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1.1. Plastic production and waste management 

Plastic materials, substances made of synthetic polymers and additives, were 

firstly invented at the beginning of the twentieth century while their 

production and omnipresent usage exploded in the 1950s [1,2]. In 2021, the 

global annual production of plastics was estimated to be 391Mt of plastics 

produced [3,4], with further growth foreseen in the coming years [5,6]. Due 

to their unique properties, such as light weight, durability and low 

production costs, these materials have become indispensable [7]. Until now, 

plastics have found multiple and versatile applications, from packaging, to 

construction, to automotive, to textiles and to countless others.  

Most of the plastics produced worldwide (99.5%) are made of fossil-based 

polymers [8]. Major commercial polymers are: polyethylene (PE, low- and 

high-density, 27%), polypropylene (PP, 19%), polyvinyl chloride (PVC, 

13%), polyethylene terephthalate (PET, 6%), polyurethanes (PU, 6%) and 

polystyrene (PS, 5%) [3]. These numbers do not include production of 

synthetic fibers (mostly nylon/polyamide (PA) and polyester (PET)), which 

accounted for 72 Mt in 2021 [9]. Of the millions tonnes of plastics, only 9% 

percent is recycled worldwide [2,4]. 22% is mismanaged, while the rest is 

either landfilled (49%) or incinerated (19%) [4]. Plastic products leak to the 

environment due to mismanagement but also wear and tear, where the 

natural factors, such as wind, sunlight and microbial interactions lead to their 

gradual degradation and fragmentation to micro- and nanoplastics (MNPs) 

[7,10]. 

1.2. Presence of plastic particles in the environment 

In 1960, thus less than a decade after the beginning of the plastic boom, 

already small rubber pieces were found in puffins’ stomachs [11]. A decade 

later, J.B. Buchanan reported the presence of colorful fibres in coastal 

marine water in Great Britain, apparently stemming from synthetic fishing 

nets [12]. Already then, a concern about their persistence and accumulation 

was expressed [12], though at that time it did not get significant attention. 

Only a year later, Carpenter et al. described polystyrene spheres of sizes 

between 0.1 and 2 mm, occurring in the coastal waters in northern USA [13], 

and plastic particles from 2.5 to 5 mm were identified in the Sargasso Sea 

[14]. Again, the findings were found worrisome, this time for their potential 

to block fish intestines and as a suggested source of polychlorinated 

biphenyls due to leakage of plasticizers during weathering; on the other 

hand, adsorption of polychlorinated biphenyls from the seawater was also 

considered. Appearance of biofilm growing on the surface of the particles 

was reported [13,14]. Presence of accumulating plastic litter and small 

plastic particles in seawater was further reported throughout the 1970s, 
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1980s and 1990s. The reports caught no significant attention [7]. A 

breakthrough only came in 2004, when the first article coining the term 

“microplastic” appeared [15], marking a start for an explosion of 

microplastic research. In 2008, the European Parliament issued the Marine 

Strategy Framework Directive, in which marine litter was mentioned as one 

of the descriptors determining good environmental status [16], which also 

stimulated further studies. In the following years, interest in microplastic 

presence gradually expanded from the marine environment to freshwaters 

[17–22], snow [23], air [23–26], food [27–29] and human tissues [30–32]. In 

all these compartments plastic particles have been found, meaning the 

contamination of the environment is virtually omnipresent.  

In 2008, microplastics were defined as plastic particles smaller than 5 mm 

[33]. Soon, however, it became obvious that way smaller plastic particles are 

also polluting the environment, bringing up the need for formulating the 

problem of nanoplastics. [7,34,35] Nanoplastics were formally defined as 

plastic particles of sizes 1-1000 nm, produced unintentionally (i.e., resulting 

from degradation of larger plastics) and presenting colloidal behaviour [36]. 

Over the years, however, different definitions and naming conventions for 

plastic debris [7,37–39] and, especially, for nanoplastics were proposed [40–

43]. The lower size limit was sometimes defined based on the capabilities 

and limitations of the available sampling and analysis protocols [40]. 

Independent on the classification chosen, plastic particles resulting from 

degradation of plastic litter present a broad size continuum, with the smaller 

particles generally considered more harmful [41]. Now in 2025, the hazards 

and environmental fate of the smallest plastic debris remain not fully 

understood. In this thesis, the common and simple definitions are used: 

microplastics (MPs) and nanoplastics (NPs) are plastic particles smaller than 

5 mm and 1 μm, respectively [44–46].    
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Fig. 1.1. Growing research interest in micro- and nanoplastics over time, papers with 

given keywords limited to the field of environmental science 

1.3. Nanoplastics fate in the environment 

1.3.1. NP sources in the environment 

NPs of primary origin are those produced in the nanometer size range, e.g. 

particles in personal care products or laboratory standards [45,47,48]. 

However, much more common are the secondary NPs, i.e., particles 

resulting from degradation of larger plastic pieces [45,49]. One of the 

previous NP definitions even names the secondary origin as a prerequisite to 

be classified as such [36]. Therefore, sources of NPs in the environment are 

directly in line with sources of MPs, with which they form one broad size 

continuum [41].  

1.3.2. Plastic fragmentation 

Mostly a simplified scenario is considered, in which microplastic litter is 

fragmented into MPs, which are further degraded into NPs [7,35,48]. 

However, a direct release of NPs from plastic material has also been shown 

[34]. To this adds MNP release from plastic products in their earlier stages of 

life cycle, i.e., during production and usage.   

