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SUMMARY

Microplastic contamination of a growing number of environmental compartments
and food items is currently the focus of many news stories. But do we even have
appropriate methods to detect microplastic? The overreaching goal of this
dissertation was to create and validate automated measurement procedures for the
quantification of particles larger than 10 pm and up to 1 mm via Raman
microspectroscopy. To this end, (i) a procedure was developed for the production of
reference materials, (ii) a method to determine the minimal sample size for a
representative measurement, (iii) as well as the necessary tools to enable automated

morphological and chemical analysis.

The reference materials were produced by sonication of solid polymers in alkaline
solution, based on the rationale that many microplastic publications cautioned about
the alteration of samples by sonication, but none had tried to harness this mechanism.
Polylactide, polyethylene terephthalate, and polystyrene were chosen to cover
various polymer materials with potentially different fragmentation behavior. We
could produce particles in the range of 100 nm - 1 mm in aqueous solution in large
numbers. In contrast to polymer reference materials that are produced by grinding,
these particles were suspendable in water and did not adhere to glass walls. Hence,
our procedure yields a fast and economic approach to generate reference materials
using a simple ultrasonic bath accessible to any laboratory. Such reference materials
may serve as standards to improve and validate workflows during method
development and may even serve as spikes that mimic environmentally relevant

particles for toxicological testing.

Subsequently, to provide a basis for quantitative analysis of microplastics, theory of
sampling was applied to determine the minimal number of particles that a
representative measurement requires. The calculation of the error induced by
random sampling of single fragments yields a minimum sample size, which
corresponds to the point at which the effort to measure additional fragments exceeds

the improvement in the error margin. For samples containing 10 000 - 100 000
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fragments and a microplastic content equal to or above 1%, a subsample of 7 000 will

deliver a margin of error of ~20%.

Finally, automated processing is crucial when applying this theoretical consideration
to samples. To determine the total number of fragments and to select a random
subsample for measurement, a microscopy image of the entire sample needs to be
acquired. This image may contain the morphological information of up to 100 000
particles which needs to be extracted quantitatively. Therefore, an automated image
segmentation routine - 7UM-ParticleTyper - was developed, which morphologically
characterizes and localizes all fragments with an area exceeding 51 pixels. After the
localization, the center coordinates of each particle are estimated and the subsample
is automatically selected. All particles in the subsample are measured (in our case a
by Raman microscope with an automated stage). The Raman measurements produce
a single spectrum for each particle and can be interpreted by a database match. The
optimal parameters of the matching procedure were determined by comparing the
outcome of the database match with a manual evaluation of the spectra. Since only a
single point is measured for each particle, the representativeness of this
measurement was evaluated by a comparison with Raman mapping, a high-speed
measurement of points separated by a small step size to create a chemical image. The
single point approach was found to be faster and more accurate. By focusing on each
step of the analysis individually, we were able to create an overall robust procedure,
starting from the point that all particles are deposited on the filter, however excluding

additional uncertainties from primary sampling or sample preparation.

Together, these advances enable the spectroscopic measurement of microplastic
samples. The quantification range was validated and a comparative study showed that
by using an adaptive threshold the common global thresholding for particle detection
could be outperformed. Furthermore, a minimal quantifiable particle size and
microplastic content of a sample was determined. Different reference materials, as
well as genuine samples, were used to test the adaptability of this method. Samples
can now be processed within 3 workdays. This includes 48 h for unsupervised

automated localization of all particles/fibers larger than 10 um and the measurement
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of a subsample consisting of 7000 fragments using a Raman microscope.
Furthermore, about 6 h of operator time for sample preparation prior to the
measurement and data verification after the measurement are required. As the
analysis time and operator effort has been minimized systematic investigations of

microplastic contaminations in e.g. production lines for bottled water or wastewater

treatment plants become feasible.
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ZUSAMMENFASSUNG

Die Kontamination einer steigenden Zahl von Okosystemen und Nahrungsmitteln
durch Mikroplastik steht derzeit im Fokus des medialen Interesses. Aber haben wir
geeignete Methoden zum Nachweis von Mikroplastik? Das tibergeordnete Ziel dieser
Dissertation war die Entwicklung und Validierung eines automatisierten
Messverfahrens fiir die Quantifizierung von Partikeln (10 um - 1 mm) mittels Raman-
Mikrospektroskopie. Dazu wurde (i) ein Verfahren zur Herstellung von
Referenzmaterialien, (ii) ein Verfahren zu Ermittlung der minimalen Probenmenge,
(iii) sowie die notwendigen Werkzeuge fiir eine automatisierte Quantifizierung

entwickelt.

