B., Fernández, T. V., Galasso, N. M., D’Anna, G., Pipitone, C., Prada, F., ... Musco, L. (2020). 
Microplastics impair the feeding performance of a Mediterranean habitat-forming coral. Marine Envi-
ronmental Research, 155, 104887. doi:10.1016/j.marenvres.2020.104887 PMID:32072989

Scanes, E., Wood, H., & Ross, P. (2019). Microplastics detected in haemolymph of the Sydney rock oyster 
Saccostrea glomerata. Marine Pollution Bulletin, 149, 110537. doi:10.1016/j.marpolbul.2019.110537 
PMID:31466014

Schirinzi, G. F., Pérez-Pomeda, I., Sanchís, J., Rossini, C., Farré, M., & Barceló, D. (2017). Cytotoxic 
effects of commonly used nanomaterials and microplastics on cerebral and epithelial human cells. En-
vironmental Research, 159, 579–587. doi:10.1016/j.envres.2017.08.043 PMID:28898803

Seeley, M. E., Song, B., Passie, R., & Hale, R. C. (2020). Microplastics affect sedimentary microbial 
communities and nitrogen cycling. Nature Communications, 11(1), 1–10. doi:10.103841467-020-16235-
3 PMID:32398678

Setälä, O., Fleming-Lehtinen, V., & Lehtiniemi, M. (2014). Ingestion and transfer of microplastics 
in the planktonic food web. Environmental Pollution, 185, 77–83. doi:10.1016/j.envpol.2013.10.013 
PMID:24220023

Siegfried, M., Koelmans, A. A., Besseling, E., & Kroeze, C. (2017). Export of microplastics from 
land to sea. A modelling approach. Water Research, 127, 249–257. doi:10.1016/j.watres.2017.10.011 
PMID:29059612

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



246

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Sjollema, S. B., Redondo-Hasselerharm, P., Leslie, H. A., Kraak, M. H., & Vethaak, A. D. (2016). Do 
plastic particles affect microalgal photosynthesis and growth? Aquatic Toxicology (Amsterdam, Nether-
lands), 170, 259–261. doi:10.1016/j.aquatox.2015.12.002 PMID:26675372

Song, Y. K., Hong, S. H., Eo, S., Jang, M., Han, G. M., Isobe, A., & Shim, W. J. (2018). Horizontal and 
vertical distribution of microplastics in Korean coastal waters. Environmental Science & Technology, 
52(21), 12188–12197. doi:10.1021/acs.est.8b04032 PMID:30295469

Sun, Y., Yuan, J., Zhou, T., Zhao, Y., Yu, F., & Ma, J. (2020). Laboratory simulation of microplastics 
weathering and its adsorption behaviors in an aqueous environment: A systematic review. Environmental 
Pollution, 265, 114864. doi:10.1016/j.envpol.2020.114864 PMID:32505960

Talvitie, J., Mikola, A., Koistinen, A., & Setälä, O. (2017). Solutions to microplastic pollution–Removal 
of microplastics from wastewater effluent with advanced wastewater treatment technologies. Water 
Research, 123, 401–407. doi:10.1016/j.watres.2017.07.005 PMID:28686942

Tang, N., Liu, X., & Xing, W. (2020). Microplastics in wastewater treatment plants of Wuhan, Central 
China: Abundance, removal, and potential source in household wastewater. The Science of the Total 
Environment, 745, 141026. doi:10.1016/j.scitotenv.2020.141026 PMID:32726699

Tang, Y., Liu, Y., Chen, Y., Zhang, W., Zhao, J., He, S., Yang, C., Zhang, T., Tang, C., Zhang, C., & 
Yang, Z. (2021). A review: Research progress on microplastic pollutants in aquatic environments. The 
Science of the Total Environment, 766, 142572. doi:10.1016/j.scitotenv.2020.142572 PMID:33183825

Ter Halle, A., Ladirat, L., Martignac, M., Mingotaud, A. F., Boyron, O., & Perez, E. (2017). To what 
extent are microplastics from the open ocean weathered? Environmental Pollution, 227, 167–174. 
doi:10.1016/j.envpol.2017.04.051 PMID:28460234

Trifuoggi, M., Pagano, G., Oral, R., Pavičić-Hamer, D., Burić, P., Kovačić, I., Siciliano, A., Toscanesi, 
M., Thomas, P. J., Paduano, L., Guida, M., & Lyons, D. M. (2019). Microplastic-induced damage in 
early embryonal development of sea urchin Sphaerechinus granularis. Environmental Research, 179, 
108815. doi:10.1016/j.envres.2019.108815 PMID:31629182

Uheida, A., Mejía, H. G., Abdel-Rehim, M., Hamd, W., & Dutta, J. (2021). Visible light photocatalytic 
degradation of polypropylene microplastics in a continuous water flow system. Journal of Hazardous 
Materials, 406, 124299. doi:10.1016/j.jhazmat.2020.124299 PMID:33131945

Van Cauwenberghe, L., & Janssen, C. R. (2014). Microplastics in bivalves cultured for human consump-
tion. Environmental Pollution, 193, 65–70. doi:10.1016/j.envpol.2014.06.010 PMID:25005888

Van Colen, C., Vanhove, B., Diem, A., & Moens, T. (2020). Does microplastic ingestion by zooplankton 
affect predator-prey interactions? An experimental study on larviphagy. Environmental Pollution, 256, 
113479. doi:10.1016/j.envpol.2019.113479 PMID:31679869

Van Melkebeke, M., Janssen, C., & De Meester, S. (2020). Characteristics and sinking behavior of typical 
microplastics including the potential effect of biofouling: Implications for remediation. Environmental 
Science & Technology, 54(14), 8668–8680. doi:10.1021/acs.est.9b07378 PMID:32551546

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



247

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Van Sebille, E., Wilcox, C., Lebreton, L., Maximenko, N., Hardesty, B. D., Van Franeker, J. A., Eriksen, 
M., Siegel, D., Galgani, F., & Law, K. L. (2015). A global inventory of small floating plastic debris. 
Environmental Research Letters, 10(12), 124006. doi:10.1088/1748-9326/10/12/124006

Vanapalli, K. R., Dubey, B. K., Sarmah, A. K., & Bhattacharya, J. (2021). Assessment of microplastic 
pollution in the aquatic ecosystems–An indian perspective. Case Studies in Chemical and Environmental 
Engineering, 3, 100071. doi:10.1016/j.cscee.2020.100071

Vecchi, S., Bianchi, J., Scalici, M., Fabroni, F., & Tomassetti, P. (2021). Field evidence for microplastic 
interactions in marine benthic invertebrates. Scientific Reports, 11(1), 1–12. doi:10.103841598-021-
00292-9 PMID:34686714

Walkinshaw, C., Lindeque, P. K., Thompson, R., Tolhurst, T., & Cole, M. (2020). Microplastics and 
seafood: Lower trophic organisms at highest risk of contamination. Ecotoxicology and Environmental 
Safety, 190, 110066. doi:10.1016/j.ecoenv.2019.110066 PMID:31846861

Wang, C., Zhao, J., & Xing, B. (2021). Environmental source, fate, and toxicity of microplastics. Journal 
of Hazardous Materials, 407, 124357. doi:10.1016/j.jhazmat.2020.124357 PMID:33158648

Wang, J., Li, Y., Lu, L., Zheng, M., Zhang, X., Tian, H., Wang, W., & Ru, S. (2019). Polystyrene micro-
plastics cause tissue damages, sex-specific reproductive disruption and transgenerational effects in marine 
medaka (Oryzias melastigma). Environmental Pollution, 254, 113024. doi:10.1016/j.envpol.2019.113024 
PMID:31454586

Wang, W., Ndungu, A. W., Li, Z., & Wang, J. (2017). Microplastics pollution in inland freshwaters of 
China: A case study in urban surface waters of Wuhan, China. The Science of the Total Environment, 
575, 1369–1374. doi:10.1016/j.scitotenv.2016.09.213 PMID:27693147

Weber, A., Jeckel, N., Weil, C., Umbach, S., Brennholt, N., Reifferscheid, G., & Wagner, M. (2021). 
Ingestion and toxicity of polystyrene microplastics in freshwater bivalves. Environmental Toxicology 
and Chemistry, 40(8), 2247–2260. doi:10.1002/etc.5076 PMID:33928672

Xiong, X., Wu, C., Elser, J. J., Mei, Z., & Hao, Y. (2019). Occurrence and fate of microplastic debris in 
middle and lower reaches of the Yangtze River–from inland to the sea. The Science of the Total Environ-
ment, 659, 66–73. doi:10.1016/j.scitotenv.2018.12.313 PMID:30597469

Yang, L., Li, K., Cui, S., Kang, Y., An, L., & Lei, K. (2019). Removal of microplastics in municipal 
sewage from China’s largest water reclamation plant. Water Research, 155, 175–181. doi:10.1016/j.
watres.2019.02.046 PMID:30849731

Ye, S., & Andrady, A. L. (1991). Fouling of floating plastic debris under Biscayne Bay exposure condi-
tions. Marine Pollution Bulletin, 22(12), 608–613. doi:10.1016/0025-326X(91)90249-R

Yee, M. S. L., Hii, L. W., Looi, C. K., Lim, W. M., Wong, S. F., Kok, Y. Y., Tan, B.-K., Wong, C.-Y., & 
Leong, C. O. (2021). Impact of microplastics and nanoplastics on human health. Nanomaterials (Basel, 
Switzerland), 11(2), 496. doi:10.3390/nano11020496 PMID:33669327

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



248

Impacts of Microplastics on the Hydrosphere (Aquatic Environment)
 

Yurtsever, M. (2019). Glitters as a source of primary microplastics: An approach to environmental respon-
sibility and ethics. Journal of Agricultural & Environmental Ethics, 32(3), 459–478. doi:10.100710806-
019-09785-0

Zhang, C., Chen, X., Wang, J., & Tan, L. (2017). Toxic effects of microplastic on marine microalgae 
Skeletonema costatum: Interactions between microplastic and algae. Environmental Pollution, 220, 
1282–1288. doi:10.1016/j.envpol.2016.11.005 PMID:27876228

Zhang, C., Zhou, H., Cui, Y., Wang, C., Li, Y., & Zhang, D. (2019). Microplastics in offshore sediment 
in the yellow Sea and east China Sea, China. Environmental Pollution, 244, 827–833. doi:10.1016/j.
envpol.2018.10.102 PMID:30390456

Zhang, Y., Wang, J., Geng, X., & Jiang, Y. (2021). Does microplastic ingestion dramatically decrease 
the biomass of protozoa grazers? A case study on the marine ciliate Uronema marinum. Chemosphere, 
267, 129308. doi:10.1016/j.chemosphere.2020.129308 PMID:33352364

Zhao, Y. B., Gao, P. P., & Ni, H. G. (2019). A chemical time bomb: Future risks of microplastics. Water, 
Air, and Soil Pollution, 230(11), 1–5. doi:10.100711270-019-4320-9

Zheng, Y., Li, J., Cao, W., Liu, X., Jiang, F., Ding, J., Yin, X., & Sun, C. (2019). Distribution character-
istics of microplastics in the seawater and sediment: A case study in Jiaozhou Bay, China. The Science 
of the Total Environment, 674, 27–35. doi:10.1016/j.scitotenv.2019.04.008 PMID:31003085

Zhu, J., Yu, X., Zhang, Q., Li, Y., Tan, S., Li, D., Yang, Z., & Wang, J. (2019). Cetaceans and micro-
plastics: First report of microplastic ingestion by a coastal delphinid, Sousa chinensis. The Science of 
the Total Environment, 659, 649–654. doi:10.1016/j.scitotenv.2018.12.389 PMID:31096394

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



249

Copyright © 2022, IGI Global. Copying or distributing in print or electronic forms without written permission of IGI Global is prohibited.

Chapter  11

DOI: 10.4018/978-1-7998-9723-1.ch011

ABSTRACT

Plastics are one of the essential materials due to their low cost and properties. Plastics are used almost 
everywhere including food packaging, home appliance, agriculture, automobile, electrical insulators, 
medical instruments, etc. However, due to the low biodegradability of conventional plastics, they remain 
in the environment for a very long time and thus pose a serious threat to our environment. Getting rid 
of these plastics is very difficult. The burning of plastics produces harmful chemicals that negatively 
impact the environment (e.g., global warming) and human health. Plastic management via recycling is 
an incomplete measure to address the environmental impacts of plastic. Therefore, there is a demand 
for developing alternative plastic materials that will be more environmentally friendly. Bioplastics have 
attracted much attention as a potential replacement for conventional plastics. This chapter will focus 
on the development, properties, and applications of various bioplastics. The biodegradability of the 
bioplastics will also be discussed.

INTRODUCTION

Plastics are ubiquitous in our society. It is estimated that 407 million tons of plastic were produced in 
2018. (Sushmitha et al., 2016) Only 7% of this is recycled, and the rest is dumped into ocean and land-
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fills. Conventional plastics degrade very slowly, (DiGregorio, 2009) and remain in the environment for 
a very long time. Thus, these plastics pose a serious threat to

freshwater, natural terrestrial, and marine ecosystems. Bioplastic has attracted much attention as a 
potential replacement for conventional plastics. The increased interest is due to several advantages of 
bioplastic over conventional plastics. One advantage is their biodegradability. For example, bioplastic 
such as polyhydroxyalkanoate (PHA) has been shown to be completely biodegradable. (Eubeler et al., 
2010) Other advantages include their adaptability to the human body, reduced reliance on fossil fuel, 
etc. Bioplastics can be bio-based and made from biomass and renewable resources such as corn starch, 
potato starch, rice straw, vegetable oil and fat, etc. However, all bio-based plastics are not biodegrad-
able (Figure 1) such as bio-based-polyethylene (Bio-PE), bio-based-polypropylene (Bio-PP), etc. The 
rate of biodegradation depends on the bioplastics. Thus, bio-based and biodegradable plastics include 
polylactic acid (PLA), (Auras et al., 2004) PHA, (Liu et al., 2010) cellulose, (Privas et al., 2013) starch, 
etc. (Mostafa et al., 2014) It is worth mentioning that starch, cellulose, etc. are not plastics in their native 
form. However, they can be converted to plastic through innovative fermentation and polymer technology. 
Moreover, some protein-rich sources such as soy, (Alvarez-Castillo et al., 2018) wheat, (Jerez et al., 2005) 
pea (Perez-Puyana et al., 2016) have also been used for making bioplastic materials and films. Several 

Figure 1. Various bio-based and biodegradable plastics
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bioplastic materials such as PHA, cellulose, starch, etc., have been used in food packaging. Bioplastics 
also have great potential application in the textile industry. However, there are some challenges to the 
growth of the bioplastic market. These include interference with food sources and high production costs. 
The issue with interference with food sources can be addressed by using non-food resources. Also, dif-
ferent biological alternatives such as bioplastic production from microalgae consortia has been reported. 
(López Rocha et al., 2020) Much research is being done to optimize the production and make bioplastic 
economically viable. This chapter will focus on the development, properties, and applications of various 
bioplastics. The biodegradability of the bioplastics will also be discussed.

BACKGROUND

Plant-based biodegradable plastics are often considered with zero or negative carbon footprint. (Filiciotto 
& Rothenberg, 2021) The global warming potential of biodegradable mulch films is 2-3 times lower than 
landfill and incineration. (Razza & Cerutti, 2017) Composting and anaerobic processing have a higher 
environmental impact than incineration with energy recovery. (Yates & Barlow, 2013) The variability 
of the results reflects the difficulty in determining the environmental impact of biodegradable plastics. 
However, a significant reduction of the carbon footprint is commonly recognized for bio-plastics compared 
to conventional plastics. Most of today’s bio-based plastics are made from food crops. The feedstocks 
used for producing biodegradable plastics will impact the environment due to the use of water and land. 
According to European Bioplastics, the land required for biomaterials (also including materials other 
than plastic such as biofuel) is 2% of the overall land use. (Filiciotto & Rothenberg, 2021) The land use 
for plastic represent only 0.016% in 2019. (Filiciotto & Rothenberg, 2021) The land use for biofuel, on 
the other hand, is 60 times higher. One of the sustainable development goals (UN: SDG 15) is to have 
zero net lands taken by 2050 to favor natural habitats and improve agricultural practices. (United Na-
tions, 2020) Thus, the use of waste products may provide an alternative that has zero impact land use. 
According to the UN FAO, one-third of all food resources were wasted worldwide. (Ishangulyyev et 
al., 2019) Converting waste into plastic creates product value from zero, which is economically very 
attractive. (Sanchez-Vazquez et al., 2013)

One of the major challenges in plastic is waste management. Especially, sorting different waste and 
the presence of hazardous materials are challenges in the present recycling effort. (Didier, 2015) ~45-75% 
of plastics are disposed of in landfills or natural environment. (Agamuthu, 2013) Most plastics in landfill 
are likely to leach into the environment and create microplastics. The high mobility of microplastic leads 
to water contamination, affecting human and animal health. (Prata et al., 2020) Thus, environmental 
analysis should consider the potential release of microplastic. Also, the molecules making the polymer 
have a significant impact on life and environment. For example, PVC was found to be more harmful 
than high-density polyethylene and PLA. This can be attributed to the toxicity of halogen-containing 
molecules. Therefore, plastics made from safer molecules will have a lower effect on life and environ-
ment. The degradation of biodegradable plastic was found to be much slower in turtles compared to 
the claimed biodegradability. 100% biodegradability resulted in the degradation of up to 8.5% in the 
turtle’s digestive tract. (Filiciotto & Rothenberg, 2021) However, biodegradable plastics will still have 
an undeniably positive impact on uses where the material is prone to enter the environment.

The global bioplastic production was 2.11 million tons in 2019. (Jõgi & Bhat, 2020) Starch blends 
were the most common type of bioplastic (Table 1). Starch blends will continue to be the most common 
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type of bioplastics in the coming years (Table 1). Plastic materials such as polyethylene furanoate (PEF) 
are expected to enter the bioplastic market soon. In 2019, biodegradable plastics accounted for 55.5% of 
bioplastics produced. In terms of bioplastic production, Asia led the way with 45% of bioplastics pro-
duced, followed by Europe (25%), North America (18%), and South America (12%). (Jõgi & Bhat, 2020)

The lack of consistent data on the biodegradability of different plastics hinders finding a clear cor-
relation between physicochemical properties and biodegradation, hence the final fate of plastic mate-
rials. Often, literature studies focus on monitoring one change (e.g., change of structure by FTIR) or 
only report the evolution of CO2, hindering the creation of a database. A complete database can predict 
the biodegradation of new plastic material or aid in designing biodegradable plastic materials. Future 
studies may correlate repeating unit, elemental analysis, physical properties (such as Tg and Tm) with 
biodegradability. Kinetic studies on biodegradability may also provide helpful information for compar-
ing new plastic materials.