Degradation mechanisms leading to MNP formation are classified as biotic 

(degradation caused by microbial activity [7]; multicellular organisms have 
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also been reported to play a role here [50]) and abiotic (degradation due to 

the mechanical wear, UV exposure, chemical processes or temperature [7]) 

[10,51]. Among these, sunlight, microorganisms and mechanical abrasion are 

the most relevant in the context of forming MNPs in the environment 

[7,10,45,52]. Degradation of plastics may be studied from a macroscopic 

perspective, by observing changes in such properties as mass, color or 

brittleness upon degrading conditions [53–55]. These experiments provide 

useful insights in both environmental and industrial contexts, however, they 

do not allow observation of MNP formation and will thus not be discussed 

here.   

Formation of NPs has mostly been studied in simple aqueous environments, 

though NP release in dry conditions has also been reported [56–58] and 

presence of MNPs in soil is also certain [59]. The design of such studies is 

not straightforward, as, on the one hand, plastic durability prevents 

observation of degradation in environmental conditions in practically 

feasible time [60], while on the other hand, the identification and 

quantification techniques for NPs are still in its infancy and  mostly do not 

work reliably for complex matrices, which interfere in the analysis (see 

Chapter 2). Existing studies propose varying approaches and are thus not 

directly comparable.  

Among the starting materials for the NP formation studies are macro- and 

microplastics, either pristine [34,61–63], pre-degraded [64] or collected from 

the environment [35,65]. The conditions applied include ultraviolet 

radiation, temperature varying from 20⸰C to 50⸰C, and stirring. Broad size 

distributions of the released NPs are mostly reported [35,61,62,64,65]. 

Although most often particles of a few hundred nanometres are formed, 

particles between 3 nm [35] and several micrometers [62,65] were observed, 

proving that plastic fragmentation leads to a continuous size distribution. 

Moreover, even larger nanoplastics (100 nm and 520 nm) have been shown 

to decrease in size under the influence of ultraviolet radiation to 80 nm and 

250 nm, respectively [60]. Fragmentation in the environment leads to change 

in particle properties beyond size, such as shape, surface functional groups 

and, as a result, surface charge and hydrophobicity [22]. These, in turn, 

influence further fate (e.g. transport) of the particles.  

1.3.3. NP transport 

Since fragmentation occurs constantly, NPs appear in high concentrations 

around one hotspot only initially, as due to their small size, they are prone to 

be transported. On one hand, due to their light weight and prevalence of 

Brownian motion, settling in water (or air) column is slower than in case of 

MPs [66]. On the other hand, multiple forces (e.g. waves, ocean currents, 
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tides, wind) promote particle transport [67,68], explaining findings of NPs 

even in extremely remote areas of the globe [69,70]. MNPs emission and 

deposition between aqueous, terrestrial and atmospheric compartments has 

been shown [23,69,71–74]. Complex MP transport pathways have been 

suggested [59], however, the NP migration between compartments is both a 

less studied and probably a more elaborate issue. 

1.3.4. Aggregation and biofilm formation 

When in contact with naturally present substances, MNPs tend to interact 

[48,59,75]. Large molecules, such as proteins or lipids, form a so-called 

corona on particle surface [22,48]. Natural particles may form aggregates 

with MNPs [22] and interactions with microbiota have also been described 

[76]. Moreover, due to their larger surface-to-volume ratio, the importance of 

the surface interactions is more pronounced for nano- than for microplastics 

[66,75,77,78]. 

Though aggregation processes may occur both between particles of the same 

species (homoaggregation) or between different species (heteroaggregation), 

in the context of the environmental fate of non-natural particles the latter is 

of higher relevance due to the large amounts of natural colloids present in 

the environment [79]. Heteroaggregation with natural organic and inorganic 

matter has been discussed in the literature with several mechanisms 

proposed [75,80,81]. Aggregation of NPs follows the Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory [22], which states that particle 

aggregation depends on the equilibrium between repulsion forces and van 

der Waals attraction [82–84]. The probability of two particles aggregating is 

influenced by the distance between them, their size, surface charge and ionic 

strength of the medium [85]. That means that NP aggregation in the 

environment occurs differently e.g. in fresh- and seawater. 

MPs attract a wide range of organisms, both single- and multicellular, which 

form a diverse biofilm on the particle surface, known as plastisphere [76,86–

88] and its total biomass is thought to be substantial [87]. The biofilm 

composition, which includes multiple taxa, differs depending on the 

substrate [87,89] and changes throughout the development of the 

plastisphere [90]. The surface modifications, including biofilm formation, 

may change particle density to the point that the initial properties (mainly 

density) do not matter for the environmental fate [54,68,91]. For example, 

particles of polymers with lower density than that of water may indeed settle 

[87,92] and have been found in the sediments [67]. The changing surface of 

the particles, or even formation of conglomerates in which MNPs form a 

minor constituent compared to the amount of organic matter, is likely to 

further promote unexpected transport, aggregation and deposition 
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phenomena [66,82], further complicating the complete picture of MNP fate 

in the environment [77,78].  

