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Abstract

Plastics enabled signiƱcant technological advancements but the ever-increasing 

production volume and insuƯicient waste management lead to accumulation of those 

materials in nature. Consequently, plastics have become major environmental pollutants. 

While plastics are durable, they continuously fragment under environmental inƲuences 

forming micro- and nanoplastics (MNPs). This size reduction enhances their spread via 

wind or water bodies, leading to almost unavoidable exposure to MNPs through food or air. 

Despite the increasing number of reports detecting MNPs in various regions of the human 

body, knowledge gaps exist regarding possible health implications. Particularly particles < 

10 µm are of concern as they can be inhaled and are associated with both acute and long-

term negative health eƯects. While this is especially true for traƯic related aerosols, the 

impact of inhaled MNPs remains understudied. One reason for the existing knowledge gaps 

is the lack of suitable test materials. Commercially available MNPs are often not designed 

for use in biological assays and can contain undisclosed or even potentially interfering 

substances. Published methods to produce materials in-house on the other hand often 

neglect characterization of biologically relevant properties. Another reason for 

uncertainties regarding health implications is limited data on environmental 

concentrations of inhalable MNPs, particularly in aerosols. While initial research detected 

MPs in seaside aerosols, the inhalable fraction < 10 µm remained unstudied. 

This thesis aims to address these gaps, Ʊrstly by developing microplastic (MP) and 

nanoplastic (NP) test materials speciƱcally for use in biological assays, and secondly 

through implementation and validation of a novel sampling technique for the quantiƱcation 

of MNPs in aerosols. Test materials are developed following a systematic approach known 

as quality-by-design, where critical material attributes are pre-deƱned to ensure product 

quality already from the conceptual phase onwards. Polypropylene (PP) MPs for use in 

inhalation toxicology studies with a size range from 1-10 µm was the Ʊrst material 

developed. PP was subjected to milling to mimic the environmental fragmentation process, 

followed by a multi-step procedure for size fractionation. The obtained material was then 

suspended in glycerol as biocompatible storage medium and dispersion aid. Thorough 

material characterization showed that irregularly shaped fragments with a highly 
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reproducible median particle size were obtained. In none of the MP suspensions in glycerol 

were viable microorganisms detected, including particles stored for 2.5 years. Furthermore, 

the material was fully redispersible in biorelevant medium (Dulbecco's ModiƱed Eagle's 

Medium, DMEM) after production but showed signs of agglomeration after 2.5 years of 

storage. The practical utility, however, was severely constrained by the low particle yield per 

batch. 

NPs comprised of polyethylene terephthalate (PET) and PP for use in in vitro and in 

vivo assays were the second material type developed with a targeted size fraction < 1 µm of 

> 85%. High yields per batch were achieved through polymer dissolution and subsequent 

reprecipitation (nanoprecipitation), which enabled the creation of highly concentrated 

stock suspensions for dose escalation studies. In-depth investigation of the glycerol vehicle 

revealed that cytotoxicity was caused by hyperosmolarity but was not problematic for 

usually tested NP concentrations. The produced NPs were free of contaminants and their 

bulk chemistry was not altered through production. Batch-to-batch variability of the Ʊnal 

glycerol product was low and the size fraction < 1 µm exceeded the target for both polymers. 

Endotoxin levels were below the limit of detection and physical and microbial stability was 

demonstrated over 12 months. Full dispersibility in biorelevant medium was achieved for 

PET NPs, whereas the more hydrophobic PP NPs agglomerated. 

In the last part of this thesis, a glass liquid impinger (GLI) was explored as a novel 

sampling device for MNPs in aerosols. Due to the low expected concentrations, thermal 

extraction-desorption gas chromatography mass spectrometry (TED-GC-MS) was chosen 

for sample analysis. Since the GLI is not a standard device in air pollution science, extensive 

method validation was conducted to assess its performance. The robustness of the 

washing and sample collection was demonstrated through high recovery rates of spiked 

NPs. However, nebulization of PET and PP NPs to establish their deposition patterns was 

challenging. The more hydrophobic PP could not be nebulized, which correlated with their 

agglomeration status after nebulization. While small amounts of PET were detected inside 

the GLI, the majority stayed in the nebulizer reservoir although the particles remained well 

dispersed throughout the experiment. Finally, two Ʊeld sampling campaigns were 

conducted comparing MNP concentrations in lakeside versus seaside aerosols, utilizing 
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the developed GLI and TED-GC-MS method. Preliminary data from the lakeside campaign 

did not detect MNPs above procedural blank levels. The limit of detection and, thus, the 

methods suitability need to be determined in future work, as data analysis is ongoing. 
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Zusammenfassung

Kunststoīe ermöglichten beachtliche technologische FortschriƩe, doch das steƟg 

steigende ProdukƟonsvolumen bei gleichzeiƟg inadäquater Entsorgung resulƟerten in der 

AkkumulaƟon dieser Materialien in der Natur. Kunststoīe stellen miƩlerweile eines der größten 

Umweltprobleme der Moderne dar, denn sie sind einerseits sehr langlebig, aber fragmenƟeren 

andererseits unter UmwelteinŇüssen in immer kleinere Mikro- und NanoplasƟkparƟkel (MNP). 

Diese GrößenredukƟon begünsƟgt ihre Verbreitung durch Wind oder Wasser, was zu einer 

nahezu unvermeidbaren ExposiƟon über die Nahrung oder LuŌ führt. Trotz der zunehmenden 

Anzahl von Studien, in denen MNP in verschiedenen Bereichen des menschlichen Körpers 

nachwiesen wurden, bestehen Unsicherheiten bezüglich möglicher gesundheitlicher 

Auswirkungen. Von besonderer Relevanz sind ParƟkel < 10 µm, da sie leicht inhaliert werden 

können und mit akuten sowie langfrisƟgen negaƟven gesundheitlichen Folgen verbunden sind. 

Während dies besonders auf verkehrsbedingte Aerosole zutriŏ, sind die Auswirkungen von 

inhalierten MNP nach wie vor unzureichend erforscht. Ein Grund für die bestehenden 

Wissenslücken ist der Mangel an geeigneten Testmaterialien. Kommerziell erhältliche MNP sind 

oŌ nicht für den Einsatz in biologischen Assays konzipiert und können nicht deklarierte oder 

sogar potenziell interferierende Substanzen enthalten. WissenschaŌliche PublikaƟonen von 

Methoden zur EigenprodukƟon von Testmaterialien vernachlässigen hingegen oŌ die 

Charakterisierung biologisch relevanter EigenschaŌen. Ein weiterer Grund für Unsicherheiten 

bezüglich der gesundheitlichen Auswirkungen sind die sehr limiƟerte Verfügbarkeit von Daten 

zu UmweltkonzentraƟonen inhalierbarer MNP, insbesondere in Aerosolen. Während erste 

Studien größere MikroplasƟkparƟkel (MP) in Meeres-Aerosolen nachweisen konnten, wurden 

jedoch die inhalierbaren ParƟkel < 10 µm nicht untersucht.

Diese Arbeit zielt darauf ab die beschriebenen Wissenslücken zu schließen, erstens durch 

die Entwicklung von MP und NanoplasƟkparƟkel (NP) als Testmaterialien, speziell für die 

Anwendung in biologischen Assays und zweitens durch die ImplemenƟerung und Validierung 

einer neuarƟgen Methode zur Probenahme und QuanƟĮzierung von MNP in Aerosolen. Die 

Testmaterialien wurden mithilfe eines systemaƟschen Ansatzes, bekannt als "Quality-by-Design”, 

entwickelt. Dabei wurden entscheidende MaterialeigenschaŌen vorab deĮniert, um die 

Produktqualität bereits von der Konzeptphase an zu gewährleisten. Das erste entwickelte 
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Material waren Polypropylen (PP) MP (1-10 µm) für inhalaƟonstoxikologische Studien. PP wurde 

einem Mahlprozess unterzogen, um den FragmenƟerungsprozess in der Umwelt zu imiƟeren, 

gefolgt von einem mehrstuĮgen Verfahren zur Größenklassierung. Die erhaltenen ParƟkel 

wurden anschließend in Glycerol suspendiert, als biokompaƟbles Lagermedium und 

Dispergierhilfe. Eine umfassende Materialcharakterisierung zeigte, dass unregelmäßig geformte 

Fragmente mit einer hoch reproduzierbaren medianen ParƟkelgröße erhalten wurden. In keinem 

der in Glycerol gelagerten MP-Suspensionen wurden lebensfähige Mikroorganismen 

nachgewiesen, selbst bei ParƟkeln die 2.5 Jahre gelagert wurden. Darüber hinaus war das 

Material nach der ProdukƟon in biorelevantem Medium (Dulbecco's ModiĮed Eagle's Medium, 

DMEM) vollständig redispergierbar, zeigte jedoch nach 2.5 Jahren Anzeichen von AgglomeraƟon. 

Der prakƟsche Nutzen wurde jedoch durch die geringe ParƟkelausbeute pro Charge stark 

eingeschränkt.

Als zweiter Materialtyp wurden Polyethylenterephthalat (PET) und PP NP für den Einsatz 

in In-vitro- und In-vivo-Assays entwickelt, mit einem angestrebten Größenanteil unter 1 µm von 

> 85 %. Hohe Ausbeuten pro Charge wurden durch Lösen und anschließende RepräzipitaƟon 

(NanopräzipitaƟon) der Polymere erzielt, was die Herstellung hochkonzentrierter 

Stammsuspensionen in Glycerol für Dosis-EskalaƟons-Studien ermöglichte. Eine detaillierte 

Untersuchung des Glycerol-Vehikels zeigte, dass die Zytotoxizität durch Hyperosmolarität 

verursacht wurde, was jedoch für die üblicherweise getesteten NP-KonzentraƟonen 

unproblemaƟsch war. Die produzierten NP waren frei von Verunreinigungen und ihre chemische 

Zusammensetzung wurde durch die ProdukƟon nicht verändert. Die Batch-zu-Batch-Variabilität 

des ferƟgen Glycerolprodukts war gering und der angestrebte Größenanteil < 1 µm wurde für 

beide Polymere übertroīen. Die EndotoxinkonzentraƟonen lagen unterhalb der Nachweisgrenze 

und die physikalische sowie mikrobielle Stabilität war über 12 Monate hinweg gegeben. PET NP 

konnten in biorelevantem Medium vollständig redispergiert werden, während die 

hydrophoberen PP NP agglomerierten.

Im letzten Teil dieser Arbeit wurde ein Glas-Flüssigkeits-Impinger (GLI) als neuarƟges 

Probenahmegerät für MNP in Aerosolen untersucht. Aufgrund der erwarteten geringen 

KonzentraƟonen wurde die thermische ExtrakƟons-DesorpƟons-Gaschromatographie-

Massenspektrometrie (TED-GC-MS) für die Probenanalyse gewählt. Da der GLI kein 
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Standardgerät in der UmweltwissenschaŌ ist, wurde eine umfassende Methodenvalidierung zur 

Bewertung der Leistungsfähigkeit durchgeführt. Die Robustheit des Wasch- und 

Probenahmeverfahrens wurde durch hohe WiederĮndungsraten von doƟerten NP demonstriert. 

Die Vernebelung von PET und PP NP zur BesƟmmung ihrer Abscheidungsmuster im Gerät erwies 

sich jedoch als herausfordernd. Die hydrophoberen PP NP konnten nicht vernebelt werden, was 

mit ihrem AgglomeraƟonszustand nach der Vernebelung korrelierte. Während geringe Mengen 

an PET innerhalb des GLI nachgewiesen wurden, verblieb der Großteil im Verneblerreservoir, 

obwohl die ParƟkel während des gesamten Experiments gut dispergiert blieben. Abschließend 

wurden zwei Feldstudien durchgeführt, um die MNP-KonzentraƟonen in Aerosolen an See- und 

Meeresstandorten zu vergleichen, wobei das entwickelte GLI und TED-GC-MS-Verfahren 

angewendet wurde. VorläuĮge Daten aus der See-Studie zeigten keine MNP-KonzentraƟonen 

über den prozeduralen Blindwerten. Die Nachweisgrenzen und somit letztendlich die Eignung 

der Methode müssen in zukünŌigen Arbeiten besƟmmt werden, da die Datenanalyse noch läuŌ.
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Chapter 1

INTRODUCTION TO THE KNOWNS AND UNKNOWNS OF PLASTIC POLLUTION
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1 Introduction
Parts of this chapter were Ʊrst published on the 18st of August 2025 in the Journal of 

Hazardous Materials (https://doi.org/10.1016/j.jhazmat.2025.139595) and the 1st of April 

2025 in Environmental Science: Nano (https://doi.org/10.1039/D4EN01186D). Reproduced 

with permission from Elsevier1 and the Royal Society of Chemistry2.

1.1 Part I – The plastic life cycle

Since the 1970s3, plastic pollution has been recognized as an environmental issue 

and has reached a concerning extent. Thus, this problem has gained signiƱcant attention 

from policymakers4–6 and the general public7 in recent years. In 2022, the worldwide 

production volume of plastics exceeded 400 Mt8. The high share of single-use plastic items 

and insuƯiciently high recycling rates9 resulted in a likewise steady increase of plastic 

waste10. The majority of this waste is transferred to landƱlls11, where even well-managed 

sites fail to avoid the release of this waste into the environment12. Synthetic polymers are 

exceptionally durable by design. However, they fragment under environmental inƲuences 

like UV-irradiation, chemical processes, and mechanical stress13,14, even down to the 

nanoscale15. This fragmentation process favors their spread via aquatic16–18 or 

atmospheric19,20 transport mechanisms. An increasing number of studies detect these 

particles in many diƯerent environments (urban, remote, indoor, outdoor, land, or sea)21–24, 

which suggests that exposure to micro- and nanoplastics (MNPs) through food or air is 

almost unavoidable25. Despite increasing research eƯorts, many questions about possible 

impacts of MNPs on the environment and human health remain due to lacking 

standardization, insuƯicient controls, or a lack of test materials or suitable analytical 

methods26. This chapter will explore what plastics are, what their fate is when they enter the 

environment, and what the challenges are when trying to assess the risk of these materials.

Plastic – A generic term

In the early 20th century, Leo Hendrik Baekeland developed a process to synthesize 

the Ʊrst fully synthetic plastic, later marketed under the name Bakelite27. This invention 

marked the starting point of a rapid development in polymer science, especially since the 
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1950s, which increasingly impacted society. Initially developed as an insulator for the 

emerging electrical industry, Bakelite and other polymers soon enabled countless other 

applications across all industries28,29. 

Today, plastic polymers are divided into four major groups (thermoplastics, 

thermoplastic elastomers, elastomers, and thermosets) of which thermoplastics dominate 

the global production. They have a linear structure, consist of one (homopolymer) or 

diƯerent (copolymer) repeating building blocks (monomers) and can be branched. The 

individual chains are not cross-linked and chain lengths can vary. The aforementioned 

characteristics and the macromolecular state – either amorph or semi-crystalline – deƱne 

the Ʊnal material properties of native polymers30. However, the performance of certain 

plastics can be altered by adding additives like Ʋame retardants to enhance Ʊre resistance, 

antioxidants to prevent material degradation through oxidative stressors, or plasticizers to 

increase Ʋexibility and softness31. There are thousands of diƯerent additives available, 

further diversifying the options within the same polymer group.

In 2022, global annual plastic production exceeded 400 million tons (Mt), whereby the 

packaging industry accounts for 39% of the total demand. Thermoplastics like 

polypropylene (PP), polyethylene (PE; high-density and low-density PE), polyvinyl chloride 

(PVC), polyethylene terephthalate (PET) and polystyrene (PS) are the dominating polymer 

types, accounting for over 75% of total plastic production. They are extensively used in 

packaging due to their heat resistance, durability, hygienic properties, lightweight nature, 

and cost-eƯective mass-production. However, packaging is mainly designed to be single-

use and disposed of immediately, generating a signiƱcant amount of plastic waste. Often, 

diƯerent polymers are combined in one item to achieve a desired performance, which 

makes recycling challenging or even impossible and economically unappealing32,33. Geyer, 

Jambeck and Lavender estimated that by 2015, only 9% of all plastic waste was recycled 

and 12% was incinerated34. The vast majority ends up in landƱlls where even well-managed 

sites fail to prevent the release of plastic waste into the environment35.
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Degradation mechanisms

Conventional plastics are durable by design. While this is beneƱcial during their life 

span, it becomes a problematic feature after plastic waste enters the environment. 

Although research on biodegradable plastics is increasing, the total production share 

remains negligible8. Therefore, it can take thousands of years until a plastic item is 

mineralized (degraded into CO2 and H2O under aerobic or also CH4 under anaerobic 

conditions) depending on polymer type, size, shape, surface area, and environmental 

conditions among others36. The relevant degradation pathways in nature can be 

summarized under biotic or abiotic mechanisms, where usually the latter initiates the 

deterioration process. Through mechanical stress like wave action, UV irradiation, or 

hydrolyzation, larger objects break down into smaller pieces to a point where the surface is 

altered enough for microorganisms to attach and eventually mineralize those particles37. 

However, mineralization takes longer under environmental conditions than mechanical 

breakdown processes, which is the reason for the large number of microscopic plastic 

particles generated per single item38.

Classiɠcation of plastic debris

Even before their end of life and throughout their intended use, plastic items can 

produce smaller pieces through wear39. Examples are polymeric Ʊbers or Ʊber fragments 

released through washing textiles40, peel-oƯs of paints that utilize polymers as binders41, or 

abrasion of rubber tires42. Those unintentionally generated particles are deƱned as 

“secondary” microplastics. Conversely, if they are produced on purpose they are referred 

to as “primary” microplastics43, which are commonly used as exfoliants in cosmetics44 or 

fertilizers with coatings for controlled release45. This distinction is often irrelevant or 

impossible to determine in environmental samples but is used by policymakers in the US46 

and the EU47, where bans on certain primary microplastics have already been implemented 

and may be expanded. However, Mitrano & Wohlleben (2020) argue that solely banning all 

primary microplastics might not be eƯective in reducing the microplastic burden in the 

environment since the vast majority are secondary MPs originating from improperly 
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disposed of items. Hence, they suggest focusing on eƯicient waste collection to mitigate 

the initial release of plastics into the environment48.

Degradation with respect to conventional (non-biodegradable) plastics means a 

breakdown into ever smaller pieces. Depending on their size, the terms microplastics (MPs) 

and nanoplastics (NPs) were introduced – among others – to summarize the highly diverse 

composition of plastic debris. Although there is still no generally accepted size deƱnition of 

micro- and nanoplastics (MNPs), Hartmann et al. (2019) provided deƱnitions based on the 

largest dimension (Table 1.1)43. While the NP deƱnition has been widely adopted by the 

scientiƱc community, regulators49, and organizations like the International Organization for 

Standardization (ISO)50 or the World Health Organization (WHO)25, the upper size limit of 

MPs is still contentious. MPs are often deƱned as < 5 mm as this is a threshold where 

ingestion is increasingly likely to happen43. Despite the ongoing discussion about the exact 

size deƱnition, it has been shown that smaller particles are increasingly relevant for risk 

assessment because they spread more easily51 and are possibly able to cross biological 

barriers52.

Table 1.1: Proposed size classes of plastic items by Hartmann et al. where the size is deƱned by the largest 
dimension of the investigated object. This deƱnition excludes Ʊbers, which should be classiƱed by their 
diameter 43.

“[…] the largest dimension of an 

ingestion by biota.”

–

–

–

Transportation mechanisms and sources

MPs have been detected in diverse and remote environments, including glaciers in 

the Alps53 and the Tibetan Plateau54, the depths of the Mariana Trench55, and other isolated 

regions such as the Arctic56, Antarctic57, and Iranian deserts58. These Ʊndings highlight that 

plastic debris can travel vast distances through aquatic and atmospheric transport, which 

are considered the two major transport mechanisms. Potential sources are manifold, but it 
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is estimated that around 80% of plastics in the ocean originate from land and only 20% are 

originally directly released into the oceans. Land-based sources that contribute 

signiƱcantly are littering, waste mismanagement, agriculture, and traƯic. The released 

fragments are then transported via wind and rain into rivers, ultimately ending up in the 

ocean59,60. There they accumulate together with ocean-based sources from industrial 

Ʊshing and shipping (Figure 1.1)38. Today, six major garbage patches formed by ocean gyres 

are known and they are projected to grow61. Surprisingly, it has been shown that the ocean 

does not only act as a sink for plastic waste but is also a source. MNPs can be released 

through bubble burst ejection and transported in the atmosphere for long distances until 

they deposit through atmospheric fallout (see Chapter 1.3 )62. 
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Figure 1.1: Sources of plastic pollution are land and marine based. In the environment, plastic items 
degrade into small pieces which facilitates their distribution across the planet. Main distribution 
pathways include transport via atmospheric deposition (wind and precipitation), discharges into rivers 
and streams, and wastewater overƲows during storm events. Reprinted from “Plastics In The 
Environment - Te Ao Hurihuri - The Changing World” by the Royal Society of New Zealand Te Apārangi, 
2019, p.6, https://www.royalsociety.org.nz/major-issues-and-projects/plastics, CC BY 3.0 NZ, with 
permission from the Royal Society of New Zealand Te Apārangi.
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Possible health implications and current knowledge gaps 

Despite intensive eƯort and resources invested in MNP research, the implications for 

human health are still unknown. The hydrophobic nature and large surface area of MNPs 

facilitate the adsorption of hydrophobic contaminants like polycyclic aromatic 

hydrocarbons (PAHs), biomolecules like toxins or allergens63, or heavy metals, which are 

known for their potential adverse health eƯects64. Emecheta et al. (2024) studied the 

desorption behavior of benzo[a]pyrene as representative PAH from eleven diƯerent MPs in 

simulated digestion Ʋuids. They showed that the estimated relative intake of PAHs via MPs 

was ≤ 0.1% compared to the total daily intake of PAHs under realistic scenarios. However, 

uncertainties remained due to the high variability of MNP and PAH concentrations at 

diƯerent locations65. It is also known that the previously described additives can leach into 

the surrounding medium and may further contribute to the toxicity proƱle of MNPs and their 

cargo31,66. A recent review by Li et al. (2024) highlighted that in vitro and in vivo studies in 

human derived cells, and mammals respectively, showed adverse eƯects through physical 

damage, inƲammation, oxidative stress, apoptosis, or other unknown mechanisms. 

However, the following shortcomings remain: i) in most studies to date mainly pristine PS 

beads were tested, ii) eƯects were mainly observed at environmentally unrealistic 

concentrations, iii) eƯects from other organisms or cells cannot be directly extrapolated to 

or linked with human diseases, and iv) epidemiological studies only investigated 

occupational settings, thus data regarding exposure levels for the general public is not 

available67. Many of the current knowledge gaps are a direct result of the limited availability 

and sensitivity of suitable analytical methods to identify and quantify MNPs, a lack of 

standardization, and the complexity when the wide variety of relevant polymer types, 

environmental cargo, or plastic additives are considered. Thus, well-characterized test and 

reference materials for calibration, validation, and comparison studies are urgently 

needed68–74.
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IMPTOX – An EU funded research project investigating possible links 
between micro- and nanoplastics exposure and the development of 
allergic diseases 

To address some of the mentioned knowledge gaps, Ʊve research projects – 

speciƱcally investigating potential eƯects of MNPs on human health – got funded by the 

EU’s Horizon2020 framework program: Aurora (focus on early life)75, IMPTOX (focus on the 

development of allergic diseases)76, PlasticsFatE (focus on additives, contaminants, and 

exposure levels)77, plasticheal (focus on risk assessment and modeling)78, and POLYRISK 

(focus on occupational and consumer exposure assessment)79. Together they form the 

European Cluster on Health Impacts of Micro- and NanoPlastic (CUSP)80, where 

collaboration between the projects was expected. This thesis was conducted within the 

IMPTOX project, which covers three main areas: i) the development of suitable analytical 

techniques for the detection and characterization of MNPs in food, water, and air, ii) the 

investigation of MNPs in combination with potentially harmful cargo like toxins, or heavy 

metals, and iii) the role of MNPs in food allergy and allergic asthma. Two main objectives 

from these areas were assigned to our group and are described in detail in the following 

chapters. BrieƲy, the Ʊrst objective was the development of suitable test materials. For 

study within IMPTOX, PET and PP were chosen because they are extensively used for 

packaging and are among the most abundant polymers in environmental and human 

samples81–84. The reasons for this abundance are outlined in Chapter 1.1  and include a 

large production volume8, a short service life, and low recycling rates of packaging materials 

or other single-use products9. Despite their relevance, suitable test materials are currently 

unavailable, especially in sizes < 50 µm (see Chapter 0). The aim was therefore to develop 

well-characterized PET and PP test materials in sizes from the nano to the micron range. The 

second objective was to investigate the abundance of MNPs in air and compare fresh water 

(lakeside) with marine (seaside) locations. Studies showed that the ocean is a source of 

MNPs which can be part of sea spray aerosols62. Similarly, lakes are contaminated with 

plastics85 and eject particles into the air86, which could include plastic particles. Evidence, 

however, is lacking and technical or methodological limitations excluded NPs from those 

studies. Chapter 1.3  describes the rationale in detail and provides the current state and 

gaps of knowledge regarding MNPs in sea spray and freshwater aerosols. 
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1.2 Part II – Current state and unmet needs of available micro- and 
nanoplastic test materials

Researchers have begun to develop methods for the in-house production of MNPs to 

overcome the shortage of test materials (see Chapter 0). Due to the urgent need of 

materials for in vitro and in vivo toxicity assays, many materials are being used prior to 

thorough characterization and standardization, which limits comparability across diƯerent 

studies. There also appears to be a general confusion of terminology regarding the grades 

of test materials. Often, materials are referred to as “reference materials”, even though they 

do not meet the speciƱcations required for that designation. This chapter will introduce test 

material terminology, give an overview of available methods and materials, and outline 

concepts derived from the product design space which may help guide the development of 

MNP test materials. 

Deɠnitions of diĀerent test material grades 

The National Institute of Standards and Technology (NIST) and the International 

Organization for Standardization (ISO) categorize materials into four major groups 

dependent on the speciƱed intended use and level of characterization provided in the form 

of a suitable data and information sheet: i) research grade test materials, ii) reference 

materials, iii) certiƱed reference materials, and iv) standard reference materials (Table 

1.2)2. Research grade test materials (RGTM) represent the bottom of the hierarchy87. Their 

beneƱt of a fast batch release is oƯset by the lower degree of characterization compared to 

higher-grade materials. A reference material (RM) must show suƯicient homogeneity and 

stability with respect to chosen key parameters but provides only a report of investigation 

rather than a certiƱcate. A certiƱed reference material (CRM) is of the highest grade and 

comes with a certiƱcate stating the speciƱed values and providing information on 

uncertainty and traceability88. Additionally, there are special CRMs issued by national 

authorities like NIST’s standard reference material (SRM), which meets additional speciƱc 

criteria89.
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Table 1.2: Test material categories and their deƱnitions according to NIST and ISO.