SOURCES OF BIOPLASTICS

1.  Plant sources: Plant sources include starch-based sources such as wheat, corn, starch, rice, potato, 
barley, and cellulose derivatives which account for almost 80% of the bioplastic market. Pure starch 
can absorb humidity which makes it a suitable material for manufacturing drug capsules. Cane sugar 
is also used for the manufacture of bioplastic such as PLA. Genetic engineering is utilized in plants 
(e.g., genetically modified corn and potato) to produce bioplastic in plants. However, interference 
with food sources is one of the limitations in bioplastic production from plant sources. Recently, 
bioplastic films have been made from low-cost plant resources such as jackfruit waste flour and sago 
(low-cost starch source). (Krishnamurthy & Amritkumar, 2019) Using starch as a renewable source 

Table 1. Global bioplastic production in 2019 and projection for 2024

Bioplastic type 2019 (%) 2024 (%)

Starch blends 21.3 18.5

PLA 13.9 13.1

PBAT 13.4 12.5

PE* 11.8 12

PA* 11.6 11.6

PET 9.8 8

PTT 9.2 6.6

PBS 4.3 6

Other (biodegradable) 1.4 5.3

PHA 1.2 3.8

Other (bio-based, non-biodegradable)* 1.1 1.3

PP* 0.9 0.9

PEF* 0 0.2

* indicates bio-based, but not biodegradable
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for bioplastic production has several advantages, such as low cost and abundance. However, starch 
in its native form has very limited application due to poor solubility, thermal decomposition, low 
shear stress resistance, brittleness, etc. (BeMiller & Whistler, 2009; Kalambur & Rizvi, 2006) Also, 
the mechanical property worsen upon exposure to environmental conditions (e.g., humidity leads to 
hydrolysis). However, some of these properties can be improved by using suitable plasticizers such 
as sugar glycerol, glycol, xylitol, and amides (e.g., urea, formamide, etc.). (Yang et al., 2006; Dai et 
al., 2009) Zinc nanofillers and glycerol have been added to starch-based bioplastic film to improve 
mechanical properties. (Harunsyah et al., 2017) Starch-based bioplastics were also reinforced by 
coconut husk fibers. (Babalola & Olorunnisola, 2019) Glass and carbon fibers are commonly used 
to reinforce bioplastics. However, these are not biodegradable. For this reason, these have been 
replaced by more environmentally friendly materials. (Yang et al., 2019) Apart from plasticizers and 
fillers, starch can also be blended with other synthetic polymers to improve mechanical properties 
and the rate of degradation. Other physical strengthening methods are mold temperature increase, 
dehydrothermal treatment, ultrasound, etc. (JIminez-Rosado et al., 2020) Thermal treatment of soy 
protein-based bioplastics enhanced mechanical properties. Its dehydrothermal treatment increased 
absorbent capacity, while ultrasound led to structure with smaller pores. Thus, differently treated 

Figure 2. Bacterial production of polyhydroxybutyrate (PHB)
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bioplastics will have different applications. Fine smooth, flexible, and strong bioplastic was produced 
from tapioca starch. (Gokce, 2018) However, potato-based starch showed better properties in terms 
of ease of working (e.g., extraction, crying, etc.). (Hamidon et al., 2018) Ultrasound treatment of 
composite bioplastic from tapioca starch and sugarcane bagasse fiber improved properties such as 
tensile strength and a lower rate of moisture absorption. (Asrofi et al., 2020) Proteins (e.g., wheat 
gluten, soy, etc.) have been used to produce bioplastic. (Rasheed, 2011) Oil can also be used for 
the production of bioplastics. (Magar et al., 2015) Cottonseed oil, soybean oil, jatropha oil, palm 
oil, corn oil, coconut oil, etc., have been investigated. (Park and Kim, 2011; Wong et al., 2012) 
Ligninocellulosic biomass is another good resource for bioplastic production. (Brodin et al., 2017) 
This process avoids the utilization of food crops. However, it requires suitable, cost-effective pre-
treatment for decomposition into sugar monomer. (Govil et al., 2020)

2.  Bacterial sources: Some of the important bacterial species used for the production of PHA are B. 
Megaterium, (Mirtha et al., 1995) K. Aerogenes, (Eggink et al., 1995) and P. Aerogenosa. (Zhang 
et al., 1994) During metabolism, bacteria produce acetyl CoA, which is converted to PHB by three 
biosynthesis enzymes – 3-ketothiolase, acetoacetyl CoA reductase, and PHA synthase (Figure 2). 
Sugarcane has been used for bioplastic production by bacterial sugar assimilation. However, one 
limitation for bacterial production of bioplastic is that optimum bacterial growth requires specific 
conditions.

3.  Algal sources: Algae are autotrophic organisms that can be unicellular or multicellular. Compared 
with bioplastics production from food staples, microalgae offer an advantage due to the high percent-
age of carbohydrates and proteins, fast growth, and no competition with food. (Wang et al., 2016) 
For example, spirulina has 46-63% protein content, and chlorella has 51-58% protein content (on a 
dry weight basis). (Ummanyma et al., 2020) Thus, these two are the most investigated microalgae. 
Microalgae can be used directly as biomass to produce bioplastics or indirectly by extracting PHB 
and starch within microalgae cells. (Coppola et al., 2021) Other approaches include the production 
of microalgae polymer blends through compression or hot molding, solvent casting, melt mixing, or 
twin-screw extrusion. (Cinnar et al., 2020) A bioplastic film was produced from salt-rich spirulina 
species residues with the addition of polyvinyl alcohol. (Zhang et al., 2020) Several microalgae were 
screened for starch production and starch-based bioplastic development. (Mathiot et al., 2019) C. 
reinhardtii was the most promising starch-producing strain. Composites were formed by combing 
microalgal biomass and petroleum. (Chia et al., 2020) Leftover biomass after biodiesel produc-
tion can also be treated chemically to produce bioplastic. (Das et al., 2018) However, microalgae 
cannot be easily harvested. (Thurmund, 2010) Thus, macroalgae like seaweeds are better options 
for bioplastic production considering their high biomass, ability to grow in many different envi-
ronments, and ease of harvesting. Seaweeds are photosynthetic algae that live in the bottom of the 
sea and are well known for natural polysaccharides. These polysaccharides can be extracted from 
seaweeds and used to produce bioplastic. The whole red macroalgae Kappaphycus alvarezzi was 
used to produce a bioplastic film adding polyethylene glycol as a plasticizer for food packaging 
applications. (Sudhakar et al., 2020) Since they are polymers made from sugars, they can be used 
to produce biodegradable plastics.
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PRODUCTION OF BIOPLASTICS

1.  Bioplastic production from seaweed: Polysaccharides such as starch, alginate, agar, carrageenan, 
floridean, etc., in seaweeds are used to produce bioplastic. (Rajendran et al., 2012) The seaweed 
is gathered, quickly dried, and then baled to maintain its quality. The dried seaweed is ground, 
sieved, and washed to eliminate impurities such as sand, salt, etc. Then, seaweed is subjected to a 
hot extraction process to separate the polysaccharides. This extraction process involves two steps. 
In the first step, the dissolved polysaccharide
mixture is centrifuged to eliminate the dense cellulosic particles. The smaller particles are removed 
by filtration. Then the solution is concentrated by evaporating water. In the second step, polysac-
charides are recovered using one of the two methods. In one method, KCl is added to the concen-
trated solution of polysaccharide so that the filtrate will gel immediately. The gel is then frozen and 
compressed to remove excess water. In the second method, the concentrated solution is precipitated 
in isopropyl alcohol. The filtrate turns into a coagulum of polysaccharide alcohol and water. The 
coagulum is compressed to remove excess liquid and vacuum dried to remove the alcohol. Drying 
is completed in a belt drier and is blended to meet the specification of the finished product.

2.  Fermentation of sugar: Polysaccharides can be converted to sugar (e.g., glucose, xylose, etc.) 
chemically or enzymatically. Fermentation of the sugar leads to lactic acid, ethanol, etc. This process 
can be carried out at room temperature and pressure using water as a solvent. However, sugars are 
derived from crops that compete with food sources. Thus, the development of lignocellulosic sugar 
processes will enhance the sustainability of this process. Lactic acid can be chemically converted 
to lactide(Figure 3). 
PLA can be obtained by condensation polymerization of lactic acid or by the ring-opening polym-
erization of lactide. (Lim et al., 2008)
PLA is a thermoplastic and can be converted to end products using techniques such as injection 
moulding, blow moulding, film extrusion, etc. The processing temperature of PLA is low compared 
to conventional plastics. PLA can be used in a wide range of applications including, geotextile, 

Figure 3. Polymer production via the fermentation of sugar
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agricultural film, packaging, etc. Since it is compatible with the human body, it has been used in 
medical devices. (Lasprilla et al., 2012; Auras et al., 2004)
In this process, bio-PE can also be prepared. Bio-PE can be prepared from the polymerization of 
ethylene which can be prepared from ethanol (Figure 3). Ethanol represents a chemically identical 
alternative to ethylene production from petrochemical feedstocks. However, the production of eth-
ylene from sugar-based ethanol needs further optimization. The most developed production routes 
of ethanol are the fermentation of sucrose and hydrolysis, followed by fermentation of starchy 
biomass. The dehydration of ethanol to ethylene is an established and commercial technology. It is 
based on dehydration of preheated blend of ethanol and water (1:1 M) at 350 °C and 5 bar. Further 
cooling and compression of the gas stream in a fractionating column lead to ethylene recovery. The 
final product contains 99.99% ethylene by weight. (Haro et al., 2013) Lignocellulosic biomass can 
also be used for Bio-PE production. However, the conversion of biomass to ethanol is more costly. 
This limits the use of lignocellulosic bio-ethanol for the production of bioplastic and emphasizes 
the need for more research and development in this area.
It is worth mentioning that bioethanol production decides the production cost of bioethylene. Thus, 
the origin of bioethanol is crucial. The cost of petrochemical ethylene is around $ 600-1300 per 

Figure 4. Different types of PHA
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Figure 5. Liquefaction of lignocellulosic biomass

Figure 6. Oxyprolylation of lignocellulosic material
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ton. The production cost of sugarcane ethylene in Brazil is about $ 1200 per ton. (Brodin et al., 
2017) Thus, Brazil can produce cost-competitive ethanol for ethylene production. This has been 
attributed to the cheap sugarcane feedstock, and their extensive experience in bioethanol produc-
tion. (Broeren, 2013) According to a report by Nova-Institute, the production of 1Kg of Bio-PE 
and PLA requires 4 and 1.6 Kg of fermentable sugar, respectively. (Carus, 2016) From 1 ha of 
sugarcane, 2-3 and 6-7 tons of BIO-PE and PLA, respectively, can be produced. However, PLA 
and Bio-PE have different properties and, thus, have different applications.

3.  Biotechnological conversion: In this way, bioplastics such as polyhydroxyalkanoate (PHA) is 
synthesized from sugar using different microorganisms. (Kawaguchi et al., 2016; Suriyamongkol 
et al., 2007) Depending on the choice of carbon source, microorganism, processing condition, addi-
tives, polymers with different characteristics such as crystallinity, chain length, brittleness, etc., are 
obtained. (Keenan et al., 2006) PHA granules with significant purity can be obtained from bacterial 
fermentation followed by breaking open the bacterial cells and solubilizing the cellular material. 
After separating the cells from the broth, the enzymatic digestion (using lysozyme, exonuclease, 
proteinases, etc.) is carried out to release the intracellular PHA granules. (Wang et al., 2014) High 
purity PHA can be obtained by solvent extraction using chloroform, methylene chloride, etc. 2006) 
PHA granules with significant purity can be obtained from bacterial fermentation followed by 
breaking open the bacterial cells and solubilizing the cellular material. After separating the cells 
from the broth, the enzymatic digestion (using lysozyme, exonuclease, proteinases, etc.) is carried 
out to release the intracellular PHA granules. (Wang et al., 2014) High purity PHA can be obtained 
by solvent extraction using chloroform, methylene chloride, etc.

Figure 7. Synthesis of isocyanates for PUR production
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Like PLA, PHA can be thermoformed. Several companies are producing different types of PHA 
(Figure 4), including polyhydroxybutyrate (PHB), copolymer of the monomers R-3-hydroxyvalerate, 
and R-3-hydroxybutyrate. Applications of PHA include packaging, textile, and medical devices. 
However, PHA has not seen the wide application. (Chen, 2009) The main reason behind this is 
the high production cost of PHA. There is a possibility of using less costly feedstocks for PHA 
production. (Silva et al., 2007)

4.  Chemical conversion: In this process, bioplastics like polyurethane (PUR) can be produced from 
lignin. Lignin is subjected to chemical modifications such as liquefaction (Kim et al., 2019; Wu et 
al., 2020) (Figure 5) and oxypropylation (Aniceto et al., 2012; Tenorio-Alfonso et al., 2020) (Figure 
6) to produce polyols. Liquefaction is based on solvolysis of lignocellulosic biomass at 150-200 
°C in the presence of polyhydric alcohols (e.g., ethylene or polyethylene glycol) as the liquefaction 
solvent and usually an acid catalyst. The resulting liquid is subjected to transesterification to produce 
natural polyester polyol. The solvolysis process increases both the functionality and sustainable 
nature of the starting polyols. Oxyproplynation can incorporate more readily available OH groups 
avoiding the utilization of any solvent while maintaining the biomass functionality. This process 
involves base-catalyzed grafting of propylene oxide onto lignocellulosic material under high pres-
sure (650-1820 kPa) and temperature (100-200 °C). This process leads to the incorporation of the 
propylene oxide chain onto lignocellulosic biomass. Thus, the starting material is converted to 
a viscous polyol. Now polymerization can be carried out in the presence of isocyanate, catalyst 
(triethanol amine and dibutyltin dilaurate), blowing agent (water), and surfactant (polydimethyl 
siloxane). Much research has been done on developing bio-based PUR based on bio-based polyol 
and isocyanate, which come from petroleum resources. Recently isocyanates have been synthesized 

Figure 8. Modification of cellulose
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from natural feedstocks such as vegetable oil and fat. In one of these pathways, isocyanates have 
been obtained by treating diacids with sodium azide (Figure 7). (Hojabri et al., 2009) In another 
pathway, the bio-based isocyanate has been prepared using Grubbs catalyst (Figure 7). More re-

Figure 9. Oxo-degradation of plastics

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



261

Development of Bioplastic and Biodegradable Plastics
 

cently, bio-based isocyanate has been produced from amino acids (L-lysine isocyanate) and fatty 
acids (dimeryldiisocyanate). (Morales-Cerrada et al., 2021) These bio-based polyurethanes do not 
show any cytotoxicity in vivo.

5.  Chemical modification: In this process, bioplastics such as cellulose acetate can be prepared from 
polysaccharides. These polysaccharides can be shaped into films, for example, after dissolution. 
Cellulose films possess good strength, toughness, transparency, and surface gloss. (Yano et al., 2005) 
Also, cellulose is modified chemically during the dissolution process to ease the disintegration of 
the polymeric chain. For example, cellulose acetate is prepared by reacting with acetic anhydride 
in the presence of acetic acid (Figure 8). Cellulose acetate is optically transparent and is used as 
polarized films for liquid crystal displays, film base in photographic film, sunglass, etc. It is bio-
degradable since many microorganisms have acetyl esterase enzymes. (Puls et al., 2011) Cellulose 
Xanthate is produced by the reaction of cellulose with CS2 in the presence of a base (Figure 8). 
(Paunonen, 2013) Films produced from cellulose xanthates are often used in food packaging.

PHYSICOCHEMICAL PROPERTIES AND BIODEGRADABILITY

Several physical and chemical properties influence biodegradability. The surface area of plastic material 
is proportional to its biodegradation. Hydrophilicity and hydrophobicity of plastic material also influ-
ence biodegradation. For example, biodegradation of petroleum-based plastics (e.g., PE) improves if the 
carboxylic acid group is introduced. (Gewert et al., 2015) Thus, biobased plastics containing heteroatoms 
will be more biodegradable. In fact, the presence of oxygen will improve the interaction with water and 
hence hydrolysis. (Okey & Stensel, 1996) Introduction of amine or amide group will also enhance bio-
degradability. (Ebbesen et al., 2016; Luo et al., 2011) However, the presence of halogen may decrease 
biodegradability due to their toxicity. (Boethling et al., 2007) Generally, the low reactivity of aliphatic 
groups is a barrier to biodegradability. However, UV light may lead to homolytic cleavage of the C-H 
bond, particularly in systems with conjugated bonds. However, the presence of conjugated alkene may 
lead to photo-initiated cross-linking rather than biodegradation. The presence of aromatic groups usually 
confers radical scavenging properties, which reduce biodegradability. The introduction of ester groups 
can improve the biodegradability of aromatic groups. (Shah et al., 2014) This is the case with PBAT. 
Other factors like crystallinity, molecular weight, etc., also influence biodegradability. For example, 
biodegradability decreases with increasing molecular weight. Some plastic materials, such as LDPE 
biodegrade faster due to their amorphous character. (Rudin & Choi, 2013) The crystalline/amorphous 
character is determined by branching. However, branching alone does not determine biodegradability.

BIODEGRADABILITY OF PLASTICS IN THE ENVIRONMENT

Plastics can end up in the environment with or without modification. (Horodytska et al., 2019) In 2013, 
32% of the plastics produced (78 million tons) ended up in the environment. (Filiciotto & Rothenberg, 
2021) The high amount of mismanaged plastic waste lead to the formation of microplastic that builds up 
in the environment. (Lebreton & Andrady, 2019) Major sources of microplastics are the wear and tear 
of automotive wheels, loss of plastic pellet during transport, washing of synthetic clothing, etc. How-
ever, the total weight of these microplastic is very small compared to global plastic production. Also, 
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the dynamic nature of our environment causes various ecosystems to be contaminated with plastics and 
become part of the human/animal food chain. (Eerkes-Medrano et al., 2015; Law & Thompson, 2014) 
Thus, reducing microplastics will bring immense benefits to our society.

All plastics undergo some degradation. These degradation processes include physicochemical and/or 
biological. Physicochemical processes include hydrolysis, oxidation, weathering (degradation due to sun-
light, wind, or waves). These processes affect all plastics and are the primary mechanism of microplastic 

Figure 10. Biodegradation of PET
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formation. (Kalogerakis et al., 2017) The plastics that are designed to undergo degradation by oxidation 
are called oxo-degradable plastics (Figure 9). (Scott, 2002) Similarly, the plastics that are designed to 
undergo degradation by hydrolysis is called hydro-degradable plastics. Both of these are usually non-
biodegradable as-is and require modification. Oxo-degradable plastics are generally petroleum-derived 
plastics (e.g., polyethylene, polypropylene, etc.) with a mixture of additives. These additives are both 
pro- and anti-oxidant. The combination of these additives induces time-controlled oxidation. Pro-oxidants 
are often metal stearates (e.g., iron stearate)

and are balanced by phenolic or phosphite anti-oxidant. (Rahman,2012; Zbořilova & Pac, 2014) 
Photodegradable plastics are a sub-category of oxo-degradable plastics, where the oxidation is induced 
by UV light. (da Luz et al., 2014) Hydro-degradable plastics are often a blend of petro-based plastics 
and natural polymer (e.g., starch). (Lambert & Wagner, 2017) These plastics rely on the hydrophilic 
nature of the polymer for their decomposition into smaller oligomers.