1.4. Exposure to MNPs 

With the virtual omnipresence of plastic particles in the environment, the 

concerns about human exposure to MNPs have been raised. Conventionally, 

three main pathways of exposure to environmental contaminants are named, 

namely the inhalation, ingestion and skin contact [93,94]. As skin is a solid 

structure compared to particles of sub-micrometer size range, the dermal 

route is thought to be negligible. On the other hand, the importance of 

inhalation of airborne MNPs and oral ingestion of MNPs present in food and 

drinking water, has gained more attention [23]. The MP exposure through 

inhalation has been estimated to be 0.04-195 MPs/kg bw/day [95], with more 

MPs being inhaled indoors than outdoors (0-21.3 MPs/kg bw/day). Other 

estimations include 0.03-1.78 [96], 0-1170 [97], 1.89-2.43 [29] and 0.06-

18.6∙108 [98] MPs/kg bw/day. Inclusion of NPs in the estimations is not yet 

possible due to the scarcity of data. The MNPs in air may originate from 

textiles and furniture, among others, as well as from the road transport (tyre 

wear particles) [95,97].  

MP exposure via the oral ingestion has also been estimated., to 1.51-2.03 

[29], 13.5-221 [95], 1.4∙10-4-7.19∙104 [98] MPs/kg bw/day. Here, however, 

calculations are more difficult, as usually the estimations are performed by 

summing up MP concentrations in different food samples (multiplied by 

average consumption rates), while most studies in the field report MPs in 

drinking water, seafood and salt. Therefore, some underreported food types 

are excluded. Similarly to inhalatory route, NPs are currently excluded as 

very few reports on NP presence in food and drinks are available [99–102]. 

The sources of MNPs in food are diverse. Food packaging is one of them 

[103], as wide use of plastic packages and bottles inevitably leads to MNP 

formation and transport to food. Sea bivalves, such as mussels, are 

particularly well studied as they are expected to take in and store high 

numbers of MNPs due to their filter-feeding behaviour [87]. However, due to 

the intricate fate of MNPs in the environment, including wide-range 

transport (see Chapter 1.3), plastic particles may move across the whole food 

network. That would explain findings of MPs in milk [104,105], meat 

[106,107] or fish [108–110]. Furthermore, MNP presence in soil and in air 

lead to transport (through the root uptake [111] and atmospheric deposition 

on leaves and/or fruit [72,73]) and accumulation of plastic particles in edible 

parts of plants. This might have been the way through which MPs entered 

fruit and vegetable samples [112–114].  
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While estimating exposure is difficult, evaluating MNP fate after penetrating 

human organism brings in a new level of difficulties and reliable data is 

therefore fragmentary [115]. Both in vivo studies on animals and findings of 

plastic particles in human body and body fluids point at partial transport of 

MNPs across different organs [115]. Considering the MNP propensity to 

interact with organic substances, including human proteins [116,117] and 

lipids [118], after intake into human body MNPs are highly probable to 

undergo such interactions, which might change their properties, including 

the ability to cross cellular membranes [119,120]. Therefore, to fully 

understand the complex phenomena influencing MNP toxicity after intake, 

in vitro studies are needed. Such studies may be based on cellular cultures or 

(simulated) body fluids. For example, in artificial lung fluid NP aggregation 

too MP size-range was observed [121]. Similarly, in artificial gastrointestinal 

fluids, NPs also aggregate, though the particle properties influence the 

process [122,123]. Due to technical limitations, similar studies currently 

remain fragmentary. 

1.5. Toxicological effects of micro- and nanoplastics 

The quick development of the MNP research field is justified by the 

emerging information on their detrimental effects on living organisms. The 

hazard as posed by MNPs may be pronounced on both ecological and human 

health levels [30,124]. While large plastic debris may cause entanglement of 

larger animals, with the decrease in size, the particle toxicity becomes more 

prevalent. For example, food dilution, i.e., a false satiation feeling and 

resulting undernutrition of animals may stem from erroneous ingestion of 

small plastic particles [124,125]. After ingestion or dermal penetration, 

biological effects, such as promoting inflammations, enhancing viral 

infections, oxidative stress and decreasing growth, may appear [115,124–

127]. It must be noted, however, that due to technical challenges in analysis 

(see Chapter 1.5), the specific mechanisms of MNP toxicity remain arguable 

[127]. In the case of NPs, their hazards to biological systems seem to be the 

most serious. Due to their size, they have been shown to penetrate biological 

barriers, such as cell membranes, quite easily [48,120,128,129]. Crossing the 

blood-brain barrier has also been mentioned [115,130]. Reports of NP 

residing in the gut and influencing the gut microbiome are also known 

[131,132]. Biochemical effects of NPs have been observed, such as 

production of reactive oxygen species or altering enzyme/hormone secretion, 

metabolic pathways and gene expression [129–131,133]. In plants, NPs have 

been shown to enter and translocate among organs, enter the cell nucleus and 

induce cyto- and genotoxicity [111,134].   MNPs have been found in various 

human tissues [115,135], such as liver [136,137], lungs [138,139], brain 

[137,140], heart [141] and colon [142]. MNPs presence in blood 
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[141,143,144] confirms the translocation of particles among organs. Finally, 

MNPs have also been found in human placenta [137,145–148], meconium 

and breast milk [146], undermining the parental transfer of MNPs at a very 

early stage of life. A relationship between MNPs presence in the organism 

and adverse health effects have been suggested [149–151], such as 

neurodegenerative diseases [152], immune response, carcinogenicity [153] 

or cardiovascular system abnormalities [48,149,154]. While in vivo studies 

on MNPs influence on humans are obviously missing, and epidemiological 

papers are still scarce, the abovementioned reports corroborate the 

importance of the development of the MNPs field.  