Die Referenzmaterialien wurden durch Ultraschallfragmentierung fester Polymere
im Alkalischen hergestellt. Der Grundgedanke war, dass viele Mikroplastik-
Publikationen vor der Verdnderung von Proben durch die Aufbereitung mittels
Ultraschall warnten, dieser Prozess jedoch bisher nicht zur Herstellung von
sekunddarem Mikroplastik verwendet wurde. Um verschiedene Strukturen
abzudecken, die den Fragmentierungsmechanismus moglicherweise beeinflussen,
wurden  Polylactid, Polyethylenterephthalat und  Polystyrol fiir die
Methodenentwicklung ausgewahlt. Mit dieser Methode konnen Partikel im
Grofdenbereich von 100 nm - 1 mm in wassriger Losung hergestellt werden. Dabei
werden Probleme gelost, die haufig bei gemahlenen Referenzmaterialien im
Gegensatz zu in der Umwelt entstandenen Mikroplastikfragmenten auftreten, wie
etwa storendes Anhaften der Partikel an Glas oder unglinstiges Suspensionsverhalten
in Wasser. Die wichtigste Errungenschaft unserer Methode besteht jedoch darin, dass
Referenzmaterialien nun in einem schnellen und wirtschaftlichen Verfahren mit
einem einfachen, fiir jedes Labor zuginglichen Ultraschallbad hergestellt werden
konnen. Die Referenzmaterialien konnten somit anderen Laboren als Standard zur
Verbesserung und Validierung eigener Methoden der Mikroplastikanalyse dienen,
sowie toxikologische Studien mit umweltrelevanten Partikeln oder auch

Wiederfindungsexperimente ermoglichen.
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Um die minimale Anzahl von Partikeln zu bestimmen, die eine reprasentative
Messung erfordert wurde Stichprobentheorie angewendet. Die Berechnung des
Fehlers, der durch die Selektion einer Zufélligen Stichprobe entsteht, liefert die
minimale zu messende Partikelzahl. Diese ist erreicht sobald der Zeitaufwand fiir die
Messung weiterer Partikel, die Verbesserung des Fehlerbereichs tibersteigt. Fir
Proben, die insgesamt zwischen Fragmenten 10 000 - 100 000 enthalten, der
Mikroplastikgehalt bei mindestens 1% liegt und ein relativer Fehler von 20%
akzeptabel ist, ist der Berechnung zufolge eine Mindestprobengréfie von 7 000

Fragmenten je Stichprobe erforderlich.

Diese theoretische Uberlegung muss nun auf die Probe angewendet werden. Um die
Gesamtzahl der Fragmente zu bestimmen und eine zufdllige Teilprobe fiir die
Messung auszuwahlen, muss ein Mikroskopiebild der gesamten Probe aufgenommen
werden. Dieses Bild kann die morphologischen Informationen fiir bis zu 100 000
Partikel enthalten, die quantitativ extrahiert werden missen. Deshalb wurde eine
automatisierte Bildsegmentierungsroutine - 7UM-ParticleTyper - entwickelt, die alle
Fragmente mit einer Flache von mehr als 51 Pixeln morphologisch charakterisiert
und lokalisiert. Nach der Lokalisierung werden die Mittelpunktskoordinaten jedes
Partikels bestimmt und die Teilprobe automatisch ausgewahlt. Alle Partikel in der
Teilprobe werden gemessen (in unserem Fall mit einem Raman-Mikroskop mit
automatisiertem Tisch). Die Raman-Messungen erzeugen ein einziges Spektrum fiir
jedes Partikel, welches durch einen Datenbankabgleich interpretiert werden kann.
Die optimalen Parameter des Korrelationsabgleichs wurden durch den Vergleich der
Ergebnisse des Datenbankabgleichs mit einer manuellen Auswertung der Spektren
ermittelt. Da fiir jedes Partikel nur ein einziger Punkt gemessen wird, wurde dartiber
hinaus die Reprasentativitdt dieser Einzelmessung durch einen Vergleich mit einem
»,Raman-Mapping“ ermittelt. Diese Alternative zur Einzelpunktmessung ist eine
Hochgeschwindigkeitsmessung von Punkten, die durch eine kleine Schrittweite
getrennt sind, um ein chemisches Bild zu erzeugen. Der Einzel-Partikel-Ansatz erwies

sich sowohl als schneller als auch als genauer.

Elisabeth von der Esch 21



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

Indem jeder Analysenschritt einzeln betrachtet und validiert wurde, konnte ein
robustes Verfahren zur Mikroplastikanalyse erstellt werden. Ausgangspunkt ist eine
Mikroplastikprobe, die bereits auf einem Filter fixiert ist, diese Fehlerberechnung
vernachlassigt daher die vorhergehenden Schritte der Probennahme und

Probenaufbereitung.