Degradation of biodegradable plastics is carried out by microorganisms, such as bacteria, fungi, etc. 
(Greene, 2014) This

microbial degradation can be aerobic or anaerobic. It can go all the way to CO2, methane, water, 
biomass/compost, etc. Most commercial biodegradable plastics are converted to compost rather than 
gaseous products. For a plastic material to be compostable, the organic matter resulting from the degra-
dation should be harmless to animals and plants. However, there is a difference between biodegradable 
plastics and bio-based plastics/bioplastics. Bioplastics are made from biomass, generally involve the use 

Figure 11. Biodegradation of PHA
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of the plant as feedstocks. Due to their origin, people sometimes erroneously assume all bioplastics are 
biodegradable. However,

biodegradability does not depend on the source but the chemical structure of the polymer. Thus, 
bio-based but not biodegradable plastics mimic petroleum-based plastics. Some examples include bio-
polyethylene (Bio-PE), bio-polyethylene terephthalate (Bio-PET), bio-polyamides (Bio-PA or nylon). 
However, these plastics often have low feedstock efficiency and sometimes include petroleum-based 
monomers. (Hann et al., 2018) For example, current Bio-PET production includes 32% of bio-derived 
ethylene glycol, and the remaining 68% is petroleum-based terephthalic acid. The low feedstock efficiency 
has been attributed to the inherently different chemical structure of petroleum-based and plant-derived 
feedstocks. Also, the highly oxygenated nature of the biomass will hinder the synthesis of linear alkyl 
plastics, such as Bio-PE. The production of polyethylene furanoate (PEF) gives another approach for 
high-performance bioplastics. (de Jong et al., 2012) PEF is analogous to PET, with the aromatic ring 
substituted by a furan ring. Thus, less oxygen is removed from the original feedstock leading to better 
yield. The use of CO2 as feedstock can also be seen as bio-based. However, the current production of 
CO2 based plastics are based on petroleum-based copolymers. (Xu et al., 2018)

Figure 12. Proposed biodegradation of PVC
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Some petroleum-based plastics are also biodegradable. These include polybutylene adipate terephthal-
ate (PBAT), polyvinyl alcohol, etc. These plastics are used in mulch film or dishwasher tablet packag-
ing. Given its high water solubility, Poly (vinyl alcohol), PVA can be regarded as a hydro-degradable 
plastic. Both of these plastics can be produced by bio-routes. For example, a fermentation route has been 
developed for 1,4-butanediol, which is a monomer of PBAT. (Ye et al., 2019)

Notable biobased and biodegradable plastics are PHAs and PLA. Out of PHAs, polyhydroxy valerate 
(PHV) and polyhydroxy butyrate (PHB) are most common (Figure 4). The hydrophilic nature of these 
polymers also enables hydro-degradation. PHAs and PLA are produced by the bacterial fermentation of 
sugar (discussed earlier). Biodegradation of some of the common polymers is discussed below.

1.  Biodegradation of PET: PET is one of the most abundantly produced synthetic polymers, and its 
accumulation in the environment is of global concern. Since the ability to degrade PET has been 
thought to be limited to a few fungal species, it may last centuries in the environment. (Austin 
et al., 2018) Recently, it has been shown that a newly discovered bacterium uses PET as a major 
energy and carbon source. (Yoshida et al., 2016) When grown on PET, the strain produces two 
hydrolytic enzymes. Both enzymes are required to convert PET into its environmentally benign 
monomers – terephthalic acid (TPA) and ethylene glycol (Figure 10). TPA is incorporated into the 
cell via TPA transporter and catabolized by TPA 1,2-dioxygenase (TPADO), followed by dihydroxy-
3,5-cyclohexadiene-1,4-dicarboxylate dehydrogenase (DCDDH) to produce protocatechuate. The 
benzene ring of protocatechuate will be cleaved by protocatechuate-3,4-dioxygenase (PCA34D).

Figure 13. Biodegradation of bisphenol A polycarbonate
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2.  Biodegradation of PHA: Microorganisms produce and store PHA in their cells. (Muthukumar 
& Veerappapillai, 2015) PHA cannot pass through the semi-permeable membrane unless they are 
broken down to smaller oligomers or monomers. Thus, bacteria have evolved to produce hydrolases 
that convert PHA into hydroxyl acid monomers. Short and medium-chain PHAs are biodegraded by 
a number of bacteria (e.g., Variovorax, Stenotrophomonas, Acinetobacter, Pseudomonas, Bacillus, 
Burkholderia, Cupriavidus, Mycobacterium, and Streptomyces.). (Meereboer et al., 2020) Fungi 
such as Ascomycota, Basidiomycetes, Deuteromycetes, and Zygomycotina can also biodegrade 
PHAs. (Sang et al., 2002) In fact, they are more effective PHA degrader compared to bacteria. 
The biodegradation of PHA is mediated by lipases and hydrolases. The biodegradation process 
involves the breakdown of polymer into shorter chain polymers by hydrolytic depolymerases. These 
shorter chain polymers are further converted to trimer and dimer units, which are then processed 
by lipases and hydrolases. (Kobayashi et al., 2005) The hydrolysis process is not very specific and 
releases oligomers of various sizes into the surrounding medium. (Scherer et al., 1999; Slepecky 
& Law, 1961) The degradation product depends on the type of PHA. For example, biodegradation 
of PHB produces 3-hydroxybutyric acid (Figure 11). (Eldsäter et al., 1997) This acid is taken into 

Figure 14. Biodegradation of PU
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Figure 15. Biodegradation of nylon
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Figure 16. Biodegradation of PE
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the cell for metabolism to produce CO2 and H2O. (Hakkarainen, 2002) It is worth mentioning that 
no harmful product is produced in this process.

3.  Biodegradation of polyvinyl chloride (PVC): Microbial degradation of PVC is environmentally 
friendly and economically attractive. Recently a strain of Klebsiella that can actively degrade 
and utilize PVC has been discovered. (Zhang et al., 2021) Based on the metabolic products and 
the biodegradation genes, a biodegradation mechanism has been proposed for PVC (Figure 12). 
This process is initiated by dechlorination and oxidation. A monooxygenase has been proposed to 
produce ester compounds via Baeyer-Villiger oxidation. Further action of a dioxygenase has been 
proposed to produce aldehydes. These aldehydes can be converted to acids by dehydrogenases. 
Finally, these acid molecules will be utilized by the citric acid cycle.

4.  Biodegradation of bisphenol A (BPA) polycarbonate: BPA polycarbonate (PC) is a widely used 
thermoplastic. However, its release into the environment cause damage to the ecosystem as well as 
human health. Thus, microbial degradation provides one way of reducing PC in our environment. 
Recently, a bacterial strain capable of degrading PC has been isolated. (Yue et al., 2021) Two 
degradation products (BPA and 4-cumylphenol) have also been isolated. Based on these results, a 
biodegradation pathway has been proposed (Figure 13). In this pathway, a hydrolase may cleave 

Figure 17. Biodegradation of PVA

 EBSCOhost - printed on 2/11/2023 5:59 AM via . All use subject to https://www.ebsco.com/terms-of-use



270

Development of Bioplastic and Biodegradable Plastics
 

the carbonate bonds in PC. 4-cumylphenol may be initially produced by the chain-end scission. 
The carbonate bond will then be broken to release BPA.

5.  Biodegradation of polyurethane (PU): Despite its xenobiotic origin, PU is susceptible to biodeg-
radation (Filiciotto & Rothenberg, 2021). PU is not abundant in nature, and only a few microbial 
strains have been reported to degrade it. (Mohanan et al., 2020) PU is biodegraded through hydrolytic 
cleavage of urethane bonds (Figure 14). (Nakajima-Kambe et al., 1999) Few bacterial (P. aerugi-
nosa, Corynebacterium sp., Comamonas acidovorans, Pseudomonas fluorescens, Acinetobacter 
calcoaceticus, and Bacillus subtilis) and fungal (e.g., Aureobasidium pullulans, Cladosporium sp., 
Curvularia senegalensis, and Fusarium solani) species degrade polyester-polyurethane through 
enzymatic hydrolysis of ester linkages. (Crabbe et al., 1994) These bacterial strains use polyester-
polyethylene polymer as C, N, and energy sources for growth. (Howard, 2002)

6.  Biodegradation of nylon: Marine bacteria were shown to degrade nylon 6 and 66. These bacteria 
can use the polymer as the sole carbon source. (Sudhakar et al., 2007) The degradation led to the 
formation of new functional groups such as NHCHO, CH3, CONH2, and COOH. Based on these 
functional groups, a mechanism has been proposed for the biodegradation of nylon (Figure 15). 
The formation of NHCHO and CH3 groups may be due to the cleavage of the C-C bond in CH2-CH2 
adjacent to the N-atom. The formation of CONH2, CHO, and COOH may be due to the cleavage of 
the C-N bond in NH-CH2. It is possible that the methylene group near the N-atom can be attacked 
by the peroxidase enzyme, and the subsequent reaction proceeds through auto-oxidation.

7.  Biodegradation of PE: Previous studies have suggested biodegradation of polyethylene in the pres-
ence of microorganisms. (Ghatge et al., 2020) Polyethylene can be made susceptible to microbial 
degradation by adding starch and/or pro-oxidant (Muthukumar & Veerappapillai, 2015). Starch 
increases the hydrophilic nature of polyethylene so that microorganisms can easily degrade this part. 
In the presence of pro-oxidant, biodegradation is preceded by photo- and chemical-degradation.
Biodegradation of high molecular weight polyethylene by lignin-degrading fungi has been reported. 
Both fungi were found to produce manganese peroxidase that may initiate the oxidation of PE 
(Figure 16). These oxidized products will eventually form fatty acids. These fatty acids will then 
be transported into the cell, where these will undergo β-oxidation and completely mineralized into 
CO2, H2O and biomass.

8.  Biodegradation of PVA: Among the vinyl polymers produced industrially, PVA is the only one 
known to be mineralized by microorganisms. (Shimao, 2001) PVA degrading strains are not ubiq-
uitous in the environment and only a few PVA degrading bacterial strains have been reported. PVA 

Figure 18. Biodegradation of PLA
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is completely degraded and utilized by various pseudomonas strains. (Suzuki et al., 1973) Among 
the PVA degrading bacteria reported so far, a few strains showed the requirement of PQQ (pyr-
roloquinoline quinone) cofactor. (Shimao et al., 1984) However, other PVA degrading strains do 
not require PQQ cofactor. (Sakai et al., 1986) In the proposed PVA degrading mechanism (Figure 
17), C-C bond is cleaved by a dehydrogenase or an oxidase. The resulting intermediate will then 
undergo further reaction in the presence of hydrolase or aldolase.

9.  Biodegradation of PLA: Studies on PLA biodegrading microorganisms show that PLA degraders 
are not widely distributed. (Ghosh et al., 2013) Thus, PLA is less vulnerable to microbial attack. 
Biodegradation of PLA in the soil is slow and takes a long time to start. (Uruyama et al., 2002; 
Ohkita & Lee, 2006) Microbial biodegradation of PLA was first reported using Amycolatopsis 
sp. (Pranamuda et al., 1997) Since then a number of microbial and enzymatic degradation of PLA 
has been reported. (Tokiwa & Calabia, 2006) Enzymatic degradation of PLA was investigated 
using proteinase K, bromelain and pronase. (Williams, 1981) Among these, proteinase K was 
most effective in for PLA degradation. It has been reported that the degradation of PLA was ac-
celerated by several esterase type enzymes. (Fukuzaki et al., 1989) During microbial degradation, 
the microorganism excrete extracellular depolymerase. (Qi et al., 2017) The depolymerase cleaves 
intramolecular ester bonds, resulting in the formation of oligomers, dimers, and monomers (Figure 
18). These low molecular weight compounds cross the cell membrane and enter the cell. Finally, 
these compounds are converted to CO2, H2O (aerobic), or methane (anaerobic).

10.  Biodegradation of polystyrene (PS): Mealworms were reported to rapidly degrade up to 50% of 
ingested Styrofoam (trade name of PS foam) in 24 hours. (Yang et al., 2015) Later it was shown 
that degradation of PS in mealworms is ubiquitous. (Yang et al., 2018; Peng et al., 2019) Among 
PS degrading enzymes, only hydroquinone peroxidase was able to depolymerize PS into low mo-
lecular weight products in dichloromethane. (Nakamiya et al., 1997) For the main chain cleavage, 
styrene and structures analogous to styrene can be processed through aromatic catabolism. (Ru et al., 
2020) The products from aromatic catabolism may enter the microbial metabolism and ultimately 
be converted to CO2 via the citric acid cycle (Figure 19). Another pathway involve the side chain 
oxidation (Figure 19). This pathway also ultimately leads to the formation of CO2 via the citric 
acid cycle. Both of these pathways have been observed in several microorganisms. (Oelschlägel et 
al., 2018)

FUTURE PERSPECTIVES

Human reliance on plastic is unlikely to diminish, considering its superior property to many materials. 
High-priced petroleum products and concern about the environment and ecology have led scientists and 
industrialists to investigate renewable and biodegradable polymers. Biodegradability is dependent on 
the interaction of plastic material and microorganisms. Biodegradability is also affected by the physical 
and chemical properties of bioplastics. The biodegradation studies performed in labs often overestimate 
natural biodegradability rates. Therefore, studies will benefit from the development of standardized 
methodologies, adopting a clear definition of biodegradation, maximizing the number of techniques 
used to access biodegradation processes. The final point will differentiate between superficial surface 
deterioration and the more desirable bio-fragmentation and utilization of the plastic material necessary 
for substantial biodegradation. Thus, enhancing the efficiency of biodegradation is a big challenge. The 
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macromolecular structure of plastic materials impedes degradation. The use of physical pretreatments 
such as mechanical grinding, γ-radiations may improve enzymatic degradation. Rational protein design 
and directed evolution should improve the stability and activity of the enzymes, enhancing degrada-
tion efficiency. Colder environment, ecosystem dynamics, etc., can hinder biodegradation. Given the 
long life span of plastic materials, methods to use short-term experimental results to predict long-term 
degradation pathways and methods to simulate degradation should be used. The partial biodegradation 

Figure 19. Biodegradation of PS
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will lead to the formation of microplastics. Very few enzymes (bacterial or fungal origin) have been 
demonstrated in polymer degradation. The function of these enzymes is mostly confined to the more 
susceptible, hydrolyzable backbones of PET and PUR. Thus, further investigation on the mechanism 
of enzymatic degradation will highlight the pathway for efficient biodegradation of polymers at the 
molecular level. (Ghatge et al., 2020) These investigations will allow the identification of the biomass 
structure generated due to the biodegradation of bioplastics. This understanding will help us produce 
next-generation bio-based biodegradable plastics by slight modification in structure to build a more 
sustainable society. These investigations may also lead to the development of microbes and enzymes 
that degrade plastics into high-value compounds. More research may also lead to a better technological 
solution to plastic waste and microplastic problems. Overall, biodegradation can partially make up for 
littering and waste management problems. Also, carbon emissions can be reduced if plants are used as 
feedstock. (Filiciotto & Rothenberg, 2021) Whether plastic materials are bio-based or not, biodegradable 
plastics give an environmental advantage.

CONCLUSION

The development of biodegradable plastic requires chemistry, chemical engineering, microbiology, and 
process engineering knowledge. Researchers in these areas should use their expertise and collaborate to 
make society more sustainable by developing eco-friendly plastics. Other vital factors in the develop-
ment of biodegradable plastics are environmental conditions and socio-economic impacts. As already 
mentioned, biodegradable plastics are eco-friendly, made from plants (reduced reliance on fossil fuel), 
etc. However, biodegradable plastics have not been commercialized on a large scale. There are several 
reasons behind this. The main reason is the higher cost of production. Synthesis of polymers such as 
PHA in plants, which relies on CO2 and light, may represent a cost-effective approach to produce this 
biopolymer in large quantities. Also, there remain some technical challenges in the large-scale production 
of bioplastics. However, developing robust strains capable of synthesizing polymers (e.g., PLA) from 
sugars derived from biomass in a one-step process could provide a commercially viable technology for 
bioplastic production. Thus, the future of biodegradable plastic is bright considering the environmental 
awareness throughout the world. Stricter government regulations and higher carbon taxes will provide 
further motivation for developing biodegradable plastics.
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ABSTRACT

The ever-growing demand and consumption of plastic has created irrevocable havoc on earth. The ex-
ponential increase in the production of plastic is expected to create 2,134 million tons of waste by 2050, 
which surpasses the fish mass in the oceans. With no proper reuse or recycling policies and gruesome 
exploitation of this persistent pollutant, plastic has started accumulating and overflowing beyond con-
trol. The prevalence and the undefined harm from micro and nano plastic pollution calls for a vigilant 
screening and periodic upgradation of analytical methodology for efficient and standard reporting. 
This chapter aims to provide a summary of currently available extraction protocols and instrumental 
methodologies for microplastics analysis in various environmental samples to fully understand the 
implications it possesses.

INTRODUCTION

Plastic in the environment is exposed to various forces in nature. Weathering caused by water, air, sedi-
ment, wind or sun makes the plastic brittle and cause its degradation into smaller fragments, pellets and 
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fibres(Hernandez et al., 2019)(Chamas et al., 2020). These smaller versions, measuring < 5mm and 
<100 nm is termed as microplastics (MPs) and nano plastics (NPs), respectively. Owing to their virtue 
of extremely small size and complex physiochemical properties, micro- and nano-plastics have been 
dominating the world by polluting the most pristine ecosystems on earth ranging from darkest corners 
of deep sea like Mariana trench to white and wonderful snow of Swiss alps (Rhodes, 2018), creeping 
further into the wide array of organisms disrupting the habitat and functional ecology. This widespread 
global pollutant has unfortunately surpassed its presence beyond expectance in recent times. Micro 
and nano plastics have found its way into aqueous, terrestrial and aerial ecosystems (Sridharan et al., 
2021). With no immunity to mankind, microplastics have found its way into human systems via trophic 
transfer through food consumption, a drizzle of honey (Diaz-Basantes et al., 2020), few shakes of table 
salt (Peixoto et al., 2019), or while opening plastic packaging (Sobhani et al., 2020), etc. Scientists are 
concerned that a human being is alarmingly consuming a credit card worth of plastic every year (Dalberg 
Advisors et al., 2019).