On the systemic level, MPs have been widely suggested to sorb a variety of 

hazardous chemicals polluting the environment, thus facilitating their 

transport and organism penetration [54,155]. Furthermore, besides the 

polymeric backbone, commercial plastics often include additives, whose 

function is to enhance material properties or decrease the production costs 

[48,156]. During degradation into particles, these additives leak out, 

contributing to the total chemical pollution [48,54,130]. The potential of 

plastisphere including antibiotic resistant bacteria and thus of MPs 

promoting the spread of antibiotic resistance has been suggested [157,158], 

moreover, biofouled MPs move along the food net [159] 

MPs are also thought to negatively affect animal reproduction [125,127] and 

to change bacterial communities residing in the plastisphere, leading to 

changes in biodiversity of the microorganisms [160,161]. Formation of 

biofilm on MPs leads to a considerable lifestyle change among the microbes 

and the resulting modifications in their gene expression [87]. It must be 

noted that the MNP contamination can be transferred with food to higher 

trophic levels [30,130,131]. MPs have been found to exert effects on soil 

physical, chemical and microbial properties, though not all of them were 

negative [162]. Furthermore, MPs influence carbon transport in the oceans, 

influencing the whole oceanic ecosystem [160]. A connection between MNP 

pollution and increased formation of greenhouse gases (including CO2, N2O, 

CH4) and thus promoting global climate change has been found [160,161]. 

The direct measurements of adverse effects of MNPs on the individuals and 

the ecosystems are limited by accessible analytical techniques [30,131,151]. 

Therefore, the further development of MNP identification, characterization 

and quantification is urgently needed not only for assessing the spread of the 

pollution, but also for evaluation of its effects. 
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1.6. Challenges in nanoplastics analysis 

Identification, characterization and quantification of NPs in complex 

environmental samples is considered extremely challenging on multiple 

levels. 

Firstly, due to their extreme heterogeneity, MNPs are not one analyte in 

itself, they should be rather perceived as a broad class of analytes [155]. 

Here, a wide variety of such characteristics is meant, as particles size, 

polymer chemistry, additives, shape, surface, density and degree of 

degradation [10,36,45,46,163]. These characteristics depend on the origin 

and the degradation pathway of the specific particle as well as on the 

environmental conditions, e.g. pH, salinity, or sunlight exposure [36,77]. As 

for the NPs this pathway is usually longer and more complex, it is 

reasonable to expect them to exhibit even more diversity than larger MPs. 

Due to the extreme variety of plastic particle sources and environments, to 

which they are released, all of the previously mentioned NP properties form 

continuous distributions. Ideal analytical approaches to characterize NPs 

should thus cover this whole multidimensional space of analytes [45]. It is 

self-explicable that no single analytical technique currently known allows to 

observe all these particle properties. It is therefore presumed that to analyse 

NPs, more-than-one-dimensional approaches are needed [45,46,77,164]. 

Secondly, once a new analytical workflow is proposed, its performance 

needs to be quantitatively validated in terms of possibilities and limitations 

(e.g., by defining detection and quantification limits, measurable size ranges, 

etc.). This needs to be done using standard reference materials, resembling 

the target analyte to the highest degree possible [45,165]. However, with 

such a heterogeneity of environmental NPs [75,163], even unambigous 

definition of NPs is challenging. Further on, a reference material that would 

be relevant in terms of size, chemistry, shape and surface is extremely 

challenging due to NP heterogeneity and no such material has been 

standardized for NP studies [22,46,166]. Instead, commercially available 

polymeric (mostly PS) microspheres are often used, whose size is close to 

monodisperse, shape is (most often) spherical and surface is smooth 

[36,165]. These particles, though easy to manufacture and use, are not 

relevant to the environmental NPs [36,75,165]. 

Standardization is not only an issue of reference materials but of other 

aspects of MNP analysis as well [39,124]. Though widely called for, 

standardized methods have not been developed yet [130]. For MPs, a general 

approach, encompassing digestion of the sample matrix, size 

characterization by microscopy and polymer identification by spectroscopy 

(Fourier Transform Infrared Spectroscopy, FTIR, or Raman) has gained 
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popularity and was even included as part of a framework for evaluating MP 

study quality [17]. Alternatively, pyrolysis-gas chromatography-mass 

spectrometry (Py-GC-MS) is a popular tool for chemical mass quantification 

of MPs. The lack of comparability between studies is then pronounced on a 

more detailed level, e.g., in a different size cut-off of sampling technologies, 

different size classes of particles counted, different polymers reported and 

varying sample treatment protocols, etc. [115,167,168]. These parameters, as 

well as the method-specific details, e.g. the accepted rate of match between 

sample and reference spectra for Raman or FTIR, the number of particles 

identified, etc., remain left to the decision of a specific laboratory, though 

some guidelines appear in the literature as the field develops [28]. MP 

studies are thus in need for harmonization of results stemming from varying 

application mode of the generally accepted golden standards, though fully 

novel approaches are still developed and reported [169–172]. Moreover, 

statistical approaches for comparison of data acquired by different protocols 

have been introduced [168]. 

In contrast to MP, NP analysis is still in the phase of searching for any 

generally accepted approaches, while novel techniques are proposed 

[46,77,172–178]. Different approaches (inductively coupled plasma-mass 

spectrometry, ICP-MS, for metal-labelled particles, dynamic light scattering, 

DLS, nanoparticle tracking analysis, NTA, enhanced Raman spectroscopy, 

and thermal degradation techniques) together with their applicability and 

limitations are widely described in Chapter 2, therefore here the focus is 

rather on the nature of the challenges in NP analysis. To this end, the particle 

size is the first restraint. Because of their size, NP cannot be analyzed by 

(micro-)FTIR due to its too high size-related detection limit of 10-20 μm 

[45,77,167,179]. (micro-)Raman, though having a better size resolution 

[45,167,179,180], still does not cover the NP size range fully. While different 

size measurement techniques developed in nanomaterials field have been 

proposed, such as field-flow fractionation (FFF), flow cytometry NTA and 

different light scattering techniques (dynamic, DLS, static, SLS, multi-angle, 

MALS), they have all shown their respective imperfections [77,181,182], of 

which differing measurable size ranges, concentration-wise detection limits, 

low resolution, result dependence on the particle shape and impossibility of 

differentiation between synthetic and natural colloids can be named 

[45,46,77,78,181,183].  