A “material, homogeneous and stable with respect to one or more specified property 

process”

A “material characterized by a metrologically valid procedure for one or more specified 

traceability”

“A CRM issued by NIST that also meets additional NIST

material”

An extensive list of commercially available MNP test materials was published by 

Crosset-Perrotin et al. (2025)90. The list includes information on the size, shape, label, 

manufacturing method, and composition or additives used, and reveals four key 

observations: i) PS (57%) and PE (16%) are overrepresented, ii) only 25% of non-PS 

materials include sizes < 50 µm, which is reduced to only 13% when PE is also excluded , 

iii) the production methods are disclosed for only 16% of the non-PS materials (PS is usually 

produced via emulsion-polymerization), and iv) the composition (e.g. used additives or 

stabilizers) is often not disclosed. Furthermore, the material grade is only known for NIST 

materials, which are certiƱed or traceable size standards with an intended use for 

instrument calibration. While there are reference and certiƱed reference materials available 

for diƯerent polymer types in the micron size range, there are only certiƱed reference 

materials in the submicron size range comprised of PS (Table 1.3). A selection of 

commercially available research grade test materials ≤ 1 µm is included in Table 1.3 to 

highlight ranges of polymer compositions and particle sizes currently available for research 

purposes. 
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Table 1.3: Currently available materials for MNP research. This table is not comprehensive but should 
provide an overview. RGTM = research grade test material; RM = reference material; CRM = certiƱed 
reference material; SRM = standard reference material. Abbreviations of the listed polymer types: PE = 
polyethylene; PET = polyethylene terephthalate; PMMA = poly(methyl methacrylate); PP = polypropylene; 
PS = polystyrene; PUR = polyurethane; PVC = polyvinyl chloride; TPU = thermoplastic polyurethane.
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Table 1.3 also illustrates that there is scope for broadening the spectrum of test and 

reference materials. The overrepresentation of PS is also evident in most of the studies to 

date on the health impacts of plastics because of their wide commercial availability, ease 

of handling, and monodisperse size distribution96. However, none of the materials cited 

above have been speciƱcally validated for an intended use as comparator materials in in 

vitro and in vivo biological assays. The speciƱed intended use for most certiƱed reference 

materials is as a standard for instrument calibration. OƯ-label usage as comparator 

materials in biological assays, such as toxicity tests, is widespread but not without 

limitations97–100. For example, when reference materials are used as instrument calibration 

standards, the addition of disclosed or undisclosed additives, such as surfactants for 

colloidal stability and preservatives to prevent microbial growth in aqueous preparations is 

common and unproblematic, since these additives are important for the intended use. In 

contrast, such additives can be problematic for biological assays, as they may interfere with 

the assay or complicate the interpretation of results101–104. Furthermore, it is widely 

accepted that PS beads are not representative of environmental plastics and the general 

lack of suitable PP and PET reference materials is a major reason for the current knowledge 

gaps70,105. As a response, many groups have recently reported methodologies to prepare 

nanoplastic test materials in-house for use in biological assays68,71,73,106. However, many 

studies focus primarily on particle size and surface charge as the deƱning material 

attributes of these systems107–110, which are important but not the only criteria necessary for 

use in many types of biological assays. To overcome these shortcomings a systematic 

approach that considers all relevant aspects and guides researchers throughout the 

development phase is needed. Such a concept exists and is extensively used in the 

pharmaceutical industry.

Material development through a quality-by-design inspired approach

The development of new drugs is time consuming and requires enormous resources 

because they must meet highest quality standards to satisfy regulatory needs and ensure 

safe products on the market. In many industries, but particularly in the pharmaceutical 

industry, the concept of quality-by-design (QbD) was introduced to ensure quality of a 
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product already from its conceptual phase onwards111. The discussed shortcomings of 

available MNP test materials highlighted the need for a systematic strategy for the 

development of high-quality test materials. Therefore, a QbD inspired approach was utilized 

in this work program to develop MNP test materials speciƱcally for an intended use in in 

vitro and in vivo biological assays (Figure 1.2). The QbD strategy consists of three main 

pillars: i) deƱne, ii) develop, and iii) control. In the Ʊrst phase (deƱne), a target product proƱle 

(TPP) is deƱned, which includes the intended use und critical quality attributes (CQAs). By 

pre-deƱning CQAs, quality is already designed into the product and the development is 

directed towards desired criteria. In the second phase (develop) all critical process 

parameters (CPPs) are identiƱed and knowledge of their inƲuence on product quality is 

acquired. This knowledge is then used in the third phase (control), in which these 

parameters are controlled to ensure consistent quality and low (batch-to-batch) 

variability112,113. This concept provides a useful framework that considers all relevant 

aspects for the development of a (certiƱed) reference material candidate.

Figure 1.2: The three main pillars i) deƱne, ii) develop, and iii) control of a QbD inspired approach for the 
development of MNP test and (certiƱed) reference materials. Bullet points of each phase highlight key 
activities. Key activities of the certiƱcation process are deƱned in ISO 33401114 and ISO 33405115.
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Available production methods for PET and PP test materials

With respect to the scope of the IMPTOX project, the literature was reviewed to 

identify production methods for PET and PP test materials in the micro and nano size range 

(Table 1.4). The published methods could be categorized into four main groups: i) laser 

ablation, ii) ultrasonic treatment, iii) milling, and iv) dissolution with subsequent drying or 

nanoprecipitation. Milling and dissolution/precipitation methods were described for both 

materials, whereas laser ablation and ultrasonic treatment were only studied with PET. For 

PET, diƯerent size ranges could be produced. Methods such as ultrasonic treatment formed 

materials with a mixture of sizes, while milling tended to produce mainly MPs. In contrast, 

nanosized PET materials could be fabricated using either laser ablation, milling, or 

nanoprecipitation. The two primary methods to fabricate PP test materials (milling, 

nanoprecipitation) have been used to produce both MPs and NPs. 
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Table 1.4: Published production methods for PET and PP test materials. The obtained sizes are described 
as microplastics (MPs), nanoplastics (NPs) or a mixture of micro- and nanoplastics (MNPs), as deƱned in 
Chapter 1.1.3.

*Published after method development within this thesis but are included for comprehensiveness

When analyzed in more detail, the following shortcomings were noted for many of the 

published production methods: i) many materials required the use of exogenous dispersion 

aids, which can aƯect toxicological assays (Seghers, Caldwell, Rodriguez-Hernandez), ii) 

many studies report low yields or omit to report the yields, which may limit the practicality 

of certain production methods for certain applications (Magri, Peller, Gerdes, Hwang, 

Hildebrandt, Johnson), and iii) many materials have not been suƯiciently characterized 

(Jeyavani, Fang, Achilias). 

Dispersion and dispersion aids

Johnson et al. (2021) utilized bovine serum albumin (BSA) as biocompatible 

dispersing aid122, which is certainly an interesting approach but may not be suitable for all 

use cases, as will be seen in later chapters of this thesis. In contrast, the methods from 
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Tanaka et al. (2021)68 and Lee et al. (2022)69 avoided the use of surfactants and speciƱed an 

intended use for toxicological testing, which made them a valuable starting point for further 

investigations. Dry powders are often used and provide advantages regarding microbial 

stability but they come with two major drawbacks. Electrostatic charging makes handling 

diƯicult and negatively inƲuences dosing accuracy. The second reason is that drying 

hydrophobic polymers can lead to irreversible particle agglomerates. This becomes 

particularly relevant for particles < 40 µm127, where those agglomerates can often not be 

redispersed into aqueous media, even when applying harsh conditions. Hence, a 

biocompatible liquid matrix would be preferred for MNP test and reference materials 

developed for biological assays.

Stability and homogeneity controls

Seghers et al. (2022)70 provided a good overview of the challenges associated with dry 

powder handling and is one of the few studies to address dispersion issues. Furthermore, 

they highlighted the importance of the material’s glass transition temperature (Tg) for 

eƯicient milling and deƱned a speciƱc use case (measurement of irregular PET particles in 

water). What made this study particularly interesting was the number of samples produced 

(> 500 sample kits) which allowed them to investigate homogeneity and conduct an inter-

laboratory comparison. 

The recently described approaches from Hildebrandt et al. (2023)72 and Santizo et al. 

(2025)123 were also among the most promising for the development of reference material 

candidates. Hildebrandt et al. investigated homogeneity and stability, both crucial for 

gaining reference material status72. Santizo et al. pre-deƱned inhalation studies as the 

intended use case, did not use stabilizers and included also biological testing of their 

materials123. However, both papers were published after the completion of all studies of this 

thesis and could therefore not be considered at the beginning of this project but are listed 

for comprehensiveness. Although there were examples of well characterized MNPs, none 

of the listed (and at the time available) publications investigated batch variability, had pre-

deƱned quality criteria, or discussed long-term stability (≥ 12 months). 
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Chapters scope: material production and characterization

Chapters 2 and 3 of this thesis describe the development and characterization of 

well-deƱned and characterized test materials developed speciƱcally for use in biological 

assays, and more speciƱcally in vitro and in vivo toxicology studies. Chapter 2 describes in 

detail the production and isolation of micron-sized PP test materials within a narrow size 

range of 1-10 µm. This size range is of high interest for inhalation toxicology assessment, 

because particulate matter in this size range can deposit in deeper regions of the respiratory 

tract and are part of the already monitored particulate matter < 10 µm (PM10)25, which will 

be discussed in the next chapter. PP test materials were produced via a top-down 

procedure and diƯerent types of comminution approaches were compared. It was 

interesting to note that eƯorts to isolate PET test materials in this size range were not 

successful, despite extensive investigation. This is likely due to technical limitations of the 

ultra-centrifugal mill used. It utilizes centrifugal forces to push the input material through a 

ring sieve with holes of a deƱned size. The ring sieve with the smallest available hole size is 

80 µm, which roughly marks the lowest achievable particle size. Therefore, Chapter 2 will 

focus only on a single polymer type, PP. 

In Chapter 3, methods to produce NPs from both PET and PP using a bottom-up, i.e. 

nanoprecipitation, approach are described. Although milling methods could produce test 

materials in the submicron size range, the overall product yields were too low 

(unmeasurable gravimetrically) to satisfy the demand for materials by project partners. In 

contrast, nanoprecipitation into an anti-solvent was able to generate submicron-sized 

materials at a high yield, thus making this approach feasible for further studies. The 

characteristics of optimized nanoplastic test materials are described in Chapter 3 128. Parts 

of this chapter have been published in Environmental Science: Nano (Royal Society of 

Chemistry) under “A quality-by-design inspired approach to develop PET and PP 

nanoplastic test materials for use in in vitro and in vivo biological assays” (DOI: 

10.1039/D4EN01186D)2.
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Research questions and hypotheses: material production and 
characterization

Within IMPTOX, it was proposed that the two polymers, PET and PP, will be 

investigated. They have distinct physicochemical properties and are commonly found in 

environmental samples. Despite the narrow selection of only two polymer types, the 

requirement for diƯerent size ranges needed in diƯerent biological assays or applications 

broadened the spectrum of test material categories required to meet project goals. The 

required sizes varied from 500 µm to 0.1 µm with diƯerent particle size distribution ranges. 

Ultimately, two target size ranges were investigated in depth in this thesis: i) 1-10 µm, and ii) 

0.1-1 µm. Among the many and diverse applications, project partners used the test 

materials for example to: i) investigate microbial attachment behavior (bioƱlm formation) 

with possible antibiotic resistance gene transfer; ii) evaluate adsorption of cargo, such as 

heavy metals, organic toxins and pollutants, allergens (single proteins and protein mixtures 

e.g. from ragweed pollen), or enzymes (e.g. facilitating digestion) to the MNP surface; iii) 

assess in vitro and in vivo toxicity; iv) track particle migration after administration in mice or 

after uptake by plants (an application requiring labelling of the test materials); v) validate 

new analytical methods; and vi) to train machine learning algorithms for particle 

identiƱcation and counting. These experiments were almost exclusively conducted in 

aqueous media and required well-dispersed samples. Pristine plastics, however, are prone 

to agglomeration in polar or high ionic strength environments due to their hydrophobic 

surface128–130, thus the investigation of a range of suitable dispersion conditions also 

became nearly as important as test material production and characterization. A list of 

critical material and production process attributes was created to account for the diverse 

research applications and is presented in Table 1.5.



› 20

Table 1.5: Critical attributes of the production method and the produced material at diƯerent production 
steps.

Very early on, the use of glycerol as storage medium for MNPs was explored because 

of several potentially valuable properties. Glycerol is polar and miscible with water in all 

ratios, but is highly viscous in its pure form, which was expected to prevent irreversible 

agglomeration of the hydrophobic MNPs during long storage periods, even at high particle 

concentrations. Additionally, the absence of water and the high osmotic pressure have a 

preservative eƯect and should guarantee long shelf lives at room temperature. 

Furthermore, glycerol is well tolerated in biological systems due to its low toxicity proƱle. 

On the other hand, glycerol does exhibit a high hygroscopicity, which could reduce shelf-

life, and at the start of the project, it was unknown which particle concentrations could be 

stabilized eƯectively. Considering the knowledge gaps and research needs, the following 

research questions for Chapters 2 and 3 were identiƱed:
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•

•

•

•

•

•

These questions provided the framework for the scientiƱc investigation and 

optimization of test materials conducted within this project. The overarching hypothesis 

investigated in the two chapters was that the use of glycerol as a liquid storage medium 

would enable the production of PET and PP test materials which could be packaged in 

multiple-dose units at high particle mass concentrations. The product would be stable in 

terms of size following dispersion and microbial quality for at least one year. 

1.3 Part III – Background to sea spray aerosol as a source of enhanced 
exposure

Within IMPTOX, our group was also responsible for a second task, which was to 

collect environmentally relevant air samples and quantify the amount of respirable MNPs 

within these samples, using innovative aerosol sampling methods and state-of-the-art 

analytical techniques for plastic quantiƱcation in air matrices. The primary study question 

described in Chapter 4 investigated whether sea spray aerosols (SSA) could represent a 

source of enhanced exposure to inhaled MNPs.

It is known that living near the ocean positively inƲuences human health as it 

encourages physical activity and can reduce stress131. Green or blue environments, like the 

ocean, can improve the conditions of patients suƯering from pulmonary diseases132. This 
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knowledge is utilized in the so-called climatotherapy, where patients are advised to spend 

extended periods at high altitude133 or near the marine environment134. It is likely that 

cleaner air in these areas is one of the main drivers for the observed health improvements, 

although other factors are also discussed135. Especially in coastal regions, aerosols ejected 

from the sea (sea spray aerosols, SSA) contribute signiƱcantly to the total aerosol mass and 

their number based size distribution shows that the majority is <1 µm, thus, in the inhalable 

and respirable size range136. This classiƱcation is based on the aerodynamic equivalent 

Harrison diameter of a particulate, which considers its shape and density besides its size 

and therefore describes the possible total and regional deposition pattern of airborne 

particles into diƯerent regions of the lung137. In a report on dietary and inhalation exposure 

to MNPs, the WHO deƱnes the inhalable fraction as particles with an aerodynamic diameter 

of > 2.5-10 µm but can include particles up to 100 µm (coarse fraction). The respirable 

fraction is referred to as particles with and aerodynamic diameter < 2.5 µm (Ʊne fraction)25. 

The composition of SSA is complex and can include various organic compounds. The 

organic composition of SSA is greatly inƲuenced by the composition of the sea surface 

micro layer, a thin layer on the sea surface. Hydrophobic compounds (e.g. anthropogenic 

pollutants), heavy metals, surfactants, and other organic compounds are known to enrich 

on the sea surface, forming the sea surface micro layer138. The total organic mass fraction 

can make up to 23% of submicron aerosols139. A study from Asselman et al. (2019) argues 

that biologically active compounds produced by various microorganisms can be part of 

SSA. When inhaled in environmentally relevant concentrations, some of these compounds 

are known for their interaction with diƯerent cell signaling pathways such as mTOR140. The 

inhibition of this pathway promotes anti-inƲammatory eƯects and could contribute to the 

overall positive health eƯect141. Despite such health promoting eƯects, generally eƯorts are 

made to reduce the particulate burden in air142. Airborne particulate matter < 10 µm (PM10) 

and < 2.5 µm (PM2.5) are complex mixtures of various sources and used as a measure for air 

quality as they are associated with both acute and long-term negative health eƯects. 

Especially traƯic related aerosols are of concern but there are other understudied 

pollutants emerging143. 
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Current knowledge gaps - Aerosol exposure assessment

In the past decade, several reports about MNPs as air contaminants have been 

published, aƯecting both urban and remote rural areas144,145. After Wright and Kelly 

postulated that MNPs could be a component of SSA, Allen et al. (2020) showed that this 

was indeed true for MPs >10 µm, and that the sea is a source of MNPs in the air62,64. Using 

µ-FTIR, they provided a quantitative demonstration of the presence of MNPs in SSA sampled 

from the French Atlantic coast. Extrapolations based on their study results suggest that 

potentially 136,000 tons of MNPs annually could be released from the marine environment 

into the online air by sea spray. In their study, 18 m³ air per sample were actively pumped 

through a solid Ʊlter system and an average of 3 MPs (>10 µm diameter)/m3 air with an 

estimated mass range of 0.024-0.159 µg/m3 air was found, depending on weather 

conditions62. 

Interestingly, a more recent study focusing on the presence of MNPs in SSA 

contradicted the claims put forward by Allen et al (2020). Lambert et al. (2024) further 

studied the aerosolization process of MNPs dispersed in sea water and estimated the 

human exposure to MPs via inhalation. The number of captured MPs after aerosolization 

was extrapolated to the number of particles inhaled per day spent on the coast based on 

reports on environmental MP and SSA concentrations and intake. Their calculations 

showed that 6.67 × 10-6 to 1.05 × 10-4particles with a size between 1-5 µm will be inhaled per 

day via SSA and that even in the year 2100 – following the business-as-usual scenario on 

plastic production – the number of inhaled MPs is far below 1 particle per day. Thus, they 

concluded that human exposure to MPs through SSA is negligible compared to other 

sources like urban areas (1.5 particles per m³) or indoor air (60 particles per m³). However, 

those calculations were based on experiments in a controlled environment and do not 

consider NPs due to the existing knowledge gaps on their behavior and environmental 

concentration146. Thus, there is a strong need to validate these Ʊndings through Ʊeld 

sampling campaigns.

Another multi-national study from Nava et al. (2023) found that lakes, too, are a 

reservoir for plastic debris and need to be considered in future studies85. Indeed, May et al. 

(2023) showed that freshwater lakes contribute to the total inland PM through generation of 
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lake spray aerosols86. However, the methodological limitation of the above-mentioned 

studies was that µ-FTIR was the primary method used to detect MPs. FTIR spectroscopy is 

known to resolution issues with particles smaller than 10 µm in size, and while a spatial 

resolution down to 3 µm can be achieved with µ-FTIR depending on the wavelength used, 

the eƯective special resolution for routine measurements is somewhat larger147. Therefore, 

in most cases, sizes > 5 µm were reported (average 20 µm ± 13 µm). 

In terms of the potential for adverse respiratory health impacts, particle size matters. 

Particles with an aerodynamic diameter of 5-10 µm will primarily deposit in the 

extrathoracic airways, while particles with aerodynamic diameters < 5 µm can enter the 

deeper lung and are therefore very relevant for assessing the impact on human respiratory 

health148. Once in the atmosphere, MNPs can travel long distances in a short time, 

compared to aquatic transport mechanisms. Low densities and small sizes of plastic debris 

inƲuence their mobility20. Despite the knowledge about these mechanisms, the health 

implications are unclear149. One study reported Ʊnding MPs in the lung but again used µ-

FTIR as the measurement technique, which has technical and methodological limitations, 

thus, the results of this study must be interpreted with care83. 

Raman spectroscopy is another commonly used technique for detecting MNPs. 

Caldwell et al. (2024) achieved comparably low limits of detection (LOD) with Raman for PS 

and PET NPs (5 and 0.625 µg/mL, respectively) that were spiked into environmental water 

samples. However, the LOD strongly depended on the polymer type among other factors 

like particle size or the environmental matrix. While this was a promising approach for PS 

and PET, aliphatic polymers like PE and PP provided a challenge. PE NPs could only be 

detected in one out of four diƯerent environmental water samples, whereas PP NPs could 

not be detected in any of the samples spiked150. In an earlier study, Caldwell et al. (2023) 

used surface-enhanced Raman scattering (SERS) spectroscopy for detecting NPs in a 

simple Milli-Q water matrix. With this approach they reached a LOD in the ng region (625 

ng/mL) for PS NPs. However, highlighting again diƯerences between polymer types and 

particle sizes151. It shows that analytical tools suitable for the detection and identiƱcation 

of respirable sized MNPs comprised of diƯerent polymers in both environmental and 
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biological samples are still lacking,149,152–154 leaving signiƱcant knowledge gaps vital for 

exposure assessment. 

One way to overcome methodological size limitations of the described studies is to 

use a combination of an aerosol sampling device which Ʊrst separates aerosols according 

to their aerodynamic diameter (e.g. an impactor or impinger) with a mass-based analytical 

method to measure the mass of the size fractions, such as thermal extraction-desorption 

gas chromatography mass spectrometry (TED-GC-MS). Mass-based methodologies are 

often more sensitive and robust compared to number-based detection methods, provided 

that the amount of collected mass is above the detection limit155. This approach was 

recently demonstrated elegantly by Rindelaub and Miskelly (2025), who used a standard 

impactor to collect PM2.5 and PM10 from 100 m3 air in diƯerent indoor laboratory 

environments. Pyrolysis GC-MS was then used to quantify the plastic and additive content 

in these samples. They reported mean total plastic concentrations of 0.51 μg/m3 (PM2.5 

samples) and 1.14 µg/m3 (PM10 samples) from n = 10 samples. Polycarbonate, 

polyvinylchloride, and polyethylene had the highest airborne concentrations in the 

inhalable fraction of air156. Importantly, this study convincingly demonstrated that the 

amounts of plastics detected in the active sampling campaign were signiƱcantly increased 

compared to amounts found in procedural controls, marking this study as a positive 

example in the literature, since several studies in the Ʊeld omit the appropriate controls and 

may be prone to reporting artifacts arising through sample contamination.

Chapter scope: sea spray aerosols as a source of enhanced exposure

In a similar strategy to Rindelaub and Miskelly (2025), Chapter 4  describes a 

methodological approach whereby a glass liquid impinger (GLI) was used as sampling 

device for capturing MNPs from air and separating the aerosols according to aerodynamic 

diameter into two size fractions representing aerosols that deposit in the upper respiratory 

tract (> 6.4 µm) and aerosols that deposit in the lower respiratory tract (<6.4 µm; Figure 1.3). 

Aerosol samples collected in the device were then analyzed by collaborators using TED-GC-

MS as a mass-based analytical technique.
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Figure 1.3: Scheme of the glass liquid impinger (GLI). Samples from the mouth and throat piece (MTP) and 
upper compartment (UC) are combined and separated from samples from the lower compartment (LC).

Since the GLI was developed for characterization of pharmaceutical aerosols and has 

not been used to analyze environmental aerosols, validation studies were performed prior 

to use of the instrument in two Ʊeld studies. Fluorescent labeling of the NP test materials 

described in Chapter 3 was explored for this purpose, as this is a commonly used strategy 

to simplify their detection and quantiƱcation and validate experimental and analytical 

approaches. A method for the incorporation of a large molecular weight polymeric dye with 

favorable optical properties like a large Stokes’ shift (low background) and commonly used 

excitation and emission wavelengths was therefore investigated. 

For validation, Ʊrst the collection eƯiciency of the GLI and the recovery rate of 

washing process were evaluated. In a second step, the deposition pattern and recovery of 

nebulized Ʋuorescently labeled NPs was investigated. Finally, a mixture of unlabeled NPs 

was nebulized into the GLI and the recovered mass was determined by TED-GC-MS to 

assess the limit of detection of the entire process under controlled conditions. The 

validated method was then used to sample air at two diƯerent rural locations. One Ʊeld 

study was carried out in Austria at the Neusiedler Lake (lakeside) and served as baseline 

due to expected low MNPs concentrations. The second sampling site was on Brač island, 
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Croatia (seaside), where higher concentrations were expected. A manuscript with parts of 

this chapter is currently under preparation. 

Research questions and hypotheses: SSAs as a source of enhanced exposure

The knowledge gaps on environmentally relevant concentrations of MNPs in air, more 

speciƱcally in seaside and lakeside aerosols, provided the starting point for the second 

objective of this thesis. The foundation of Chapter 4 are three main research questions:

•

•

•

It was hypothesized that there would not be detectable quantities of MNPs in air 

samples collected near the Neusiedler Lake because it is located in a rural and partly 

protected area. A Greenpeace report from 2023 on plastic contamination of Austrian lakes 

showed a low plastic abundance in the Neusiedler Lake samples157. In contrast, it has been 

shown that the Adriatic Sea is highly aƯected by plastic pollution. Sea currents drag plastic 

litter from the Mediterranean Sea into the Adriatic region, where it accumulates. Intake 

through rivers, heavy marine traƯic, agriculture, Ʊshing and high touristic activity in this area 

are further potential sources. Thus, it is no surprise that plastic debris was already detected 

on beaches, surface waters, sediments, and various organisms like Ʊsh or mussels158. 

However, studies that investigate a possible connection between plastic pollution in 

seawater and MNP content in seaside aerosols are still lacking. This was the rationale for 

the second hypothesis, that the aerosol samples from the Adriatic coastline show a higher 

abundance of MNPs than the lakeside aerosols. 
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Chapter 2

SMALL POLYPROPYLENE MICROPLASTICS: METHOD DEVELOPMENT TO PRODUCE 1-10 

µM TEST MATERIALS FOR STUDY IN BIOLOGICAL ASSAYS
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2 Test material development – Polypropylene microplastics
Parts of this chapter were Ʊrst published on the 18th of August 2025 in the Journal of 

Hazardous Materials (https://doi.org/10.1016/j.jhazmat.2025.139595) and reproduced 

with permission from Elsevier1.

2.1 Introduction and background

The goal was to produce PP MPs that reƲect environmental samples with a size 

relevant for the ingestion and inhalation route. A very promising example for the 

development of a MP reference material was described by Seghers et al. (2022)70, who 

described a standard for instrument calibration/validation in routine analysis of large 

volume aqueous samples, such as drinking water. This particular material contains a low, 

environmentally relevant concentration of PET MPs, which were embedded in a solid 

sodium chloride matrix via lyophilization. For this application, a sample kit was designed 

which included the lyophilizate plus a rinsing solution containing a Triton X-100 surfactant 

and a glass bottle Ʊlled with 950 mL pure water. To use the standard, the lyophilizate should 

be Ʊrst dispersed in the surfactant Ʋuid before transferring it into the Ʊnal large-volume 

container. The production process could be scaled up to a batch size of 500 samples per 

batch with a three-day processing time. The batch-to-batch variability was Ʊt-for-purpose 

when using the PET MPs as a reference material for instrument calibration when detecting 

plastics in water samples. This approach was reported to be user-friendly and reproducible 

in an interlaboratory comparison70.