The fate of MPs/NPs, hence, can be deciphered by the knowledge of their abundance, character-
istics, chemical composition, and surface morphology, as accurate and reliable investigations of MPs 
and NPs are an important source of explanation of their environmental health impacts.(Campanale et 
al., 2020) This chapter addresses the currently available analytical and methodological approaches for 
MPs, challenges within various environmental matrices and commercial products like salt(Lee et al., 
2019), honey and beer,(Diaz-Basantes et al., 2020) canned food etc. Studies reporting the presence of 
MPs in both outdoor and indoor air along with the possibility of long distanced atmospheric transport 
of microplastic has spiked interest over the likelihood of inhalation exposure and its target organ toxic-
ity (Dong et al., 2020). MPs are omnipresent and it came to no surprise when the pollutant was and 
kept getting detected in a wide range of concentrations in marine water, fresh water and bottled and tap 
drinking water (Nelms et al., 2019). Similarly, sediments play a regulating role in distribution of micro 
and nano plastics in benthic- pelagic layers of aquatic ecosystems. These watersheds act as both source 
and a sink for micro and nano plastic pollution while sparing no one, from biota inhabiting these bodies 
to humans consuming their produce. (Yao et al., 2019). Analysis and quantification of MPs/NPs from 
these environmental niches is the requisite towards measuring the plastic pollution, however, there is 
a need for optimisation of these analytical protocols so as to eliminate the incidences of false positives 
and false negatives.

For the ease of navigation and comprehension, the chapter is categorised into five major sections, viz 
sampling, sample preparation, visual identification, instrumental analysis and quantification, highlighting 
the majorly explored methodologies and instrumentation approaches. Sampling approaches depend upon 
the targeted ecosystem’s location, sample volume and sample size. Retrieval methods include collection 
of samples using bottles, cans and pumps for water, shovels and scoops for soils and sediments, nets and 
fishing gears for aquatic and/or traps for terrestrial organisms. In the current chapter, a vital necessity of 
procedural blanks and contamination control to avoid overestimation of MPs is mentioned.

SAMPLING

One of the most crucial steps towards MPs analysis is the collection and process of samples. This should 
be done in a way that it represents the area it is collected from in its most natural way to avoid the over 
estimation of the pollution. The first and the foremost method in the sampling protocol is the appropri-
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ate selection of the site reflecting the best representation of the study area. The site for sampling should 
be done based on a thorough field analysis in terms of any accidental or unnatural contamination from 
a nearby source. The strategy for sediment sampling can be of three types (Adomat & Grischek, 2021), 
based on the research hypothesis as Deterministic, Stochastic, and Regular Grid systems where the 
sampling is done keeping in mind the previous literature survey information, statistical analysis as well 
as in a regular pattern at random locations respectively. Approaches of sampling as described (Möller 
et al., 2020) are judgemental sampling (biased; verifying a contamination site based on expert informa-
tion), simple random sampling (unbiased, selecting point samples from a supposedly homogenous area), 
systematic and grid sampling (distribution of samples in patterns of triangles or squares defining the 
coordinate axis), transect sampling (samples collected in a single line equidistant from another in a one 
dimensional way), unaligned grid sampling (combination of random and grid sampling, points located 
randomly in a grid), and stratified sampling (samples collected from the sub areas of the total site, as-
suming each divided strata is having homogenous pollution). MPs have been reported to be present in 
soil (Rafique et al., 2020), air (Chen et al., 2020), water (Lv et al., 2021), sediments (Zhang et al., 2020)
(Asadi et al., 2019)(Di Renzo et al., 2021), biota(Hermsen et al., 2018), and have been continuously 
analysed for their properties and quantities. The solid and sludge samples from WWTPs are collected 
by manual sieving, using tools such as steel quadrants, spades, spatulas, shovels, augers, corers (hand 
corers, piston corers, box corers and gravity corers, drill corers, freeze coring), extraction pump, buckets, 
glass jars, Van Veen Grab Sampler, dredges, or a combination of methods such as a Ruttner sampler 
(Magnusson & Norén, 2014), mobile pumping (Mintenig et al., 2017), and multiuse pump (Long et al., 
2019). The water and its inhabitants are collected using a collecting unit such as a basin metallic pan, 
and anti-static wooden brush (Dehghani et al., 2017); a passive collector (Total deposition), and an active 
pump sampler are used to collect air samples. The biota samples are collected mostly through nets (water 
borne organisms), purchased from markets (commercially important organisms such as mussels, fishes, 
toads, and shrimps) or bell dived and collected. Bigger organisms such as the stranded whales, dolphins, 
turtles, and seal are samples too for MPs analysis (Dehghani et al., 2017; Nelms et al., 2019; Schirinzi et 
al., 2020). The most common method of sampling accumulated street dust is sweeping the surface with 
small natural fibre paint brush into a metal dust pan with a quadrate of 1 meter square (Patchaiyappan et 
al., 2021), (Kitahara & Nakata, 2020). Dry sweeping method efficiently captures bigger sized particles 
of >75-100µm whereas particles smaller than this are collected with lesser efficiency (O’Brien et al., 
2021). An additional sampling methodology collect road dust from the respective sample quadrate using 
a vacuum cleaner. The dust is collected in a plastic bag and no filter is present in the machine before the 
collection bag to collect raw samples from the site (Yukioka et al., 2020).

SAMPLE PREPARATION

Soil and sediment are dried below 60°C to avoid plastic degradation and lose the moisture content. The 
dried soil is then sieved using a metallic mesh of sizes ranging from 5 µm to 5 mm to remove particles 
other than the particles of choice. Mesh sizes of various range of 0.2µm – 300 µm is preferred to filter 
water samples (Cutroneo et al., 2020). Biota samples are thoroughly washed, measured and weighed 
before dissection (in case of bigger vertebrate fishes) or processed as a whole.
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CHEMICAL DIGESTION

Enumeration of plastic masked in complex environmental samples like biota tissue or organic built up 
requires action of strong reagents which will allow detection of the plastic and some recalcitrant type 
chemicals. Chemical digestion at high temperature should be carefully employed since these reactions 
can hamper the chemical and structural integrity of the particle and misidentification of particle. Lack 
or loss of particles during chemical treatments should also be considered to avoid false reporting.

Acid Digestion

Some of the most commonly used acids for digestion of organic matter for extraction of microplastic 
are H2SO4, HNO3, HCl, HClO4 in various concentrations and ratios. However, the polymer degradation 
and problems in polymer identification in field samples, have also been reported (Amy L. Lusher et al., 
2020); (Joana C. Prata et al., 2019). Karami et al reported that HCl (37%) is known to have the recovery 
efficiency of the MPs of >95% but with little effect of the PET polymer (Karami et al., 2017). Adapta-
tion of various concentrations, incubation temperature periods have been tried and tested with HNO3. 
Proving to deliver highest digestion efficiency than other strong acids, nitric acid is often used to digest 
tissue samples in biota. If inefficient alone, HNO3 is used in combination with perchloric acid in ratio 
of 4;1 v/v (Dehaut et al., 2016).

Alkaline Digestion

Some of the most common alkaline solutions used for digestion are 1 M and 10 M NaOH, 10% KOH. 
The sieved samples of different size categories are digested in 10% potassium hydroxide (KOH) at 60 °C 
for fourteen hours to remove organic matter (A. L. Lusher et al., 2017). KOH was found to be the most 
used alkali digestant at (KOH-10%) 60ºC overnight or for 24 hours. It was found to affect the polymers 
causing discoloration in nylon, PE, and uPVC (unplasticized PVC) (Joana Correia Prata et al., 2019). 
Sodium hydroxide has also been used to digest organic material, reported in zooplankton with 90% ef-
ficiency. Unlike acids, alkali digestion suggested polymer resistance to 10%KOH.

Oxidizing Digestion

Different samples of environmental matrices pose different challenges of extraction and analysis. Soil 
and sludge samples are particularly harder due to their higher organic content. MPs entering soil gets 
coated with organic matter and form soil aggregates. MP wrapped these soil particles are difficult to 
extract and need strong chemical treatments (Li et al., 2019).

Digestion with Hydrogen Peroxide

Peroxidation is currently being used and Oxidation through H2O2 has been employed in various studies 
to digest waste water samples. Various volume of H2O2 is subjected to temperature to digest the settled 
organically rich portion or filter membrane retentate of samples for clear visualisation and analysis of 
MPs (Ahmed et al., 2021) (Hamidian et al., 2021). Digestion with H2O2 requires large incubation time 
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of days and temperature, endangering the polymeric characteristics of the plastic and restricting large 
sample analysis.

Digestion With Fenton’s Reagent

also known as wet peroxide oxidation. Clearly, digestion of organically rich samples needs stronger di-
gestion techniques without resulting into polymer degradation. Fenton reagents have been used in many 
studies as a promising alternative. Reaction involves an inorganic ferrous salt solution which activates 
peroxide, obtained from H2O2, leading to the formation of hydroxyl radicals which has a high oxidation 
potential. The high oxidation potential of hydroxyl radicals provides ambient temperature and oxida-
tion conditions to the reactants. The pH of the reaction is maintained by sulphuric acid to 3. Not only 
Fenton’s reaction requires shorter time and doesn’t need any external application of energy, the reaction 
doesn’t significantly change the chemical composition of polymers (Elkhatib & Oyanedel-Craver, 2020) 
(Jung et al., 2021).

Enzymatic Digestion

Enzymatic digestion is a non-aggressive extraction method. Studies have reported the use of various 
enzymes like Proteinase-K, trypsin, collagenase, Protease, Cellulase, Chitinase and papain individually 
or in combination. Sparing high temperature and polymer damage enzymatic digestion is not an economi-
cally viable option and requires large incubation periods, especially while processing large volume of 
organically rich data, as WWTPs samples (Bakaraki Turan et al., 2021). Enzymes presents a wide angle 
to the possibility of MP extraction from the organic matter in terms of minimal handling, inexpensive-
ness, safety, and efficiency (von Friesen et al., 2019). One such enzymatic digestion demonstration using 
pancreatic enzymes along with Tris, (isolated commercially) and bivalves. The method was proved to 
be a better alternative than KOH in terms of effectiveness and time. Other enzymes such as proteinase 
K (500 µg/mL) with CaCl2 at 50 ºC and 60ºC for 2 hours and 20 mins respectively in a sequence and 
moving on to 30% H2O2 (Karlsson et al., 2017); Trypsin, Collagenase and Papain (Courtene-Jones et 
al., 2017); Protease, Cellulase, Chitinase (Time of action: 15 days) with intermittent H2O2 treatments; 
Industrial enzyme blend (2.5%; at 45 ºC) for 1 hour before the oxidation step (Crichton et al., 2017) 
(Joana Correia Prata et al., 2019).

DENSITY SEPERATION

Density separation is one of the advanced analytical methods which helps separate microplastics <500 
μm from complex and organic rich sample material. As the research ventures sampling and extraction of 
microplastics from various matrices, samples with high content of organic material pose limitations. A 
sample with high organic content interfere with spectroscopic analysis and cause increased background 
noise in the spectra. MPs have been known to have densities around 0.8-1.8 g/cm3 which are lighter and 
can be separated using solutions with higher density. (Rocha-Santos & Duarte, 2015). A super dense 
solution of salts and water causes the MPs to isolate to the surface whereas the heavier particles of the 
sand and organic noise, is settled at the bottom. Sodium chloride (NaCl) (1.15–1.3 g cm− 3) was found 
to be the most used salt in the density separation step and was employed by around 46.6% of the studies 
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reported by (Cutroneo et al., 2021). NaCl is safe and inexpensive, however, the polymers such as polyester, 
PVC and PET (denser than NaCl; 1.23-1.38 g/cm3) cannot be separated. Apart from this distilled water 
and Dichloromethane (1.3 g/cm3; for low density MPs) is used for low density MPs. PET (polyethylene 
terephthalate), PVC (polyvinyl chloride), PBT (polybutylenes terephthalate), PLA (polylactic acid) whose 
density ranges from 1.32 to 1.58 g/cm3. Other dense salts include Calcium chloride (CaCl2) 1.3–1.35 g/
cm3, Zinc chloride (ZnCl2; the second most used salt- 19.3%) 1.5–1.8 g/cm3, Zinc bromide (ZnBr2) 1.7 g/
cm3, Sodium iodide (NaI; the third most used salt- 17.5%) 1.55–1.8 g/cm3, Sodium bromide (NaBr) 1.37 
g/cm3, Sodium polytungstate (SPT; (3Na2WO4⋅9WO3⋅H2O)) 1.4–1.65 g/cm3, Sodium tungstate dihydrate 
(Na2WO4⋅2H2O) 1.4 g/cm3, Lithium meta tungstate (Li2WO4) 1.62 g/cm3, Potassium iodide (KI) 1.7 g/
cm3, and Monosodium phosphate (MSP; NaH2PO4) 1.4–1.45 g/cm3 have shown a promising recovery 
but have been in the harmful chemical category as per the US EPA and REACH Regulations, hence 
cannot be generally used for the analysis (Bellasi et al., 2021; Coppock et al., 2017). NaI is the costliest 
and cause environment harm. However, NaI having the maximum density is able to extract polymers 
of higher density which NaCl cannot. Examples are polyethylene (PE) (0.91– 0.92 g/cm3), polystyrene 
(PS) (1.04–1.1 g/cm3) and polypropylene (PP) (0.9–0.91 g/cm3). On the other hand, NaI or ZnCl2 are 
applied for the extraction of MPs with high density polymers mainly polyethyleneterephtalate (PET) 
(1.37–1.45 g/cm3) and polyvinylchloride (PVC) (1.6–1.58 g/cm3) (Hidalgo-ruz et al., 2012; Wang et 
al., 2017). The mixture of density solution and processed sample are stirred, allowed to sit to settle and 
then the supernatant is filtered to extract MPs.

Oil Separation

The oil-based separation uses the oleophilic properties of the polymers such that the hydrophilic sedi-
ment particles are separated in the water layers while the polymeric content is trapped in the oil layer on 
the top (Huppertsberg & Knepper, 2018; He et al., 2020). Castor, Canola, Olive as well as mineral oil is 
efficiently used in separating MPs from the sediments and other environment matrix. The disadvantage 
of this technique involves washing off the oil layer before proceeding for the polymer identification 
procedures including FTIR or Raman which is time consuming.

Electrostatic Separation

The soil or sediments can be separated using the electrostatic discharge-based technique of where the 
conductive components (Sediments or soil) are distinguished from its non-conducting counter class 
(MPs/polymers) as done by Felsing et al., 2018 using a Korona-Walzen-Scheider (KWS) electrostatic 
bell separator (Felsing et al., 2018). The instrument charges the particles and discards the particles based 
on their charge into different sample holders where the least charged MPs fall into the holders different 
from that of the charged ones.

Magnetic Separation

The protocol to separate MPs from the environmental matrix such as soil or sediments or water, is based 
on the process of magnetizing the hydrophobic surface of the MPs with the iron particles rendering 
magnetic properties to the polymer particles which can be separated with an addition of a magnetic 
field. The recovery rate for the bigger particles is lesser than the particles which are smaller than 20 µm.
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Pressurized Fluid Extraction (PFE)

A solvent based approach which utilizes the subcritical temperature and pressure to extract the hydro-
phobic organic compounds from soil, sediments, clay and wastes performed by Stephen and Gautam to 
extract MPs < 30 µm with a recovery rate of 100% from soil samples (Fuller & Gautam, 2016). Apart 
from the above listed methods of separation of MPs from unwanted particles in the sediment matrix, an 
eco-friendly alternative was used where NaCl was combined with sucrose to achieve the desired (Bel-
lasi et al., 2021).

FILTRATION

Filtration is the final step of MP extraction. The technique is relatively simpler, cost effective and time 
efficient. The efficiency of filtration largely depends upon the efficient result of aforementioned steps, 
with the final aim of collecting the MPs from the strata with minimum organic debris. The processed 
sample solutions can be filtered using various types of filter membrane distinguished on the basis of 
pore size and type of membrane. Filter structure and pore size affect the abundance of microplastics of 
varying shapes (H. Cai et al., 2020). Glass fibre, PDFE, nitrocellulose and polycarbonate filters are cited 
in various studies (Bretas Alvim et al., 2020). Pore size of filtration membrane also plays an important 
role in filtration efficiency. A smaller pore size will filter less volume of sample solution, clog quickly 
and will need frequent change of filter with high debris content making identification of MP a gruesome 
task. A smaller pore size retentate a wide size range of MPs. However, a larger pore size will allow small 
particles to pass through and can result in underestimated reporting of MP. For instance, Whatman No. 
42 filter paper (retention >8 μm) (Afrin et al., 2020), Whatman Anodisc filter (13 mm diameter, 0.2 μm 
pore size), glass fibre filter with pore size of 0.45 µm have been used to extract MPs from soil. In the 
case of sediments, various filters of pore size ranging from 0.2 µm to 5000 µm were used for filtering 
the solutions twice. It is important to choose the right type of membrane to avoid any damage or tear to 
filter membrane due to the usage of highly corrosive solutions and filtration under high pressure.

VISUAL IDENTIFICATION

Identification by eye is the first visual identification of MPs in extracted samples. However, this is re-
stricted only to larger size microplastics. The preliminary observation is used to record information like 
size, surface texture, colour and shape. (Silva et al., 2018). Large sized MPs, corresponding to size range 
of 2-5 mm, can be sorted while inspection with forceps and a spatula. Visual sorting is easy, inexpensive 
and a fast method to see the contaminant (Shim et al., 2017).

While large particles can be observed through naked eyes, smaller particles of size <500 µm needs 
to be observed in dissecting or stereomicroscope (Hamidian et al., 2021). Stereomicroscope with or 
without a digital camera attached have been commonly used for the visual sorting and inspection (Piehl 
et al., 2018). The dried filter paper is inspected under a dissecting microscope at various magnification 
ranging from 10x-35x. Both the “break test” and the “hot needle test” are used to distinguish plastic and 
non-plastic particles to complete the primary MPs identification step (Egessa et al., 2020) (A. L. Lusher 
et al., 2017). The MPs were characterized based on their size, shape and colour after microscopic exami-
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nation using a stereo microscope. The analysis and categorization of MPs can be well described in two 
ways that is the morphometrics or the physical and visible properties including the colour, shape, size, 
brittleness, weather-age, etc. and the chemical properties of the particles including the chemical nature 
of the MPs in terms of the polymer type. The visual characteristics have been described by the authors 
using an optical microscope in most of the literature (Barrett et al., 2020; Guerranti et al., 2020; Id et 
al., 2020). Earlier, large obvious sized microplastic was visually identified using simple microscopic 
techniques for presence and quantification (Dris et al., 2016). The techniques hinders accurate determi-
nation of plastic particulates of size <500 μm and limits quantification of the size fraction which can 
only be examined using microscope since the abundance of microplastic increase with decreasing size 
(Käppler et al., 2016) (Araujo, Nolasco, Ribeiro, & Ribeiro-claro, 2018). Visual identification coupled 
with confirmatory presence can overcome limitations imposed by human bias, microscope quality, 
magnification, sample matrix etc. and is recommended in recent studies. (Hendrickson et al., 2018) 
(Hidalgo-ruz et al., 2012). For particles <500 μm, it is recommended that non-visual, spectroscopy 
methods can ensure the determination of plastic.