Due to the latter, chemical identification (by another instrument) of the 

previously sized species is indispensable in NP analysis [45]. As explained in 

Chapter 2, here, only mass-based analysis has so far been shown successful. 

Since destructive mass-based analysis is not influenced by the particle sizes, 

attempts to apply techniques previously validated for MPs (e.g. Py-GC-MS), 
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are natural. However, with the decrease in size, the polymer mass of a 

particle decreases as well [182]. Therefore, for NPs, the overall mass of the 

analyte is often on the lower end of the instrumental capabilities and 

reaching the detection and quantification limits becomes a serious challenge 

[45,78,181–184]. To overcome this, sample preparation must include particle 

preconcentration, whose effectiveness should increase with decrease in 

targeted particle size [22,45,48,183,184].  

Here, as well, there is no standard approach, though some techniques (dead-

end ultrafiltration, crossflow ultrafiltration, ultracentrifugation, cloud point 

extraction) have been suggested [78,163,181,183,185–187]. On the other 

hand, in the natural environment NPs may be only a minor mass constituent 

in a plastic-organic matter aggregate [66]. The sample matrix is then an 

extreme challenge, adding sample cleanup as an additional requirement for 

most [45,167,182]. Each pretreatment protocol, however, should be 

validated, which leads back to the issue of lack of relevant standard 

reference materials. When using available proxies, the difficulties in 

pretreatment of samples containing such small particles have been shown. 

These may include relatively low recoveries, often in the range 50-70% 

[163,183,185] or physical difficulties with filtration [185]. In some studies, 

different techniques have been proven to be fit-for purpose for analysis of 

polymeric particles in the size range corresponding to NPs but without any 

sample matrix [46,77,183]. 

Considering all the abovementioned challenges, it is not surprising that in a 

quality-assessment framework, for MPs multiple conditions are outlined, 

while for NPs only reporting of the analytical methods is required [28]. The 

lack of reliable and robust protocols for comprehensive NP analysis remains 

an unresolved issue and hampers realistic evaluation of the extent of NP 

pollution [130,183], which relies largely on modelling and fate studies rather 

than on solid environmental data. 

Plastic omnipresence results in an ease of unintentional sample 

contamination during the laboratory procedures, e.g. from the air, clothing of 

the researcher, solvents used (including water) or utensils. The consequence 

is then obviously a false positive result. Multiple mitigation strategies have 

been thus proposed, as to the clean air conditions (with the use of laminar 

flow cabinets advised when possible), clothing (cotton lab coats and nitrile 

gloves are suggested), avoidance of any plasticware, cleaning of surfaces 

and glassware, keeping the samples covered whenever not used and carrying 

out multiple negative controls on each stage of the experiments 

[28,48,167,188]. Still, MP presence is sometimes reported in the blanks 

[189]. Conducting high-quality research in such conditions is practically 
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extremely challenging, especially as the quality contamination mitigation 

measures are not universally standardized either. 

Amid all the above-mentioned difficulties, some approaches for NP 

quantification have been proposed. For example, adoption of inductively 

coupled plasma-mass spectrometry (ICP-MS) for NPs by labelling them with 

a metal tracer has been described [111,175,190–193]. Metals can be easily 

analyzed by ICP-MS and the single-particle mode enables distinguishing 

between dissolved and particulate form. In this approach, however, a 

complete and selective labelling of NPs is required to avoid false positives 

and/or negatives. Therefore, this approach has mainly been applied in fate 

studies rather than for quantification of actual NP presence in the 

environment. Similarly, any other technique appropriate for the tracer can be 

used, e.g., X-ray fluorescence imaging (XFI), and imaging mass cytometry 

(IMC) [191] or FFF-ICP-MS [190]. In turn, DLS and NTA are based on light 

scattering and Brownian motions. Though they are mainly used for size 

measurements, some ways of deriving number concentrations have been 

proposed [194]. The analysis is straightforward and simple, however, no 

polymer identification is possible and broad size distributions bias the results 

[195]. Similarly, a size-based separation technique, FFF-MALS, successful 

in size measurements [173,196], has been suggested as a mean to derive 

particle number concentrations [197], however, the limiting assumptions of 

this method render it practically ineffective for NP quantification. Another 

approach pursues decrease of the size-related low detection limit of Raman 

spectroscopy by enhancing the signals. A special substrate amplifies the 

signal, making surface-enhanced Raman spectroscopy (SERS) capable of 

identifying particles smaller than 1 μm [198,199]. However, signals can 

again be biased by broad size distributions of the sample and the 

development of an effective substrate requires separate experiments 

[198,200].  

1.7. Confirmed presence of NPs in the environment 

The previously mentioned challenges explain to some degree the scarcity of 

data concerning actual occurrence of NPs in the environment [45,186]. 

Similarly to MPs, NPs have firstly been found in the marine environment. 