Employing a similar philosophy, we were interested in developing benchmark 

materials for use across a wide range of in vitro and in vivo toxicity assays. However, instead 

of choosing a solid storage matrix as described above, we explored the use of glycerol as a 

liquid storage medium and dispersant aid, which has several advantages for both in vitro 

and in vivo toxicology study designs. These include: i) colloidal stability in the storage 

medium at high plastics concentrations (up to 40 mg MPs per gram glycerol) without the 

need for exogenous surfactants in the storage vials, ii) microbial stability at ambient room 

temperature due to the non-aqueous matrix and preservative eƯects of glycerol, iii) 

biocompatibility with cells, tissues and organisms, and iv) reproducible dilution into a wide 
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variety of other dispersants. For the deƱnition of all relevant parameters, a target product 

proƱle (TPP) was deƱned at the beginning of the development process (see Chapter 0). 

Subsequently, critical quality attributes (CQAs) and desired quality attributes (DQAs) were 

identiƱed, along with target values and acceptable ranges to ensure that the Ʊnal product 

is Ʊt for the intended purpose. 

Deɠnition of the target product proɠle and the critical and desired quality 
attributes

The development of the TPP was based on the following proposed applications for 

this test material: i) administration to animals in in vivo experiments, i) investigation of 

protein binding aƯinity and protein corona formation, and iii) in vitro particle-cell interaction 

studies. To reduce complexity, the decision was taken to use (additive free) food grade PP 

granules and produce test materials with characteristics similar to the pristine plastic 

(without ageing, surface functionalization, Ʋuorescent labels). Since irregular shaped 

fragments were reported as one of the dominating MP types in human lung tissue 

samples83,159,160, air145,161, or water samples162, this was deƱned as the favored particle 

shape. The target particle size range was deƱned as 1-10 µm, to include particles in the 

inhalable (< 10 µm) and respirable (< 4 µm) size range and comply with established air 

quality guidelines (see Chapter 1.3 ). Furthermore, a review by Mortensen et al. (2021) on 

unintentionally ingested MNPs demonstrated that MPs from 1-5 µm represented the highest 

abundance in drinking water and other beverages163, highlighting the relevancy for this 

exposure route. Particles < 1 µm were excluded since NP test materials were developed 

separately (see Chapter 3 ). Final considerations of the TPP concerned the purity, Ʊnal 

form, packaging, dispersibility, and stability of the material. No exogenous dispersing aids, 

proteins, or stabilizers should be added, so that users can choose from a wider range of 

bespoke dispersing aids that do not interfere with their assay of choice. Sterility and an 

acceptably low endotoxin content must be demonstrated, especially for use in in vitro and 

in vivo assays. Literature in this regard exists for nanomaterials but is equally relevant for 

MNPs164–166. A biocompatible storage matrix should be used to ensure dosing accuracy and 

easy handling. Thus, the matrix must be miscible with aqueous media and able to promote 

full redispersion of the MPs in aqueous test liquids. Furthermore, the Ʊnal product should 
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contain a high MP concentration to enable Ʋexible dosing, preferably in a multi-dose 

container. Finally, the chosen matrix and packaging must ensure the physical and microbial 

stability of the MPs over the shelf-life and in-use life span of at least one year. From this TPP, 

critical and desired quality attributes were extracted (Table 2.1) and include the 

speciƱcations for the desired size range, limits for viable microorganisms, endotoxin 

content, batch-to-batch reproducibility, shelf-life stability, quality control (QC) vs. 

biorelevant media (BRM) dispersibility, and yield. 
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Table 2.1: Critical quality attributes (CQAs) and desired quality attributes (DQAs) of a PP test material 1-
10 µm in size for use in in vitro and in vivo studies as well as protein corona investigations.

–

≥ 90% of the test material is < 10 

Should be packaged in a “multi
dose” container 
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Study design and hypotheses

Three diƯerent mills (ball mill, ultra-centrifugal mill, and knife mill) were tested, and 

the resulting particle shape, size distribution, and yield were assessed. It was hypothesized, 

that top-down procedures would generate irregular shaped particles in the desired size 

range of 1-10 µm. In preliminary experiments, the ultra-centrifugal mill and the ball mill 

showed major Ʋaws that excluded them from further investigations. The comparably low 

glass transition temperature (Tg) of PP (-20 to 0°C)167 caused melting of the PP granules 

when introduced into the ultra-centrifugal mill, even when pre-treated with dry ice or liquid 

nitrogen. When using the ball mill with stainless steel accessories, the generated powder 

was visually contaminated with metal components from the milling balls, which has also 

been described in the literature106. EƯorts to avoid this contamination were not successful 

because shorter grinding cycles or a reduced total milling time did not yield particles in the 

desired size range. This left the knife mill as the method of choice for in-depth investigation. 

Preliminary experiments showed no visual signs of metal contamination, the particles were 

irregularly shaped fragments, and a sieve cut with a 38 µm stainless steel sieve showed 

promising yields for the fraction < 38 µm. Thus, a wet milling procedure in ethanol was 

developed that consisted of the following main steps: Pre-treatment of the starting 

material, milling, size fractionation, and medium exchange to glycerol. 

Pre-treatment

PP was provided as oval pellets (~4x3x3 mm) but milling them directly did not result 

in suƯiciently high yields of the fraction < 38 µm. It was hypothesized that the yield could be 

increased through pre-treatment of the pellets by i) increasing their initial size via molding, 

and ii) freezing the starting material to increase its brittleness. The inƲuence of the pre-

treatment on the chemical integrity was evaluated via ATR-FTIR after applying diƯerent 

melting times.
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Milling

It was hypothesized that the milling eƯiciency could be increased by keeping the 

temperature below the Tg of PP. To avoid overheating, grinding was conducted in cycles and 

their duration, intermediate pauses, grinding speeds, and grinding accessories to reduce 

the volume of the grinding container were explored. 

Size fractionation

To obtain the desired size fraction, multiple fractionation methods were combined. 

Sieving was the Ʊrst step for separating particles with high throughput that were too large to 

pass a 38 µm stainless steel sieve. Particles below that threshold were then subjected to 

Ʊltration for removing plastics above 10 µm and below 1 µm. In a Ʊnal step, the obtained 

MPs were centrifuged to Ʊne-tune the particle size distribution (PSD). It was hypothesized 

that more sieving cycles would increase the overall yield, and a multistep centrifugation 

procedure would reduce the spread of the desired MP fraction. Thus, sieving cycles, and 

centrifugation parameters such as speed, time, and cycles were investigated.

Medium exchange to glycerol

Re-dispersibility of small MPs into aqueous media is a challenge, especially for highly 

hydrophobic materials like PP. Without dispersion aids, those particles tend to agglomerate 

irreversibly in dry powder form and aqueous suspension. Thus, glycerol as liquid and 

biocompatible matrix for the produced MPs was assessed. Five batches of PP MPs were 

produced employing the optimized production procedure to test the hypothesis that the 

obtained glycerol stocks fulƱll the quality attributes described in the TPP. The conducted 

study characterized relevant parameters including the PSD proƱle at various production 

steps and after dispersion in aqueous media, sterility, and stability after long-time storage.
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2.2 Materials and methods

Materials

Food grade PP (CAS: 9003-07-0) pellets were kindly provided by PlasticsEurope. 

Ethanol (96%, v/v) was sourced from Brenntag (Brenntag Austria GmbH, Vienna, Austria), 

and glycerol (≥ 99%, anhydrous for synthesis, 8.18709) and Tween®80 (polysorbate 80, 

P1754) from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Filters were purchased 

from Whatman (0.8 μm, membrane Ʊlters, WHA7408004, Whatman plc, Maidstone, UK) 

and Merck Millipore (10 μm, nylon mesh, NY1004700, Merck Millipore KGaA, Billerica, USA). 

BSA (Bovine serum albumin, Fraction V, 1ET6.3) was provided by Carl Roth (Carl Roth GmbH 

+ Co. KG, Karlsruhe, Germany) and DMEM/F-12 (Dulbecco's ModiƱed Eagle 

Medium/Nutrient Mixture F-12, [+] L-Glutamine, no phenol red, 21041-025) from Fisher 

ScientiƱc (Fisher ScientiƱc GmbH, Schwerte, Germany)

Production method

Pre-treatment

Eight pellets (~200 mg) were transferred into each chamber of a silicone mold 

(10x10x10 mm) and melted into cuboids (10x10x3 mm) at 180°C for 1 hour. The resulting 0.3 

cm thin cuboids were frozen (-70°C, minimum of 12 h) to increase brittleness. 

Milling

Frozen PP cuboids (20 ± 2 g) were subsequently milled in ethanol (96%, v/v, 40 mL) 

with a knife mill (GM200, Retsch GmbH, Haan, Germany) using the cryogenic stainless-

steel accessories (Cat. No.: 22.354.0005). The material was cooled with dry ice, which was 

occasionally replenished. The optimized milling procedure is shown in Table 2.2. To avoid 

rapid heating, the protocol consisted of multiple 30 sec milling cycles followed by a 3-5 min 

pause. The Ʊrst cycle was carried out with the “hit-mode”, where the knives rotate 

backwards and bluntly comminute the pre-treated PP. All further cycles were carried out 

with the “cut-mode” while increasing the rotation speed (revolutions per minute; rpm). After 

the third cycle, a volume reduction lid was introduced which increased the contact time of 

the material with the knives and led to a higher grinding eƯiciency. The last cycle consisted 
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of six runs at high speed to further increase the yield of the Ʊne fraction and the obtained PP 

suspension was then size fractionated. 

Table 2.2: Steps of the optimized milling protocol.

Optimized size fractionation method

A stack of stainless-steel mesh sieves (woven wire mesh, Ø 200 mm, 50 mm height, 

Retsch GmbH, Haan, Germany) with the following mesh sizes: 800 µm, 500 µm, 180 µm, 63 

µm and 38 µm were used for wet sieving the ethanolic PP suspension. The sieve stack was 

agitated with a vibratory sieve shaker (Rhewum GmbH, Remscheid, Germany) for 5 min with 

intensity and interval set to 7. All fractions > 38 µm were collected separately, dried and 

stored in glass beakers for later use. The smallest fraction passing the 38 µm sieve was used 

for further processing. For the isolation of PP particles 1-10 µm from the fraction < 38 µm, a 

two-step vacuum Ʊltration followed by centrifugal fractionation was employed. Filters were 

placed on a glass Ʊlter holder system from VWR (511-0666, VWR International LLC., Radnor, 

USA) and the Ʊrst Ʊltration step required passing the < 38 µm suspension through a 10 µm 

nylon mesh Ʊlter. The Ʊltrate (< 10 µm) was then Ʊltered through a 0.8 µm nylon membrane 

Ʊlter and the residues from the 0.8 µm Ʊlter were resuspended in ethanol (20 mL). The 

obtained suspension was then split into two equal volumes and transferred into two clean 

glass centrifugation tubes (Pyrex, 11.5 mL). The suspensions were homogenized using 

vortex and sonication (1 min each) and immediately centrifuged, employing a benchtop 

centrifuge (Rotanta 460 R, Hettich Instruments, Beverly, USA) equipped with a swinging 
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bucket rotor (5699-R, r = 196 mm). Suspensions were centrifuged twice at 232 × g (1030 

rpm, 24°C, 1 min) to sediment particles/agglomerates > 10 μm. After each centrifugation 

run, the supernatant was transferred into two clean tubes and ethanol was added to 

balance the weight. Subsequently particles < 1 μm were removed by two further 

centrifugation cycles using 1459 × g (2580 rpm, 24°C, 10 min). After each centrifugation, the 

supernatant was removed (and used to characterize the submicron fraction) and the tubes 

were reƱlled with ethanol. Following the second run, the sedimented particle pellets were 

collected, redispersed in ethanol to a deƱned volume and stored in a glass vial for later 

characterization and use.

Transfer to glycerol

Glycerol was pre-heated to 60°C in a water bath. Separately, the PP suspension in 

ethanol (1 mL) was fully dispersed by alternate cycles of vortexing and sonication (1 min 

each). The mass of heated glycerol required for the desired Ʊnal concentration (typically 1 

mg PP / g glycerol) was added to a round bottom Ʋask followed by addition of the PP 

suspension in ethanol. The mixture was immediately mixed via alternate cycles of vortexing 

and sonication (1 min each). A rotary evaporator (water bath at 60°C) was then used to 

gradually remove the ethanol via incremental decreases in pressure (increments of approx. 

50 mbar over 1 h until 40 mbar was reached). The Ʋask was weighed in regular intervals and 

the process was considered complete when the weight of the Ʋask reached the theoretical 

weight of the empty Ʋask, PP, and glycerol combined.

Carbonyl index value

Spectra were recorded with the Nicolet iN10 MX Microscope (Thermo Fisher ScientiƱc 

Inc., Waltham, USA) using the ATR module and DTGS detector with 64 scans and a 

resolution of 8 cm-1 in the range from 4000 to 650 cm-1. The Omnic Picta and Omnic 7 

software were used for recording and processing (baseline correction and peak 

normalization), respectively. The carbonyl index (CI) value was determined through dividing 

the area of the peak of interest (AC=O) from 1820-1650 cm-1 by the area of the reference peak 

(Aref.) from 1500-1420 cm-1 (Equation 2.1) according to Almond et al. (2020)168.
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Equation 2.1: Determination of the carbonyl index (CI) value.𝐶𝐼 = .௥௘௙ܣ ஼=ைܣ
Product yield

The weight of the ethanolic PP MP suspension was Ʊrst determined gravimetrically 

(msusp.). After homogenization of the suspension via bath sonication, an aliquot (1 g) was 

transferred into an Eppendorf tube (2 mL) and the ethanol was removed under reduced 

pressure with a rotary evaporator. The weight of the PP microplastics (mMP) was determined 

and the absolute yield (mg) was calculated according to Equation 2.2. 

Equation 2.2: Determination of the absolute yield (mg) of PP MPs.ܻ݈݅݁݀ (݉݃) = ݉௦௨௦௣. × ݉ெ௉
The yield (%) of the desired fraction was calculated (Equation 2.3) relative to the used 

mass of PP pellets (mPP).

Equation 2.3: Determination of the relative yield (%) of PP MPs.ܻ݈݅݁݀ (%) = ݉௦௨௦௣. × ݉ெ௉ × 100݉௉௉
Dispersion and analysis of particle size distribution: Quality control (QC)

PSDs were measured via laser diƯraction employing a Mastersizer 3000 (Malvern 

Panalytical, Malvern, United Kingdom). To achieve full dispersion, glycerol suspensions 

were Ʊrst heated to 60°C and subjected to three alternating cycles of vortexing and 

sonication (1 min each). Ethanolic suspensions were not heated but also underwent three 

vortex/sonication cycles as described above. Subsequently, 0.2 mL dispersion containing 

~200 µg PP were dispersed in 0.2 mL Tween®80 (5%, w/w) solution (1:1) to promote full 

surface coverage of the PP by the surfactant during the process transfer to water. The 

mixture was sonicated for 5 min followed by dilution of 50-400 µL suspension into 6 mL 

water containing 0.33% Tween®80, which typically achieved the recommended obscuration 
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level (optical concentration) of 5-10% in the Mastersizer. Instrument settings included: 

Particle shape: “non-spherical”, Mie-Theory was applied (refractive index of PP: 1.49169, 

absorption of PP: 0.01, refractive index of water: 1.33), and stirring speed: 1000 rpm. The 

background was measured with 6 mL of distilled water containing 0.33% Tween®80.

Dispersion and analysis of particle size distribution: Biorelevant media 
(BRM)

Similarly to the QC dispersion protocol, the glycerol stock was Ʊrst homogenized by 

heating it to 60°C and alternately vortex/sonicate for 1 min each in three cycles. In contrast 

to the QC protocol, 0.2 mL of a Ʊltered BSA solution (10%, w/w) was used to disperse 0.2 

mL of the PP microplastic glycerol stock (1:1). The mixture was gently shaken to avoid 

foaming and subsequently sonicated for 30 s. This ensured that the glycerol was fully mixed 

with the BSA solution. Finally, the obtained suspension was sonicated for 5 min directly 

before the Ʊnal dilution and size distribution measurement in DMEM/F-12 without FBS (to 

avoid air bubble formation) by laser diƯraction. Instrument settings: Particle shape: “non-

spherical”, Mie-Theory was applied (refractive index of PP: 1.49169, absorption of PP: 0.01, 

refractive index of DMEM: 1.34170), and stirring speed: 1000 rpm. The background was 

measured with 6 mL DMEM/F-12.

Determination of viable microorganisms

Test material production was conducted under non-aseptic conditions, thus, 14 

batches of 1-10 µm PP (eleven dry powders obtained after Ʊltration and three dispersed in 

glycerol) were assessed for viable microorganisms according to the pour plate method 

described by the FDA171 and the Ph.Eur.172. BrieƲy, the samples (1 mg) were dispersed via 

bath sonication (1 min) in complete cell culture medium (1 mL, cDMEM, DMEM+10% FBS + 

penicillin/streptomycin) to obtain 1 mg/mL sample stocks. Subsequently, the stocks were 

further diluted with cDMEM to the Ʊnal test concentrations of 10, 50 and 200 µg/mL. MP 

samples were tested in Lysogeny broth (LB) agar for evaluation of aerobic bacteria and 

Sabouraud 4% glucose agar for fungi detection. Dispersions (1 mL) were added to the agar 

plates and incubated for 3 days at 30°C (LB plates) or 7 days at 20°C (Sabouraud plates). 
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The number of colony forming units (CFU) were counted and reported as CFU/mL. 

Escherichia coli and Saccaromyces cerevisiae were used as positive controls employing 10-

9 and 10-5 serial dilutions, respectively.

Storage stability

The MPs were stored in a glycerol matrix at ambient room temperature in sealed HPLC 

glass vials (1.5 mL). The vials were kept in a cardboard box to avoid light exposure. 

Determination of the PSD and viable microorganisms were assessed directly after 

production (0 months) and after 2.5 years (32 months) of storage according to Chapters 

0and 0, respectively. Sample vials remained sealed until the day of measurement. 

Osmolarity

The freezing point depression of glycerol serial dilutions in cDMEM and saline solution 

(0.9% NaCl) ranging from 6.2 to 0.05% (w/v) glycerol was measured using a K-7400S Semi-

Micro Osmometer (Knauer Wissenschaftliche Geräte GmbH, Berlin, Germany) and the 

average osmolarity values (mOsmol) were calculated from n = 3 replicates. 

Data visualization and statistics

Raw data from LD measurements, was exported with Malvern’s Mastersizer software 

and plotted with Python (3.11.0) using the Matplotlib library (3.9.2). Statistical tests were 

performed with a CI of 95% using the SciPy (1.14.1), NumPy (2.1.1), and Pandas (2.2.3) 

libraries for Python (3.11.0).

2.3 Results and discussion

Statement of transparency

FTIR spectra of heat-treated PP (0 h, 1 h, 1.5 h, 3h and 5 h) were provided by our 

collaborator Boban Anđelković from the University of Belgrade. Data on milling eƯiciency 

was obtained with help from Selena Margherita Prantner for her Bachelor's thesis 
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performed under my supervision, and Dr. Itziar Otazo Aseguinolaza. Data regarding the 

sieving and centrifugation process was generated with help from Markus Falkenstätter 

during his Master’s project and Lauren Saveyn during her Bachelor’s project, both 

performed under my supervision. SEM images were kindly provided by Dipl.-Ing. (FH) 

Christiane Weimann from the Federal Institute for Materials Research and Testing in Berlin 

(BAM). Microbial contamination was tested by my colleague, My Vanessa Ngyuen Hoang.

Optimization eĀorts for the production of pristine PP microplastics 
1-10 µm

Pre-treatment 

Through pre-treatment of PP granules (i.e. melting into larger cuboids), it was 

expected to improve the milling eƯiciency as a result of the geometry of both the material 

and the knife mill, i.e. less material accumulates underneath the rotating knives which are 

set about 5 mm above the bottom of the milling container. However, PP can degrade (e.g. 

through oxidation) also during comparably short heating times. Thus, the eƯect of the pre-

treatment (molding process) on the material chemistry and mass yield of the desired 

fraction < 38 µm were assessed. PolyoleƱns like PP show no features in the carbonyl region 

(~1700 cm-1) of an FTIR spectrum in their native state. However, heating (e.g. during the 

molding process) can introduce a carbonyl peak that can be used to calculate the CI value, 

which is indicative of degradation. Thus, FTIR spectra of heat-treated PP (0 h, 1 h, 1.5 h, 3h 

and 5 h) were recorded, and CI values were calculated. Figure 2.1 shows the relationship 

between molding time and the CI value. Even 1 h at 180°C increased the CI value slightly 

from 0.02 (0 h) to 0.06 (1 h). However, this was considered acceptable compared to the 

increase seen in the other samples (0.29, 2.21, 3.86 for 1.5 h, 3 h, and 5 h, respectively). 

Lower temperatures or shorter heating times were not assessed as they did not liquify the 

material enough to be molded. 
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Figure 2.1: Impact of heating time (1, 1.5, 3, 5 h at 180°C) on the carbonyl index (CI) values of molded PP 
cuboids compared to the native PP pellets (0 h). n = 1 sample. Insets show the mass yield relative to the 
starting material mass of the fraction < 38 µm when using cuboids after 1 h (n = 3) and 3 h (n = 5) of heating 
at 180°C.

The mass yield of the fraction < 38 µm was considerably higher when the 3 h pre-

treated cuboids were used (see insets in Figure 2.1), as expected. However, this increase in 

milling eƯiciency (brittleness) was achieved through surface oxidation, which can 

potentially aƯect the surface chemistry of produced MPs and subsequently their interaction 

with cells in various assays173. This shows the importance of thorough material 

characterization with respect to the intended use. To minimize pre-treatment eƯects on the 

material integrity, it was decided to use the 1 h pre-treated cuboids for milling. 

Milling

The optimized milling procedure presented in Table 2.2 successfully prevented 

excessive heating during milling. With the introduction of dry ice, pauses of 3-5 min were 

only necessary when dry ice was replenished to avoid material spilling through rapid dry ice 

sublimation when directly milled. Through minimizing pauses, the overall processing time 
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could be reduced by 30 min per batch. The surface temperature of dry ice (-78.5°C174) does 

not freeze ethanol (melting point -114°C175) and thus, can be used to keep the temperature 

of PP below its Tg (-20 to 0°C) during milling. This was ensured by stopping the milling 

process and replenishing dry ice when the dew on the outside of the milling container 

started to melt. 

Sieving

Smaller MP size fractions require a wet sieving process to overcome agglomeration 

caused by electrostatic charge interactions127,176. However, water would also facilitate 

agglomeration due to its polarity, thus ethanol utilized for milling was also used for sieving. 

To test the hypothesis that prolonged sieving would increase the yield of the fraction < 38 

µm, three conditions were tested: sieving the PP suspension once (n = 3), twice (n = 2), and 

Ʊve (n = 1) times for 5 min. Subsequently, the mass yield of the dried fraction < 38 µm relative 

to the sieved mass was calculated. The limited number of repeats for the two- and Ʊve-

times sieving experiments does not allow a deƱnitive conclusion but the current dataset 

shows that the highest obtained relative mass yields were similar for all three sieving 

procedures (once: 0.70%, twice: 0.72%, Ʊve times: 0.72%). Additionally, multiple sieving 

steps negatively inƲuenced the PSD by increasing the 50th and 90th percentile from 11.6 and 

33.5 µm (sieved once) to 24.0 and 64.4 µm (sieved Ʊve times). Since sieve meshes only 

provide a two-dimensional barrier, they can allow irregularly shaped particles to pass 

through in a time-dependent manner, even if one dimension is larger than the mesh size177. 

Therefore, a sieving time of 5 min and a single pass was found to be optimal to maintain the 

desired size cutoƯ where 22.3 ± 1.2% (n = 5) of the volume-based size distribution was 

within the desired 1-10 µm fraction. However, additional size separation steps were 

necessary to further narrow the PSD.

Filtration

Similar to sieving, vacuum Ʊltration did not provide a clear cutoƯ at the given mesh 

size (10 µm) but reduced all three percentiles (D10: p=0.0003, D50: p=0.0006, D90: p=0.01) 

statistically signiƱcant (Figure 2.2A). A pilot study – performed by our collaborator Dr. 
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Tassilo Waniek from the Federal Institute for Materials Research and Testing in Berlin (BAM) 

– with milled PET MPs showed that specialized 10 µm silicon Ʊlter membranes 

(SmartMembranes) outperformed the 10 µm nylon Ʊlters due to their increased thickness 

and pore structure178. It ensures that particles can only pass if they are smaller than the pore 

diameter in all three dimensions, thus, providing a clear cutoƯ and interesting approach for 

milled PP particles (Figure 2.2B). It hast to be noted that this approach requires much 

longer Ʊltration times (hours) compared to the nylon Ʊlters (minutes) and therefore further 

investigations are needed.

Figure 2.2: Comparison of the 10th, 50th, and 90th percentile of sieved (red) and additionally Ʊltered (orange) 
PP microplastic suspensions (A). Comparison of the volume-based particles size distribution after sieving 
(orange) or Ʊltering (red) a PET microplastic suspension through a 10 µm stainless steel mesh or 10 µm 
silicon membrane, respectively (B). Figure B was replotted with kind permission from Tassilo Waniek from 
BAM Berlin. Statistical signiƱcance was tested using a paired t-test (CI: 95%) where n.s. = p > 0.05, * = p < 
0.05, ** = p < 0.01, and *** = p < 0.001.

After the Ʊrst Ʊltration step, submicron-sized material was detected in four out of Ʊve 

batches. A second Ʊltration step was employed for removing this fraction using a 0.8 µm 

nylon membrane. Unfortunately, this second Ʊltration was not eƯective in removing the 

submicron fraction but nonetheless helpful to quickly remove excess ethanol before further 

processing. 
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Centrifugation

Centrifugation was explored to Ʊne-tune the PSD obtained after Ʊltration. A pilot 

study revealed that repeated centrifugation using the same parameters continuously 

decreased the fraction < 1 µm. Thus, the Ʊnal protocol was developed as a two-step 

procedure where each step was carried out twice. The Ʊrst step was designed to remove 

particles > 10 µm followed by the second step for removing particles < 1 µm. In contrast to 

sieving and Ʊltration, centrifugation did remove submicron particles in 3 out of 3 

experiments but was less eƯective in separating particles > 10 µm from the product. Rapid 

agglomeration led to the removal of not only particles outside the desired range but also 

agglomerates that contain particles within the 1-10 µm size range. Thus, multiple 

centrifugation cycles can narrow the PSD but simultaneously reduce the yield. 