Physical Characterization

Shapes

Microplastic is present is various shapes and forms in the environment. The most frequent terms to 
describe their morphology are fibres, fragments, films, foam, pellets, beads, sphere and flakes. A domi-
nance of fragment shape was reported in atmospheric deposition of microplastic in snow sampled from 
remote areas of Swiss Alps (Bergmann et al., 2019), while in the street dust of the most abundant shapes 
are Iran, fibrous (33.5%) and granule (65.9%) (Abbasi & Turner, 2021). While reporting atmospheric 
abundance shape of microplastic is may affect its transport in the environment. Films are thin and flat 
plastic particles and so their deposition can happen longer distance and quantity. While shapes like 
pellets or fragments with sharp edges may harm the organism physically, smaller particles can pass the 
membrane barrier and cause disruption in physiological functions (Rochman et al., 2019). The influence 
of shape on atmospheric transport enquires further research.

Size

Microplastics encompass a broad range of sizes of plastic particles, typically between 1 μm to 5 mm in 
length. Various size of microplastic belonging to different shapes are reported in the environment. The 
length of plastic fibres in Pyrenees mountains was predominantly found to be less than 300 μm (~50%) 
with about 70% of the fragment size was less than 50 μm. In Hamburg, an urban city in Europe, the frag-
ments were mostly of size less than 63 μm accounting for about 60%, followed by 63–300 μm accounting 
for about 30% of all the particles analysed. Fibre size were predominantly between 300 and 5000 μm in 
length (Klein & Fischer, 2019). Among the previous studies, the longest atmospheric microfibre identi-
fied is ~5000 μm (L. Cai et al., 2017) and the size can go as long as 5mm which can be visible through 
the naked eye. The snow in European and Arctic regions was sampled for detection of microplastic were 
80% of microplastics were less than or equal to 25 μm (Bergmann et al., 2019).
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Colour

As colourful and attractive plastic came to place in form of packaging, toys and other utility items 
microplastics have been reported in a range of various colours, including red, orange, yellow, brown, 
tan, off white, white, grey, blue, green, transparent etc. The list is endless and even more vibrant. Dark, 
white, transparent, or translucent particles may be under represented during visual inspection. Clear 
and transparent items have been ascribed to polypropylene, white to polyethylene and opaque colours 
to LDPE. However, the colour of a plastic particle cannot easily be used to deduce the type or origin. 
Importantly, colour information can be biased as brighter colours are spotted more easily during visual 
inspection (Rochman et al., 2019).

INSTRUMENTAL ANALYSIS

Polymer based identification of plastic pollutants extracted from various environmental matrices give 
assured answers to the speculation of visually identified plastic particles. Particles analysed give spectral 
analysis of the polymer type which is then compared with the reference spectral library values of the 
instrument and give suitable match results. Confirming MPs with their polymers characteristics eradicates 
the problem of false positives but perpetuates the issue of false negatives. A sound knowledge of type 
of MP polymer contamination in environment gives insight about their interaction in various natural 
conditions in addition to evaluating source of plastic pollution in the first place.

Fourier Transform Infrared (FTIR) Spectroscopy

The working principle of FTIR involves obtaining a vibration spectrum when an IR wavelength range of 
400–4000 cm−1 acts on the given substance, the atoms of the material fall from an excited state to ground 
state along with a decrease in energy. This decrease in energy is characteristic of a particular molecular 
structure and gives unique peaks in the vibration spectra (Lenz et al., 2015). This spectra obtained is 
screened for the presence and absence of characteristic frequency bands and matched with references 
of spectral libraries (Araujo, Nolasco, Ribeiro, & Ribeiro-Claro, 2018).

FT-IR can be employed to detect MPs through two measurement mode, reflectance and transmittance 
(Huppertsberg & Knepper, 2018). A special mode of reflectance called Attenuated total reflectance 
(ATR)- FTIR measures vibrational spectrum of microplastic through contact analysis. The pressure 
probed by the ATR probe can damage highly-weathered or fragile microplastics. There is a chance of 
losing MP as particles can be pulled from the filter paper by adhesion to or electrostatic interaction 
with the probe tip. A hard particle can easily damage the ATR probe made of germanium. The samples 
and crystal surfaces are prone to contamination during analysis. Measurement of particles with ATR-
FTIR is laborious since each particle to be analysed is kept on the crystal manually and size restricted 
up to 500 µm, due to contact analysis. Another mode of spectral measurement is transmission mode. 
During analysis, transmission spectra is recorded directly on filter. Suitable filter materials like, silica 
or aluminium oxide are used as these filters are IR transparent. It is critical to investigate the effects of 
chemical degradation on vibrational spectral bands of plastics before MP identification (Xu et al., 2019).

FTIR analysis spectra is impeded by oxidative damage of polymer in natural conditions, which then 
hampers the polymer identification due to lack of reference data on weathered plastics. It is important to 
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investigate, the characteristic vibrational spectra of chemically weathered plastics. Small microplastics 
with of size of 10 µm can be analysed by micro-FTIR (μ-FTIR), which performs microscopic observation 
on plastic particles prior to spectroscopic confirmation on a single platform by switching between the 
object lens and IR probe. Hence, µ-FTIR gives morphological and chemical characteristic of particles 
analysed. The technique provides an advantage of analysing plastic particles on the filter paper, sparing 
energy and time to handle particles individually.

Raman Spectroscopy

Based on the principle of irradiation of sample with monochromatic radiation, Raman spectroscopy is 
a vibrational spectroscopy technique which provides information on molecular vibration of the system 
excited by the incident monochromatic radiation. The Raman spectral corresponds to the characteris-
tic vibrations of the molecules and give confirmatory analysis for the microplastic observed (Araujo, 
Nolasco, Ribeiro, & Ribeiro-claro, 2018) (Halfar et al., 2021). Often coupled with a microscope, the 
coupled spectroscopic method is able to collect spectra from different points and generate images of 
morphological properties (Huppertsberg & Knepper, 2018).

The smallest sample analysed from Raman in practical application is 10 µm due to surface weather-
ing, however with improved techniques this size can go as low up to 2 µm. The samples analysed by 
Raman are not destroyed, need minimal sample preparation and quantity. High sensitivity to non-polar 
functional groups, lower interference of water on spectra and narrower spectral bands are some of the 
advantages of Raman spectroscopy. Some critical limitations of Raman are fluorescence and sample 
degradation. In addition, biofouling and surface alterations due to surface oxidation introduce numer-
ous various alterations which impede polymer detection. The use of laser as a light source might cause 
sample heating which leads to background emission and polymer degradation (Silva et al., 2018).

SEM/EDS Analysis

To further determine the chemical composition of both plastic and non-plastic particles, scanning electron 
microscopy (SEM) can be used on plastic particles. SEM provides clear and high magnification images 
which gives information on surface structure of the particle. This helps in discrimination of MP from 
organic particles. After imaging at high magnification all samples undergo electron dispersive x-ray 
spectroscopy (EDS) which analyse the elemental composition of the polymer and distinguish carbon-
dominant plastics from organic impurities. Fairly inexpensive, SEM/EDS requires extensive sample 
preparation and direct handling (Shim et al., 2017).

Thermochemical Methods

Pyrolysis coupled with mass spectrometry is one of the confirmatory non-visual methods to determine 
microplastic in a sample. Py-GC/MS can identify the type (e.g., PET, PVC, PE) and the concentration of 
this plastic (ppb) through thermo-analytical methods. The size of plastic particles necessary within the 
sample to obtain a clear result has been suggested as 100 μm (Fries et al., 2013; Gillibert et al., 2019; 
Käppler et al., 2016). While analysing one particle at a time, Py-GC/MS can analyse both polymer type 
and organic additive in the MP by analysing thermal degradation products (Reichert et al., 2019). Some 
impactful advantages, provided by high sensitivity of GC/MS, are minimum sample quantity require-
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ment and minimal to no need to sample preparation as samples is thermally degraded. Although small 
quantity is an advantage, this compromises the representativeness of sample composition. There are 
some limitations of instrumental analysis using Py-GC/MS like,it is not possible to quantify particles 
and define their shapes. The thermo analytical methods are by nature destructive. Hence, the technique 
can only be employed for verification of the composition of suspected microplastics.

With pyrolysis of weathered environmental plastic samples, the m/z signals of samples are impeded 
with various disturbances caused by additives on plastic particles, known as co-elution of pyrolysis 
products. To solve this, (Matsui et al., 2020) suggests to define a library containing characteristic py-
rolysis products for any given polymer and isolating their characteristic m/z ion profiles from the total 
ion pyrograms. On selection of correct m/z signals this strategy can dissolve the problem of co-elution, 
as the extracted ion pyrograms will only show the peaks of the compounds of interest. Although time 
consuming, the automation of data processing can improve the efficiency of Py-GC/MS.

There have been recent advancements in pyrolysis methods coupled with spectrometry techniques 
which are being used toidentify smaller quantities of particles in environmental and laboratory experiment 
samples (Shim et al., 2017). These advancements, including the use of thermal desorption (TDS-GC/
MS) coupled with thermogravimetric analysis (TGA) and solid phase extraction can provide enhanced 
analysis of very small plastic particles sampled from complex environmental matrices. Another variation 
called differential scanning calorimetry (DSC) is yet another thermogravimetric method which stud-
ies the thermal properties of polymeric materials. TGA-DSC is based on the change in heat capacities 
of polymer during solid-liquid phase transition, at elevated temperature. Every plastic product has a 
characteristic DSC value and so the samples in question can be matched to the standards and polymer 
types of the unknown samples can be identified. DSC can be useful for identifying specific primary 
microplastics, such as polyethylene microbeads, for which reference materials are available. One of the 
major drawbacks of TGA-DSC is ambiguous identification of polymer due to overlapping in transition 
temperatures. Dominique explained the working and standardisation of polymers in GC/MS very in 
elaborated forms (Dominique Remy.Pdf, n.d.).

QUANTIFICATION

Quantification of microplastics is an essential part of data reporting as it works towards unifying the 
representation of environmental concentration of the pollutant in different strata. The concentration 
units of microplastics in surface water are reported in items/particles per m2 and items/particles per m3. 
The latter represents the concentration of MP in surface area whereas the former represents it in volume 
of water. In case of sediment samples, it is represented in items/particles per m2 or grams/mg per m2. 
Items/particles per kilogram dry/wet weight and items/particles per m2 sampling area are also used for 
sediment samples. The concentration unit can be converted from m2 to m3 if the sampling is done in 
standard methods at specific are and at specific depth. In case of biota, the concentrations are reported 
in particles/gram where gram can represent either the weight of the organ or the whole individual. This 
unit representation helps in deciphering the amount of MP directly or indirectly being consumed by 
humans. Studies also report MP concentration in biota in particles/individual to discuss the intensity of 
the contamination.

Usually, Microplastics are counted manually by technicians with or without using microscope. The 
task demanded skill and time with a risk of inaccurate results. Wang et. al developed a method to directly 
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quantify PC and PET microplastic in environment by depolymerizing plastic particles and identifying 
emerging structural unit compounds (Wang et al., 2017). The method has successfully quantified MP 
particles in marine sediments, sludge, indoor dust, biota samples of mussel and earthworm, sea salt and 
rock salt samples. Although being truly transformative in quantifying MP, the method only works for 2 
polymers PC and PET.

Staining with Nile Red can also aid in easy quantification of MP. Lv et al. has successfully applied this 
technique of fluorescence staining to quantify MP in biological samples (Lv et al., 2019). Erni-Cassola 
et al. used a more automated version of MP quantification with Nile Red. Fluorescence microscopy, and 
image analysis software for high-throughput detection can quantify MP of size range 20 µm to 1000 µm.

The abundance of MPs varies with sampling sites and cannot be considered a strict representative 
of the entire environmental matrices. The choice of pore size for sampling tools and during filtration. 
For instance, Desforges et al. (Desforges et al., 2014) observed more MP abundance while using filtra-
tion pore size of 0.062 mm whereas Doyle et al. obtained much less while using a trawl size of 0.5 mm, 
sampling site of both the studies is North East Pacific Ocean (Stifanese et al., 2018).

CONTAMINATION CONTROL AND QUALITY ANALYSIS

A very important aspect of microplastic research is data accuracy. The pouring in of alarming data 
should not lack representation and have credibility. While Gwinette et al state that its inevitable to avoid 
contamination during field samples, stating genuine data and addressing contamination control increase 
the reliability on the work (Rivers et al., n.d.). Quality control is essential in every step of the study. 
Procedural blanks containing pure water and spiked blanks, containing pure water with a certain number 
of MPs of known composition and abundance, should be employed at the time of field sampling. Non-
plastic sampling tools, latex gloves, and cotton coat should be used during sampling.

During handling of samples in laboratory for extraction and preparation, recovery rate of standards, 
should be provided (Stolte et al., 2015). To refrain from over estimation of microfibers, environmental 
fallout of fibres should always be considered. Thus, procedural blanks and inter-laboratory testing can 
be used for quality control. Performing laboratory extraction in closed spaces with minimal human 
interference and covering everything can reduce microfibre contamination. Zobkov and Esiukova sug-
gested internal standards and periodic empty runs can ensure contamination free processing of sediment 
samples (Zobkov & Esiukova, 2017). Regular monitoring of atmospheric fallout can be practiced by 
keeping filter paper blanks in various positions and observing them under microscope.

Polymeric identification of environmentally extracted microplastics should be compared with data 
of standard MPs. While it is hard to analyse every particle extracted due to size, shape and quantity 
limitations, pooling of samples is a practical approach to analyse MPs and give a representative data in 
place of accurate data.

CONCLUSION

The extensive research on microplastic contamination brings undoubtedly numerous data and knots to be 
rectified for effective risk assessment. In this chapter, various extraction protocols for different environ-
mental samples were discussed in-depth besides the instrumentation approaches for MPs visualization 
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and polymeric characterization. Available methods like filtration, dissection, depurination, homogeni-
zation and digestion are widely employed in accordance to the size to be retracted. Characterization of 
the isolated MPs particles undergo very primitive to advance identification techniques to answer the 
most preliminary questionnaire of size, morphology, shape, colour etc. Among this, visual identifica-
tion using stereomicroscopy, fluorescence staining via Nile Red is a widely accepted quick approach to 
produce cursory details. Further to this, instrumental analysis of particles is recommended to identify 
the polymeric composition of the detected MPs. Advanced microscopy and spectroscopy techniques 
such as SEM, FTIR, µ-FTIR, Raman, thermal analysis through py-GCMS etc. are endorsed at present. 
Lastly, the analytically identified particles are recorded, extrapolated and reported in standardised units. 
Quantification of data obtained is more important in order to keep a periodic check on the spread and 
consequence of MPs. Thus, each category in the chapter addressed most basic and important aspects 
regarding the analytical approaches of this emerging environmental contaminant.

Figure 1. Overview of sampling for extraction and analysis of plastic
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Figure 2. Extraction and identification of microplastics
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ABSTRACT

Identification and quantification of microplastics (MPs) pollution levels in all the environmental com-
partments including water, sediments, and biota are an hourly need. MPs analytical techniques in 
water, sediments, and biota consist of several laborious steps including sampling, sample handling, 
and analytical techniques for identification and quantification. Studies have employed a wide variety of 
techniques resulting in variation in MPs abundance and characteristics. MPs reporting techniques also 
vary between different studies. The sampling techniques, digestion reagents, the temperature applied, 
density separation reagents, and the techniques utilized cause significant impacts on the recovery rate 
of the MPs particles from samples. 20-10 μm has become the lower reliable, practical limit for MPs due 
to the limitations in identification methods. Since there is many more MPs research to be done, there is 
an urgency of establishing reliable and efficient standard methodologies for MPs monitoring enabling 
comparison of studies from different parts of the world.

INTRODUCTION

Plastics have become an essential material in product manufacturing in almost all sectors since the initial 
commercial application in the 1950s to 2020 with 359 million tonnes of global plastic manufacturing 
(Plastic Europe, 2020). Characteristics like durability, cheapness, and being easily discardable have 
made plastics more attractive. Covid 19 pandemic has dramatically increased the usage of plastics due 
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to safety reasons just within a short period. Plastic waste in the world’s oceans was first reported in the 
1970s and extensive studies have been started since 2005 (Rios Mendoza & Balcer, 2019). Environ-
mental degradation turned larger plastics into smaller plastics called microplastics (MPs) when released 
into the environment (Peng et al., 2020) while specifically designed micrometer size primary MPs are 
introduce in to the environment by the industrial products such as personal care products, sand blasting 
media and synthetic fibers (Horton et al., 2017a). According to Frias and Nash (2019) MPs are defined 
as “any synthetic solid particle or polymeric matrix, with regular or irregular shape and with size rang-
ing from 1 μm to 5 mm, of either primary or secondary manufacturing origin, which are insoluble in 
water” (p.146). MPs are a ubiquitous contaminant found in all most all environments including water, 
sediments, beaches, soil, air, biota and remote places like polar regions (Karbalaei et al., 2018; Lusher et 
al., 2015). Recently, there is an emerging trend of investigation of MPs in freshwater and aquatic organ-
isms as it is a major source of transport of MPs into higher levels of food chains (Lusher et al., 2017).

Analysis of quantity and the characteristics of MPs in the environment is very important as it provides 
the regional and global MPs pollution status, distribution of MPs in various environmental matrices, vary-
ing trends of MP concentrations, possible sources of MPs generation, adhered pollutants and possibility 
of exposure of MPs to the biota. Several field experiments has been carried out to analyze the MPs in all 
the environmental compartments, land, water, and air. Increasing number of field and laboratory studies 
have been carried out to analyze the concentrations of MPs in biota and the responses of biota to the MPs. 
These studies have employed a wide variety of techniques for the quantification and characterization of 
MPs. The difference in the methodologies adopted makes it difficult to compare the results among the 
studies and under or overestimation of MP pollution. This urges the need of standardization of analytical 
methods and sampling procedures among researchers (Liu et al., 2020).

The sampling and analytical techniques varies based on the environmental matrices, but all have 
similar procedures such as sampling, quality assurance and quality control, processing of samples, di-
gestion of organic matter, density separation, filtration and purification and the last step identification 
and quantification. Nets, sieves, or pumps are commonly used for water sampling while trowels, spoons/
tablespoons, shovels, spatula, grabber (e.g. Ekman or Van Veen), and box corer used for sediment sam-
pling (Prata et al., 2019a; Stock et al., 2019). The biota sampling procedure for analysis of MPs varies 
based on the target organisms (Zhu & Wang, 2020). After sample collection, sample processing which 
includes preparation, organic matter digestion, MP extraction, and filtration is required prior to identi-
fication and quantification of MPs.