Ter Halle et al. showed presence of PS, PVC, PET and PE particles smaller 

than 1.2 μm in the North Atlantic subtropical gyre by employing filtration 

and Py-GC-MS, with no directly usable quantified data reported [78]. DLS 

measurements were also attempted though with limited success [78]. It was 

only recently that NPs in the ocean were analyzed again, though in more 

details [184,201]. Water samples collected across the Atlantic, from the 

North Atlantic subtropical gyre to the European coasts, on different water 
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depths were subjected to thermal desorption-proton transfer reaction-mass 

spectrometry (TD-PTR-MS). The total NPs concentration ranged from 

5.3 μg/L at the depth of 30 m above the seafloor to 25.0 μg/L at the coast. 

The most abundant polymers were PVC, PET and PS [201]. PET, PS and 

nylon NPs were also detected in the Atlantic, close to the American coast, 

with the use of SERS preceded by shrinking surface bubble depositions 

(SSBD) [184]. Meanwhile, NP presence in other marine environments has 

been reported as well. On average, 4.2 μg/L of PS NPs <200 nm were 

quantified in water from the Wadden Sea (Netherlands) by TD-PTR-MS 

[202]. 

Most reports of NP presence consider freshwater. For example, DLS and Py-

GC-MS were also used for identification of NPs in surface river water and 

groundwater along the Fuhe River (Jiangxi, China) [186]. Particles were 

found to constitute a continuous size distribution with the majority of NPs 

ranging from 200 to 800 nm. The NPs found were more abundant in surface 

water than in ground water and their polymeric identity roughly followed the 

production trends, with PE and PP most abundant, followed by PET, PS, 

PVC and PMMA in total concentrations of 0.02-0.8 μg/L, [186]. Focusing 

on the mass concentrations entirely and thus excluding size measurements, 

NPs were analyzed along the Pearl River (Guangdong, China) [203]. 

Particles <700 nm were found in concentrations from tens to a 

thousand μg/L along the river, with the PS, PVC and PA66 being the most 

commonly identified polymers, followed by PES, PMMA and PE [203]. Py-

GC-MS also proved useful in analysis of small MPs (1-100 μm) and NPs 

(<1 μm, separated by filtration) collected from the Taihu Lake (Jiangsu, 

China) [204]. Total NP concentrations were in range 88-305 μg/L, with the 

major polymer abundance of PVC, followed by PET, PE, PP, PMMA and PS 

[204].  

Other than in surface water, wastewater has also gained attention in the NP-

related studies. Water samples, both untreated and after each of the three 

treatment stages were analyzed by Py-GC-MS, originating from two 

anonymous wastewater treatment plants in China [205]. PE and PP, followed 

by PET, PS and PMMA NPs were found in untreated wastewater, summing 

up to approx. 0.6-4.7 μg/L [205]. NPs were also identified in treated and 

untreated Australian wastewater, as well as in surface water and potable 

water [163]. A laser diffraction particle sizer was employed to observe 

particle size distributions from 100 to 930 nm, with average sizes in potable 

water (200-300 nm) generally lower than in environmental water samples 

(300-800 nm). Between 0.2 and 3.2 μg/L of NPs were quantified, with the 

highest masses found in untreated wastewater (2.8-3.2 μg/L) and the lowest 

in bottled drinking water (0.21-0.46 μg/L). PE, PP and PET were among the 
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most common polymers in untreated wastewater, followed by PS, PMMA 

and PA [163].  

One of the early reported matrices, in which NPs were identified, was not, 

however, water but snow [177]. In 2020, PET NPs <200 nm were found in 

snow collected in the Alps (Austria) in quantities ranging from 4.6 to 

23.6 μg//L. For this, TD-PTR-MS was applied [177]. Great interest was 

sparked by a report of NP presence in ice from remote areas in Greenland 

and Antarctica [206]. Particles <200 nm were found in Greenlandic ice at 

average total concentration of 13.2 μg/L with PE being the most abundant 

polymer, followed by PET, PS, PVC and PP. Antarctic ice proved more 

contaminated, with 37.7-67.0 μg/L NPs identified at different depths. Again, 

PE was the most common polymer, however, the other polymers observed 

were PP and PET [206].  

Soil remains poorly investigated for NP occurrence. One study has shown 

NP presence in agricultural soil from central France [196]. AF4-MALS was 

used to estimate the sizes of particles <800 nm. The size distribution proved 

to cover the range 20-150 nm. PE, PS and PVC polymers were identified by 

Py-GC-MS but not quantified [196]. 0.16-0.73 μg/g PS NPs were found in 

soil collected in two areas of China (Hangzhou and Guangzhou) [207]. 

Quantification was performed by Py-GC-MS but other polymers were not 

targeted [207]. 

Table 1.1. Previous studies reporting NPs in environmental samples 

Matrix Polymers 

detected, 

concentration 

Identification 

technique 

Measured 

diameter 

range 

Sizing 

technique 

Ref. 