Furthermore, centrifugation increases the workload because it requires manual handling 

(pipetting). This also makes the result highly dependent on the skill and experience of the 

operator. Figure 2.3A shows the impact of combining Ʊltration and centrifugation on the 

PSD of PP MPs. After producing Ʊve batches using the optimized procedure, a paired t-test 

was used to compare the 10th, 50th, and 90th percentile of Ʊltered and subsequently 

centrifuged PP MPs of the same batches (Figure 2.3B). Only the D50 was statistically 

signiƱcantly smaller (p = 0.03) after centrifugation, whereas the diƯerences of the D10 (p = 

0.3) and D90 (p = 0.2) were not signiƱcant. However, the SD was reduced for both the 10th 

and 50th percentile from 0.63 and 2.79 µm to 0.31 and 1.09 µm respectively which is 

nonetheless useful for minimizing batch-to-batch variability. 
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Figure 2.3: Fine-tuning the particle size distribution (PSD). The red trace shows the PSD of an ethanolic PP 
microplastic suspension (batch 029) following Ʊltration. The orange trace shows the PSD of the same 
material following subsequent centrifugation fractionation (A). Comparison of the 10th, 50th, and 90th 
percentile of Ʊltered and subsequently centrifuged PP MPs (B). Statistical signiƱcance was tested using 
a paired t-test (CI: 95%) where n.s. = p > 0.05, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.

Particle shape, product yield, and production time

The optimized production procedure was ultimately used to assess the material 

characteristics. SEM images (Figure 2.4A-B) of the produced PP MPs show a range of 

particle sizes and irregularly shaped fragments. This variety of shapes (excluding Ʊbers) is 

expected for milled materials and in line with the TPP. DiƯerent agglomeration states can 

also be observed likely due to glycerol removal by washing with ethanol and subsequent 

drying prior to SEM imaging. 
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Figure 2.4: Representative SEM images of milled PP particles 1-10 µm after Ʊltration and centrifugation. 
Overview with 1000x magniƱcation (A). Detailed image with 2000x magniƱcation where the rough surfaces 
and irregular shapes can be observed (B).

The product yield after size fractionation was calculated using Equation 2.2 and 

Equation 2.3. In general, the production time was comparably high for the extremely low 

quantity of product produced (Table 2.3). From a single batch, only one vial with 1 mg PP 

MPs/g glycerol was obtained which is signiƱcantly lower than the desired 40 mg/g deƱned 

in the TPP. It has to be noted that further reƱnement of the particle size distribution (via 

Ʊltration and centrifugation) contributed to yield reduction. However, there are no 

references for mass yield values of similar materials described in the literature. For 

comparison of mass yields, the PSD characteristics need to match because large particles 

contribute disproportionately to the overall mass compared to small particles. Ultimately, 

this low product yield is a signiƱcant barrier in the development of reference materials, 

since large quantities are typically required. 

Table 2.3: Product yield and production time (n = 5 independent batches).
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Dispersibility from ethanol and glycerol

To assess the inƲuence of the medium on the PSD, the QC dispersion protocol was 

used to redisperse particles from the same batch before and after exchanging the medium. 

This protocol uses harsh conditions (i.e. high energy input via bath sonication) to obtain 

either the primary particle size, or the size of irreversible agglomerates. Figure 2.5 shows 

representative PSD curves of 1-10 µm MPs dispersed from ethanol or glycerol. While the 10th 

percentile stayed unchanged, an increase from 6.1 µm to 6.3 µm, and from 14.4 µm to 16.1 

µm of the 50th, and 90th percentile, respectively, can be observed. Agglomerates in the 

ethanolic suspension are usually redispersible when the QC dispersion protocol is applied. 

However, agglomerates that formed during the medium exchange (e.g. by particles that 

dried on the glass wall during ethanol evaporation) are often not redispersible. This is most 

likely the cause of the D90 increase. However, the overall excellent colloidal stability in 

glycerol was reƲected in the low RSD% of all D-values: D10: 1.01%, D50: 2.72%, D90: 8.04%. 

This ideal case needed further veriƱcation through a batch-to-batch comparison study.

Figure 2.5: Comparison of the particle size characteristics following exchange of ethanol with glycerol. 
The red trace shows the particle size distribution of an ethanolic PP microplastic suspension (batch 032), 
whereas the orange trace shows the size distribution of the same material following subsequent medium 
exchange to glycerol.
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Batch-to-batch variability

The robustness of combined milling, fractionation and dispersion procedures was 

determined through size distribution analysis of intermediate ethanolic suspensions (n = 16 

batches) and the Ʊnal product in glycerol (n = 5 batches; Figure 2.6). Evaluation of the size 

distribution characteristics of the ethanolic intermediate of sixteen batches produced by 

four diƯerent operators showed a highly reproducible median particle size (D50) of 6.84 ± 

1.12 µm (Figure 2.6A). Data variability was highest in the D90 values, as demonstrated by the 

increasing RSD% of the PSD quantiles: D10: 8.4%, D50: 16.4%, D90: 26.0%. The higher 

variation in the D90 values was attributed to diƯerences in the way the four diƯerent 

operators performed critical operating steps, such as handling the unstable pellets when 

centrifugation was applied for size separation. Figure 2.6B shows n = 5 batches in ethanol 

and glycerol of the same operator. It can be observed that the PSD values for the Ʊnal 

product in glycerol were shifted slightly towards larger sizes compared to ethanolic 

suspensions when multiple batches were characterized. The RSD% values for the glycerol 

products reƲect this as well: D10: 19.2%, D50: 36.7%, D90: 56.5%. A paired t-test showed a 

statistically signiƱcant increase in the D10 (p = 0.005) and D50 (p = 0.02) but not for the D90 (p 

= 0.06) due to its larger variability. The larger sizes and higher variation of the glycerol 

product was attributed to the slightly more complex dispersion process required for glycerol 

suspensions (e.g. addition of an extra heating step to reduce glycerol viscosity prior to 

dispersion in aqueous media). In some instances, the PSD quantiles were nearly identical 

between the ethanol and glycerol suspensions, whereas in other cases, the glycerol 

suspensions led to substantially higher D90 values, highlighting the importance of robust 

dispersion protocols. The small sample sizes due to the limited yield per batch and the 

emphasis of larger particles when measuring PSDs via laser diƯraction contributed to 

higher D90 values.
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Figure 2.6: Particle size distribution curves of the intermediate ethanolic suspensions of n = 16 batches 
produced by four diƯerent operators (A). Comparison of the 10th, 50th, and 90th percentile of the 
intermediate ethanolic suspensions of n = 5 batches produced by one operator and the same Ʊve batches 
after exchange of ethanol for glycerol (B). Statistical signiƱcance was tested using a paired t-test (CI: 95%) 
where n.s. = p > 0.05, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.

The Ʊnal important discussion point regarding the PSD data is the observation that 

only 41 ± 5% of the test material is within the desired range of 1-10 µm. In contrast, 70 ± 4% 

is between 1-20 µm. Strictly speaking, the current version of the test material would be 

considered out-of-speciƱcation and may not be suitable for the intended use. Further 

analysis would be required to determine whether it would be appropriate to modify the 

target particle size range of the intended product or perform further optimization work to 

narrow the PSD even further. Since the latter approach is likely to result in a further decrease 

in product yield, this may not be a practical or feasible option.

Size stability during long-time storage

To gain reference material status, a critical material attribute (CMA) should be deƱned 

and its stability of over longer periods (shelf-life) needs to be demonstrated, typically for 

one year before materials are tested again and eventually re-certiƱed179. Stability of the PSD, 

as one of the deƱned CMAs, was monitored through a real-time long-term stability study 

using a non-optimized protocol (optimization started later). The material was stored under 
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light exclusion at room temperature for 32 months (~2.5 y) and for the remeasurement, the 

same non-optimized dispersion protocol was applied to ensure comparability. The overlay 

of the obtained PSD curves shows that the PSD curve of the stored material shifted towards 

larger sizes, which indicates agglomeration (Figure 2.7). Due to the density diƯerence 

(glycerol: 1.26 g/cm³ and PP: 0.90 g/cm³ according to their datasheets) PP MPs will Ʋoat over 

time. However, this can be minimized when the material is regularly used or redispersed. 

Furthermore, it is expected that RSD% values can be reduced (below the desired 15% 

threshold) by using the optimized dispersion protocol in future studies. 

Figure 2.7: Particle size distribution (PSD) curves of PP microplastic glycerol stocks. The red trace shows 
the PSD of the freshly prepared glycerol suspension (batch 005), whereas the orange trace shows the PSD 
of the same material remeasured after 2.5 years of storage at room temperature.

Dispersion in biorelevant media

To assess the suitability for use in vitro and in vivo, full dispersibility in biorelevant 

isotonic media needs to be demonstrated. Two dispersion protocols were developed, 

where one is for i) quality control (QC, see Chapter 0) of the produced materials and the 
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second one for ii) assessment of the PSD in biorelevant media (BRM, see Chapter 0). In 

contrast to the QC protocol where Tween®80 is used to obtain good dispersibility and the 

PSD is measured in water, the BRM dispersion protocol utilizes bovine serum albumin (BSA) 

as biocompatible dispersion aid, which can stabilize MP suspensions130, and the PSD is 

determined in cell culture medium (DMEM/F-12 without FBS). In Figure 2.8, the PSD curves 

of the same batch (batch 005 stored for 2.5 y) dispersed in water (QC) and DMEM (BRM) are 

shown to overlap, indicating that the material is fully dispersible in both cases and does not 

change its size characteristics, as indicated by the percentiles in the inset. It has to be noted 

that previous studies utilized an Elmasonic P 30 H sonication bath (Elma Schmidbauer 

GmbH, Singen, Germany) operated at 37 kHz (120 W nominal power). During optimization 

of the dispersion protocols, the sonication bath was replaced (Sonocool SC 255, Bandelin 

electronic GmbH & Co. KG, Berlin, Germany) which operated at 35 kHz and had higher 

energy inputs (180 W nominal power) over the same sonication time. Hence, the peak in the 

submicron region can be attributed to the breakdown of previously non-dispersible 

agglomerates. This highlights that the eƯectiveness of a dispersion protocol is highly 

dependent on the sonication bath used and that the frequency and nominal power are 

important factors besides sonication time. 
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Figure 2.8: Particle size distribution (PSD) curves of microplastic particles following diƯerent dispersion 
protocols. The red trace shows the PSD of a PP microplastic suspension (batch 005) dispersed with 
Tween®80 in water (QC), whereas the orange trace shows the PSD of the same material dispersed with BSA 
and measured in DMEM (BRM).

EĀects of the production process on microbial contamination rate

Sterility of the material is important for in vitro and, especially in vivo, toxicology 

studies since contamination can contribute to measured eƯects and lead to 

misinterpretation of results

(Swierczewska Magdalenaand Crist, 2018)

. Fourteen batches of PP MPs were assessed for growth of viable microorganisms. 

Eleven batches were produced as dry powders representing comparator materials with a 

larger size range and three batches were dispersed in glycerol representing materials 

produced using the method described above (Table 2.4). Contamination only occurred in 

dry powder batches (028 and 048) which showed fungal growth at all three concentrations 

tested. An eƯective way of avoiding contamination via air would be to conduct all 

production steps in a controlled environment like a clean room or laboratory scale safety 

bench with HEPA Ʊlter system. However, this was not applicable during this study and all 
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steps were carried out in a clean but not controlled environment resulting in a 

contamination rate of 18% for dry powders. Interestingly, none of the glycerol stocks tested 

were contaminated even after prolonged storage. It has to be noted that only a limited 

number of glycerol batches were tested and that increasing the number of batches tested 

might result in a higher contamination rate.

Table 2.4: Produced dry powder and glycerol batches tested for bacterial (LB agar) and fungal (SAB agar) 
contamination. Each batch was tested at three diƯerent concentrations (200, 50 and 10 µg microplastics 
per mL).

Osmolarity

The advantages of using glycerol as matrix have already been discussed. However, 

the osmolarity of relevant vehicles for in vitro (DMEM, DMEM + 10% FBS) or in vivo (0.9% 

NaCl) applications increases when glycerol is added. Thus, the freezing point depression of 

the vehicles with and without the addition of glycerol concentrations up to 6.1% (w/v) were 

measured and the osmolarity was calculated (Table 2.5). Depending on the cell type, the 
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tolerance to hypo- or hyperosmotic stress can vary and is usually lower in vivo. This is why - 

compared to DMEM - sterile saline solution has a lower osmolarity but still allows lower 

amounts of glycerol. In vivo applications require isotonicity (300–312 mOsmol)181 which is 

achieved between 0.2-0.4% glycerol content, whereas in vitro tests allow higher osmolarity. 

Scherließ (2011) reported that the highest viability of the Calu-3 cell line was maintained 

between 290-390 mOsmol at pH 6-7182, which corresponds to glycerol concentrations up to 

0.8% (< 400 mOsmol). It was conƱrmed that this concentration had no eƯects on cell 

viability or stress markers depending on the cell type (see Chapter 0). Unfortunately, the 

low particle concentration in the glycerol stock (1 mg/g) reduced the administrable dose 

considerably, to about 8 µg/mL, which is impractical for dose escalation studies that 

generally recommend testing concentrations up to 100 µg/mL. Therefore, the concentration 

of the PP MP stock solution in glycerol needs to be increased by at least one order of 

magnitude to be useful in in vitro toxicity assays.

Table 2.5: Mean osmolarity of diƯerent glycerol concentrations (%w/v) added to DMEM + 10% FBS and 
0.9% saline solution. Values represent the mean and standard deviation of n = 3 experiments.

2.4 Study limitations and future perspectives

All the obtained results were subjected to critical evaluation based on the deƱned 

critical and desired quality attributes. Table 2.6 summarizes the current state of 

development (achieved, achieved with limitations, and not achieved), where only two out 
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of ten critical and desired quality attributes were achieved. The low yield is particularly 

decisive, as it inƲuences many other critical and desired quality attributes (production time, 

isotonicity only at low particle concentrations, limited mass concentration of the glycerol 

stock) or precludes their evaluation (homogeneity and stability controls as deƱned by ISO 

33401114 and 33405115 guidelines, testing for endotoxins, or chemical stability e.g. via ATR-

FTIR). Therefore, future optimization eƯorts should primarily focus on increasing the 

product yield. 
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Table 2.6: Development status of pristine PP test materials 1-10 µm. The performance of the current 
materials is compared to the mandatory and desired quality attributes derived from the TPP.

✓



✓



Should be packaged in a “multi dose” 


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2.5 Conclusions and contributions to the ɠeld of research

Ultimately, the method of comminution and extensive size fractionation was not Ʊt 

for purpose. Despite all optimization eƯorts for large scale production of PP MPs between 

1-10 µm, the production was discontinued for the IMPTOX program due to low yields. The 

knowledge generated (e.g. regarding milling, size fractionation, dispersibility, or stability) is 

nonetheless useful as it can be transferred to other milling procedures and aids the 

development of materials targeting larger size ranges or other polymer types.
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Chapter 3

DOWN IN SCALE: METHOD DEVELOPMENT TO PRODUCE POLYETHYLENE 

TEREPHTHALATE AND POLYPROPYLENE NANOPLASTICS FOR STUDY IN BIOLOGICAL 

ASSAYS 
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3 Test material development – Polyethylene terephthalate 
and polypropylene nanoplastics

Parts of this chapter were Ʊrst published on the 1st of April 2025 in Environmental 

Science: Nano (https://doi.org/10.1039/D4EN01186D) and reproduced with permission 

from the Royal Society of Chemistry2.

3.1 Introduction and background

The need for nanoplastic test materials

For MPs, the number of studies investigating their environmental concentrations and 

faith, as well as their eƯects on cells and whole organisms is growing fast. The production 

of larger plastic particles is comparably easy and for analyzation fast tools like light 

microscopy, FTIR or Raman are widely available183. Reports on MPs in various organs of the 

human body like lungs83,159, the heart184 or placenta185 showed that there is reason for 

concern. However, smaller NPs remain understudied because i) highly sophisticated 

analytical tools are needed for their detection in environmental or tissue samples, and ii) 

suitable test materials designed for biological testing are often not available. Providing 

pristine NP test materials comprised of a single polymer would enable the evaluation of the 

material’s intrinsic toxicity, potential synergistic eƯects with adsorbed cargo and the 

validation of new analytical tools. Such materials are urgently needed because smaller 

particles generally pose a higher toxicity risk. They can cross biological barriers more easily 

and accumulate in diƯerent organs. This has been shown for the blood-brain-barrier in 

Ʊsh186, or via computer modelling187,188. Furthermore, in vitro studies demonstrated that NPs 

caused dose dependent inƲammatory, genotoxic, and cytotoxic responses in human 

keratinocytes189, or oxidative destruction of intestinal epithelial cell lines108. As described in 

Chapter 1 , most of the studies were conducted using PS but a wider variety of relevant 

polymers need to be evaluated. Thus, it was aimed at producing NPs comprised of PET and 

PP suitable for in vitro and in vivo assays. To obtain high quality materials, the same QbD 

inspired approach for the development of MPs (Chapter 2 ) was employed, starting with the 

deƱnition of a TPP.
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Development of a TPP for nanoplastics

When applied to the development of NP test materials for use in biological assays, 

the QbD approach starts with the development of a target product proƱle (TPP) which 

describes the intended use and the desired product characteristics. In the current project, 

we would like to design test materials in the submicron size range suitable for use in cell-

based assays and in vivo toxicity tests. To be suitable for such applications, the test 

materials must be i) reproducibly dispersible in a range of aqueous media with physiological 

osmolarity, ii) free of additives, such as exogenous surfactants, which could confound test 

assay results, iii) free of process-derived contaminants, endotoxins, and microorganisms, 

iv) stable in terms of size and sterility for at least one year, preferably at room temperature, 

v) packaged in such a manner to allow for dosing across a wide range of concentrations to 

enable dose-escalation studies, vi) producible in quantities realistic for distribution to 

multiple labs, and vii) reproducible in terms of low batch-to-batch variation for key product 

characteristics (Figure 3.1).
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Figure 3.1: Target product proƱle (TPP) of nanoplastic test materials for in vitro and in vivo use.

From this TPP, CQAs for the desired test material were deƱned along with their target 

values or acceptable ranges and are listed in Table 3.1. 
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Table 3.1: Proposed list of CQAs (i.e. properties of interest) and their corresponding speciƱcations 
recommended for reference nanoplastics intended for use in biological assays.

Very few production methodologies described in the literature are able to satisfy 

these requirements. NPs in dry powder form produced either through top-down or bottom-

up approaches are typically diƯicult to fully disperse in aqueous media, unless they are 

chemically modiƱed or aged to contain suƯicient hydrophilic surface modiƱcations for 

acceptable aqueous dispersibility. NPs produced as aqueous dispersions often require the 

addition of exogenous surfactants to maintain colloidal stability, preservatives for microbial 

stability, and are often only colloidally stable at low concentrations, which do not enable 

dose-escalation studies72,73,107,121. As described in Chapter 2 , we explored glycerol as a 
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biocompatible storage medium to overcome these limitations in our PET and PP research 

grade test materials. The rationale for our choice of glycerol as a non-aqueous storage 

medium included the following points:

• Glycerol is a non-volatile, natural preservative, maintaining microbial stability 

during storage at room temperature192.

• The high viscosity of glycerol prevents agglomeration over long storage periods, 

even at high concentrations without exogenous surfactants.

• Glycerol is commonly used to help disperse highly cohesive powders in aqueous 

liquids193,194. Therefore, it promotes homogenous dilution into aqueous media, such 

as cell culture medium.

• It is well-tolerated at relatively high concentrations195,196 (up to 1.5 g/kg oral and 1 

g/kg intravenous administration). Further administration routes for products 

containing glycerol include e.g., buccal, intradermal, intravenous, dermal, nasal, 

inhalation, auricular, and ocular197,198.

• In diluted form, glycerol is highly biocompatible in both cell-based assays182 and in 

vivo models195.

Study design and hypotheses

Milling experiments described in Chapter 2 showed that the top-down procedures 

investigated are not eƯective in producing PET and PP NPs. Hence, a more pragmatic 

approach was needed even when it would not fulƱll all desired quality attributes (e.g. 

irregularly shaped fragments). A promising alternative was found in nanoprecipitation 

where the polymer is Ʊrst solubilized in an appropriate solvent and subsequently 

precipitated into a non-solvent. Lee at al. (2022) showed that this method can produce PP 

NPs (562 ± 118 nm) with high yields (> 84%) but several key aspects for a future reference 

material like long-term stability, reproducibility, and dispersing issues were not discussed69. 

Based on Ʊndings from Tanaka et al. (2023)199, the procedure was further optimized to meet 

the TPP speciƱcations. Simultaneously, the method was adapted for PET with additional 

input (e.g. the used solvent, temperature, and solvent/non-solvent ratio) from Achilias et al. 

(2009)126 with subsequent optimization. To test the hypothesis that PET and PP NP test 
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materials stored in a glycerol medium fulƱll the requirements outlined in the TPP, a 

comprehensive study was conducted to characterize their performance in a model in vitro 

cell culture assay system. Five batches of pristine, highly concentrated PET and PP 

nanosuspensions in glycerol (40 mg/g) were prepared and all pre-deƱned quality 

parameters characterized including size distribution proƱles following dispersion into 

diƯerent aqueous media, dispersion uniformity, size stability over one year storage, bulk 

chemistry, surface hydrophobicity, residual solvent content, endotoxin content, sterility, 

osmolarity, and biocompatibility. 

3.2 Materials and methods

Materials

Polypropylene (PP, CAS: 9003-07-0) and polyethylene terephthalate (PET, CAS: 

25038-59-9) granules were kindly provided by PlasticsEurope. Tween®80 (Polysorbate 80, 

P1754), glycerol (≥ 99%, anhydrous for synthesis, 8.18709), xylene (IUPAC 

dimethylbenzene, isomeric mixture for analysis, 1.08297) and benzyl alcohol (IUPAC 

phenylmethanol, ReagentPlus®, 108006) were obtained from Sigma-Aldrich (Merck KGaA, 

Darmstadt, Germany). Filters were purchased from Whatman (0.8 µm, membrane Ʊlters, 

WHA7408004, Whatman plc, Maidstone, UK) and Merck Millipore (2 µm, PC membrane, 

TTTP04700 and 0.45 µm, PVDF membrane, SLHVR33RS, Merck Millipore KGaA, Billerica, 

USA). Ethanol (96%, v/v) was sourced from Brenntag (Brenntag Austria GmbH, Vienna, 

Austria). For vacuum Ʊltration, a glass Ʊlter holder system was provided by VWR (511-0666, 

VWR International LLC., Radnor, USA). LB-agar and Sabouraud 4% glucose-agar were 

purchased from Carl Roth (X932.1, Carl Roth GmbH & Co. KG, Karlsruhe, Germany). 

Dulbecco's ModiƱed Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, [+]L-Glutamine, no 

phenol red, 21041-025) was ordered from Thermo-Fisher (Fisher ScientiƱc GmbH, 

Schwerte, Germany), whereas fetal bovine serum (FBS Superior, S0615) was obtained from 

Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
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Preparation of nanoplastics 

For the preparation of NPs, methods from Achilias et al. (2009)126, Lee et al. (2022)69, 

and Tanaka et al. (2023)199 were adapted and optimized (SOP available at DOI; 

10.5281/zenodo.14881493). BrieƲy, PET (260 mg) was dissolved in benzyl alcohol (10 mL) 

while heated to 215 ± 0.2°C in a silicone oil bath and stirred at 250 rpm for 45 min. The hot 

PET/benzyl alcohol solution (215 ± 0.2°C) was transferred with a glass pipette into 15 min 

pre-cooled ethanol (125 mL, placed in an ice bath) while stirred at 400 rpm. The precipitated 

suspension was stirred for 3 min until cool and subsequently washed 5 times with ethanol 

(100 mL) by Ʊltering. A polycarbonate membrane with a pore size of 2 µm was employed to 

retain NPs, made possible by their rapid agglomeration during Ʊltration. The particles on the 

Ʊlter were resuspended in fresh ethanol (26 mL) in a pre-weighed Ʋask (mƲask) and 

subsequently sonicated in a temperature-controlled sonication bath (Sonocool SC 255, 

Bandelin electronic GmbH & Co. KG, Berlin, Germany) for 2 h at 21 ± 1°C and 100% intensity. 

All sonication steps in this study were carried out with the same instrument and intensity 

(35 kHz, 180 W nominal power). Finally, the weight of the Ʋask with suspension was 

determined (msusp). 

To prepare PP NPs, the same procedure was performed with the following 

adaptations: PP granules (165 mg) were dissolved in xylene (80 mL) at 185 ± 0.2°C. The hot 

solution (185 ± 0.2°C) was added to ethanol (240 mL) as described above and the 

suspension was Ʊltered through a 0.8 µm nylon membrane, undergoing the same rigorous 

washing protocol with ethanol to remove residual xylene. The washed material retained on 

the Ʊlter membrane was resuspended in ethanol (16 mL) and subsequently bath sonicated 

for 45 min at 21 ± 1°C prior to weighing.

Concentration and product yield

Concentrations of NPs in ethanol after washing were determined gravimetrically by 

transferring 0.5-1 mL suspension into a pre-weighed Eppendorf tube (2 mL, mempty) and 

determining the Ʊll weight (mƱlled). The sample was then dried with a rotary evaporator (water 

bath at 50°C, pressure 20 mbar, reduced incrementally) and the dry mass (mdry) was 
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determined. When the mass loss was < 1%, the concentration and percent yield were 

calculated with Equation 3.1 and Equation 3.2.

Equation 3.1: The concentration (c) of the washed nanosuspension calculated in mg/g.

ܿ (݉݃ ݃⁄ ) = (݉ௗ௥௬ − ݉௘௠௣௧௬) × 1000 (݉௙௜௟௟௘ௗ − ݉௘௠௣௧௬)
Equation 3.2: Percentage yield of the washed nanosuspension.ܻ (%) = ܿ × ݉௦௨௦௣݉௚௥௔௡௨௟௘௦
Transfer into glycerol

Glycerol stock suspensions (40 mg nanoplastics/g glycerol) were heated to 60 ± 1°C 

and was mixed with the appropriate mass of ethanolic nanosuspension to achieve a Ʊnal 

concentration of 40 mg nanoplastic per 1 g glycerol. The mixture was immediately vortexed 

and bath sonicated for 5 min to ensure even distribution. Ethanol was evaporated with a 

rotary evaporator at 50°C by reducing the pressure in a stepwise manner to 20 mbar and the 

process was deemed completed when no more than 1% of mass loss was measured 

gravimetrically. Aliquots of the Ʊnal suspension (1 g) were transferred into HPLC glass vials 

(1.5 mL), sealed and stored under exclusion of light in a cardboard box. 