Environmental samples need to be digested to remove the organic matter to prevent overestimation 
of concentrations and a higher number of particles selecting for further analysis (Prata et al., 2019b). 
Hydrogen peroxide (H2O2) and an iron (II) catalyst, Fenton’s reagent, and potassium hydroxide, are some 
common reagents used for digestion of samples (Karami et al., 2017). The residual solution can be fil-
tered and recovered directly after digestion. But sometimes inorganic particles dominate after digestion 
which arise the necessity of further exposure to a density separation (Bessa et al., 2019). Sodium chloride 
(NaCl), zinc chloride (ZnCl2), and sodium iodide (NaI) are the most used density separation solutions 
(Zhu & Wang, 2020). Following these preparation steps, samples are clean to identify the MPs. Visual 
identification followed by analytical techniques to identify polymers is widely used (Lusher et al., 2017).

Several studies recently are focusing on analysis of negative effects of MPs to the environment, food 
chain, human and other biota. Research studies have shown that the ingestion of MPs causes physical 
damages to the organisms such as invade and harm the digestive organs, cause for illusion of satiety, 
lower ingestion, substitute nutrition and energy and may cause death sometimes (Zhang et al., 2019). 
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These ingested MPs particles can also cause various cellular and molecular level toxic effects. Smaller 
MPs particles are accumulating inside the organisms. This creates the path for MPs to accumulate in the 
food chain and reach to higher trophic levels creating chronic effects (Farrell & Nelson, 2013). Human 
intake of MPs via drinking water, seafood consumption and inhalation (Kankanige & Babel, 2020; Cho 
et al., 2019; Cox et al., 2019) has been reported. Accuracy of MPs concentrations in all the environmental 
matrices is important to determine the negative effects of MPs on biota, human and the environment. 
However, researchers believe that the present knowledge on concentration and adverse effects of MPs 
to the human is underestimated due to the limitation in data and analysis techniques (Cox et al., 2019). 
Hence, reviewing the existing MPs analytical methods is of greater importance to understand the pros 
and cons of the techniques employed currently.

This book chapter discusses the sampling methods for MPs, quality assurance and quality control 
procedures, sample processing techniques, and identification methods of MPs in water, sediments, and 
biota samples based on literature. It also highlights the limitation of each process employed for analysis 
and detection.

Sampling of MPs

MPs are present in the water (surface layer, water column, and benthic sediments) beaches, and a vari-
ety of aquatic organisms. The sampling technique is mainly based on the matrices and the limitations 
of sizes of MPs to be targeted. Selective, bulk and volume-reduced sampling are the major technique 
used to collect samples of MPs in the aquatic areas. Selective sampling is a simple and straightforward 
method usually applied in beach where plastics are large enough for detection using the naked eye and 
hence can be extracted directly. However, there is a great risk as the higher limitations of detectable 
sizes of MPs, and less obvious particles are easily ignored especially when they are combined with other 
surrounding debris (Shim et al., 2017). Bulk sampling is known as the collection of the whole sample 
without decreasing the water volume. This method is largely used for sediment collection and occasion-
ally for water samples. The representativeness of the sample collected by this method is problematic. In 
the volume-reduced sampling, the volume of the sample is decreased by filtration while sampling and 
preserve only a little portion of the sample for further analysis. This method is the most popular approach 
for water sampling as it covers larger amounts or areas of samples while sampling (Wang & Wang, 2018).

Water Sampling

The distribution of MPs in the water column is mainly dependent on the characteristics of MPs (size, 
shape, density, biofouling, and adsorption of chemicals) and environmental conditions (water density, 
wind, currents, and waves). Hence, the quantity and quality of MPs recovered are largely reliant on 
sampling place and depth (Picó & Barceló, 2019). Sampling, as well as processing techniques, are the 
same for both fresh water and saltwater MPs samples. However, MPs in the freshwater systems appear 
deeper in the water column due to the density difference between fresh and saltwater. Therefore, depth 
and location need to be changed depending on the sampling place and salinity. Nets, sieves, or pumps 
are commonly used for sampling (Prata et al., 2019a). Figure 1 shows the general procedure for identi-
fication of microplastics in water, sediments, and biota.
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Surface Water

Most often nets have been used for surface water sampling as it can filter high volumes of water and 
particles are directly concentrated during sampling (Hidalgo-Ruz et al., 2012). Nets with a mesh sizes of 
50-3000 µm have been used (Klein S. et al., 2018). Dris et al. (2015) reported that the MPs abundance 
is much greater in the net which has a smaller mesh size. However, researchers tend to use nets with 
larger mesh sizes rather than the smaller mesh sizes nets which clog more easily. Filtered water volume 
is measured by using a flow meter mounted on the net opening and hence the concentration of MPs 
can be calculated (Klein S. et al., 2018). Water surface up to a depth of 0.5 m can be sampled by using 
manta trawls, plankton or neuston nets (Stock et al., 2019). Neuston catamarans are utilized in marine 
environments with higher waves while a manta trawl works best in calm waters which prevents destruc-
tion to the device. Manta net once deployed off a boat, should be towed linearly at a low speed of 3- 5 
knots for a set distance or time (30-15 minutes) depending on the flow rate. Net opening is submerged 
while towing. Neuston networks in the same manner but while towing, the neuston net opening is partly 
submerged in water (Löder & Gerdts, 2015). European Commission (2013) along with other monitoring 
programs recommends MPs sampling from seawater preferably using nets with 333 mm mesh size, 6 
m length for 30 minutes. González et al. (2016) recommended to perform sampling over time (over the 
seasons) and under different environmental conditions (during floods or high/low discharges for lakes). 
Mai et al. (2018) recommended to perform large-scale surface water sampling in lakes or seas using 
manta trawls or nets, as they can filter a huge quantity of water to collect floating MPs. In addition to 
common methods, other approaches such as the surface microlayer method, acoustic doppler current 
profilers, hand-net collection, 3D hydrodynamic-numerical modeling, and bulk water sampling have 
been used. In bulk water sampling, volume varies among the studies. Klein. et al. (2018) have used a 
bulk sampling method with 3 liters of water samples collected utilizing glass bottles to estimate the MPs 
pollution levels in aquaculture fishponds water in The Pearl River estuary of China. In rivers and lakes, 
bulk water samples can be collected by using buckets, pumps, or steel or polycarbonate sampling tubes 
from surface or depths up to 18 cm (Rios Mendoza & Balcer, 2019).

Water Column

Still, there are no specific sampling depths for samples taken below the water surface. Therefore, sam-
pling depth varies according to the research focus. Water column sampling has been carried out by 
direct filtration of the water with submersible Teflon pumps, acquisition of batch samples, or plankton 
or bongo nets (Picó & Barceló, 2019).

Nylon nets and pumping systems can be a source of MPs contamination while sampling. It is impor-
tant that plastic-free materials such as metal sieves and glass bottles should be used during sampling to 
avoid contamination (Prata et al., 2019a).

Sediment Sampling

MPs sampling techniques for sediments in both marine and freshwater environments are similar. The 
sampling procedure depends on the goal of the research and varies in terms of sampling volume, area, 
size, and depth. In general, it is advantageous to collect as many samples as possible for getting more 
understandings of the distribution and number of MPs particles in sediments (Frias et al., 2018). Sam-
pling locations in marine environments differ in terms of the tideline, intertidal, supralittoral, and flot-
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sam deposits (Mai et al., 2018). Up to 500 g to 10 kg size of sediment samples have been analyzed by 
researchers (Hidalgo-Ruz et al., 2012). Sampling of sediments in the beach environments is conducted 
with trowels, spoons/tablespoons, shovels, or spatula. Plastic tools should be avoided due to contami-
nation. In sublittoral zone, in the sea, or freshwater environments sediments can be sampled with a 
grabber (e.g., Ekman or Van Veen) or a box corer for superficial sediments. The sampling depth varies 
from the upper 5 cm of the surface layer up to 32 cm. Some studies do not mention the depth. Bottom 
sediments in the water can be sampled by using a corer with a closed tube can (Stock et al., 2019). Frias 
et al. (2018) suggested a standardized protocol for monitoring intertidal and subtidal sediments. They 
propose observing intertidal sediments on beaches once per season in at least three random squares of 
30 cm edge length 100 m parallel to the water line. Then collect the sediments in the top 5 cm (4.5 l) 
with a metal shovel and kept in glass jars in order to prevent contamination. For subtidal sediments, a 
Van Veen grabber or box corer (e.g. Reineck box corer) or drill corer or a Pürckhauer is recommended. 
Frias et al. (2018) recommended to take 6 samples per site in different depths and of different matrixes 
and directly freeze the sediments at -20 ºC, if not analyzed soon after sampling.

Figure 1.
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Biota Sampling

Investigations on the ingestion of MPs by various marine vertebrates and invertebrates have been very 
commonly reported in the literature. Recently, there is an emerging trend of investigation of MPs in 
freshwater and aquaculture organisms as it is a major source of transport of MPs into higher levels of 
food chains. The biota sampling method is determined by the research question, available resources, 
habitat, and target organism (Lusher et al., 2017). The most frequently monitored biota in aquaculture 
environments is fish (Karami et al., 2017), clams, mussels (Li et al., 2021), and oysters (Phuong et al., 
2018), etc. Fish species in marine environments are generally collected depending on their habitats using 
surface, midwater, and benthic trawls. Fish species in riverine systems usually have been collected using 
gill nets. Benthic invertebrate species such as Norway lobsters (Nephrops norvegicus) may be collected 
in grabs, traps, and creels, or by bottom trawling. Planktonic and nektonic invertebrates recovered by 
way of manta and bongo nets. Bivalves, crustaceans, and annelids are usually collected by hand from the 
field (Lusher et al., 2017). Another method is a direct collection from commercial fish markets, where 
the capture method is unknown (Li et al., 2018; Sparks et al., 2021)

Bessa et al. (2019) have developed a harmonized protocol for monitoring MPs in biota. They recom-
mended choosing species with high abundance and wide geographic distribution, that are easy to sample 
and process in the laboratory, species that are already used as bioindicators, and species with ecological 
and socio-economic relevance for investigations. It is recommended to take a sample size of at least 50 
specimens of similar size per research unit (species, food web, feeding type, etc.) for representativeness of 
the sample. Researchers have also used less than 50 samples depending on the objectives of the research 
and the environment of sampling with appropriate justifications. Bessa et al. (2019) also suggests record 
the data such as date and time, sampling site or location data, mesh size, polymer typology, material 
used for sampling, gear used for collection of specimens, analyzed/processed tissues, length and weight 
of the individuals’, and additional observations during/after sampling.

Collection of representative biota sample is a challenge as aquatic environmental factors alter periodi-
cally at different times, for instance, seasons and climate, or along ecological gradients at various spatial 
scales like basin and water depths. Thus, special care should be given when selecting sampling sites 
and times. Furthermore, biota is dissected to collect MPs from various tissues and organs, and this also 
affects the assessment of MPs. The stomach, liver, gastrointestinal tract, and whole organism have been 
used as biological samples for analysis of different species by different researchers (Zhu & Wang, 2020).

Special care should be taken to avoid contamination and mitigation during sampling and sample 
analysis.

Microplastic Losses during Sampling of Biota

During sampling, there is a possibility of a loss of MPs due to handling stress, physical movement, and 
the physiological and behavioral specificities of the sampled biota. Gut evacuation times for organisms 
are diverse. For example, gut evacuation time is 30 minutes for decapod crustaceans while over 150 
hours for larger lobsters. Thus, there is a possibility to egest MPs debris prior to analysis. Therefore, 
keeping a short gap between the collection and preservation of organisms is important. Handling stress 
can cause regurgitation (Lusher et al., 2017). Bromley 1994 reported regurgitating stomach contents by 
fish species. Regurgitation may bias the gut content estimation, changing consumption estimates, and 
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the existence of MPs. Thus, care should be taken to minimize handling stress when sampling biota in 
order to reduce the MPs regurgitating.

Microplastic Accumulation during Sampling of Biota

Biota can be feeding on MPs during capture in nets as the mesh size of the net can collect MPs (ex; 
manta nets, mesh size 0.33 mm). Laboratory studies have confirmed that nano- and micro-plastics can 
stick to external appendages of aquatic organisms. Therefore, research studying external adherence of 
MPs should be careful when sampling. This can be prevented by exposing biota only for a short period 
to such situations (Lusher et al., 2017).

Biota Sample Storage

Biota samples should be stored just after sampling until examine in the laboratory. Biological samples 
conserved on board using aluminum foil for freezing at −20 °C or preservation in ethanol in glass con-
tainers have been recommended by the ICES (2015). In some studies, specimens were kept in a closed 
container instead of wrapping each individual using aluminum foil (Hermsen et al., 2018). Instead of 70% 
ethanol, 4% formaldehyde is also used as a common fixative. At higher concentrations, these fixatives 
might damage some polymers (Lusher et al., 2017). Desiccation also has been used to store organisms 
in some studies (Cole et al., 2014).

Quality Assurance and Quality Control

MPs samples are highly sensitive to external contamination which can be air-borne, water-borne, or con-
tamination by uncleansed equipment. Thus, conducting quality assurance and quality control procedures 
are vital and of great importance for the accuracy of the data during the whole sampling process (Mai 
et al., 2018). Quality assurance and quality control procedures cover four mains aspects;

I.  Operators’ cloth protection- wearing latex gloves and pure cotton clothes
II.  Appropriate cleaning of the material- clean workplace, use ultra-pure water for analytical steps, 

use steel or glass devices, replace plastic materials with non-plastics materials, clean glassware 
with sodium dodecyl sulfate solution (a detergent) in an ultrasonic bath, and then rinsing with 50% 
ethanol followed by ultra-pure water in a laminar flow box, rinsing with Milli-Q water prior to 
every step or rinse all the equipment three times using filtered deionized water prior to use

III.  Protect samples for the air- filtering the laboratory air over the filter paper for a certain period 
under vacuum condition, covering glassware with watch glasses when not in use (90% reduc-
tion of contamination), sample handling under a clean laminar flow cabinet (50% reduction of 
contamination)

IV.  Perform sampling and laboratory blanks- conduct daily controls with a glass microfiber filter, 
use procedural blanks and spiked blanks in field sampling, provide recovery rates of standard MPs 
by applied extraction method (Hermsen et al., 2018; Mai et al., 2018; Stock et al., 2019; Wang & 
Wang, 2018; Picó & Barceló, 2019; Prata et al., 2021; Miller et al., 2021).
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Processing of Biota Samples

A large number of studies focus on the investigation of the MPs in the digestive tract including the intes-
tines and stomach (Cole et al., 2011). This is especially applied to larger animals like fish. For smaller 
species like bivalves, zooplankton, worms, and shrimps, whole specimen were analyzed (Hermsen et al., 
2018). To ensure that only the MPs in the intestinal tracts are investigated, around three days depuration 
for clearing the gut must be done for live biota (Van Cauwenberghe & Janssen, 2014). Depurations make 
sure only MPs remained within tissues or trapped in the intestinal tract are considered. Depuration also 
allows fecal analysis to investigate MPs consumption (Lusher et al., 2017). Frozen samples should be 
unfrozen, or preserved samples must be extracted from the fixative (Lusher et al., 2013). If the objective 
of the study is to investigate the ingestion of the MPs, biota samples must be washed using water, saline 
water, or forceps to prevent contamination with externally adhered plastics. European Commission (2013) 
proposes to use a dissecting microscope to extract the gut or the entire digestive tract.

Processing of Sediment Samples

Munich Plastic Sediment Separator (MPSS) and the electrostatic separator have commonly used for sedi-
ment sample processing. Munich Plastic Sediment Separator, a density separator that can analyze larger 
sample volumes up to 6 L can be used to optimize sediment extraction procedure. This method also can 
be used to reduce the sample volume of sediments containing a higher amount of organic materials. This 
method better separates the smaller MPs particles (<1 mm) from sediments. It achieved 95.5-100% of 
MPs recovery rate. This method allows larger sediment samples to process easily allowing only filtration 
afterward (Imhof et al., 2012). Imhof et al. 2012 have used a smaller scale MPSS for very small sample 
volumes like less than 250 mL.

The electrostatic separator can also be used to reduce the non-polymer substance up to 90% of larger 
sediment samples (Felsing et al., 2018). This method is based on the common property of most polymers, 
non-conductors. Dry particles are separately transported via a vibrating conveyer onto a rotating metal 
drum where particles are subjected to an electric field of up to 30 kV. Then the particles get charged and 
when the drum rotates particles discharge based on their electrostatic properties. This method has the 
advantages such as low cost, less time consumption, no chemicals required for the first separation step 
of large samples. However, organic digestion and density separation are still required for the remaining 
sample portion of sediment and plastics.

Digestion of Organic Matter

Environmental samples collected from aquaculture systems contain organic materials which disrupt 
the accurate identification and characterization of MPs. Plastic materials will result in overestimation 
of concentrations and a higher number of particles selecting to further analysis (Prata et al., 2019b). 
Therefore, samples are mainly pre-treated with chemical or enzymatic digestion to remove the organic 
matter. Sediments processed with the MPSS does not require digestion. Only clean water samples can 
be directly filtered for polymer identification (Stock et al., 2019). Acid, oxidation, alkali, and enzyme 
treatments are the most common chemical digestion methods (Zhu & Wang, 2020).
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Digestion of Water Samples

Water samples are mostly digested using (30%) H2O2 and an iron (II) catalyst to remove the organic 
matter (Masura et al., 2015).

Digestion of Sediment Samples

Hydrogen peroxide with different concentrations has been commonly used for sediment sample diges-
tion. Frias et al. (2018) recommended using hydrogen peroxide (H2O2) 6-10% solution for sediment 
sample digestion. Hurley et al. (2018) found that soil and sludge samples can be effectively digested by 
using Fenton’s reagent (consisted of 30% (v/v) H2O2 and a mixture of 20 g iron (II) sulfate heptahydrate 
and 1 L filtered RO water catalyst) at temperatures below 40 °C at pH 3 for 2 h. This method has minor 
negative effects on the size and mass of MPs.