Ocean water 

(North 

Atlantic 

Subtropical 

Gyre) 

PVC, PS, PE, 

PET 

Py-GC-MS <1.2 μm separated 

by 

filtration 

[78] 

Ocean water 

(North 

Atlantic 

subtropical 

gyre to the 

European 

coasts) 

PVC, PET, 

PS, 

5.3-25 μg/L in 

total 

TD-PTR-MS NA NA [201] 

Sea water 

(Wadden Sea) 

PS, 4.2 μg/L  TD-PTR-MS <200 nm NA [202] 

Ocean water 

(various 

Nylon, PS, 

PET (USA) 

Shrinking 

surface bubble 

Nylon fibers: 

20 nm × a few 

SEM [184] 
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locations) PET (South 

Korea, 

Mexico) 

 

deposition 

(SSBD) with 

SERS 

μm 

PS particles: 

<1 μm 

PET particles: 

NA 

Freshwater 

(Pearl River, 

China) 

PS, PVC, 

PA66, PES, 

PMMA, PE 

tens to a 

thousand μg/L 

in total 

Py-GC-MS <700 nm NA [203] 

Freshwater 

(Taihu lake, 

China) 

PVC, PET, 

PE, PP, 

PMMA, PS, 

88-305 μg/L, 

in total 

Py-GC-MS <1 μm  separated 

by 

filtration 

[204] 

Wastewater 

(China) 

PE, PP, PET, 

PS, PMMA 

0.6-4.7 μg/L 

in total 

Py-GC-MS NA NA [205] 

Wastewater, 

Surface 

water, 

potable water 

(Queensland, 

Australia) 

PE, PP, PET, 

PS, PMMA, 

PA 

0.21-

0.46 μg/L 

(bottled 

drinking 

water) 

2.8-3.2 μg/L 

(untreated 

wastewater) in 

total 

Py-GC-MS 100-930 nm  

(200-300 nm 

in potable 

water; 

300-800 nm 

in 

environmental 

water) 

Laser 

diffraction 

 

 

 

 

[163] 

  

River surface 

water (Fuhe 

river, China) 

PE, PP, PET, 

PS, PVC, 

PMMA, 

0.02-0.8 μg/L 

in total 

Py-GC-MS 

 

 

 

 

 

200-800 nm DLS [186] 

Wastewater 

(Netherlands) 

PS, PVC 

8.8± 

1.8 μg/L 

Py-GC-MS 700-1800 nm AF4-

MALS 

[208] 

Snow (Alps, 

Austria 

PET  

4.6-23.6 μg/L 

 

TD-PTR-MS <200 nm NA [177] 

Ice 

(Antarctica 

PE, PP, PET 

37.7-67.0 

TD-PTR-MS <200 nm NA [206] 
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and 

Greenland) 

 

μg/L 

(Antarctica) 

in total 

PE, PET, PS, 

PVC, PP 

13.2 μg/L 

(Greenland) 

in total 

Soil (France) PE, PS, PVC Py-GC-MS 20-150 nm AF4-

MALS 

[196] 

Soil (China) PS, 0.16-

0.73 μg/g 

Py-GC-MS NA NA [207] 

aSee Chapter 3 

1.8. Social impact of micro- and nanoplastics pollution 

Plastic pollution is largely a consequence of improper plastic waste 

management. However, due to the broad spread, multiple applications, low 

cost, multiple advantageous properties [7,18,30], and the problematic 

political negotiations (e.g., failed Global Plastics Treaty negotiations, see 

below), plastic production is not expected to cease [160]. Although invisible, 

MNP pollution affects our daily lives and this impact is expected to grow in 

the coming decades. The correlation with adverse health effects mentioned 

earlier, might in the future contribute to the societal burdens. Here, such 

diseases as potential of reduced fertility [209,210], cancer [211] or 

neurodegenerative diseases [212] as well as increase of antibiotic resistance 

[157,158] are of particular concern, as these might have serious 

socioeconomic consequences in a long term. While MNPs are obviously not 

the only factor driving the increase of these diseases, their contribution is 

alarming, considering the projected increase in plastic production [5,213]. 

Linkage of MP presence with the soil properties has been suggested to even 

influence soil fertility and crops [162]. 

Reducing primary plastic production and usage is thought to be the first, 

crucial step in tackling the plastic pollution [214]. Though the environment 

can hardly be “cleaned” of MNPs with currently available technology [54], 

some mitigation initiatives have been taken, mostly focusing on reduction of 

intentional MNP usage. Some countries introduced legislative means of 

reducing intentional MNPs addition to cosmetic products [155]. In the 

European Union, MNP usage is regulated by the Registration, Evaluation, 

Authorization and Restriction of Chemicals (REACH, [215]). Their 

programs and policies have also been started [5]. In March 2022, at the UN 

Environment Assembly, a resolution was made to develop a legally binding 

instrument, recognized internationally, to tackle global plastic pollution 
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(Resolution 5/14, [216]). However, in August 2025, the final discussion 

round was finished without reaching a consensus [217]. This shows how 

challenging from the societal and political perspective the plastic problem is.  

On the other hand, decrease in MNP input could be realized by a shift 

towards biodegradable polymers, at least for some applications, with the aim 

for the product to mineralize after usage [218]. Here, however, careful 

design is needed to ensure mineralization rather than fragmentation [218] 

and to avoid leaking of pervasive chemicals [156]. As a second step, 

recycling and design-to-recycle approaches also reduce MNP transfer to the 

environment. Improved waste collection and closed-loop recyclable 

materials would enhance reusing plastics and thus decrease plastic input. 

Moreover, waste made of recyclable materials would gain more market 

value, encouraging both the producers and consumers to contribute [219].  

Public concern about the MNP presence and health effects is growing [30]. 

With the increase in public awareness, pro-environmental behaviour might 

follow [220]. This, as well as international regulation of plastic production 

[214], is a key in reducing the upstream reduction of plastic pollution by, 

e.g., resigning from fast fashion, reusing plastic products, choosing non-

plastic materials, correct waste-related behaviours etc. [30]. If societies 

choose to follow this path, the market has to adapt accordingly. This, in turn, 

prompts faster development of new materials and technologies, where the 

collaboration between industry and academia is indispensable [161]. 