Determination of residual solvents

Samples of ethanolic NP suspensions (PET and PP) were drawn, vortexed and bath 

sonicated for 1 min before 1.8 mL were transferred into a 2 mL Eppendorf tube and 

centrifuged twice at 21,380 × g for 2.5 min at room temperature. Subsequently, 1.5 mL of 

the supernatant was transferred into amber HPLC vials (2 mL) and analyzed with GC-MS 

(Trace1300/ISQ7000, Thermo ScientiƱc Inc., Waltham, USA). Samples (1 µL) were injected 

directly and measured in triplicates. A CP-SIL-5 column (30 m, 0.25 µm, 0.25 mm, Agilent 

Technologies Inc., Santa Clara, USA) was employed with Helium as the carrier gas. The 
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solutions were run through the separation column using an autosampler in split mode (1:50) 

at an injection temperature of 260°C. After the injection, the GC oven with the separation 

column was operated with the following temperature program: Temperature: 50°C, Time: 15 

min. At the end of the column, the gas Ʋow from the separation column was transferred into 

the mass spectrometer at 250°C. The MS spectra were recorded in the retention time range 

of 2 to 15 min, with the molecular fragments being detected in the range of 50 m/z (mass-

to-charge ratio) to 200 m/z to exclude the solvent. 

Contact angle measurements

To assess the surface hydrophobicity of the used materials, PET granules were melted 

onto a glass slide (200°C, 5 min) and PP granules were cut with a scalpel to obtain Ʋat 

surfaces (reference starting material). A subset of the prepared PET and PP granules were 

heat treated for 128 h at 180°C and 20 h at 140°C, respectively (oxidized control). Ethanolic 

NPs (intermediate product) were dried by vacuum Ʊltration through a 0.8 µm nylon 

membrane. Dry NP powders and the prepared granules were Ʊxed onto a slide with double-

sided tape. Caution was taken to cover the whole surface with powder and compress it with 

a spatula before taking measurements. Compression was also necessary to prevent 

absorption of the water drop into the powder bed. Contact angles were measured with a 

drop shape analyzer (DSA30S, Krüss GmbH, Hamburg, Germany) using the sessile drop 

technique with de-ionized water as a test liquid. Individual measurements (n = 30) were 

taken for each sample, except heat treated (heat) PP (n = 9). The baseline was set manually 

and only measurements were included, where the software could correctly detect the 

droplet shape. Every measurement was performed at a new dry position. The droplet 

volume was set to 2 μL at a rate of 0.16 µL/min and after a 5 sec pause 6 measurements 

were taken with 1 frame per second. Individual measurement values are shown and the 

mean value calculated for statistical comparison. 
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Attenuated total reɡection–Fourier transform infrared spectroscopy (ATR-
FTIR)

Spectra were obtained with the Alpha II FTIR-spectrometer (Bruker Optics GmbH & 

Co. KG, Ettlingen, Germany) equipped with an ATR module (Platinum-ATR, single reƲection 

ATR with a monolithic diamond). Before each measurement, blanks were recorded and 

automatically subtracted from the averaged spectrums. The dried NPs and PET granules 

were transferred directly onto the ATR crystal, while PP granules were cut to obtain best 

contact with the ATR crystal. Five diƯerent batches of dried NPs or starting material granules 

were tested with three technical replicates, each consisting of 32 scans and an optical 

resolution of 4 cm-1 between 4000 and 400 cm-1. For processing (baseline correction and 

peak normalization) and analysis of the spectra, the SpectraGryph software (v1.2.16.1) was 

employed and averages are presented. To determine the carbonyl index (CI) of PP with 

Equation 3.3, the area of the peak of interest (AC=O) from 1820-1650 cm-1 was divided by the 

area of the reference peak (Aref.) from 1500-1420 cm-1.

Equation 3.3: Determination of the carbonyl-index (CI).𝐶𝐼 = .௥௘௙ܣ ஼=ைܣ
Dispersion in aqueous media for quality control (QC)

For assessment of the particle size distribution characteristics of the test materials, 

a QC dispersion protocol was developed using the non-ionic, synthetic surfactant, 

Tween®80. The aim was to maximize particle deagglomeration to gain accurate information 

on the primary particle size distribution characteristics of the product. 

Dispersion from ethanol

When dispersing NPs from the intermediate product (ethanolic suspension), 200 µL 

suspension were mixed with 800 µL of 5%, w/w Tween®80 in high purity water (HPW; step 1 

dilution) followed by bath sonication at 21 ± 1°C (15 min for PET and 40 min for PP, 

respectively). This suspension (typically 1 mg/mL plastic content) was subsequently further 
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diluted to the desired concentration in a 0.3% Tween®80/HPW (step 2 dilution), whereby the 

Ʊnal Tween®80 content typically ranged from 0.35-0.39%.

Dispersion from glycerol

For the dispersion of NPs from the glycerol suspension, the content of the vial was 

Ʊrst homogenized by applying the protocol outlined in Table 3.2. BrieƲy, the glycerol stock 

was heated to 60°C to reduce its viscosity and ease handling. Alternating cycles of vortex 

and heating, combined with a sonication step, ensured an evenly distributed sample. The 

sample was used immediately, and the desired amounts were weighed-in while the sample 

was still hot.

Table 3.2: Homogenization protocol for nanoplastic test materials stored in glycerol.

A sample was then removed using a glass Pasteur pipette and 1 drop (~25 mg 

suspension containing ~1 mg NP) was added to a pre-weighed glass vial. The weight of the 

sample was determined and the mass of NPs calculated. An appropriate volume of 5% w/w 

Tween®80 in HPW was added to the sample to achieve a NP concentration of 1 mg/mL and 

bath sonicated at 21 ± 1°C (15 min for PET and 40 min for PP, respectively). This suspension 

(step 1 dilution) was further diluted to the desired concentration in 0.3% Tween®80/HPW 

(step 2 dilution), whereby the Ʊnal Tween®80 content typically ranged from 0.37-0.48%.
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Dispersion in biorelevant media (BRM)

When performing cell culture studies, or investigations of the bio-/ecocorona formed 

on the particle surface66,200, it can be necessary to avoid the use of a synthetic surfactant as 

a dispersing agent. Therefore, a dispersion protocol using bovine serum albumin (BSA) and 

serum-supplemented cell culture medium as the dispersing agent was developed (SOP 

available at DOI: 10.5281/zenodo.14881493). BrieƲy, glycerol suspensions were heated, 

homogenized and one drop dispensed into a clean glass vial as described above. The PET 

sample (25 ± 0.25 mg) was mixed with 1000 µL of a 10% m/v aqueous BSA solution prepared 

in HPW (Ʊltered through a 0.45 µm PVDF membrane, Millex®-HV, Low Protein Binding 

Durapore®) to achieve a NP concentration of 1 mg/mL (step 1 dilution). The mixture was 

shaken gently to avoid air bubble formation and subsequently bath sonicated for 1 min at 

21 ± 1°C. Thereafter, distilled water or serum-supplemented cell culture medium was 

added (step 2 dilution) to achieve the Ʊnal desired concentration and bath sonicated 15 min 

prior to further use. The more hydrophobic PP NPs required a modiƱed approach with 40 

min of bath sonication at 21 ± 1°C. The theoretical BSA concentration is typically 1.5% for a 

NP concentration of 150 µg/mL. 

Scanning electron microscopy (SEM) 

Samples of glycerol suspensions were washed by vacuum Ʊltration and residues 

were resuspended in ethanol. These ethanolic suspensions were dropcast onto a glass 

slide, Ʊxed onto a sample holder with double-sided conductive adhesive tape and dried 

overnight. On the following day, the samples were gold-sputtered and imaged with an EVO 

MA 10 (Zeiss, Oberkochen, Germany) using secondary electron contrast mode with 

voltages of 10 kV. 

Particle size distribution and size stability after 12 months storage

The particle size distribution was measured using laser diƯraction (LD) to detect the 

presence of agglomerates in the suspension. Dynamic light scattering (DLS) was also used 

to characterize batches where the majority of particles were in the submicron size range. 
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LD

Samples were dispersed either according to the QC or biorelevant dispersion 

protocols described above. After the step 1 dilution, QC samples were added stepwise into 

6 mL 0.3% Tween®80 solution until an optical density value of 3-5% was achieved. The 

instrument (Mastersizer3000, Malvern Panalytical Ltd., Malvern, UK) performed 10 

consecutive measurements and calculated the average PSD. When using the biorelevant 

dispersion protocol, samples were added dropwise to 6 mL degassed cell culture medium 

(DMEM/F12 without phenol red) immediately after bath sonication until an optical density 

value of 3-5% was achieved (typically ~33 µg NPs per mL) and the PSD could be measured. 

Mie-Theory was applied using the following parameters for PET (RI: 1.636, absorption: 0.01) 

and PP (RI: 1.490, absorption: 0.01) at room temperature.

DLS

Samples were dispersed using the QC dispersion protocol and the step 1 diluted 

suspension was further diluted in distilled water to a concentration of 66 µg/mL. This was 

necessary to avoid turbidity and the measurement of Tween®80 micelles (Figure 3.7). These 

samples (700 µL) were then measured in a disposable PS cuvette (semi-micro, 67.742, 

Sarstedt AG & Co. KG, Nümbrecht, Germany) with the Zetasizer Nano ZS (Malvern 

Panalytical Ltd., Malvern, UK). Measurements were conducted at 25°C in backscatter mode 

(NIBS, 173°) and the “general purpose” analysis model using the same material properties 

as for laser diƯraction and the built-in values for water as medium (RI: 1.330, Viscosity: 

0.8872 cp). 

Determination of viable microorganisms

Determination of viable microorganisms was tested using the pour-plate 

method171,172, employing Lysogeny broth (LB) agar for evaluation of aerobic bacteria and 

Sabouraud 4% glucose agar for fungi detection. NPs in glycerol were dispersed using the 

biorelevant dispersion protocol to achieve Ʊnal concentrations of 10, 50 and 200 µg/mL. 

Sterile glycerol mixed with cell culture media in the same amounts as used for the NP 

dispersion was used as a vehicle control. Dispersions (1000 µL) were then added to the agar 
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plates and incubated for 3 days at 30°C (LB plates) or 7 days at 20°C (Sabouraud plates). 

The number of colony forming units (CFU) were counted and reported as CFU/mL. 

Escherichia coli and Saccaromyces cerevisiae were used as positive controls employing 10-

9 and 10-5 serial dilutions, respectively.

Endotoxin content

Endotoxin content was assessed according to the STE-1.1 protocol issued by the 

Nanotechnology Characterization Laboratory using a limulus amebocyte lysate (LAL) assay 

(Pierce™ Chromogenic Endotoxin Quant Kit, Thermo Fisher ScientiƱc Inc., Waltham, USA), 

including inhibition/enhancement controls with the same batches201. BrieƲy, samples were 

dispersed using the biorelevant dispersion protocol and diluted to a Ʊnal concentration of 

50 µg/mL in Dulbeccos ModiƱed Eagle Medium with fetal bovine serum (DMEM/F12+10% 

FBS). Each sample (50 µL) was transferred into a pre-equilibrated (37°C) 96-well plate. 

Reconstituted amebocyte lysate (50 µL) was added and the mixture was incubated for 20 

min. Subsequently, a reconstituted chromogenic substrate solution (100 µL) was added 

and incubated for another 6 min. The reaction was stopped with acetic acid solution (25%, 

50 µL). The absorbance was read at 405 nm using a UV/Vis spectrophotometer (Epoch 2, 

Biotek Instruments Inc., Winooski, USA). Three technical replicates were measured per 

batch and the endotoxin level was calculated using standard curves (R² > 0.980). The mean 

limit of detection (LOD) and limit of quantiƱcation (LOQ) values for n = 5 calibration curves 

were 0.024 ± 0.009 EU/mL and 0.073 ± 0.028 EU/mL which corresponds to 0.002 ± 0.001 

ng/mL and 0.007 ± 0.003 ng/mL, respectively191,202 and are suitable for this study.

Osmolarity

DMEM and serial dilutions of DMEM + 10% FBS + penicillin/streptomycin (DMEMcompl.) 

with glycerol were prepared in triplicate ranging from 6.2 to 0.05% (w/v) glycerol. The 

freezing point depression was measured using a K-7400S Semi-Micro Osmometer (Knauer 

Wissenschaftliche Geräte GmbH, Berlin, Germany) and the average osmolarity values 

(mOsmol) were calculated from n = 3 replicates.
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Cytotoxicity

The human bronchial cell line, Calu-3 (ATCC-HTB-55, LGC Standards Ltd., 

Teddington, UK) was used for determining the cytotoxicity of glycerol and NP dilutions in 

media. A 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay was 

employed with passage numbers 11-36 (n = 11 biological replicate experiments). Glycerol 

concentrations ranged from 0.04 to 20% (w/w) which equated to 0.05 to 25% (w/v) based on 

the density of glycerol at 60°C (1.234 g/cm3)203 as heating is required by the dispersion 

protocol. Nanoplastic concentrations of 10 to 150 µg/mL were investigated. Cells were 

seeded at a density of 3 x 105 cells/mL and incubated overnight. Cells were then incubated 

with the samples for 24 h (37°C, 5% CO2), after which the MTT stock solution (20 µL, 5 

mg/mL) was added. After 3.5 h, formazan crystals were dissolved in dimethyl sulfoxide (100 

µL) and the absorbance was measured at 570 nm. As positive control (0% viability), cells 

were incubated with Triton®-X100 (0.25%), whereas untreated cells served as negative 

control (100% viability). The cell viability was calculated by using the following equation:

Equation 3.4: Calculation of cell viability in %. ODsample = optical density of the treated cells; ODpos.ctrl 
= optical density of the positive control (0.25% Triton®-X100); ODneg.ctrl = optical density of untreated 
cells. 𝐶ܸ (%) = ௦௔௠௣௟௘ܦܱ − ௡௘௚.௖௧௥௟ܦ௣௢௦.௖௧௥௟ܱܦܱ − ௣௢௦.௖௧௥௟ܦܱ × 100

Following guidance from the Nanotechnology Characterization Lab, the data is 

considered acceptable when the CV% was less than 50% for both control and sample 

replicates204. In our study, untreated cell controls exhibited a CV% of 12%, while CV% values 

of the treatment groups (when all test concentrations were pooled together) were 14%, 17% 

and 20% for nanoPET, nanoPP and glycerol samples, respectively. We therefore concluded 

that the data variability met standard acceptance criteria.
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Data visualization and statistics

Raw data from laser diƯraction (LD), dynamic light scattering (DLS) and ATR-FTIR 

measurements was exported with the respective software (Malvern’s Mastersizer and 

Zetasizer software and SpectraGryph) and plotted with Python (3.11.0) using the Matplotlib 

library (3.6.3). Statistical tests were performed using a CI of 95% with Microsoft Excel (1808, 

Built 10415.20025) and the Numpy library (1.23.4) for Python.
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3.3 Results and discussion

Statement of transparency

SEM images and the quantiƱcation of residual solvents (in particular benzyl alcohol 

and xylene) were kindly provided by Dipl.-Ing. (FH) Christiane Weimann from the Federal 

Institute for Materials Research and Testing in Berlin (BAM) and Dr. Gisbert Rieß from the 

Montanunivesität Leoben, respectively. Interpretation of the FTIR spectra was supported by 

Dr. Tassilo Waniek from the BAM. Toxicity testing of glycerol was performed by my colleague 

Jacqueline Schwarzinger. Tests for assessing microbial contamination, endotoxin content, 

and toxicity of the produced NPs were conducted by my colleague My Vanessa Ngyuen 

Hoang. Data on batch-to-batch reproducibility was obtained with help from Dr. Vesna 

Jovanovic from the University of Belgrade.

Shape and yields

The production of PET and PP NPs was based on a combination of the methods 

reported by Achilias et al. (2009)126, Lee et al. (2022)69, and Tanaka et al. (2023)199. These 

approaches used elevated temperatures to dissolve PET in benzyl alcohol (180°C; 50 

mg/mL) and PP in xylene (140°C; 50 mg/mL) and injected the hot solutions into n-hexane 

(60 mL), methanol (60 mL), ethanol (100 mL) or DMSO (100 mL) at room temperature under 

stirring conditions. The solvents (benzyl alcohol and xylene) were subsequently removed by 

rinsing the nanosuspensions with acetone or hexane using a 0.2 µm PTFE or polyester Ʊlter. 

In order to avoid complications with high concentrations of DMSO, we chose to precipitate 

the PET and PP into ethanol as an anti-solvent and rinsing agent. In the Ʊnal step, we used 

rotary evaporation to exchange ethanol with glycerol, a non-volatile, biocompatible storage 

medium with preservative properties (Figure 3.2A-B)192.
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Figure 3.2: Production scheme of PET (A) and PP (B) nanoplastic suspensions. Overview of controlled 
parameters and the experimental settings used. Representative SEM micrographs of PET (C) and PP (D) 
nanoplastics.
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SEM images of the nanomaterials produced in this manner revealed their roughly 

spherical shape (Figure 3.2C-D). Primary particle sizes also correspond to the PSD proƱle 

obtained with complementary techniques (see Chapter 0). Product yields for a typical 

batch size of 255 ± 5 mg and 165 ± 3 mg were 90.6 ± 3.3% and 91.2 ± 1.5% for PET and PP 

NPs, respectively (Table 3.3, Table 3.4). Thus, 230 mg of PET and 150 mg of PP NPs can be 

produced with this method per day. This represents 5 (PET) and 3 (PP) vials containing 1 g of 

a 40 mg/g NP suspension in glycerol.

Table 3.3: Relative (%) and absolute (mg) yields of Ʊve individually produced PET nanoplastics. Means ± 
SDs are presented in the last row.

Table 3.4: Relative (%) and absolute (mg) yields of Ʊve individually produced PP nanoplastics. Means ± 
SDs are presented in the last row.

Residual solvents, contact angles, and FTIR

Residual solvents (in particular benzyl alcohol and xylene) were quantiƱed for a single 

batch of PET (#118) and PP (#077) NPs using GC-MS. Benzyl alcohol was not detected in 

either sample. UnquantiƱable traces of xylene were only found in the PP sample.
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The surface hydrophobicity was investigated with contact angle measurements and 

revealed larger contact angles (thus higher hydrophobicity) for PP compared to PET, which 

is expected based on the polymer structures (Figure 3.3A). Heat treatment (heatPET: 128 h 

at 180°C; heatPP: 20 h at 140°C) was used to induce surface oxidation and act as a positive 

control resulting in smaller contact angles as expected. Surprisingly, both NPs 

(nanoPET/PP) showed signiƱcantly higher contact angles compared to the starting 

materials (nativePET/PP, native polymer granules), indicating an increase in surface 

hydrophobicity. This observation is likely an eƯect of the nanostructured topography of the 

compacted NP samples205, commonly referred to as the lotus eƯect, which is known to 

increase surface hydrophobicity and water repellency206.
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Figure 3.3: Surface hydrophobicity and bulk chemical composition of dried PET and PP nanoplastics 
(prepared from the intermediate ethanolic suspension) compared to the respective starting material was 
assessed via contact angle measurements (A) and ATR-FTIR spectra (B-C). The respective carbonyl index 
value of PP (D) was calculated from its ATR-FTIR spectrum. Contact angle measurements (30 droplets per 
material except heatPET with 9 droplets) were collected for one representative nanomaterial batch (PET: 
batch 118, PP: batch 077), while ATR-FTIR spectra were collected from Ʊve batches of nanoPET and 
nanoPP (measured in three technical replicates). Statistical signiƱcance was tested with a one-way 
ANOVA, where n.s. = p > 0.05, * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.

ATR-FTIR was used to characterize the chemical composition of the nanomaterials. 

Bulk information on the entire particle is obtained since the penetration depth of ATR-FTIR 

is generally larger than the primary diameter. The PET/PP nanomaterials are compared to 

the starting materials as well as the native materials after heat treatment. Heat treatment 

did not aƯect both polymer types equally. Except for a slight colour change, PET did not 

show any other visual signs of degradation. PP turned intensively yellow and showed 
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surface cracks, hence oxygen was able to penetrate deeper layers of the material. As 

reported in literature, the IR spectrum of heat-treated PET (heatPET, Figure 3.3B) shows a 

broadening between 550-650 cm-1 of the peak at 720 cm-1 compared to the starting material 

(nativePET), which is attributable to aromatic C–H out of plane bending207. The spectrum of 

PET nanoplastic (nanoPET) mostly overlaps with nativePET and does not show the 

additional peaks of heatPET. Therefore, a chemical change due to the production process 

can be excluded. However, nanoPET shows an additional OH stretching vibration at 3200-

3500 cm-1 which is likely a sign of residual solvent that could not be fully removed. It is 

hypothesized that the higher polarity of PET favors polar interaction with ethanol and 

hinders its complete evaporation, which may account for the absence of this band in the PP 

nanoplastic (nanoPP) spectrum. Another possibility is that this band originates from 

residual benzyl alcohol, which shows features in this area, although other stronger benzyl 

alcohol peaks are missing in the nanoPET spectrum.

The heat-treated PP (heatPP, Figure 3.3C) shows a pronounced carbonyl peak at 1650 

cm-1, smaller signals at 1550 cm-1 and 1750 cm-1, and a broad absorption band between 

3100-3650 cm-1 corresponding to formed hydroxyl bonds208. The overlay of the starting 

material (nativePP) and the PP nanoplastic (nanoPP) spectra did not show relevant 

diƯerences, especially in the carbonyl region where heatPP did exhibit additional signals. It 

was therefore concluded that the production process did not alter the chemical proƱle of 

the PP and no residual solvents remained in the nanoPP. Additionally, the carbonyl index 

(CI) value can be calculated for aliphatic polymers like PP using Equation 3.3 and provides 

information about the oxidation status of the material. The CI of nanoPP was similar to the 

nativePP but signiƱcantly lower than heatPP (Figure 3.3D). ATR-FTIR spectra of Ʊve batches 

of both PET and PP nanoplastics also revealed a very low batch-to-batch variability (Figure 

3.4A-E, Figure 3.5A-E).
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Figure 3.4: Individual ATR-FTIR spectra of the Ʊve discussed nanoPET batches (#140, #141, #142, #144, 
#145; A-E).
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Figure 3.5: Individual ATR-FTIR spectra of the Ʊve discussed nanoPP batches (#078-#082; A-E).
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Size distribution and reproducibility

The high surface hydrophobicity of the relatively pristine PET and PP NPs makes 

dispersion into aqueous media challenging. Pilot experiments indicated that high 

surfactant concentrations, high energy inputs via sonication and long sonication times were 

required to reliably deagglomerate as much of the nanosuspension as possible to reƲect 

the primary PSD. An optimized QC dispersion protocol using a relatively high content of the 

non-ionic surfactant Tween®80 was developed speciƱcally for determination of the PSD 

characteristics of the materials (Figure 3.6A-B).

Figure 3.6: Comparison of DLS and LD particle size distribution curves for matched PET (C, E; batch 140) 
and PP (D, F; batch 081) nanoplastic samples dispersed from glycerol using the QC dispersion protocol 
(A-B). Common size descriptors from each measurement technique are provided in the insets.
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Although DLS is considered the more appropriate method for determination of 

submicron-sized materials, this technique presented three major challenges for QC size 

measurements of the NPs: i) DLS does not cope well with the presence of micron-sized 

agglomerates in the system, ii) it has diƯiculties with very low or high density materials, 

which exhibit Ʋotation or sedimentation during the relatively short DLS measurement times 

and iii) the Ʊnal concentration of Tween®80 used in our QC dispersion standard operating 

procedure (SOP) is above the critical micelle concentration (CMC, 0.0014%, m/v)209, 

resulting in the detection of Tween®80 micelles in the 10 nm range which has been reported 

previously209,210. Figure 3.7 shows micelles of 7.3 ± 0.15 nm in a volume-based size 

distribution (8.4 ± 0.06 nm intensity-based distribution) of the used Tween®80 solution (5%, 

w/w) when measured with DLS. When larger particles are measured with Tween®80 above 

the CMC as dispersant, those micelles introduce a shift of the Z-Ave even when the micelle 

peak is not visible in the obtained graph.

Figure 3.7: Volume based size distribution of Tween®80 micelles above the critical micelle concentration.



› 88

We therefore explored LD as a complementary technique for QC size measurements, 

which was not as sensitive to these issues. In fact, we found that the LD-generated PSD 

curves were more informative for QC studies of the NPs under a variety of conditions. 

Comparisons of DLS and LD measurements on the same batch of materials also show 

roughly similar values, demonstrating that size distribution proƱles generated by LD can 

provide a fairly accurate depiction of the material size characteristics, dispersibility and 

batch-to-batch variability (Figure 3.6C-F). It should be noted that the sizes generated by the 

respective scattering techniques are calculated hydrodynamic diameters of hypothetical 

spheres with the equivalent volume as the measured particle and are therefore less 

accurate for irregularly shaped particles211. This explains the diƯerences between the 

observed diameters on SEM images and the hydrodynamic diameters. 

Batch-to-batch variability of the ethanolic intermediate product

QC measurements of the ethanolic intermediate product revealed that particles < 1 

µm were produced with high yields (> 90%) and low variability (< 5%) for both polymer types 

(Figure 3.8, Table 3.5). The batch-to-batch variation, represented by D10 and D50, was higher 

for PET than for PP but stayed below 13%. In this study, the use of surfactants was limited 

to QC measurements and avoided during production, which led to spontaneous 

agglomeration and a higher degree of variability, especially of the D90. Furthermore, the 

pronunciation of larger particles in light scattering techniques (higher scattering intensity) 

also drives the variability in this size range212. However, the overlays of the size distribution 

curves of Ʊve produced batches show excellent similarity, especially in the desired size 

fraction < 1 µm. 
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Figure 3.8: Comparison of in-process LD particle size distribution curves for Ʊve individually produced 
nanoPET (A) and nanoPP (B) batches dispersed in ethanol using the QC dispersion protocol.