Digestion of Biota Samples

Several chemical digestion methods have been used to digest biota samples. Acid digestion (mixture of 
acids or HNO3 alone) of biota tissues for MPs analysis is a very common practice adopted by researcher’s. 
ICES (2015) recommended using a mixture of HNO3:HClO4 (4:1) to digest animal tissue with the aim 
of standardizing the digestion practices. However, Enders et al. (2017) have proved this ICES recom-
mended procedure as detrimental to many of the common plastic polymers. They have proved that 30% 
KOH: NaClO mixture is a more effective digester agent than ICES recommended digester agent. These 
findings are also in line with the findings of Catarino et al. (2017) which strongly discourage further 
use of acid digestion. Dehaut et al. (2016) reported the degradation of polyamide when using HNO3 to 
digest biological tissues. Polyamide represents a significant volume of worldwide plastic production, 
and thus care should be taken. Thiele et al. (2019) mentioned 10% KOH at a temperature less than 40 
°C as the most economical and fast method for digestion of bivalve’s tissues. This method has shown 
a digestion efficacy of more than 95% for oysters. They do not recommend using KOH at 60 °C which 
will destroy rayon. They suggest using this method as the standard method for degradation of all the 
biota tissue to extract MPs. This is also in line with the findings of Prata et al. (2019b), and Karami et 
al. (2017). However, Bessa et al. (2019) reported that this method (10% KOH at 40 °C) is not suitable 
for fatty tissues. They recommended using KOH 10% combined with a detergent (e.g. Tween 20) to 
faster digestion of fatty tissues.

Catarino et al. (2017) have compared the recovery rate and efficiency of three different digestive 
agents: 1M NaOH, 35% HNO3, and 0.1 UHb/mL protease. This paper recommended using industrial 
enzymes which have a higher recovery rate and least destruction compared to other methods as the 
standard procedure for mussel’s digestion.

H2O2 is widely using to digest organic matter from biota tissues (Qu et al., 2018; Li et al., 2015; Wu 
et al., 2020; Bom & Sá, 2021). Nuelle et al. (2014) have identified 30% H2O2 as an effective oxidizing 
agent to digest organic matter though it slightly changes the polymers. Frias et al. (2018) recommended 
using 10% H2O2 as plastics react with high concentrations of H2O2 solutions. However, Zhang et al. 
(2019) reporting that digestion with 2-7% of H2O2 results in underestimation of MPs weight and number. 
Table 1 summarize the digestion reagents widely used in water, sediments, and biota. A recent study by 
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Fraissinet et al. (2021) has revealed that a mixture of 2.5% KOH, 5% H2O2 and 2.7% methanol at 60 ◦C 
for 3h allows a 99% digestion of mussel tissues.

Efficacy of Reagents in Organic Matter Reduction and Recovery Rate

The organic matter removal rate is varying among different digestion agents. Digestion efficacy can be 
calculated by comparing the relative organic material removing rate using Equation 1. Digestion efficacy 
should be ³95.0% to select as a suitable digestion agent. The existence of undigested organic substances 
on the filter paper could disturb the optical analysis of MPs (Karami et al., 2017).

Efficacy (%) 100 = 
Wet weight entire organism s tissue g Dry weight on fil′ ( )− tter paper g

Wet weight entire organism s tissue g

( )
( )′

* 100

Equation 1 

After digestion, the solution is filtered through a membrane. The recovery rate (equation 2) can be 
calculated by using the weight of the MPs remaining on the membrane (Karami et al., 2017).

Recovery % = 
Dry weight on filter paper g

Wet weight entire organism s

( )
′ tissue g( )

* 100 Equation 2 

Effects of Digestion Methods on MPs

The reagents used, the temperature applied, and the heat generated from the exothermic oxidation reac-
tions utilized in the chemical digestion methods cause significant impacts on polymers such as visual 
damage, partial destruction of polymers, etc. It eventually affects the recovery rate of the MPs particles 
from samples. Chemical reagents cause both physical and spectral changes on polymeric particles. Di-
gestions at high temperatures should be avoided. Thus, care should be given to select a digestion reagent 
that has lower effects on MPs particles (Hurley et al., 2018; Karami et al., 2017).

Density Separation

The residual solution can be filtered and recovered directly after digestion. But sometimes inorganic 
particles dominate after digestion which arise the necessity of further exposure to a density separation 
(Bessa et al., 2019). Plastic particles have lighter densities than sand or other sediments. This density 
difference is used to extract the lighter plastic fragments from the denser sediment grains (Hidalgo-Ruz 
et al., 2012). Different high-density solutions are mixed with the sample and shaken for a certain period 
and allow to settle down for several hours. Then the supernatant can be separated through filtration. NaCl 
(1.0-1.2 g/cm3) is the most widely used solution due to its low cost and non-hazardous nature (Stock et 
al., 2019). EU Marine Strategy Framework Directive (MSFD) Technical Subgroup of Marine Litter and 
Frias et al. (2018) recommended using NaCl or sodium tungstate dihydrate (Na2WO4·2H2O) to digest 
sediment samples. It can separate polymers that have a lower density like polypropylene or polyamide, 
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but it cannot separate PVC or PET which have high densities. This results in underestimation of polymer 
types and the total particle count as PVC and PET account for 17% of the world’s plastic manufacturing 
(Plastics Europe, 2017). Liebezeit & Dubaish (2012) reported that ZnCl2 can be utilized to recover all 
kinds of plastics. Coppock et al. (2017) compared the costs and efficiency of NaCl, NaI, and ZnCl2 and 
decided that ZnCl2 is the most efficient and cheap method for density separation. NaI is an expensive 
solution and Nuelle et al. (2014) suggest using NaCl solution to reduce the initial sample size and then 
use ZnCl2 for further separation. Both ZnCl2 and NaI can separate PVC polymers. Potassium formate 
(K(HCOO)) is another high-density solution use for the extraction of MPs that is reusable (Corcoran et 
al., 2009). Table 1 summarize the widely used solution for density separation.

Filtration and Purification

Filtration is used for extracting MPs from digested solutions. The appropriate selection of filter membranes 
is crucial for the filtration as well as for the post-identification of MPs. Cellulose nitrate membrane filter, 
nylon membrane filter, glass fiber filter, cellulose acetate membrane filter, and polycarbonate membrane 
filter have been used in literature widely. Features like smooth filter surface and not easily rolling up 
makes cellulose nitrate membrane filter, cellulose acetate membrane filter and nylon membrane filter 
beneficial for the quantitation and identification of MPs. The selection of membrane filter varies and is 
based on the applied digestion reagent. Cellulose nitrate membrane filter and cellulose acetate membrane 
filter cannot be used for filtration of alkali digested solution as alkali solution (NaOH/KOH) can react 
with the membrane. Alkali digested solutions are recommended to be filtered by using nylon membrane 
filters. Cellulose nitrate membrane, cellulose acetate membrane, and nylon membrane filters are ap-
propriate for filtration of oxidative digested solutions (Zhu & Wang, 2020). The pore size of the filters 
should be decided in line with the spatial resolution of the identification technique going to be applied. 
The common pore size of cellulose nitrate membrane filters is 0.45 (Hu et al., 2016) 0.8 (Mathalon & 
Hill, 2014), and 5 µm (Li et al., 2018). Five µm is the common pore size of cellulose acetate membrane 
filters and nylon membrane filters used in literature (Hermsen et al., 2018; Horton et al., 2017b). Glass 
fiber filters are also used for filtration (Davidson & Dudas, 2016) and it is not recommended for the 
identification of MPs as the rough surface interferes during the experiment. The polycarbonate filter 
membrane is also not recommended as it has a powerful infrared signal which can disrupt identification. 
Filtration is also affected by the temperature of digested solutions (Zhu & Wang, 2020).

Identification Methods

After the preparation, the quantity and types of MPs should be found. Visual identification followed by 
analytical techniques for polymer identification is widely used (Lusher et al., 2017). Analysis of MPs 
generally comprises of two steps: physical characterization of possible plastics (e.g., microscopy) sub-
sequently chemical characterization (e.g., spectroscopy) for verification of plastics (Shim et al., 2017). 
Even though the worldwide accepted lower value for small MPs is 1 μm, present chemical characteriza-
tion equipment like micro- FTIR and micro-Raman spectroscopy only can reliably identify MPs up to 
20-10 μm. Thus, 20-10 μm has become the lower reliable, practical limit for MPs (Bessa et al., 2019). 
Table 2 summarize the advantages and limitations of each identification technique.
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Optical Techniques

Visual sorting by the naked eye or with the help of an optical microscope (usually a stereomicroscope) 
is the most common and simplest technique used when there are many samples to analyze. The observer 
can directly identify the MPs in the size range of 1-5 mm by the naked eye. (Wang & Wang, 2018). 
This technique is based on the physical characteristics of MPs like size, color, and shape. The quality of 
visual analysis is affected by the observer, the quality and magnification of the used microscope, and the 
sample type (Löder & Gerdts, 2015). Following criteria are recommended to follow in optical analysis.

• fibers must have consistent color and thickness all along the entire length
• particles should be uniformly colored and clear
• white particles must be further analyzed (Wang & Wang, 2018)

Many studies have proved that MPs recognized by the visual method were confirmed as non-plastic 
in following infrared spectroscopy analysis (Zhu & Wang, 2020). Many studies only have used a smaller 
subset of sorted particles for further analysis. Therefore, care should be given to select a representative 
subset of sorted particles for further analysis. It is recommended to further analyze all the particles if 
the presorted particles are less than 100 to reduce the uncertainty. If the pre-sorted particles are larger 
than 100, more than fifty percent of the particles should be included in the subset for future analysis 
(Hermsen et al., 2018). Because of the limitations, this method is not recommended as an independent 
analysis technique (Löder & Gerdts, 2015).

Table 1. Summary of the different reagents used for digestion and density separation

Purpose Reagent Remarks

Digestion of organic matter

(30%) H2O2

Widely used 
Long reaction time 
slightly changes the polymers

Fenton’s reagent 
(Consisted of 30% (v/v) H2O2 and a mixture 
of 20 g iron (II) sulfate heptahydrate and 1 
L filtered RO water catalyst)

Effective digestion method. 
Has minor negative effects on the size and 
mass of MPs.

Acid digestion (HNO3 alone or mixture of 
acids; mixture of HNO3:HClO4 (4:1))

Detrimental to many of the common plastic 
polymers

10% KOH
Economical and faster method for digestion 
of bivalve’s tissues and other fatty tissues 
in biota

Density separation

NaCl

Most widely used solution 
low cost 
Non-hazardous 
Cannot separate higher density particles 
like PVC or PET

ZnCl2

High recovery rate 
Cheap 
Environmentally hazardous

NaI Expensive
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Scanning Electron Microscope (SEM)

Scanning electron microscope (SEM) can provide extremely clear and high-resolution (<0.5 nm resolution) 
images of plastic-like particles by providing pictures of the surface texture of the particles. Furthermore, 
by examining the images of the surface textures, like pits and cracks, weathering progress of recovered 
MPs from natural matrices can be identified. Further analysis of SEM and energy-dispersive X-ray 
spectroscopy (SEM-EDS) provides the elemental composition and inorganic additives of the particles. 
The application of SEM-EDS helps in further distinguishing between natural materials and MPs through 
imaging and elemental analysis, thus reduces the number of particles necessary for the spectroscopic 
examination. However, this method is time-consuming and requires extra effort for sample preparation 
(gold or carbon surface coat) hence, not appropriate for the analysis of a large number of samples (Wang 
& Wang, 2018; Shim et al., 2017; Zarfl, 2019).

Fourier Transform Infrared (FTIR) Spectroscopy

FTIR is a simple, non-destructive, and highly accurate method which mostly used for the identification 
of MPs recovered from environmental matrices (Zarfl, 2019). Bond composition of materials differs 
from each other making it feasible to identify spectra of an unknown substance by comparing with the 
standard spectra of a material in the spectral library (Löder M.G.J., 2015). FTIR can not only identify 
the MPs but also verify specific polymer types, giving clues for the sources of the sample analyzed. 
Furthermore, FTIR provides information about the physiochemical weathering of MPs by examining 
their oxidation intensity. However, FTIR is time-consuming, requires an experienced operator, requires 
manual sorting of sample particles and small size particles cannot analyze (only capable of analyzing 
particles greater than 10–20 µm) (Zhu & Wang, 2020).

FTIR micro spectroscopy (micro-FTIR), attenuated total reflectance-FTIR (ATR-FTIR), and focal 
plane array (FPA)-FTIR spectroscopy are optimized techniques of FTIR which is highly utilized for 
MPs research at present (Wang & Wang, 2018).

FTIR Micro Spectroscopy (Micro-FTIR)

This technology combines both microscopy and FTIR spectroscopy on a single platform and enables 
the identification of smaller MPs. This method does not require a sample preparation step. But samples 
should be completely dried before analysis. Transmission mode, reflection mode, and attenuated total 
reflection mode are three major modes utilized in the analysis and identification of MPs. Mode is selected 
based on the application. Transmission mode delivers high-resolution spectra of thin and transparent 
plastic film due to penetration of infrared rays through the plastics. Opaque and thick MPs can be ana-
lyzed using the reflection mode. Unevenly thick MPs and MPs larger than 300 μm can be identified 
by using the attenuated total reflection mode. Currently, Micro-FTIR cannot identify smaller MPs of 
sub-20-μm-range (Zhu & Wang, 2020).

Focal Plane Array (FPA) Based Micro-FTIR Imaging

Conventional Micro-FTIR cannot examine the multi-point spectral curves of MPs samples, thus limit the 
detection of smaller size MPs. But this would be possible with the development of Micro-FTIR based 
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on focal plane array technology. This method occupies two techniques to evaluate the acquired spectra; 
artificial interpretation of appropriate vibration bands based on reference tables and database retrieval 
function matched with reference spectrum library (Klein S. et al., 2018; Shim et al., 2017; Löder & 
Gerdts, 2015).

Raman Spectroscopy

This technology is also widely applicable in MPs research. This also provides the polymer composition 
of the MPs sample. Raman spectroscopy and FTIR are complementary techniques. FTIR can identify 
some molecular vibrations, which are Raman spectroscopy inactive, and vice versa (Qiu et al., 2016). 
Unlike FTIR this method allows detection of thicker or strongly absorbing MPs as it is not relying on 
the transmission of the exciting light across the sample material (Zarfl, 2019). This technique irradi-
ated samples with a laser light which results in different frequencies of backscattered light (Löder & 
Gerdts, 2015). These techniques allow identifying MPs particles down to 1 μm. Microscopy combined 
with Raman spectroscopy (Micro- Raman spectroscopy) can even successfully identify MPs less than 
1 μm. This method allows quick and accurate identification of samples by matching the sample Raman 
spectra with the standard spectral library. However, this technique is disturbed by the presence of addi-
tives, color, and adhered contaminants MPs (Qiu et al., 2016).

Thermal Analysis

This method is also used to identify MPs in literature studies, but not so frequently. This method mea-
sures changes in the physical and chemical properties of polymers based on the thermal stability of the 
sample (Shim et al., 2017). Thermal analysis methods are destructive techniques hence further analysis 
of the samples is impossible. This method only provides the total mass fraction of polymers and does 
not provide the quantity, shape, and size range of the MPs in the sample. However, it provides data about 
the polymer type along with the organic or inorganic additives present in the samples. These limitations 
urge to put more effort to explore more about the practicability of this method (Shim et al., 2017). It is 
recommended to use thermal analysis methods only as complementary methods to the spectroscopic 
methods (Wang & Wang, 2018).

Pyrolysis – Gas Chromatography-Mass Spectrometry (Pyr-GC-MS)

This method decides the polymer type of MPs by examining the pyrolysis products of the MPs sample. 
Polymer composition is identified by comparing the obtained thermal spectra of the sample thermal 
spectra of known polymer samples in the reference library (Fischer & Scholz-Böttcher, 2017). This 
method avoids background contamination as it does not require any solvents when analyzing. Pyrolysis 
products of the different polymers can be the same, thus misjudgment of types of MPs is possible. Also, 
permit only 0.5 mg of samples to be analyzed making it inappropriate to use for biological samples. 
In addition, it has disadvantages like time-consuming and unsuitable to analyze large-scale samples 
(Dümichen et al., 2015).
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Thermal Extraction and Desorption – Gas Chromatography-
Mass Spectrometry (TED-GC-MS)

TED-GC-MS is a novel technique that develops to evade the problems with Pyr-GC-MS. TED-GC-MS 
is a combination of two techniques: thermal extraction with thermogravimetric analysis (TGA) and 
thermal desorption gas chromatography-mass spectrometry (TD-GC-MS). The advantages of TGA is 
that it allows analysis of large samples and fast analysis (Wang & Wang, 2018).

Fluorescent Staining Methods

The development of fast, less expensive, easy and most specially accurate quantification of MPs par-
ticles as small as a single micron has long been a crucial necessity in MPs research studies (Shruti et 
al., 2022). These issues were addressed by the introduction of fluorescence-led identification technique 
using staining dyes such as Rose Bengal or Nile Red (NR). The dye adsorbs into MPs surfaces and when 
observed under a fluorescence microscope, it can easily be distinguished from mineral and other organic 
substances in the sample. NR staining method is widely employed for MPs quantification around the 
world recently (Imasha & Babel, 2021; Dowarah et al., 2020). However, various staining protocols for 
MPs in water samples identification have been used in the literature. But still, there is not any harmo-
nized protocols (Prata, et al., 2019c; Shruti et al., 2022). Wang et al. (2021) have proved that addition 
of H2O2 or combined addition of H2O2 and NaCl help to reduce the false positive of MPs when stained 
with Nile red. Moreover, this technique is mainly introduced to increase the accuracy of MPs counts 
by visual identification. This method is only recommended to use as a complementary technique for 
a fast and inexpensive estimation of plastic particles in a sample along with a chemical identification 
technique (Zarfl, 2019).

CONCLUSION

Identification and quantification of MPs are very important to understand the contamination level and 
potential impacts on the environment of this emerging pollutant. A wide variety of analytical methods 
have been applied to identify MPs in water, sediments, and biota. The variation in analytical methods 
has made it difficult to compare the studies. Also, these identification methods involve several time-
consuming steps.

Quality assurance and quality control procedures should be followed throughout the analysis procedures 
to prevent external MPs contamination. Sampling procedures always depend on the goal of the research, 
and it varies in terms of sampling volume, area, size, and depth. Special care should be given to prevent 
accumulation and losses of MPs during sampling of biota. The selection of a proper digestion reagent 
is important to remove the organic matter from the environmental samples which have lower effects on 
MPs particles. Usage of efficient density separation reagent can recover a wide range of MPs polymer 
types. Filter papers selection should be done considering the identification techniques employed and the 
digestion reagent applied. The combination of the microscopic method followed by chemical identifica-
tion has improved the efficiency and reliability of MPs identification. Micro FTIR and micro- Raman 
spectroscopy appear to be promising techniques in MPs identification.
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There is an urgency of standardizing the analytical methods considering the following aspects. 
Sampling protocols should be standardized with regards to the number of sampling locations, amount 
of samples, sample volume sizes, sampling depths and sampling frequency for each environmental ma-
trices, water, sediments, and biota. Different studies have analyzed MPs in different size ranges. Hence 
there should be a uniformity in analyzing MPs size ranges in different studies to make them comparable. 
Quality assurance and quality control procedures also need to be strict. Current analytical methods are 
time consuming and expensive. Hence simple, easy, and less expensive analytical methods should be 
developed. Consideration should be given to develop automated procedures for MPs analysis instead of 
current manual handling process. Results reporting, especially the MPs in biota, should be standardized.