Obviously, such a complex problem as the global MNP pollution is not to be 

solved easily. However, the multifaceted MNP research, from particle 

generation to occurrence to fate, is largely limited by the insufficient 

development of suitable and robust analytical approaches [149]. Therefore, 

this thesis contributes to the overall problem by validating and expanding the 

currently available analytical toolbox in order to technically facilitate further 

studies on MNPs in the future.  

1.9. The scope of this thesis 

The main objective of this thesis was to broaden the range of available tools 

for nanoplastic analysis in complex environmental samples by developing 

and validating new analytical methods, and to apply this knowledge for a 

better understanding of human exposure to and environmental fate of 

nanoplastics (Fig. 1.2).  
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Fig. 1.2. The main research topics studied in this thesis 

The first half of the thesis investigates possible approaches for micro- and 

nanoplastics identification and characterization. As reliable quantification 

methods remain lacking for the smallest plastic particles, a special focus was 

put on examining approaches for quantifying nanoplastics. More in-depth 

information on the analytical approaches used can be found in literature 

[169,183,221–224] and in the following chapters. At the beginning of this 

work, a potential of combining AF4 with Py-GC-MS for nanoplastic analysis 

had been mentioned in the literature [77] but not performed in practice. 

Validating such a setup was one of the important milestones of the thesis. An 

alternative depolymerization-based approach was also broadened.  

In the second part of the thesis, the developed methods are applied to study 

fate of plastic debris in the environment. In contrast to most studies, where 

formation of plastic particles is investigated over short time and in simplified 

scenarios, here the focus was on long-term degradation and realistic 

conditions. Polymer degradation to particles in the terrestrial environment 

was studied on polyethylene furanoate (PEF), exposed to outdoor conditions 

in a soil system for 5 years. Degradation to NPs in the aquatic environment 

and their transport over the water column was studied on products made of 

common polymers, exposed to simulated seawater (for over 10 years) and 

freshwater (for over 2 years). 

In the third part of the thesis, oral exposure from food and fate after 

consumption was investigated. The presence of micro- and nanoplastics in 

food was assessed by a thorough literature study, and the derived data served 

as a basis for an up-to-date estimation of global oral intake, including, for the 

first time, rarely studied food types. Nanoplastic fate after oral ingestion, 

which had not been widely described when the work on this thesis began, 

was examined experimentally by applying a novel multi-technique approach 
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to polymeric micro- and nanoparticles subjected to in vitro simulation of 

human gastrointestinal digestion.  

The key research questions posed in thesis (see Fig. 1.3) were the 

following: 

1. What are the largest challenges in identification, characterization 

and quantification of nanoplastics? 

2. What are the possible approaches in AF4-Py-GC-MS combination 

and what is their practical potential for nanoplastic analysis? 

3. How can an alternative depolymerization-based approach be applied 

for MNP mass quantification? 

4. What is the fate of nanoplastics in different environments and what 

is the resulting human exposure to them? 

Chapter 2 provides an overview of the state-of-the-art in nanoplastic 

quantification and explains how there is currently no reliable method for 

quantifying numbers in the complex environmental samples. The questions 

asked here were: 

• What are the challenges in nanoplastic quantification? 

•  What are currently proposed analytical approaches for number-

based and mass-based quantification of nanoplastics? 

Chapter 3 describes in detail the first known work devoted solely to 

combining AF4-MALS for size measurements and purification with Py-GC-

MS for polymer identification and quantification. A possible application for 

nanoplastic analysis in wastewater is depicted and discussed. The questions 

posed here were: 

• What is the potential and challenges in application of AF4-MALS 

for untreated samples? How can laborious sample pretreatment 

be avoided? 

• What are the challenges in application of Py-GC-MS for 

nanoplastics in aqueous environmental samples? 

• How can AF4-MALS and Py-GC-MS be integrated in one 

workflow? 
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Fig. 1.3. The main research questions and content of this thesis in context of plastic 

particle fate in the environment. Numbers refer to the following chapters. 
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Chapter 4 extends the previously known mass-quantification method for 

polyester micro-and nanoplastics and is applied to soil samples. The 

questions posed here were: 

• How can be a PET-selective quantification method be adopted for 

analysis of a novel polyester polyethylene furanoate (PEF) in a 

complex solid matrix, such as soil? 

• Can PEF MNPs be quantified in soil after long-term PEF film 

degradation in realistic conditions? 

Chapter 5 applies the platform developed in Chapter 3 to study occurrence 

of nanoplastics in time as a result of degradation of plastic litter in semi-real-

life conditions of fresh- and seawater. The questions asked here were: 

• How can AF4 facilitate analysis of seawater by Py-GC-MS?  

• Can NPs be found in sea- and freshwater after long-term degradation 

in realistic conditions? 

Chapter 6 is an estimation of the potential exposure to microplastics from 

food. The questions asked here were: 

• How widely and with which analytical approaches has MNP 

contamination of food been studied? 

• What is the estimated exposure to MNPs from food? 

Chapter 7 describes the behaviour of NPs of different characteristics in 

simulated human gastrointestinal tract and the related technological 

challenges. Questions posed here were: 

• What are the technical capabilities and challenges of available 

analytical techniques for studying NP size in simulated human 

gastrointestinal digestive juices? 

• What is the role of human digestive juices, especially digestive 

enzymes, in influencing NP propensity to be absorbed through the 

intestine?  

Chapter 8 summarizes the work done and possible future directions in the 

nanoplastic analysis. 
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