Table 3.5: Size distribution data and % < 1 µm of nanoPET and nanoPP batches in-process controls of the 
intermediate product (in ethanol). Batch-to-batch variability is represented by mean ± SD (RSD%) of n = 5 
batches per polymer type.
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Intra-batch variability (ethanol vs. glycerol)

To assess the diƯerence between the size distribution of PET NPs before and after the 

medium exchange from ethanol to glycerol, a one-way ANOVA of the 10th, 50th, and 90th 

percentile and the % < 1 µm was performed with a CI of 95%. No statistically signiƱcant 

diƯerence between n = 5 individually produced batches of nanoPET was detected (D10: p = 

0.39, D50: p = 0.33, D90: p = 0.19, % < 1 µm: p = 0.25). In Figure 3.9A-E, the distribution curves 

of all Ʊve batches are depicted in ethanol (light color) and glycerol (dark color). Similarly, 

the Ʊve individually produced batches of nanoPP were assessed and no statistically 

signiƱcant diƯerence between the abovementioned properties could be detected (D10: p = 

0.97, D50: p = 0.91, D90: p = 0.93, % < 1 µm: p = 0.95). The size distribution curves of the 

suspensions in ethanol (light color) and glycerol (dark color) are shown in Figure 3.10A-E.
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Figure 3.9: Intra-batch variability for nanoPET through medium exchange from ethanol to glycerol (A-E). A 
one-way ANOVA of the 10th, 50th, and 90th percentile and % < 1 µm did not show a statistically signiƱcant 
diƯerence between ethanol and glycerol (CI: 95%).
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Figure 3.10: Intra-batch variability for nanoPP through medium exchange from ethanol to glycerol (A-E). A 
one-way ANOVA of the 10th, 50th, and 90th percentile and % < 1 µm did not show a statistically signiƱcant 
diƯerence between ethanol and glycerol (CI: 95%).
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Batch-to-batch variability of the ɠnal glycerol product

Batch-to-batch variability was evaluated using key particle size descriptors derived 

from LD measurements (D10, D50, D90, and % < 1 µm). From the overlayed size distribution 

curves in Figure 3.11A-B it can be seen that each batch contains a small fraction of larger 

agglomerates in the micron size range, which cannot be fully dispersed despite the 

aggressive conditions of the QC dispersion procedure. During SEM imaging, no primary 

particles above 1 µm were detected. Although more images would be necessary for 

representative size analysis, only agglomerates were larger than 1 µm. Further, multiple 

measurements showed a higher variability of the D90 values (90% of the particle population 

has a particle size smaller than this diameter), but has less of an impact on the median 

particle size (D50). Interestingly, the most stable and informative PSD descriptor is the 

percentage of particles in the submicron size range (% < 1 µm). 

Figure 3.11: Batch-to-batch reproducibility of the particle size distribution is shown for n = 5 independent 
batches of PET (A) and PP (B). Common size descriptors from each measurement technique are provided 
in the insets.

It is worthwhile to mention that early batches (#100-107) of the PET NPs showed a 

higher prevalence of non-dispersible agglomerates. Investigations revealed that a slightly 

higher solution temperature (215°C) and tight control over temperature variations during the 

precipitation process (± 0.2°C) eƯectively increased the % of particles < 1 µm from 69 ± 6% 

(9% RSD) to 92 ± 1% (1% RSD) once a stricter temperature control was implemented. 
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Long-term stability of the ɠnal glycerol product

One batch of nanoPET and nanoPP was subjected to long-term storage at room 

temperature. The glycerol stocks were stored for 12 months in their primary package (1 mL 

glass HPLC vials) under light exclusion in a cardboard box. Samples were drawn 

immediately after production and after 6, 9, and 12 months. The QC dispersion protocol 

was applied and size distribution stability was assessed. The size distribution overlay of 

nanoPET (Figure 3.12A) shows that non-dispersible agglomerates form and shift from the 5 

µm to the 20 µm region. However, changes of the properties of interest are negligibly small 

(Table 3.6). RSDs of D10 and D50 are < 15% and therefore considered stable. The high RSD of 

D90 (121.9%) illustrates the formation of non-dispersible agglomerates and the % < 1 µm 

decreased by 1% but stayed high at 89.9%, thus meeting the speciƱcation of the TPP. The 

nanoPP size distribution curve shows a slight shift after 6 months but stayed unchanged 

thereafter (Figure 3.12B). During 12 months, RSDs of D10 and D50 stayed below 15%, the % 

< 1 µm decreased by 6.3% but stayed high at 89.5% and was therefore also considered 

stable. 

Figure 3.12: Size distribution curves of nanoPET (A) and nanoPP (B) stored for 0, 6, 9, and 12 months in 
glycerol. Stocks were dispersed according to the QC dispersion protocol.
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Table 3.6: Size distribution data and % < 1 µm of nanoPET and nanoPP batches stored in glycerol at room 
temperature for 12 months. Variability is represented by mean ± SD (RSD%) of n = 4 sampling time points 
per polymer type.

Dispersibility

To assess the PSD under conditions suitable for cell culture studies or indeed when 

studying the formation of an eco-corona on the NP surface66,200, a dispersion protocol in 

biorelevant media is necessary. In the current study, we devised an exemplary biorelevant 

dispersion protocol suitable for cell culture studies using the protein, bovine serum 

albumin (BSA), as a primary dispersing agent. In this particular SOP, a two-step dispersion 

procedure was employed, in which the nanoPET or nanoPP test materials in glycerol were 

Ʊrst dispersed in concentrated BSA (10%), followed by a second dilution (step 2 dilution) 

into complete cell culture medium (cDMEM = DMEM supplemented with 10% FBS and 1% 

penicillin/streptomycin) (Figure 3.13A-B).
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Figure 3.13: LD particle size distribution curves for PET (C; batch #121) and PP (D; batch #081) nanoplastic 
samples dispersed from glycerol using the biorelevant dispersion protocol (A-B; n = 3 dispersion events). 
The light red (PET) and light blue (PP) traces show the same batch of nanoplastics dispersed using the 
quality control protocol for comparison.

It was hypothesized that such a biorelevant dispersion protocol might not be as 

eƯective in preventing NP agglomeration compared to high concentrations of the synthetic 

surfactant, Tween®80 (QC dispersion). Fortunately, the more hydrophilic PET NPs could be 

fully dispersed using the biorelevant dispersion protocol showing no relevant diƯerences to 

the QC dispersion protocol (Figure 3.13C) when applied to the same batch. In contrast, the 

more hydrophobic PP NPs showed a reproducible shift towards larger particle sizes using 

the biorelevant dispersion protocol (Figure 3.13D). The % < 1 µm was slightly lower than the 

average dispersion using the QC protocol in both cases (Table 3.7). Studies on the binding 

capacity and aƯinity of proteins (speciƱcally BSA) to the PP and PET NP surface are scarce. 

We hypothesize that the experienced diƯerence in redispersibility between PET and PP in 
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biologically relevant medium is mainly driven by their diƯerent physicochemical properties. 

A study on PS showed that surface hydrophilization via aging alters protein adsorption and 

increases the adsorption of hydrophilic proteins213. Notably, pristine (more hydrophobic) PS 

particles showed only minor protein adsorption, while aged (hydrophilized) PS particles 

were entirely covered213. This study was carried out with bronchoalveolar lavage Ʋuid, which 

another study used to determine the protein binding capacity of PET (0.224 ± 0.005 mg/g)107. 

Further, the binding of BSA on PET MPs and its stabilizing eƯect hast been described214. 

Unfortunately, no such experimental data exists for PP NPs. Computational models showed 

that hydrophobic interactions with hydrophobic and aromatic amino acids are highly 

relevant in the protein adsorption process for PP215. Studies on PP MPs showed binding of 

BSA to some extent with stronger binding of a pure protein (BSA) than a protein mixture 

(yeast extract in this example)130. This is in line with our observations, that pure proteins 

(BSA, OVA) are more eƯective than mixtures (like FBS). Based on those Ʊndings, we 

hypothesize that BSA has a higher aƯinity towards the more hydrophilic PET and, thus, 

disperses PET NPs more eƯectively than PP NPs. However, this has to be conƱrmed by 

measuring the binding aƯinity and capacity of BSA on our PET and PP NPs. A range of 

diƯerent biorelevant proteins and ecologically relevant surfactants66,73 are currently under 

investigation for their ability to homogenously disperse the PET and PP NPs studied here but 

preliminary results indicate that each dispersing agent behaves diƯerently, therefore 

requiring the development of bespoke dispersion protocols for every new system.
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Table 3.7: Size uniformity of PET and PP nanoplastic glycerol batches following dispersion using the 
biorelevant dispersion protocol (n = 3 separate dispersion events from a single batch). Particle size 
distribution descriptors were derived from LD measurements. D10: 10% of the particle population has a 
particle size smaller than this diameter, D50: median, D90: 90% of the particle population has a particle size 
smaller than this diameter. Values depict the mean ± standard deviation values with the relative standard 
deviation (%) provided in parentheses. Please note, diameters are reported in µm.

Determination of viable microorganisms & endotoxin content

Due to the usage of volatile solvents and elevated temperatures, it was not possible 

to produce PET and PP NPs under fully aseptic conditions. However, the utilization of 

organic solvents in clean fume hoods combined with minimal handling steps should 

theoretically minimize accidental contamination with viable microorganisms as well as 

fungal spores from the ambient lab environment. Testing of 22 batches of PET and PP NPs 

for microbial growth was performed with materials diluted to 10, 50 and 200 µg/mL using 

the biorelevant dispersion protocol. None of the batches tested showed evidence of 

microbial contamination (0 CFU/mL). Positive controls with Escherichia coli (641 ± 187 

CFU/mL) and Saccharomyces cerevisiae (452 ± 51 CFU/mL) were performed to verify assay 

functionality. Negative controls with glycerol diluted in cell culture medium and sterile 

water (0 CFU/mL) were also carried out. Additionally, an unopened vial of the PET batch 

#025 and PP batch #026 was tested after 10 and 12 months storage at ambient room 

temperature. Neither sample showed any indication of microbial growth. 

Endotoxin content of cell culture medium controls, and NPs diluted to 50 µg/mL using 

the biorelevant dispersion protocol (n = 13 batches) did not reveal any values above the LOD 

(0.024 ± 0.009 EU/mL). Thus, we conclude that the respective NP preparation methods did 

not result in measurable endotoxin contamination. The results demonstrate that the 

material also does not exceed the suggested maximal contamination value of 0.1 EU/mL 
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recommended by Li et al. for in vitro experiments164–166. It must be noted that non-endotoxin 

pyrogens or other bacterial/fungal or viral contaminants can also inƲuence in vitro and in 

vivo tests216. The Ph. Eu. 11 (Chapter 5.1.10) approves the monocyte activation test to 

assess for non-endotoxin pyrogens and should be employed in future studies, especially 

when larger batches are produced.

Osmolarity and cytotoxicity

When diluted directly into cell culture medium, residual glycerol can contribute to an 

increase in osmolarity (Table 3.8). The osmolarity of the test system is important for 

cytotoxicity studies, since both hypo- and hypertonic samples can stress cells causing 

artefactual cellular responses 217–220, which could be mistakenly attributed to the test 

material. Many cell types can tolerate deviations from physiological osmolarity from 

approximately 290 – 390 mOsmol, although certain cell types can be more sensitive than 

others221,222. Therefore, testing of vehicle controls (including glycerol in this case) is always 

recommended. Table 3.8 provides an overview of the respective amounts of glycerol and 

NPs present in a series of dilutions prepared with the biorelevant dispersion protocol. The 

corresponding osmolarity values from three replicate measurements are provided showing 

that dilutions exceeding 0.8% (w/v) glycerol exhibit hyperosmotic characteristics, i.e. an 

osmolarity > 400 mOsmol.



› 100

Table 3.8: Mean osmolarity values of diƯerent amounts of glycerol (% w/v) added to DMEM + 10% FBS. 
Values represent the mean and standard deviation of n = 3 experiments. *Nanoplastic concentrations in 
each dilution are calculated based on application of the biorelevant dispersion protocol for a nanoplastic 
sample in glycerol (40 mg plastic/g glycerol).

To characterize the eƯects of the PET and PP NP test materials (and their possible 

content on residual components) on cell viability, in vitro cytotoxicity experiments were 

performed. First, the eƯects of pure glycerol added to cell culture medium in 

concentrations ranging from 0.05-25% w/v were assessed (Figure 3.14A) followed by 

experiments evaluating the eƯects of NPs diluted in cell culture medium (nominal particle 

concentration: 10-150 µg/mL; Figure 3.14B-C) which corresponds to a glycerol 

concentration of 0.025-0.38% (w/v). The MTT assay, which measures the metabolic activity 

of cells, was performed using a human bronchial cell line (Calu-3). Cells were incubated 

with the test systems for 24 h and the cell viability compared to the untreated control group 

was determined. When comparing the cytotoxicity results of the nanoPET (density: 1.38 

g/cm3)223 with the nanoPP (density: 0.90 g/cm3 according to the material data sheet) data, it 

should be noted that a higher concentration of the nanoPET is expected to reach the Calu-

3 cell layer via sedimentation and diƯusion processes224–226 compared to the low-density 

nanoPP, which will be prone to Ʋotation. At the highest concentration of nanoPP tested, the 

cell viability appeared to decrease but not signiƱcantly. Ongoing studies using an expanded 

concentration range are underway to determine whether this is a real sample-induced 
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eƯect, an eƯect of the vehicle, which might include residual production components or a 

particle-induced eƯect.

As described above, the optimal osmolarity for Calu-3 cells ranges from 290-390 

mOsmol. This corresponds well with our observations that glycerol is well-tolerated up to 

0.8% (w/v) (394 ± 2 mOsmol) over a 24 h period (Figure 3.14A). At higher glycerol 

concentrations, the cell viability drops below the 70% cytotoxicity threshold deƱned by ISO 

10993227. Shorter incubation times will enable the use of a higher glycerol content. For 

example, R. Scherließ (2011) reported that Calu-3 cells exposed to increasing 

concentrations of glycerol for only 4 h exhibited a half-maximal cytotoxic concentration 

(CC50) of 2.8 mol/L (3457 ± 12 mOsmol), i.e. nearly 10-fold higher than the CC50 value 

determined for a 24 h incubation182. Presence of the NPs up to concentrations of 150 µg/mL 

(containing ~0.4% w/v glycerol), showed no reduction in cell viability over 24 h (Figure 

3.14B-C). The tested plastic concentration range corresponds to the most commonly used 

concentration range for in vitro cytotoxicity experiments in this Ʊeld of study228–230 

supporting the conclusion that the amount of glycerol used as a storage medium should 

not negatively impact cytotoxicity studies up to these NP concentrations. However, further 

studies with a wider range of cell types, including diƯerent cell lines and primary cells, are 

underway to determine the wider applicability of this conclusion. It is also important to 

highlight that the impact of glycerol on the function of a wider range of biological assays 

should be assessed.
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Figure 3.14: Viability of Calu-3 cells after 24 h exposure to diƯerent test systems: (A) Glycerol in 
concentrations of 0.05; 0.1; 0.2; 0.4; 0.8; 1.6; 3.1% (w/v). Values presented are the mean and standard 
deviation from n = 11 replicate experiments with diƯerent cell passage numbers. The viability of Calu-3 
cells incubated 24 h with PET (B) and PP (C) nanoplastics diluted to 10-150 µg/mL (containing 0.025; 0.063; 
0.13; 0.25; 0.38% (w/v) glycerol). Values presented are from n = 5 replicate experiments.
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Study limitations and future perspectives

The encouraging results regarding yield, reproducibility, dispersibility, and stability 

demonstrated the potential of the PET and PP NPs as viable test materials. However, there 

are some points to consider on the way to gain reference or certiƱed reference material 

status. Non-solvent nanoprecipitation in ethanol enables rapid NP generation, but particles 

are always spherical with a smooth surface structure – although not perfectly spherical like 

PS beads. Particle morphology is an important point to consider because it can aƯect 

colloidal stability231, biological interactions232, and toxicity of NPs233. Lee et al. (2022) 

showed that by using water as non-solvent, alternative surface structures can be 

obtained69. Thus, investigation of other non-solvents could further broaden the spectrum of 

available test materials that resemble the environmental situation. 

Relative yields were high compared to other methods, but absolute yields were still 

limited and one of the reasons that content homogeneity studies were not performed in the 

current work. However, scale-up from tens to hundreds of milligrams was possible without 

much optimization eƯort when ratios were kept constant. Future investigations should 

focus on switching from manual towards automated methods. For example, if a 

temperature controlled automated pump system could be employed for the precipitation 

step, yields up to gram amounts per batch are feasible and even a continuous precipitation 

process could be developed. After large-scale production, homogeneity according to the 

ISO 33405:2024 standard115 needs to be demonstrated before gaining reference material 

status. Independent conƱrmation of CQAs such as PSD, sterility and endotoxin content 

should also be performed via an inter-lab comparison study. 

It was notable that dispersion of the nanoPP in biorelevant media could not achieve 

the original PSD requiring further development work. Further aspects which require 

additional investigation include storage stability over longer time periods and in-use shelf-

life. Glycerol is known to be hygroscopic when used in high concentrations192. Although no 

noticeable change in PSD, microbial growth or endotoxin content was observed within 12 

months in unopened containers, we have not yet extensively investigated these parameters 

under in-use conditions, i.e. multiple openings of the vials. It is recommended to assess 

long-term stability complying with the ISO 33405:2024 standard115 in further studies and 
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whether the glycerol storage medium does not interfere with a wider panel of commonly 

used biological assays at concentrations present following dilution. Finally, a broad 

discussion including international organizations, policy makers and the research 

community is needed to reƱne the proposed TPP and provide guidelines for reference 

material producers of NPs for intended use in biological assays.

3.4 Conclusions and contributions to the ɠeld of research

To our knowledge, there are currently no NP reference materials certiƱed speciƱcally 

for use in in vitro and in vivo biological assays. Therefore, there is also no precedence for the 

development of this type of reference material. On the other hand, the research community 

has reported an urgent need for well-deƱned NPs for an intended use in biological and 

toxicology studies68,70–74, thus, there is a strong rationale for exploring the boundaries of 

reference material development. Based on the more complex requirements for intended 

uses in biological systems, it may be necessary to expand the certiƱcation criteria and 

include further CQAs, such as colloidal stability in complex aqueous media, sterility and 

endotoxin content.

Using a QbD inspired approach to product development, PET and PP NP research grade 

test materials were developed in this study for intended use in biological assays. 

Encouragingly, the data generated here indicates that these prototype NPs are suitable in 

terms of PSD, uniform dispersibility, size stability over 12 months storage, sterility, low 

endotoxin content and biocompatibility for their intended use. Compared to other 

published test systems, CQAs for biological assays were considered (sterility, endotoxins, 

solvent residues), material and study comparability were assured (batch-to-batch 

variability, storage stability) and practicality through transparent reporting of production 

time and yield has been shown. With the current approach, Ʊve out of six requirements of 

the proposed TPP (Table 3.1) could be fulƱlled for both nanomaterials (Table 3.9).
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Table 3.9: Development status of PET and PP nanoplastic test materials > 1 µm. The performance of the 
current materials is compared to the critical quality attributes (CQAs) derived from the target product 
proƱle.

 











In the course of this investigation, the importance of optimized, bespoke dispersion 

protocols for NPs in biorelevant media became increasingly evident. For potential users of 

these test materials this would mean that the responsibility of optimizing and validating 

biorelevant dispersion protocols for diƯerent dispersion media would fall to individual 

laboratories. With the help of a validated QC dispersion protocol and an example of a 

bespoke biorelevant dispersion protocol, we have provided a workƲow which users can 

adopt to assess the impact of their own dispersion process on the NP size distribution 

proƱle, which is one of the most important variables tested in studies on particle toxicity. In 

conclusion, research grade test materials comprised of PET and PP NPs were developed 

with promising perspectives to achieve wider spread use in biological assays examining the 

impact of NPs on human health.
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Chapter 4

MICRO- AND NANOPLASTICS IN AEROSOLS: METHOD DEVELOPMENT AND VALIDATION 

FOR THE USE OF A GLASS LIQUID IMPINGER AS A SAMPLING DEVICE 
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4 Exposure assessment: MNPs in sea spray aerosols

4.1 Introduction and background

This study was part of the IMPTOX project, with the aim of quantifying MNP exposure 

levels through inhalation of sea spray aerosols (SSA). As described in Chapter 1 , Allen et 

al. (2020) showed that SSA can contain MPs from the ocean, but due to methodological 

limitations (Ʊlter mesh sizes and µ-FTIR imaging method), only particles > 10 µm could be 

sampled and detected62. Particles < 10 µm however, are of particular interest for inhalation 

exposure assessment as the aerodynamic diameter of a particle determines its deposition 

pattern and penetration depth into the respiratory system, with nanoparticles even reaching 

alveoli234. This nano fraction is of concern as it has been shown that NPs can cross 

biological barriers and potentially cause inƲammation and cell death235. Information on 

environmental concentrations of MNPs is scarce but crucial to estimate health risks. 

Why use a glass liquid impinger for aerosol collection?

There are various devices used to sample air but the desire to work with plastic free 

devices drastically reduces the available options. In a WHO report on inhalation exposure 

to MNPs, liquid impingers are explicitly mentioned as options for suitable sampling 

devices25. The European Pharmacopoeia (Ph.Eur.) describes devices for the 

characterization of Ʊne particulates in aerosols. Among the described devices, a two stage 

glass liquid impinger (GLI) with high volume airƲow is described236. The rationale for 

choosing this device included the following points: i) the device is entirely made of glass 

which prevents contamination through plastic parts, ii) particulates are divided into upper 

airway and lower airway depositing particles based on their aerodynamic diameter, and iii) 

the particulates are captured in a liquid matrix, which is easy to remove for further analysis. 

Although this device is standardized and easily available, it is not a standard method for 

environmental air sampling. 
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Glass liquid impinger characteristics

Aerosol particulate matter (PM) is a complex mixture of airborne particles. Particles 

are classiƱed by their aerodynamic diameter, which takes the size, shape and density of the 

particles into account and therefore describes possible deposition patterns of airborne 

particles in diƯerent regions of the lung137,142. The WHO diƯerentiates between inhalable 

particles (aerodynamic diameter < 100 µm) – which usually deposit in the nose and upper 

airways and are subsequently swallowed237,238 – and respirable particles (aerodynamic 

diameter < 10 µm), where the probability of particle deposition in the peripheral lung is 

dependent on the aerodynamic diameter239,240. WHO guidelines focus on PM2.5 and PM10 

which are deƱned as particles with an aerodynamic diameter below 2.5 µm and 10 µm 

respectively142. They are of special interest because associations between short- and long-

term exposure and adverse health eƯects have been shown241–243.

First described by Hallworth & Westmoreland244, the GLI geometry and constant 

airƲow of 60 ± 5 L/min, within the range of human respiration rates, leads to the separation 

of particles by their aerodynamic diameter. Particles above an aerodynamic diameter of 6.4 

µm will impact at the mouth and throat piece (MTP) or upper compartment (UC) and 

represent the upper respiratory tract fraction, whereas particles below that size will deposit 

in the lower compartment and account for the lower respiratory tract fraction (Figure 4.1). 

Although impingers are commonly used to collect bioaerosols245, the collecting eƯiciencies 

for aerosolized PS particles < 1 µm was found to be less than 20%246. This highlighted the 

need for optimizing the method to be suitable for collecting both MPs and NPs from air. 



› 110

Figure 4.1: Scheme of the glass liquid impinger (GLI). Samples from the mouth and throat piece (MTP) and 
upper compartment (UC) are combined and separated from samples from the lower compartment (LC).

Use of granular bed ɠltration to increase ultraɠne collection eāciency

Depending on the particle size, studies from Spanne et al. (1999) and Hogan et al. 

(2005) found that the collection eƯiciency of liquid impingers for particles between 20-700 

nm and 30-100 nm were < 20% and < 10% respectively246,247. ModiƱcations like the use of 

frits increased the collecting eƯiciency for particles < 220 nm to 30-95% but complicate 

particle harvest for further analysis, similar to Ʊlters248. Yu et al. (2016) reported that the 

poor collection eƯiciency of commonly used impingers for ultraƱne particles can be 

drastically enhanced when employing so called granular bed Ʊltration. They showed that 

through the introduction of glass beads (d = 3 mm) into the collection chamber collecting 

eƯiciencies up to 99% were achieved for particles from 20-400 nm. Factors like the sample 

liquid volume, depth of the packed beads, and Ʋow rate played a role, where larger sample 

liquid volumes and higher depth of beads showed higher collection eƯiciencies249. 

Changing the Ʋow rate was not feasible for this study since it would change the particle size 

cut-oƯ between the two compartments and possibly not reƲect human respiration rates 

anymore. Based on the Ʊndings from Yu et al. (2016), we used ceramic beads of a similar 

size (ZrO2, d = 2.6-3.3 mm) to optimize the standard GLI method and increase the collecting 
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eƯiciency for submicron-sized particles when using the GLI as sampling device to capture 

MNPs from aerosols. 

Why use TED-GC-MS for MNP identiɠcation and quantiɠcation?

Analysis of the captured aerosol samples is challenging due to overall low expected 

concentrations of MNPs in air and the small size of the fractions of interest (see Chapter 0). 

As described in Chapter 0, especially particles < 10 µm are relevant for the inhalation 

exposure route due to their ability to reach deeper regions of the lung where they eventually 

accumulate and cause adverse eƯects like inƲammation through activation of 

macrophages159, or cellular senescence that can cumulate in pulmonary Ʊbrosis250. Indeed, 

a recent study found that PS MNPs (80 nm and 1 µm) triggered Ʊbrotic responses in the lung 

of mice after 60 days of whole-body inhalation exposure. Ultimately, exposed mice 

developed pulmonary Ʊbrosis where the larger 1 µm particles caused more severe lung 

toxicity than the 80 nm particles251. However, number-based methods like spectroscopy 

(FTIR, Raman) or microscopy (SEM, TEM) are either not sensitive enough to detect such 

small particles or time-consuming sample preparation is necessary (e.g. removal of the 

matrix and interfering compounds). Mass-based thermoanalytical methods like pyrolysis 

gas chromatography coupled with mass spectrometry (Py-GC-MS) present a viable 

alternative because they provide qualitative (sample chemistry) and quantitative (sample 

mass) information and are not limited to a speciƱc particle size251. Classical Py-GC-MS, 

however, has two disadvantages: i) only small sample volumes can be measured (sample 

mass < 1 µg), and ii) sample preparation is needed to remove interfering matrix compounds. 

Goedecke et al. (2022)252 used thermal extraction-desorption GC-MS (TED-GC-MS) 

for the analysis of MNPs in wastewater treatment plant eƯluents. With this method, 

comparably high sample masses of 10-50 mg can be measured. The sample is 

decomposed via heating (600°C) in a thermobalance, providing information on mass loss 

as a function of temperature and time, and the volatile compounds are then collected on a 

solid phase. After transfer into the GC-MS unit, the compounds are thermally desorbed, 

separated by GC, and analyzed via mass spectrometry. This enables sample analysis 

without complex sample pre-treatment with LOD between 0.21-6.99 µg for relevant 
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polymers like PS, PP, PET, or PE252,253. It was concluded that TED-GC-MS is the method of 

choice for analysis of aerosol samples captured with the GLI due to the large measurable 

sample mass, low LOD, and minimal sample preparation. 