Still, there are much research to be carried out in the analysis of MPs in water, sediments, and biota. 
Hence, future research should be focused on establishing reliable and efficient standard methodologies 
for MPs monitoring enabling comparison of studies from different parts of the world. Moreover, more 
emphasis should be given to develop reliable methodologies to identify MPs down to few micrometers.
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ABSTRACT

The aim of this chapter is to investigate the environmental effect of plastics (macroplastic and microplastic) 
during the Anthropocene and the Great Acceleration. Plastic production has worldwide increased since 
1950. For instance, many Tunisian regions such as Bizerte, Kerkennah, and Gabes witness a prolifera-
tion of plastic and microplastic. The manifestation of the plastic invasion is obviously dispersed within 
continental and marine environments. The detection of microplastic needs an extraction protocol and 
the use of the infrared spectroscopy. Added to their esthetic pollution, effect of plastics on environment 
and human health remains controversial. On the other hand, microplastic fragments obtained after the 
partial destruction of plastic represent more serious dangers. These fragments are integrated within the 
pedosphere, hydrosphere, and biosphere. They may be eaten by animals, including humans. Plastics are 
also good and safe niches for pathogenic viruses. They are considered as motivators of the Anthropocene 
virology.

INTRODUCTION

Small quantities of plastic could be accepted since they may be recycled (Joseph et al., 2021). But big 
quantities represent a real threat since they are defragmented to microplastic, which are in terns fragmented 
to nanoplastic (Kwak & An, 2021). In doing so, the plastic pollution becomes dispersed and lost within 
the atmosphere, hydrosphere, pedosphere and biosphere. To investigate the environmental pollution of 
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plastic, methods of extraction and detection as well as the remedial solutions are of great importance 
(Patil et al., 2022). The Anthropocene and Great Acceleration are marked by environmental changes 
recorded within the atmosphere (Albertsen et al., 2021; Lee & Lee, 2021), hydrosphere (Ahlström et al., 
2020), bedosphere (Rossiter, 2021) and biosphere (Folke, 2021; Brauch, 2021). Great Acceleration may 
be identified as the set of human-driven major social, environmental and technological modifications 
taking place since 1950 (Shoshitaishvili, 2021). This transition is mainly driven by increasing energy 
consumption (Essefi, 2021a) leading to the setting of a new Anthropocene geochemistry and mineral-
ogy (Essefi, 2020, 2021b) representing a serious threat of an apocalyptic scenario (Essefi, 2021c). As a 
geological layer, plastic becomes a “vibrant” memory of the nexus between capitalism and humanism, 
revealing its full political potential. Then, it enters a symbiotic relationship with all biotic and abiotic 
bodies, becoming endo-plastic. Plastic is a witness, by-product and determinant of the Anthropocene 
(Clinci, 2021). In terms of origin, plastic is a by-product of the main source of energy: the petrol. As a 
matter of fact, petroleum derivatives feed with many kinds of plastic (Palos et al., 2021). This may give 
an explanation of the parallel evolution of the Anthropocene setting and energy consumption (Essefi, 
2021a). The environmental issue of plastic pollution is more severe than fragments of plastics damag-
ing the esthetic side of a region. Instead, these big fragments are candidate to form smaller particles of 
less than 5 mm: microplastic. These products have been progressively integrated within terrestrial and 
marine ecosystems (Stubbins et al., 2021). Recent studies (Gkoutselis et al., 2021; Mincer, 2021) argued 
that plastic enhanced the pathogenic effect of some viruses including COVID-19; it is the Anthropo-
cene virology. This chapter aims to investigate the detection of the environmental pollution by plastic 
and microplastic and their effect on human health. In this work, we dealt on a concrete example from 
Tunisia: the Gulf of Gabes.

GULF OF GABES: SOUTHEASTERN TUNISIA: AN 
EXAMPLE OF A PLASTIC POLLUTED REGION

The Gulf of Gabes (GG) or “small Sirte, located in the eastern Mediterranean in south eastern Tunisia; it 
is characterized by a high marine productivity, for this is considered as one of the most important fishing 
zones in Tunisia. In fact, it is the seat of a major fishery and industrial activity that is highly developed 
given the favourable climatic, topographic, geomorphologic and oceanographic conditions. But since 
1972, this gulf is generally influenced by industrial waste. Mainly “chemical group Ghannouch-Gabes” 
located near the commercial port 3 km north of the city of Gabes. The chemical group rejects waste rich 
in organic and inorganic pollutants such as trace metals (cadmium, zinc, lead, mercury ...) and aromatic 
hydrocarbons, which are caused a very important modification of the biotic and abiotic parameters of this 
environment and consequently a variability of coastal marine biodiversity. The Gulf of Gabes has a very 
large continental shelf, which is marked by a relatively gentle slope, a low decline and a missing terrain 
with a network of channels and wadis more important to less important. The particle size characterizes 
by heterogeneity in the spatial distribution of the percentages of the fine and coarse fraction, Indeed, 
their percentages vary respectively between 1 and 40% and between 60 and 99%. In the Gulf of Gabes, 
the tide is among the major and particular hydrological parameters in the Mediterranean (Ben Rouina, 
2016), they are semi-diurnal with significant amplitudes whose maximum is in the south of the gulf 
and decreases on the edges. Its amplitude is the highest in the Mediterranean Sea, with a height of 1.7 
m. In addition, and according to studies carried out by the LCHF in 1958-1959, in the worst conditions 
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the maximum level of tide is between 2.3 and 2.4 m and at the time of the open water high water, it is 
getting the maximum rating at 2.6 m. (Béjaoui et al., 2019). Regarding currents, golf is characterized 
by the presence of three main types of ocean currents, such as low-amplitude coastal currents, surface 
currents and tidal currents determined by wind regimes. The latter are represented by two south-westerly 
dynamics north of the Kerkennah Islands and a current directed towards the southern part of the Gulf 
of wind-generated speeds near the coast are the most intense, generally understood between 0.15 m / s 
and 0.30 m/s. The tidal currents measured during the flow vary between 0.1 and 0.15 m / s, and during 
the ebb tide are of the order of 0.05 m/s. During the 20th century, anthropogenic activities generated an 
increase of 1 mm / year in the level of the oceans. The tide gauge data studied over the period from 1901 
to 2010 show that the average rate of sea level rise is about 1.7 ± 0.2 mm / year. Thus the altimetry data 
studied over the period 1993-2014 shows a sea level rise of 3.2 ± 0.mm / year. More particularly, the 
Gulf of Gabes is among the areas most affected by this rise, even though faster than the world average, 
it is estimated locally at 5.7 mm / year. From a climatic point of view, the Gulf of Gabes is character-
ized by an arid to semi-arid climate, with a low rainfall, with an annual average of 200 mm and a low 
annual average temperature with daily maximum peaks of (41 to 48 °C). The Mediterranean climatic 
regime is due to the displacement in latitude of the great centers of action of the atmosphere related to 
the cosmic mechanism of the seasons bringing during the summer and during the winter Among the 
factors responsible for climate change, the variations of the orbital and solar parameters (insolation and 
solar activity) as well as the volcanism can have a significant influence on the climatic conditions but for 
approximately 200 years the anthropic activities influence the climatic changes by various parameters.

METHODS OF MICROPLASTIC DETECTION

A core was collected throughout the Gulf of Gabes; one at the mouth of wadi 
in the coastal area of Gabes, the study in this area focused on a core 40 cm deep. 
It was collected in the coastal region of the city of Gabes (the mouth of wadi) on July 4th, 2017. Calci-
metric analysis of sediments is an analytical approach not only to enhance the quality of a sample, but 
also a means to trace eustatic and environmental changes in sedimentary basins. There are two meth-
ods of calcimetry, used by several researchers: calcimetry by titration and calcimetry of Bernard. The 
principle of the method used consists of an attack of the rocks by hydrochloric acid (HCl) of relatively 
high concentration. The pH is a complex parameter whose value depends on many factors. The mea-
surement of pH (or hydrogen potential) of a solution is done using a pH-meter and is done with a glass 
electrode. A pH equal to 7 corresponds to a neutral pH, between 0 and 7 at an acidic pH and between 7 
and 14 a basic pH. Conductivity is the measure of the ability of the water to conduct an electrical cur-
rent. Conductivity varies with temperature. It is related to the concentration and nature of the dissolved 
substances. The conductivity of a soil or sediment is a measure of the amount of ions present and could 
dissolve in the presence of water. The mineral salts are good drivers as opposed to the organic matter 
that drives little, in the case of wastewater heavily loaded with organic matter, the conductivity will 
not necessarily give an immediate idea of   the environmental load. On the other hand, in other cases, it 
allows to quickly assess the degree of mineralization of water. The infrared radiation was discovered 
in 1800 by Frederick Wilhelm Hershel, it is a class of spectroscopy that deals with the infrared region 
of electromagnetic spectrum, between the region of the visible spectrum and radio waves. Infrared ra-
diation invisible to the naked eye and located in a wavelength ranges greater than 800 nm. As early as 
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1924 it was found that the energy of the medium infrared radiation coincided with that of the internal 
movement of the molecule, also the relation between the absorption of IR radiation by a molecule and 
its molecular structure is highlighted. Infrared Absorption Spectrometry was proven to be a valuable 
tool for the diagnosis of microplastics in Golf of Gabes (Chouchene et al., 2021) (Fig.1). Polyethelene 
is detected along the bands 2970 cm-1, 2030 cm-1, 1730 cm-1, 1450 cm-1, 1000 cm-1 and 740 cm-1. 
Nylon is detected along the bands 3300 cm-1, 2950 cm-1, 1850 cm-1, 1625 cm-1, 1540 cm-1, 675 cm-1, 
and 560 cm-1. Polypropylene is detected along the bands 2950 cm-1, 2920 cm-1, 2875 cm-1, 2840 cm-
1, 2840 cm-1, 1750 cm-1, 1650 cm-1, 1460 cm-1, 1375 cm-1, 1170 cm-1, 1000 cm-1, 970 cm-1, 850 
cm-1 and 800 cm-1. Polysterene is detected along the bands 3050 cm-1, 3025 cm-1, 2920 cm-1, 2850 
cm-1, 2360 cm-1, 1600 cm-1, 1490 cm-1, 1450 cm-1, 1370 cm-1, 1060 cm-1, 1025 cm-1, 900 cm-1, 
750 cm-1, 700 cm-1, and 550 cm-1.

Figure 1. Geographical location of governorate of Gabes
(Chaabouni et al., 2012)
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RESULTS

Manifestation of Plastic Evasion during the 
Anthropocene and Great Acceleration

Undoubtedly, the Anthropocene is the era of plastic; productions as well as consumptions have dramati-
cally increased from 1950 onwards (Fig.3). The great acceleration of plastic production had started since 
1950 but it has flourished since 1980. Recently, the coronavirus disease (COVID-19) pandemic has led 
to massive fossil fuel-derived plastic production (Gorrasi et al., 2021; Silva et al., 2021).

Figure 2. Detection of microplastics based on FTIR spectrum within the Golf of Gabes (Chouchene et 
al., 2021)
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As concrete manifestation of plastic production and consumption were noticed in many regions around 
the world. As example of these regions, the coastal town of Gabes is evaded by mountains of plastic 
waste dispersed along continental as well as marine systems. As it is indicated (Fig.4), plastic wastes 
are collected within the natural outlet of the region: the sea. Hydrodynamics of this coastal zone makes 
these wastes crowded at the level of the harbor.

Record of the Anthropocene and Great Acceleration

Along the 40 cm core of Golf of Gabes, the Anthropocene and Great Acceleration are marked by a 
radical change in the geochemical record (Fig.5). The pH shows an upward decrease related to a global 
acidification taking place during the Anthropocene (300 yr) and Great Acceleration (70 yr) within water 
bodies in the world. This acidification resulted in calcite dissolution with the depositional environment. 
This dissolution is shown by an upward noticeable decrease of calcite percentage along the core. The 
setting of the Great Acceleration and Anthropocene was detected along some core of Tunisian wetlands 
(Essefi, 2021b,c; Essefi and Hajji, 2021a,b).

Microplastics as Marker of the Anthropocene and Great Acceleration

Infrared Absorption Spectrometry has been proven to be a valuable tool for the diagnosis chemical 
components at the level of core taken from the mouth of the wadi. The diffractograms of the infrared 
spectrum of the samples 1, 3, 6 and 9 respectively at 1cm, 3cm, 6cm and 9cm depth of the core G1 

Figure 3. Great acceleration of plastic production
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Figure 4. Accumulation of the plastic wastes at the level of Gabes harbor

Figure 5. Setting of the Anthropocene and Great Acceleration conditions in the coast of Gabes, south-
eastern Tunisia
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of the coastal area of Gabes clearly shows bands of remarkable absorbance (Fig.2) Wide and intense 
absorption bands centered around the wave number 1460 cm-1 and 670 cm-1 related to polypropylene. 
Thin and intense bands centered on the wave number 2360 1060 also a thin and a weak band at related to 
polysterene. Other minor harmonic are present at the bands 1750, 3650, and 3737 cm-1. From the results 
obtained we can identify the different constituents of the first 9 cm of our core. Indeed the identifica-
tion of calcium or calcium carbonate (CaCO3) is verified by the C-O elongation of the carbonate group 
(1460 and 875 cm-1). Gypsum (CaSO4.2 H2O) is verified on the one hand by the modes of SO sulphate 
SO4

2- (670 cm-1) elongation vibrations and on the other hand by the characteristic bands of constitutive 
water (3650 and 3737 cm-1). In practice, carbon dioxide also has absorption at 2349 cm-1, which is often 
observed on spectra using air as a reference medium due to poor compensation.

Based on the carbonate percentage, pH and the infrared spectroscopy, we have been able to set the 
Holocene-Anthropocene limit. The values of carbonate percentage show an upward increase to an in-
creasing sedimentary flux during the Anthropocene.

DISCUSSION: ENVIRONMENTAL AND HEALTH IMPACT

Big plastic fragments are obviously worldwide dispersed within marine as well as continental envi-
ronments. The degradation of these particles takes long period of time; they persist within terrestrial 
ecosystems. In addition, they are subdivided into small (less than 5 mm) particles: microplastic. These 
microplastics are integrated within terrestrial ecosystems. In terms on analytical procedure, they may be 
extracted according to the protocol. Recently Abidli et al. (2021) investigated microplastic contamination 

Figure 6. Diffractogram infrared spectrum of samples 1, 3, 6 and 9 of core G1 of Gabes
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within in the gastrointestinal tract of two commercial fish species from two lagoons in northern Tunisia: 
the lagoon of Bizerte and the lagoon of Ghar El Melh. Isolated microplastics appeared in a variety of 
coloured types, such as fibres> fragments> films and were identified as Polypropylene and Polyethyl-
ene polymers by FTIR-ATR analysis. The obtained results indicate the growing threat that affects the 
two sampling sites. On the other hand, southeastern Tunisia, the pollution level, the type, occurrence, 
and distribution of MPs in sediments from the southwestern Kerkennah archipelago, were investigated 
(Chouchene et al., 2021). This study showed that plastics and microplastics were, which emphasized that 
their extensive distribution throughout three lines by an average abundance of “MPs” was 611 items/m2. 
Microplastic (MP) is a pervasive pollutant colonised by diverse groups of microbes, including potentially 
pathogenic species. However, despite their impact as pathogens and affinity for plastics, fungi have been 
largely neglected. Recently, to unravel the role of MP as a carrier of fungal pathogens in terrestrial eco-
systems and the immediate human environment, epiplastic mycobiomes from municipal plastic waste 
from Kenya were deciphered. It was proven that the terrestrial plastisphere is a suitable ecological niche 
for a variety of fungal organisms, including important animal and plant pathogens, which formed the 
plastisphere core mycobiome. MPs serve as selective artificial microhabitats that not only attract distinct 
fungal communities, but also accumulate certain opportunistic human pathogens, such as cryptococcal 
and Phoma-like species. Therefore, MP must be regarded a persistent reservoir and potential vector 
for fungal pathogens in soil environments. In face of the worldwide increasing amount of plastic waste 
in marine and continental ecosystems, a special care should be given to this interrelation with severe 
consequences of the fungal epidemiology appearing during the Anthropocene and flourishing during 
the Great Acceleration on a global scale.

From environmental viewpoint, the increased population during the Anthropocene and Great Ac-
celeration leading to further plastic consumption resulted in an obvious environment pollution, which 
is evident in the decline of the natural environment (Singh et al., 2021), mortality of aquatic organisms 
(Lehtiniemi et al., 2021; Vazquez, & Rahman, 2021). In third world countries such as Tunisia, plastic 
waste causes the blockage of sewage systems (Hussein et al., 2021); such phenomena resulted in breeding 
grounds for mosquitoes and other disease-causing vectors as well as foul odours (Banu, 2021), reduced 
aeration and water percolation (Busman et al., 2021), causing reduced productivity in agricultural lands 
(Sarıdaş et al., 2021; Amare, & Desta, 2021). In terms of health impact, plastic polymers are considered 
harmless to human health with little risk (Halden et al., 2021). Most of the plastic additives have been 
proven as endocrine disruptors Chakraborty et al., 2022) and carcinogens (Alimba et al., 2021). Linked 
to dermatitis, these chemicals harm humans primarily through skin contact, ingestion and inhalation 
(Ahrensbøll‐Friis et al., 2021). Microplastics are vital toxins that can form complexes in the food chain 
after being consumed by a variety of marine and freshwater life, resulting in a variety of health problems 
(Lehel & Murphy, 2021; Ahmad & Wankhade, 2022). Biomonitoring investigations on human tissues have 
indicated that plastic elements are found in the human species (Bousoumah et al., 2021). Some plastic 
particles circulate from the stomach to the lymphatic and circulatory systems (Davis, Rubin, 2021), lead-
ing hence to so-called plastic bronchitis which is affecting even children (Pałyga-Bysiecka et al., 2022). 
Other particles pass through cell tissues, the blood-brain barrier and the placenta (Braun et al., 2021).
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CONCLUSION

Plastic and microplastic are considered as real threat for the environment and human health. Recent 
statistics showed an increase of plastic production and consumption. This increase is obviously noticed 
in many sites and they are hardly degradable. The danger of these products becomes certain with their 
fragmentation towards microplastic, which are progressively integrated within terrestrial ecosystems. 
They may be detected within sediment based on infrared spectroscopy. Within animal species, micro-
plastics are found in their gastrointestinal tracts. In terms of environmental damage, plastic consumption 
resulted in obvious environment pollution, which is recorded in some features including mortality of 
aquatic organisms. In addition, plastic waste causes the blockage of sewage systems leading to the breed-
ing grounds for mosquitoes and foul odours. Plastic additives have been proven as endocrine disruptors 
and carcinogens. Linked to dermatitis, these chemicals harm humans primarily through skin contact, 
ingestion and inhalation.
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