Design of method validation studies

Since the combination of a novel impinger device with granular bed Ʊltration and TED-

GC-MS analysis is wholly new in the Ʊeld of environmental air quality assessment, an in-

depth validation study of performance, recovery rate, and limits of detection and 

quantiƱcation were required for the entire system. Since multiple washing steps were also 

involved in sample collection and analysis, these procedures were analyzed using a tiered 

approach to method validation. Both unlabeled and Ʋuorescently labeled PET and PP test 

materials were employed in validation studies to determine the recovery rate and detection 

limits for the entire procedure. Thus, the following research questions were investigated in 

a preliminary validation study: 

•

•

•
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•

To answer these questions, three experimental setups were used. In method 

validation study #1 (Figure 4.2A), NPs with the Ʋuorescent label F8BT were used for spiking 

the system with either PET or PP NPs. Subsequently, the recovery rate of the developed 

washing and sample collection procedure was determined. In a second approach (Figure 

4.2B), the same NPs were utilized to nebulize PET or PP NPs and collect them with the GLI 

to establish a deposition proƱle. Validation study #3 investigated the collection eƯiciency 

of a nebulized mixture of unlabeled PET, PP, and PS NPs via TED-GC-MS (Figure 4.2C).

Figure 4.2: Overview of the conducted method validation studies with known amounts of nanoplastics. In 
validation study #1, both compartments were spiked with a single type of Ʋuorescently labeled 
nanoplastics and the recovery rate after the washing and sample collection procedure was determined 
(A). For validation study #2, the same Ʋuorescently labeled nanoplastics were nebulized into the system 
and their deposition proƱle was assessed (B). Validation study #3 used a mixture of unlabeled polymers, 
nebulized this mixture into the system and the mass of the captured nanoplastics was determined via 
TED-GC-MS to establish the limit of detection and limit of quantiƱcation for this method.
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Design of ɠeld studies

The main research questions and hypothesis were outlined in Chapter 1.3 together 

with their rationale. BrieƲy, it was hypothesized that increasing levels of plastic debris in the 

ocean leads to increased levels of MNPs in SSA. This hypothesis was based on a study from 

Allen et al. (2020) that showed that MPs are part of SSA and that the sea also acts as a 

source for MPs62. The second hypothesis was developed from the same idea that the 

waterbody close to the aerosol sampling side determines the MNP concentration in the air. 

It has been reported that lakes can contain considerable amounts of plastic debris and that 

they also generate aerosols85,86. Therefore, it was hypothesized that lakeside aerosols 

collected at the Neusiedler Lake can contain MNPs but much lower concentrations are 

expected due to the lower expected plastic pollution. The use of Ʊlters by Allen et al. limited 

their investigations to particles > 5 µm, excluding NPs entirely62. The GLI has no theoretical 

lower size limit and can fractionate inhalable PM by aerodynamic diameter. We thus 

hypothesized that our novel sampling device combined with TED-GC-MS analysis can Ʊll 

the knowledge gaps by capturing both micro- and nanoplastics and determining the 

polymer type and mass in both fractions (inhalable, and respirable fraction).

Two distinct sampling sites were chosen to test the postulated hypotheses. For 

baseline measurements with low expected MNP abundance in lakeside aerosols, the 

Neusiedler Lake in Podersdorf, Austria (47°51'57.6"N, 16°50'03.8"E) was chosen due to its 

rural location and status as protected national park and UNESCO World Heritage Site. The 

Ʊrst sampling campaign was carried out between the 8th-12th of August 2022 and designed 

to test the developed protocol in the Ʊeld. Analysis of the obtained samples revealed that 

all the factory-sealed vials used for sample collection were contaminated with Ʊbrous 

material (Figure 4.3). Contamination must have occurred during production before the vials 

were sealed with their respective lids and packaged. Thereafter, the preparation protocol 

was extended by a thorough washing protocol where all vials were washed with distilled 

water and Ʊltered ethanol inside a laminar Ʋow cabinet. The second campaign at the same 

site was conducted between the 15th-17th October 2022, using the optimized protocol 

(Figure 4.4A-B). 



115 ‹

Figure 4.3: SEM image of Ʊbrous material of unknown origin (possibly paper packaging) present within 
unopened glass vials used for sample collection.

The second sampling site was located on the island Brač in Croatia 

(43°32’29.0”N°16°41’20.2”E) (Figure 4.4C-E). This site was chosen for testing the 

hypothesis that SSA represents a source of elevated plastic exposure due to higher plastic 

pollution of the Adriatic Sea158 compared to the Neusiedler Lake157 (see Chapter 1.3.3). 

Sampling was carried out between the 27th-29th of September 2022 on two measurement 

sites to test whether SSA collected directly at the shoreline (sea spray aerosols, 

43°19'20.7"N, 16°24'41.8"E, Figure 4.4E) and aerosols collected 100 m inland (seaside 

aerosols, 43°19'23.1"N, 16°24'43.4"E, Figure 4.4D) show diƯerences in their MNP 

composition. It was hypothesized that sampling at the shoreline will capture SSA almost 

exclusively, while sampling inland can contain aerosols of mixed origin depending on the 

wind direction. Meteorological data (time, temperature, relative humidity, wind speed and 

direction) was recorded during all Ʊeld sampling campaigns and each individual collection 

run. To account for possible plastic contamination, procedural blanks were collected at all 

sites in between sampling replicates. This involved Ʊlling the GLI with liquid in the Ʊeld, then 

immediately performing the washing and processing steps according to the collection 

protocol. 
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Figure 4.4: Aerosol sampling locations in Austria (A-B) and Croatia (C-E) showing the GLI device with 
respect to a lake (Austria) and coastal (Croatia) shoreline. The weather station used provided real time 
meteorological data during the measurement. Maps were used from Lencer 
(https://commons.wikimedia.org/wiki/File:Austria_location_map.svg), „Austria location map“, and 
NordNordWest (https://commons.wikimedia.org/wiki/File:Croatia_location_map.svg), „Croatia location 
map“, Marker added by Lukas Wimmer, https://creativecommons.org/licenses/by-sa/3.0/legalcode.
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4.2 Materials and methods

Materials

The Ʋuorescent dye F8BT (Poly-[(9,9-di-n-octylƲuorenyl-2,7-diyl)-alt-

(benzo[2,1,3]thiadiazol-4,8-diyl)], 698687, average Mn ≤25000) was sources from Sigma-

Aldrich (Merck KGaA, Darmstadt, Germany). All liquids were Ʊltered through a 0.22 µm Ʊlter 

membrane (GSWP04700, MCE, MF-Millipore) and were used for washing, rinsing and 

sampling. The liquids were stored in glass vessels with all plastic parts removed and sealed 

with glass stoppers or aluminum foil. All sample glass vials (20 mL) were rinsed with distilled 

water (5 mL) followed by ethanol (5 mL, 50%, v/v) and sealed in a laminar Ʋow cabinet to 

avoid contamination through ambient air. All other glassware used (e.g. pipettes and 

funnels) were rinsed generously with distilled water after each collection and covered in 

aluminum foil when not in use. The reference to ethanol (50%) always implies a 50% mixture 

(v/v) of pre-Ʊltered ethanol with distilled water, unless speciƱcally described otherwise. 

Materials that are not mentioned in this section are described in the materials sections of 

Chapters 2 and 3 .

Preparation of F8BT-labeled nanoplastics

The same methods for NP preparation were used as described in Chapter 0with the 

following modiƱcations: The polymer of interest (PET or PP) was solubilized in 2 mL less than 

described in the standard protocol. The Ʋuorescent polymer F8BT (0.8 w% of the used 

starting material, typically 2 mg or 1.2 mg F8BT for 260 mg or 160 mg of PET or PP 

respectively) was solubilized separately in a glass vial (4 mL) containing 1 mL of the 

respective solvent via heating and bath sonication. After 30 min of heating, the solubilized 

F8BT was added to the polymer/solvent mixture, the vial was rinsed once with 1 mL fresh 

solvent and the wash was also added to the mixture. After 15 more minutes of heating, the 

polymer of interest and F8BT were co-precipitated into ethanol (96%, w/w). Further 

processing was done the same as described in Chapter 0but in a darkened fume hood to 

protect the labeled plastics from light. 
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Characterization of F8BT labeled nanoplastics: Size and optical properties

A QC dispersion protocol similar to the one used in Chapter 0was employed to 

disperse the labeled test materials and create Ʋuorescence calibration curves needed for 

the impinger validation studies. The working stock (a 1 mg/mL suspension) was prepared by 

transferring 25 mg of the homogenized glycerol stock (40 mg/g) into a glass vial (4 mL) and 

by subsequently adding 3.3% (instead of the usually used 5% for easier subsequent dilution 

to the Ʊnal Tween®80 concentration of 0.33%) Tween®80 solution (1 mL) into the same vial 

(step 1 dilution). Pre-mixing was achieved by vigorous pipetting, followed by sonication in a 

water bath for 15 (PET) to 40 min (PP) at 22 ± 1°C. A serial dilution from 100 µg/mL to 0.20 

µg/mL was then produced in 0.33% Tween®80 (step 2 dilution). For the Ʊrst concentration, 

the working stock (100 µL, 3.3% Tween®80) was mixed with distilled water (900 µL), resulting 

in 100 µg/mL NPs in 0.33% Tween®80. The mixture was vortexed (10 sec) and sonicated (30 

sec) before proceeding to the next dilution. All subsequent dilution steps were produced by 

mixing the current concentration (500 µL) with 0.33% Tween®80 (500 µL) with subsequent 

vortex and sonication. In total, three individual serial dilutions with ten dilution steps were 

produced and samples of each step (100 µL) were transferred in triplicates into a 96-well 

plate. The Ʋuorescent intensity of all samples and blanks (Tween®80 solution, 0.33%) was 

measured with a Tecan inƱnite 200Pro (Tecan Group Ltd., Männedorf, Switzerland) with Ex: 

460 nm, Ex bandwidth: 9 nm, Em: 541, Em bandwidth: 20 nm. Blank values were subtracted 

from the measured sample absorption values and averaged before creating a regression 

curve. The calibration curve was deemed acceptable when r² > 0.980201. The obtained 

calibration curve was analyzed with the linear regression algorithm of Excel, to obtain the 

standard deviation of the y-intercept (SDy). Thereafter, the LOD and LOQ were calculated 

according to Equation 4.1 and Equation 4.2.
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Equation 4.1: The limit of detection (LOD) is calculated in µg/mL based on the standard deviation of the y-
intercept (SDy) and the slope (s). ܦܱܮ =  3.3 × ݏ௬ܦܵ
Equation 4.2: The limit of detection (LOD) is calculated in µg/mL based on the standard deviation of the y-
intercept (SDy) and the slope (s). ܱܳܮ =  10 × ݏ௬ܦܵ

Optimal excitation and emission wavelengths of F8BT-labeled NPs were established 

using the same instrument but in scanning mode. The obtained Ʋuorescence intensities 

were normalized by setting the highest peak to 1 and the excitation spectra were plotted 

from 300 510 nm, whereas emission spectra were plotted from 490 to 650 nm to avoid 

interferences through overlapping signals. 

Calibration curves for the quantiɠcation of ɡuorescein

Sodium Ʋuorescein was weighed into a glass vial and solubilized in a Tween®80 

solution (0.33%) and subsequently mixed by vortexing (10 sec) to obtain a stock solution (1 

mg/mL). This stock was further diluted with the same Tween®80 solution to create the 

working solution (50 µg/mL in 0.33% Tween®80). From this working solution, a serial dilution 

was prepared by mixing the appropriate amount of working solution with Tween®80 solution 

(0.33%). The following concentrations and Tween®80 (0.33%) as blank were prepared: 10 

µg/mL, 8 µg/mL, 6 µg/mL, 4 µg/mL, 2 µg/mL, 1 µg/mL, 0.5 µg/mL. The absorption of all 

samples was measured in triplicates with a spectrophotometer (Biotek Epoch 2, Agilent 

Technologies Inc., Santa Clara, USA) at 490 nm. Blank values were subtracted from the 

measured sample absorption values before calculating means and creating a regression 

curve. The calibration curve was deemed acceptable when r² > 0.980201.
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Validation study #1: Assessment of F8BT-labeled nanoplastic recovery rate 
from diĀerent sections of the GLI

As described in the introduction, it is important to determine whether the washing 

procedure used to collect materials deposited in the diƯerent compartments of the GLI 

provides an acceptable recovery rate. The Ph. Eur. speciƱes limits for the mass balance 

recovery between 75-125% when using the GLI for collection of the emitted dose236. Since 

there are no other regulations for the recovery rate of impingers measured via Ʋuorescence 

intensity, the same limits were deemed acceptable for the conducted validation 

experiment. To determine this, F8BT-labeled PET and PP were dispersed in 2% FBS 

(Tween®80 was avoided due to foam generation in the GLI). BrieƲy, homogenization of the 

F8BT-labeled NP glycerol stock suspensions was carried out as described in Chapter 0. 

Working stocks (1 mg/mL, 2% FBS) were prepared as described in Chapter 0but using FBS 

instead of Tween®80 (step 1 dilution) and working suspensions (50 mL; 10 µg/mL) were 

obtained by subsequently diluting the required amount of stock suspension (500 µL) with 

FBS solution (2%, 49.5 mL) and sonicating the Ʊnal suspension for 3 min directly before 

spiking. A 2% FBS solution was also prepared for use as background control. 

F8BT-labeled NPs or the FBS vehicle were added to the upper (7 mL) and lower (30 

mL) compartments (UC and LC) of the GLI, respectively, at a Ʊnal concentration of 10 µg/mL 

in each compartment (spiking). The LC also contained 475 g (= 130 mL) pre-washed ceramic 

beads (9730, ZY-P, 2.6-3.3 mm, SiLibeads, Sigmund Lindner GmbH, Warmensteinach, 

Germany). The vacuum pump was then switched on for 30 min (Ʋow rate: 60 ± 2 L/min) to 

create turbulence mimicking in-use conditions. Afterwards the liquid in the UC was 

collected in a volumetric Ʋask (25 mL). The empty UC was then rinsed three times with 6 

mL ethanol (50%, v/v) and each rinsing was added to the same Ʋask (UC Ʋask). The liquid 

from the UC that evaporated during the experiment was replaced by Ʊlling the volumetric 

Ʋask to the mark with distilled water. The liquid in the LC (~20 mL) was transferred into a 

separate volumetric Ʋask (50 mL, LC Ʋasks) by pouring the LC contents into a glass funnel 

Ʊtted with a coarse frit to separate the ceramic beads from the liquid, which was allowed to 

drip into the Ʋask. The empty LC was subsequently washed three times with 6 mL ethanol 

(50%, v/v), then the wash liquid poured over the ceramic beads and allowed to drip into the 

Ʋask. Subsequently, the ceramic beads were washed once with ethanol (10 mL, 50%, v/v) 



121 ‹

and the wash was collected into the same Ʋask. Distilled water was then used to Ʊll the 

Ʋask to the mark.

Fluorescence measurement

Prior to Ʋuorescence intensity measurements, the Ʋasks were mixed by bath 

sonication (1 min). Immediately, three samples were withdrawn (100 µL) and transferred 

into a 96-well plate. The Ʋuorescent intensity of all samples and blanks (FBS solution, 2%) 

was measured with a Tecan inƱnite 200Pro (Tecan Group Ltd., Männedorf, Switzerland) with 

Ex: 460 nm, Ex bandwidth: 9 nm, Em: 541, Em bandwidth: 20 nm. Fluorescence intensity 

(arbitrary units) of the blanks was averaged and the mean blank value subtracted from the 

sample Ʋuorescence. The Ʋuorescence recovered in compartments representing the upper 

respiratory tract (UC Ʋask) and the lower respiratory tract (LC Ʋask) was reported as a 

percentage of the intensity of the spiked sample containing 10 µg labeled NPs per mL liquid. 

This experiment was carried out n = 3 times with both PET and PP NPs in order to determine 

whether NP surface properties impacted their recovery rate.

Validation study #2: Assessment of F8BT-labeled nanoplastic recovery rate 
from diĀerent sections of the GLI after aerosolization into the device

In this second validation experiment, the aim was to determine whether 

aerosolization of a known amount of F8BT-labeled NPs into the GLI follows the same 

deposition proƱle as a nebulized reference solution, i.e. if the NPs are carried through the 

system in the nebulized droplets. This experiment increases the complexity and mimics 

environmental sampling conditions, since it is unknown which fraction of NPs will deposit 

in each compartment. Therefore, 2 mL of a Ʋuorescein solution (500 µg/mL) in Tween®80 

(0.33%) were nebulized to establish the deposition proƱle of a nebulized liquid without NPs. 

Sample collection was performed as described in Chapter 0but with water as rinsing agent 

instead of ethanol (50%). Fluorescein and blank (0.33% Tween®80 solution) absorptions 

were subsequently measured as outlined in Chapter 0before calculating the deposited 

mass in the diƯerent compartments using the Ʋuorescein calibration curve. The Ʋuorescein 
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deposited in each part was expressed as a percentage of the total Ʋuorescein loaded into 

the nebulizer.

Thereafter, labeled NPs were used for nebulization as comparator materials. 

Homogenization of the F8BT-labeled NP glycerol stock suspensions was carried out as 

described in Chapter 0. Working stocks (1 mg/mL) were prepared as described in Chapter 

0 with Tween®80 (3.3%, w/w) and working suspensions (3 mL; 10 µg/mL) were obtained by 

subsequently diluting the required amount of stock suspension (30 µL) with distilled water 

(2970 µL) and sonicating the Ʊnal suspension for 3 min directly before nebulization. A 0.33% 

Tween®80 solution was also prepared for use as a background control. Before adding the 

sample (2-2.5 mL NP suspension or 0.33% Tween®80 blank), the weight of the dry, empty 

nebulizer reservoir equipped with the red nozzle (PARI LC SPRINT Nebulizer, with 2.8 µm 

mass median aerodynamic diameter, MMAD) was determined (NRD). The Ʊlled reservoir 

was weighed again (NRF), and the GLI was fully assembled and the aerosolizer (PARI BOY® 

Classic, PARI GmbH, Starnberg, Germany) and the vacuum pump (LCP6, Copley ScientiƱc 

Ltd., Nottingham, UK) were connected. The pump was switched on and the Ʋow was 

adjusted to 60 ± 2 L/min and monitored throughout the experiment using a Ʋowmeter (5300-

1, TSI Inc., Shoreview, USA). When the air Ʋow stabilized, the sample was aerosolized for 

4.5 min. The reservoir was weighed again (NRN) and the nebulization eƯiciency (NE%) and 

total nebulized liquid (TNL) was calculated according to Equation 4.3 and Equation 4.4. 

Equation 4.3: Nebulization eƯiciency (NE) in %, where NRN = mass of the nebulizer reservoir after 
nebulization, NRD = mass of the nebulizer reservoir dry, and NRF = mass of the nebulizer reservoir Ʊlled.ܰܧ(%) = 100 − (ܴܰே − ܴܰ஽) × 100(ܴܰி − ܴܰ஽)
Equation 4.4: Total nebulized liquid (TNL) in g, where NRD = mass of the nebulizer reservoir dry, NRF = 
mass of the nebulizer reservoir Ʊlled, and NRN = mass of the nebulizer reservoir after nebulization.ܶܰܮ (݃) = (ܴܰி − ܴܰ஽) − (ܴܰே − ܴܰ஽)
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Sample collection was carried out as described in Chapter 0with the following 

adaptations: All liquids were collected in pre-washed amber glass vials (30 mL) with metal 

lids, and the MTP was also rinsed three times with 6 mL ethanol (50%, v/v) where the liquid 

was collected in a separate vial (MTP vial). Figure 4.5A-B outlines the sample collection 

process, with all washing and subsequent processing steps performed until samples were 

ready for measurement. BrieƲy, all glass vials were placed into a desiccator and the lids 

opened suƯiciently to allow evaporation of a majority of the ethanol. After 2-3 days, the 

samples were freeze-dried (Figure 4.5A). The content of each 30 mL vial was re-dispersed 

by rinsing three times with 3 mL ethanol (50%, v/v) and sonicating each rinse sample for 1 

min prior to transfer (Figure 4.5B). The rinse liquid from the MTP vial was then transferred to 

UC vial (representing the upper respiratory tract = URT), while the rinse liquid from the LC2 

vial was transferred to the LC1 vial (representing the lower respiratory tract = LRT). The 

ethanol of the two remaining vials (UC, LC1) was then removed with a rotary evaporator 

(water bath 45°C) by slowly decreasing the pressure to 80 mbar. When no more liquid was 

visible, the pressure was reduced to 40 mbar and dried for 5 more min. Residual NPs in the 

nebulizer were collected and dried similarly. Tween®80 blank samples and a sample of the 

suspension used for nebulization were dried in the same manner. Those samples were used 

directly after drying.
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Figure 4.5: Scheme of the sample collection and drying process (A). Samples from the mouth and throat 
piece (MTP) and upper compartment (UC) were pooled and represented the upper respiratory tract (URT), 
whereas samples from the lower compartment (LC1 and LC2) were pooled and represented the lower 
respiratory tract (LRT). Fluorescent intensity was measured and the NPs content quantiƱed using pre-
established calibration curves (B).

Nanoplastic ɡuorescence measurement

Prior to Ʋuorescence intensity measurements, a 0.33% Tween®80 solution (1 mL) was 

added to the dried vials and sonicated for 1 min. Immediately, three samples were 

withdrawn (100 µL) and transferred into a 96-well plate. The Ʋuorescent intensity of all F8BT-
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labeled NP samples and blanks (Tween®80 solution, 0.33%) was measured as described in 

Chapter 0, prior to quantiƱcation using the calibration curves reported in the same chapter. 

The mass of NP depositing in each fraction (URT, LRT, nebulizer reservoir) was then 

calculated. Total mass recovered was calculated by adding the content from these three 

fractions and dividing by the amount in the nebulizer prior to aerosolization (expressed as a 

percentage).

Validation study #3: Assessment of unlabeled nanoplastic recovery rate 
from diĀerent sections of the GLI after aerosolization into the device 
and TED-GC-MS analysis

In this third validation experiment, the aim was to determine whether aerosolization 

of a mixture of known amounts of unlabeled PET, PP and PS NPs into the GLI can be 

quantiƱed accurately using TED-GC-MS. This experiment increases the complexity of the 

system even further and mimics the Ʊnal procedure to be used in Ʊeld studies. The 

unlabeled PET and PP NP stock suspensions (1 mg/mL) were prepared as described in 

Chapter 0. The mixture working suspensions (10 mL) were prepared by diluting the correct 

amount of stock suspension into Tween®80 (0.33%, w/w) so that a Ʊnal concentration of 10 

µg/mL for each polymer (PET, PP and PS) was achieved. Nebulization of the mixture, sample 

collection, and drying was conducted as described in Chapter 0. Figure 4.5A outlines the 

sample collection process, with all washing and subsequent processing steps performed 

until samples were in a dry storage state, suitable for storage and transport to collaboration 

partners at the BAM, Germany. Figure 4.6 outlines the washing and processing steps 

performed at the BAM to fully collect MNPs from the storage containers and transfer 

collected materials to the TED-GC-MS for analysis. BrieƲy, the vials were washed three 

times with 1.5 mL dichloromethane (DCM) and transferred into a glass beaker (10 mL). The 

DCM was then reduced to < 1 mL by evaporation in a temperature-controlled chamber 

(36°C) within 3-4 h. The remaining DCM was then poured into an Al2O3 pan and brought to 

dryness (30 min) inside the pan. The beaker was then washed with DCM (0.7 mL), the wash 

was poured into the Al2O3 pan, and the DCM was evaporated. After complete evaporation, 

this washing process was repeated four times (conducted Ʊve times in total) and the 

sample was Ʊnally dried overnight at 50°C before TED-GC-MS measurements were 
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conducted. Before starting the washing procedure, the UC vials of one procedural blank 

and one aerosol sample were spiked with a 13C labeled PS standard (8 µL) to monitor the 

collection eƯiciency. 

Figure 4.6: Processing protocol for collection and transfer of MNPs from the storage vials to the TED-GC-
MS pans for analysis. Samples from the mouth and throat piece (MTP) and upper compartment (UC) were 
pooled and represented the upper respiratory tract (URT), whereas samples from the lower compartment 
(LC1 and LC2) were pooled and represented the lower respiratory tract (LRT).

Field studies: Air sampling in Podersdorf, Austria and Brač, Croatia

The preparation of materials used for air sampling, and the sampling and sample 

collection procedure were identical for both campaigns. Divergences between the Austrian 

and Croatian campaign are described below and concern sample pooling before TED-GC-

MS analysis. For aerosol sampling, the GLI was positioned in a way that the mouthpiece 

was 120 cm above ground level and faced the shoreline. The ceramic beads (475 g =130 mL) 

and distilled water (20-30 mL) were introduced into the LC. Thereafter, all parts were 

assembled and distilled water (7 mL) was transferred into the UC. The Ʋow controller and 

vacuum pump were connected and switched on. Finally, the Ʋow was adjusted to 60 ± 2 

L/min and a timer was started. During the aerosol sampling, wind and weather conditions 

(temperature, rel. humidity, wind direction, and wind speed) were continuously recorded 
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using a Bresser 5-in-1 Wetter Center (Cat.Nr. 7002511, Bresser GmbH, Rhede, Germany). 

Evaporated liquids in the UC and LC were replenished occasionally, during which the timer 

and vacuum pump were stopped for 1-5 min. After 167 min (2.78 h) runtime, all instruments 

were switched oƯ and the samples were collected immediately as described in Chapter 0. 

Vials were stored at -20°C until prepared for further analysis according to Figure 4.5B. The 

dry samples were shipped to our collaborators at BAM, where they were processed as 

outlined in Chapter 0 and Figure 4.6. Procedural blanks were taken under Ʊeld conditions 

before the very Ʊrst measurement and at the end of each sampling day to assess 

background levels and potential sample carry over. A procedural blank followed the same 

procedure as an aerosol sample but without switching on the vacuum pump. BrieƲy, the GLI 

was assembled and distilled water was introduced into the UC (7 mL) and LC (20 mL) 

including the ceramic beads. The device was disassembled again, the liquids were 

collected, all glass parts were rinsed with ethanol (50%), and the washing Ʋuids were 

likewise collected in the respective vials. Subsequent processing was identical to aerosol 

samples. Vials from individual sampling runs were pooled according to Figure 4.6. They 

represented the upper respiratory tract (beaker A) and the lower respiratory tract (beaker B) 

fractions and were measured together as one sample via TED-GC-MS. 

The sampling campaign at the Neusiedler Lake in Podersdorf, Austria (47°51'57.6"N, 

16°50'03.8"E) was carried out between the 15th-17th October 2022. It is a popular recreation 

area and known among windsurfers due to continuous and suƯiciently strong winds, mainly 

blowing from the northwest, hence across the lake towards the chosen sampling location 

in Podersdorf. The lake is located in an overall rural area and despite the agricultural sector, 

no big industrial facilities are in the vicinity of the lake. Further, it is a protected national park 

(2.5-5 km around the lake) and UNESCO World Heritage Site. Considering those factors, it 

was hypothesized that captured aerosols originating from or travelling across the lake will 

carry low or non-detectable amounts of MNPs in 10 m³ sampled air. However, the plastic 

content of lakeside aerosols in rural areas is not well described and background levels can, 

therefore, not completely be excluded. Sample collection was conducted between 8:00-

20:00 (n = 8 with 10 m³ air per sample) at periods without precipitation. Mainly southwestern 

winds occurred during sampling with one exception (sample #3) where solely eastern winds 

were blowing, hence coming from inland (Table 4.1).
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Table 4.1: Sampling runs from the Neusiedler Lake campaign and the associated weather data. Weather 
conditions with ≥ 3 observations were averaged and presented alongside with the standard deviation (SD). 
Wind directions are given as ranges from all observations.

–

–

–

–

–

–

–

–

–

*Samples #2 und #5 were used for Ʊltration and microscopic examination.

Aerosol samples of the Croatian campaign were taken on three consecutive days 

between the 27th-29th of September 2022 (Table 4.2). In total, 12 samples from two distinct 

sites were collected (n = 6 collections of 10 m³ air at each site). Site #1 was about 30 m 

above sea level and 100 m inland from the shoreline (43°19'23.1"N, 16°24'43.4"E) and winds 

were typically weak (0-0.9 m/s) and from various directions. The collected aerosols were 

therefore likely of mixed origin and further referred to as “seaside aerosols”. Site #2 was 

around 2 m above sea level and 5 m from the shoreline (43°19'20.7"N, 16°24'41.8"E) and 

the slightly stronger winds (1-4 m/s) came almost exclusively from the sea (westerly to south 

westerly). It was postulated, that from this site all collected aerosols originated from sea 

spray and the samples were therefore referred to as “sea spray aerosols”. Although samples 

#6 and #12 experienced northwestern winds, they did not come entirely from inland (N-NE).
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Table 4.2: Sampling runs from the Brač island campaign and the associated weather data. Weather 
conditions with ≥ 3 observations were averaged and presented alongside with the standard deviation (SD). 
Wind directions are given as ranges from all observations.

–

–

–

–

–

–

–

–

–

–

–

–

–

Data processing

If not stated otherwise, experiments were carried out at least three times. Blank 

controls were averaged and the mean blank value subtracted from individual sample values 

before sample means and SDs were calculated. 

Statistical testing and plotting

To test for statistically signiƱcant diƯerences between the detected PP masses in 

blank controls and aerosol samples, an independent t-test was applied (CI: 95%) using the 

SciPy (1.14.1), NumPy (2.1.1), and Pandas (2.2.3) libraries in Python (3.11.0). Figures were 

plotted with Matplotlib (3.9.2).
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4.3 Results and discussion

Statement of transparency

SEM images of samples from the Ʊrst sampling campaign were provided by Dr. Paul-

Tiberiu Miclea from the Fraunhofer Institute for Microstructure of Materials and Systems 

(IMWS). Air samples from the Ʊeld sampling campaigns and nebulization experiments with 

unlabeled materials were kindly prepared by Frank Milczewski for TED-GC-MS 

measurements and analyzed by Dr. Korinna Altmann, both from the Federal Institute for 

Materials Research and Testing in Berlin (BAM). Excitation and emission spectra of the 

produced labeled PET and PP NPs were obtained by My Vanessa Nguyen Hoang. 

Fluorescein nebulization experiments were performed together with Dr. Gabriela Hädrich. 

Characterization of ɡuorescently labeled nanoplastics

Unlabeled NPs are hard to visualize and track, due to their simple structure (mainly 

hydrocarbons) and size. One commonly used approach to quantify such small structures is 

to label these materials Ʋuorescently with Nile Red or other similar small molecules. 

Although dyes like Nile Red are very accessible and easy to use, they tend to leach over time 

and reduce the limit of detection (LOD) and limit of quantiƱcation (LOQ). To overcome these 

Ʋaws, the polymeric Ʋuorescent dye, poly-[(9,9-di-n-octylƲuorenyl-2,7-diyl)-alt-

(benzo[2,1,3]thiadiazol-4,8-diyl)] (F8BT) was used, which is known for its high 

photoluminescence. Because of its polymeric structure (Mn: ≤ 25,000 g/mol), it is 

hypothesized that the molecule is too large and too hydrophobic to leach out of the 

precipitated NPs providing stability and reliability. This hypothesis is under investigation by 

a collaborator but not yet completed. Its hydrophobic nature allows solubilization in the 

same solvents used for PET (benzyl alcohol) and PP (xylene) and its co-precipitation into 

ethanol. PET and PP NPs were labeled with 0.8% (w/w) F8BT and used for method validation. 

Spectral scans of F8BT-labeled PET and PP NPs (50 µg/mL) dispersed in 10% FBS revealed 

maxima at 460 and 541 nm for excitation and emission, respectively (Figure 4.7). 
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Figure 4.7: Absorbance and emission spectra of F8BT labeled PET (blue) and PP (red) nanoparticles 
dispersed in 10% FBS.

Calibration curves for both polymers were produced as described in Chapter 0and 

their characteristics and LOD and LOQ are listed in Table 4.3.

Table 4.3: Calibration curve characteristics of a Ʋuorescein solution and F8BT labeled PET and PP 
nanoparticles dispersed in 0.33% Tween®80. LOD = limit of detection; LOQ = limit of quantiƱcation.

–

–

–

Particle size distributions of F8BT-labeled PET and PP NPs (100 µg/mL) following 

dispersion in Tween®80 (0.33%) were characterized via DLS. LD could not be employed due 

to the low concentrations used for nebulization in validation study #2. Interestingly, the QC 

dispersion protocol failed to fully disperse the labeled PP NPs as indicated by the broad size 

distribution proƱle with agglomerates of up to 7 µm (Figure 4.8). Nevertheless, the majority 
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of the particles were below the mass median aerodynamic diameter (2.8 µm) of the 

nebulizer used in the validation study (see Chapter 0) and, thus, deemed acceptable. 

Figure 4.8: Intensity-based particle size distribution of labeled PET and PP nanoplastics measured via 
DLS. This 100 µg/mL step 1 dilution was used to create the Ʊnal 10 µg/mL step 2 dilution for nebulization.

Validation study #1: Assessment of F8BT-labeled nanoplastic recovery rate 
from diĀerent sections of the GLI

The washing and sample collection procedures are key elements of the sampling 

method. To assess whether the recovery of samples is quantitatively robust (75-125%), 

known amounts of Ʋuorescently labeled NPs (PET-lb, PP-lb) were dispersed using a 

biorelevant dispersion protocol and spiked into the UC and LC of the GLI and the recovery 

rate determined. The recovery rate of all samples except the LC spiked with PP NPs was 

above 95% (Figure 4.9). Unsurprisingly, the recovery rate was generally lower for PP, 

especially in the LC. It is hypothesized that the higher hydrophobicity of PP makes it more 

diƯicult to recover with the washing protocol, which is also reƲected by the larger SD. 

Additionally, although the high surface area of the granule bed in the LC could increase the 

ultraƱne aerosol collection eƯiciency in the impinger, it may contribute to the reduced 
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recovery rate of the NPs in the LC. Thus, thorough washing of the granule bed is mandatory 

for materials with high hydrophobicity. The recovery rates of both polymer types were within 

the acceptable range of 75-125% of the theoretical concentration and it was therefore 

concluded that the washing and collection protocol is suƯiciently robust. However, it has 

to be noted that the recovery rate of PP from the LC (86 ± 5%) is close to the aimed 85% 

threshold formulated in Chapter 0. 

Figure 4.9: Method validation #1. Recovery rates of Ʋuorescent materials from the UC and LC after running 
the instrument for 30 min (n = 3).
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Validation study #2: Assessment of F8BT-labeled nanoplastic recovery rate 
from diĀerent sections of the GLI after aerosolization into the device

Prior to the nebulization experiment, it was expected that 10% of the NPs would stay 

in the nebulizer reservoir (NR), 10% would deposit in the UC and the remaining 80% would 

deposit in the LC. This assumption was based on the nebulizer datasheet, and cutoƯ size of 

the GLI which determines whether particles deposit in the UC or the LC (above, or below 

the cutoƯ size respectively). The nebulizer manufacturer stated that 80% of the produced 

droplets are < 5 µm (mass-based fraction) and the cutoƯ size of the GLI is given with 6.4 µm 

aerodynamic diameter. However, uncertainty existed through the addition of 0.33% 

Tween®80 since surfactants are known to lower the dynamic surface tension of a liquid 

which leads to smaller droplet sizes when sprayed254. 

In the Ʊrst part of this study, Ʋuoresceine in 0.33% Tween®80 was nebulized into the 

GLI to establish the distribution pattern (see Chapter 0). Surprisingly, 39% of the 

Ʋuorescein was not nebulized and stayed in the reservoir (Figure 4.10A). The deposited 

fraction in the UC (5%) was considerably lower than in the LC (21%) as expected. However, 

the low mass balance (65%) revealed that a signiƱcant amount of Ʋuorescein could not be 

recovered. It is hypothesized that Ʋuorescein was retained on the ceramic beads facilitated 

through their large surface area, as well as in other sections of the GLI device. This was 

supported by an observation where Ʋuorescence was detected in blanks of the following 

experiment after thorough washing of the entire GLI. 
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Figure 4.10: Deposition pattern of nebulized Ʋuorescein in 0.33% Tween®80 (A). Deposition pattern of 
nebulized F8BT-labeled PET (B) and PP (C) nanoparticles and their respective particle size distribution 
(PSD) before and after nebulization (D).

A similar deposition pattern was anticipated for PET and PP NPs as they are expected 

to be carried by the droplets produced during nebulization. However, Figure 4.10B-C shows 

that 91% of the PET and 96% of the PP NPs were retained in the reservoir of the nebulizer. 

Furthermore, only PET was found to be nebulized and deposited in the UC (18%). The high 

fraction of NPs in the reservoir combined with the high mass balances of PET (109%) and 

PP (96%) showed that NPs could not be nebulized eƯectively. This is a phenomenon that 

has been reported for hydrophobic nanomaterials (such as concentrated PS and polylactic-

co-glycolic acid suspensions; 600-1000 µg/mL), especially in combination with jet 

nebulizer systems255. In the current study, it was however hypothesized that lower 
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concentrations (10 µg/mL) would not lead to widespread NP agglomeration in the jet 

nebulizer used. To assess this, the PSD proƱles of the dispersed NPs (10 µg/mL) before and 

after nebulization (sampled from the reservoir) were measured via DLS (Figure 4.10D). The 

PSD of PET was not aƯected by nebulization, which partly explains the detection of PET NPs 

in the UC. However, the low concentration of the NPs may result in lower quality size 

measurements using DLS256. The PSD curves of PP after nebulization indicated 

agglomeration through an additional peak at around 6 µm. Furthermore, a peak at 0.2 µm 

emerged after nebulization indicating incomplete dispersion of PP NPs before nebulization. 

Peaks at around 10 nm in all samples were attributed to Tween®80, as it is used above its 

critical micelle concentration (Figure 3.7). It is hypothesized that there are additional 

factors besides particle size and hydrophobicity that determine the nebulization eƯiciency 

of NPs into the GLI using a jet nebulizer, such as shear forces or foaming inside the reservoir. 

To fully understand those factors and their impact, further investigations are needed.

Validation study #3: Assessment of unlabeled nanoplastic recovery rate 
from diĀerent sections of the GLI after aerosolization into the device 
and TED-GC-MS analysis

In the next study, the overall recovery rate (including nebulization, collection, 

washing, and sample preparation), the limit of detection (LOD) and the limit of 

quantiƱcation (LOQ) for unlabeled NPs was determined by nebulizing a mixture of three 

polymers (PET, PP, PS) into the GLI (n = 3). Thereafter, the washing and sample preparation 

protocol was applied (Chapter 0) and the samples were analyzed by TED-GC-MS which 

reƲected the method used for the Ʊeld sampling campaigns. It was hypothesized that a 

similar deposition pattern across all fractions would be measured with the TED-GC-MS 

method compared to the validation study #2. TED-GC-MS measurements are pending but 

a manuscript is in preparation for publishing the results.
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Field sampling campaigns

Two Ʊeld sampling campaigns were carried out from September to October 2022 in 

Podersdorf at the Neusiedler Lake in Austria and the island Brač in Croatia. The Austrian 

lakeside location was proposed to capture freshwater aerosols as control with a low 

expected MNP abundance compared to the Croatian coast. Following an in-depth 

investigation of regional weather patterns, it was decided that the northwest coastline of 

Brač would provide the optimal wind and weather conditions for collecting coastal aerosol 

samples with a high probability of SSA entrainment. To account for possible inland sources, 

air sampling was conducted at two locations on Brač. One directly at the shoreline to 

capture SSA, and one about 100 m inland for sampling seaside aerosols. Aerosols were 

collected on at least four occasions (i.e. on separate days during dry weather conditions) 

and meteorological data was captured. The weight of particles per m3 sampled air, as well 

and their chemical composition was determined. 

From the Ʊve procedural blanks and eight air samples, two procedural blanks and two 

air samples were used for Ʊltration and microscopic examination at the Fraunhofer-Institute 

in Halle (Saale). The remaining three procedural blanks and six air samples were sent to 

Berlin for TED-GC-MS analysis, where they were screened for eight commonly found 

polymers (PE, PP, PS, SBR, PET, PBAT, PLA, PMMA). None of those polymers except PP was 

above the LOD. Unfortunately, the measured PP was present in all samples, including the 

blanks and are most likely contamination through the PP screw caps used in that 

experiment. An unpaired t-test also showed no statistically signiƱcant diƯerence for the PP 

mass found in the UC (p = 0.78) and LC (p = 0.57) compared to their respective blanks 

(Figure 4.11). A second signal was detected which was, however, unspeciƱc for PET and 

therefore not considered. Several key implications of the Podersdorf study were taken 

forward into the analysis of the Croatian study samples. First of all, it was concluded that 

any PP present in Croatian samples should be reported but is likely attributable 

contamination from PP vial lids and not environmental sources. Analysis of the data and 

variability of PP in the Podersdorf samples also indicate that the variability is too high for 

background subtraction of the PP contamination from the experimental samples. 

Therefore, we decided to exclude PP from the Ʊnal interpretation of our results, although to 
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a certain extent, the presence of PP could act as a second, less homogenous internal 

control for the TED-GC-MS measurements. 

Figure 4.11: Mass of polypropylene detected in the upper compartment (UC) and lower compartment (LC) 
of the glass liquid impinger (GLI) from the Ʊeld sampling campaign at the Neusiedler Lake in Austria. 
Statistical signiƱcance was tested using an independent t-test (CI: 95%) where n.s. = p > 0.05, * = p < 0.05, 
** = p < 0.01, and *** = p < 0.001.

A second important question arising from the Austrian study is whether the volume 

of sampled air is suƯicient to detect airborne MNPs above the LOD of the chosen method. 

A recent publication from Rindelaub & Miskelly (2025) measured concentrations of six 

polymers (PE, PC, PVC, PMMA, nylon, PET) in indoor air using Py-GC-MS. On average, 106 

m³ air per sample was actively pumped through an impactor device (PM size cut-oƯ: 10 µm 

or 2.5 µm) and aerosol samples depositing on the Ʊlters analyzed. In all samples, the 

detected polymers were above procedural blank levels and concentrations ranged from 

0.79 to 422 ng/m³ air depending on the Ʊlter and polymer type156. These values are extremely 

close to the reported LOD and LOQ values of the Py-GC-MS used, indicating that 10-fold 

higher air volumes were required to collect suƯicient mass for Py-GC-MS quantiƱcation. 

The Rindelaub and Miskelly (2025) study data indicates that it is likely that sampling of 10 

m³ air is not suƯicient to detects airborne MNPs, unless the plastic content is particularly 
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high in the samples. Unfortunately, such observations were not available at the time the 

current sampling campaign was conducted in 2022. To increase the likelihood of MNP 

detection above the TED-GC-MS LOD, it was decided to pool two samples from the Croatian 

campaign collected on the same day and sampling site (seaside or sea spray sampling site). 

This decreased the number of samples from n = 6 per sampling site to n = 3 but increased 

the likelihood of detecting MNPs by doubling sampled air volume from 10 m³ to 20 m³. The 

sampling campaign was completed but results cannot be presented here since the sample 

measurement is pending. 

Study limitations and future perspectives

Through the method validation study #1, it was established that the recovery rate of 

NPs from the GLI was Ʊt-for-purpose, although more hydrophobic materials show slightly 

higher losses in the system. Unfortunately, the results of the method validation study #2 

were inconclusive, due to the agglomeration and therefore poor aerosolization eƯiciency 

from the jet nebulizer system used. The suitability of the GLI as sampling device for MNPs 

in aerosols cannot be answered conclusively at this stage because samples from validation 

study #3 are not measured yet. Data from this study will help to identify diƯerences between 

the nebulization of labeled and unlabeled, and hydrophobic (PP, PET) and hydrophilic (PS) 

NPs. It should be noted that the extreme hydrophobicity of the pristine test materials 

utilized may not be representative of the environmental situation. The surfaces of 

environmental NPs are expected to undergo aging, which typically reduces their 

hydrophobicity. Consequently, the low nebulization eƯiciency observed in this study is 

considered a limitation speciƱc to the pristine test materials used and not a relevant factor 

for environmental samples, suggesting the procedure is Ʊt for purpose. Furthermore, the 

LOD and LOQ for the whole sample collection and analysis method needs to be determined 

and compared to concentrations reported in the literature to, ultimately, assess its 

suitability. Finally, the Ʊeld sampling campaigns represent an attempt to provide real-world 

exposure data but were limited by the comparably low sampled air volumes of 10 (or when 

pooled) to 20 m³. Further Ʊeld sampling campaigns with increased sample volumes, more 
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sampling points and repetitions per site should be performed to close existing knowledge 

gaps on MNP concentrations in lakeside and seaside aerosols. 

4.4 Conclusions and contributions to the ɠeld of research

To assure comparability between studies, standardized and practical protocols need 

to be developed257. For this purpose, an entirely new method using a GLI for aerosol 

sampling and TED-GC-MS for analysis was explored and validation experiments performed. 

The list of available devices is long, ranging from passive to active pump systems with and 

without Ʊlters25,258. To my knowledge, validation speciƱcally for sampling aerosols with a GLI 

to detect MNPs has not been performed before. This also presents the most signiƱcant 

contribution of this study to the Ʊeld, as it will aid researchers in selecting the optimal 

method for their studies. 
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Chapter 5

CONTRIBUTIONS TO THE FIELD OF RESEARCH AND OUTLOOK
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5 Perspective and future studies

5.1 Contribution of this study to the current status of micro- and 
nanoplastic test materials

The complexity of MNPs present in natural environments is also reƲected in the wide 

array of requirements for test materials. In a real-world scenario, MNPs are polymer 

mixtures with broad size distributions and diƯerent degrees of degradation, possibly 

containing additives of concern and cargo from small molecules to microorganisms. 

Hence, developing a one-size-Ʊts-all material compatible with all sorts of assays is unlikely. 

However, within this study it has been shown that quality-by-design is a highly Ʋexible and 

useful framework for the development of MNP test materials with various intended 

application scenarios. The comparably low complexity of the presented materials can 

easily be increased. Depending on the speciƱc research question and intended use case, 

the TPP with critical and desired quality attributes can be modiƱed. Possible applications 

include the use of polymers containing deƱned types and amounts of additives to study 

their leaching behavior and health impacts or use particles that underwent ageing to 

determine adsorption and desorption processes of other contaminants. In the following 

paragraphs, short-, mid-, and long-term perspectives are described to further drive 

advancements in the Ʊeld of micro- and nanoplastic research. 

Short-term perspectives

This study showed that top-down procedures, particularly knife milling, were 

ineƯective for producing MPs below 40 to 50 µm. However, bottom-up approaches rarely 

produce particles with primary sizes above 5-10 µm and are mostly spheroidal, leaving a 

substantial gap in available MP shapes and sizes. With respect to generating irregularly 

shaped NP fragments, future studies should focus on cryo-milling techniques with high 

energy inputs such as ball mills, since milling was most eƯective below the glass transition 

temperature of the milled material. Caldwell et al. (2020) showed that irregularly shaped 

NPs can be obtained by employing a combination of cryo-milling and regular ball milling, 

although their maximal test concentrations were limited to < 11 µg/mL due to comparably 

low yields120. Preliminary studies showed that larger particles or agglomerates can 
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eƯectively be removed by Ʊltration with specialized silicone membranes, to optimize the 

PSD proƱle of milled materials. Further investigations, to assess its practicality when larger 

amounts of test materials are produced (e.g. Ʊltration time, dependency on polymer type, 

or Ʊlter clogging) could make other time-consuming and yield reducing production steps 

obsolete (e.g. centrifugation). After production, in-depth characterization of the MNPs 

surface chemistry (e.g. via X-ray photoelectron spectroscopy, XPS) should be performed in 

future studies because changes in surface chemistry through production or ageing can 

inƲuence the interaction of the produced particles with cells and their surrounding 

environment259. While methods to produce low complexity MNP test materials are now 

becoming available, materials that better reƲect environmental samples are still scarce. It 

also became apparent that dispersing MNPs is substantial for reliable assay readouts. Yet, 

this issue is not commonly reported. Particles will behave diƯerently depending on their 

material properties and size, the polarity, pH, or salt content of the medium, and the 

presence of dispersing agents in the medium. While dispersions in DMEM using FBS or BSA 

as dispersants were assessed in this study, a wider range of media and conditions needs to 

be tested. The same is true for testing sensitivity of other cell types than Calu-3 to 

hyperosmolarity, and biological assays for possible interactions with glycerol. In this way, 

the Ʋexibility of the presented system of highly concentrated MNPs in glycerol stocks could 

be demonstrated and its limitations uncovered. 

Mid-term to long-term perspectives

For the mid-term, alternatives like biopolymers or water-soluble polymers should 

also be investigated as they are intended to replace classical fossil-based and long-lasting 

polymers where applicable. A study by Nigro et al. (2025) showed that the highly used water-

soluble polymer PEG negatively aƯected Daphnia magna260, although PEG is generally 

considered as safe261. Safety assessment of such materials before they are widely used is 

recommended to uncover possible health risks early on. Approaches for such early-stage 

risk assessment of entirely new so called “advanced materials” are currently under 

development and might also be applicable to biopolymers with limited hazard data262. 

Another important point concerns standardization. Apart from a lack of widely agreed 
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standard protocols for sample collection, storage, preparation, or measurement, also 

particle standards are rare. To my knowledge, there are currently no MNP reference 

materials with an intended use in in vitro and in vivo biological assays. However, the demand 

for such materials has repeatedly been expressed by the research community68,70–74. To 

provide such a material, it may be necessary to certify multiple CQAs (i.e. properties of 

interest) as they should simultaneously be colloidally stable in complex aqueous media, 

sterile, and demonstrate a low endotoxin concentration. Table 5.1 lists the CQAs which we 

propose and the acceptable speciƱcation limits for each attribute. 
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Table 5.1: Proposed list of critical quality attributes (CQAs) and their corresponding speciƱcations 
recommended for reference micro- or nanoplastic materials intended for use in biological assays.

As described before, the obtained PP MPs did not meet these criteria. Mostly because 

the low particle yield impeded most of the necessary testing. With the current approach for 

NPs however, three out of six requirements of the proposed criteria could be fulƱlled for 

both polymers. Additionally to the points highlighted in Chapter 3.4 (dispersion of nanoPP 

in biorelevant media, storage stability and in-use shelf-life), also the quantiƱcation of 

residual solvents and content homogeneity of a higher number of vials needs to be 

investigated. The next step towards more realistic test materials is to include ageing into the 
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development process. Materials can be aged naturally by exposing plastics to 

environmental inƲuences or artiƱcially through methods like UV-irradiation, ozone, 

chemical oxidation, or heat treatment. For natural ageing, exposure times are long, and the 

result is highly variable because of the weather dependency. Therefore, typically artiƱcial 

methods are used as they can accelerate and standardize this process263. While several 

standards exist for the routine weathering of polymers, none of them fully replicate the 

complex natural weathering process. This discrepancy has led to the use of various, non-

standardized protocols, which limits the comparability of research Ʊndings264. 

Consequently, future research should focus on harmonizing protocols and explore 

combining aging processes and how they can be integrated into material production to 

ensure a representative and reproducible product.

5.2 Contribution of this study to the current status of MNP sampling in 
aerosols

At the present stage, the method described cannot be recommended without 

reservations. For a complete picture, the pending data from validation study #3 needs to be 

analyzed, and the LOD and LOQ of this method calculated. This is achievable short-term 

and comparing the LOD and LOQ with reported MNP concentrations from other air sampling 

studies will determine the volume of air needed to likely detect MNPs in the samples. 

Currently, the comparably low sample volume presents the biggest limitation of this study 

as a recent study by Rindelaub & Miskelly (2025) suggest that ten times higher sample 

volumes are needed to collect detectable amounts of MNPs156. In a second study, 

Rindelaub et al. (2025) sampled air at a remote coastal location in southern New Zealand 

and quantiƱed MPs by number (> 10 µm) and mass (> 2.5 µm). Passive and active sampling 

devices were used, where the average air volume sampled actively was 308 m³, thus, 30 

times higher than in our study. They reported an average aerosol MP concentration of 65 ± 6 

ng/m³ (0.14% of all aerosol mass), where individual polymers reached aerosol mass 

concentrations of roughly 41 ng/m³ (PE), 15 ng/m³ (PET), 10 ng/m³ (PVC), and < 1 ng/m³ for 

Nylon, PMMA, PS, and PP265. 
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Rindelaub et al. also experienced heterogeneously distributed polymer mass 

concentrations during their Ʊve-week campaign. These diƯerences could not be attributed 

solely to meteorological conditions, but also local human activities like rubbish burning or 

agriculture265. Furthermore, they provided an overview over similar studies266–268 and 

showed that the measured MP concentrations are comparable to urban areas. However, it 

has to be noted that the variability spans over six orders of magnitude due to diƯerences in 

sampling methods and protocols265. Consequently, more sampling studies are needed in 

the long term, spanning both indoor and outdoor environments across diƯerent seasons 

and timepoints. To facilitate study comparability, standardization of all sampling aspects is 

desired. Wright et al. (2021) expressed the need for developing standardized protocols of 

existing methods and deƱned 11 criteria regarding sample collection and handling, 

controls, and sample analyzation. They also provided a scoring system to assess the 

robustness of a study sampling MPs in air257. By including experts from diƯerent disciplines, 

this approach should be used for the development of guidelines. While this can be achieved 

in a mid-term perspective, the development of standards like the ones issued by ISO takes 

more time and, thus, would provide a long-term goal. Unlike international standards, an 

advantage of guidelines or SOPs is that they can be provided via an open access policy. 

However, the lower Ʊndability must be compensated through intensive dissemination 

activities e.g. at relevant conferences, institutions, or international projects.    
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