Insgesamt wurde ein Verfahren entwickelt und validiert, welches die Quantifizierung
von Mikroplastik in diversen Matrices mittels Raman-Mikrospektroskopie
ermoglicht. Fir diese neue Methode wurde erstmals validiert, in welchem
Messbereich eine Quantifizierung von Mikroplastik moglich ist und gezeigt, dass die
Verwendung eines adaptiven Schwellwerts die herkdmmlichen globalen Methoden
fiir die Partikelerkennung tibertrifft. Es wurde getestet, in welchem Groéf3enbereich
und bei welchem Mikroplastikgehalt eine Quantifizierung reprasentative Ergebnisse
liefert. Zudem wurden sowohl Referenzmaterialien als auch Umweltproben
verwendet, um die Vielseitigkeit dieser Methode zu demonstrieren. Die Methode
ermoglicht die Quantifizierung von Mikroplastik in einem Zeitrahmen von 3
Arbeitstagen. Dies beinhaltet 48 h fiir automatisierte Lokalisierung aller
Partikel /Fasern grofder 10 um, die Messung von 7000 Fragmenten mit dem Raman-
Mikroskop, sowie etwa 6 h Arbeitsaufwand des Experimentators fiir vorbereitende
Mafinahmen und die abschlief}ende Datenverifizierung. Da der Arbeitsaufwand des
Experimentators somit minimiert werden konnte, kann diese Methode zur
systematischen Analyse von Mikroplastikkontamination in Beispielsweise

Produktionsketten von Trinkwasserabfiillanlagen oder Klarwerken dienen.
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GENERAL INTRODUCTION

WHAT IS MICROPLASTIC?

Microplastic is the topic of many recent news articles and is of growing concern
among the general public. A search on Google trends reveals the relevance of this topic
in our society by comparing the topics “Microplastics” with globally important topics
such as “Global warming”, “Antibiotic resistance” and “Pandemic”. The search
frequencies of these topics in Germany during the last twelve months are displayed
in Figure 1. On average searches for “Microplastics” exceed the searches for “Global
warming” and “Antibiotic resistance” and “Pandemic” until the outbreak of SARS-CoV-

2 in the beginning of 2020.

® Microplastics @ Global warming Antibiotic resistance @ Pandemic Germany, Past 12 months

in i il e | —

FIGURE 1: FREQUENCY OF SEARCHES FOR THE GLOBALLY RELEVANT CHALLENGES, MICROPLASTICS
(BLUE), GLOBAL WARMING (RED), ANTIBIOTIC RESISTANCE (YELLOW) AND PANDEMIC (GREEN). THIS
GRAPH CAN BE REPRODUCED, UPDATED, INVESTIGATED FURTHER, AND INTERACTED WITH ON GOOGLE
TRENDS. [1]

Microplastic in general refers to microscopic synthetic polymer particles. Despite
numerous efforts to unify all characterization, the term is defined very loosely. The
debate is mainly centered among the material (e.g. are rubbers microplastic?), size
range (1 um - 5 mm, or should there be further subdivisions?) and the physical state
(are gels also microplastic?). Throughout this thesis, we adhere to the definition given
by Hartmann et al. 2018 [2]. Microplastic therefore includes all solid particles
including fragments, fibers, films, and spheres composed of synthetic polymers in the

size range of 1 um -1 mm. Among microplastic, two types can be distinguished:
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primary and secondary microplasticc. While both derive from anthropogenic
polymers, primary microplastic is intentionally manufactured, as granulate [3]
(precursor for plastic production) or as industrial cleaners and personal care
products (toothpaste, facial and body scrubs, etc.). [4, 5] In contrast, secondary
microplastic is formed when plastic debris enters the environment and is exposed to

environmental conditions resulting in fragmentation to microparticles. [6]

The problem with microplastic is its ubiquitous presence in various environmental
compartments and even in food, raising health concerns. Even though plastic is very
resistant and is often used as a safe material for food packaging, it changes through
weathering and may release potentially toxic components, such as polymer
stabilizers, plasticizers, or heavy metals from incorporated pigments. In this context
it is important to always consider the toxicological effect of microplastic - and
potential adsorbed persistent organic pollutants - in comparison to naturally
occurring particles, which can just as easily adsorb and transport pollutants. [7] It is
also important to recall that the impact may be linked to the dose, similar to the issues
experienced with road salt. Road salt (sodium chloride) is in principle a safe material
but excessive amounts cause the deterioration of water quality and salinification of
soils. [8] This is especially true, when physical processes such as ocean currents and
winds lead to an accumulation, as has been observed for microplastics potentially
changing the physical and chemical composition of sites, such as gyres and sediments.
[9-13] Therefore, the question arises if degradable polymers would alleviate the
problems associated with microplastic accumulation, as they decompose in months
or years in the environment as opposed to decades and centuries for conventional

polymers.[14, 15]

Metadata analyses of recent microplastic studies suggest that the most commonly
found types of microplastic are polypropylene (PP) and polyethylene (PE). [16, 17]
This is likely linked to their production rates, as they have the highest market shares
[18] among the currently produced polymers. Additionally they are often utilized in
single use plastic products, which are likely to end up in the environment due to

improper disposal or by deposition in landfills. [19] Recent studies suggest that also
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tire abrasion is one of the largest sources for microplastic. [3, 20, 21] So far, there are
many datasets available on microplastic abundance, but the accounts vary by several
orders of magnitude [17] within the same matrix and polymer type pointing to

inadequate characterization.

MICROPLASTIC ANALYSIS, STATE OF THE ART PRIOR TO 2018

Numerous analytical techniques are currently being tested and refined for the
quantification of microplastic. In principle, two complementary approaches are being
pursued: 1) A mass-based determination of microplastic contamination, which
focuses on the total microplastic concentration disregarding particle size. 2) A single
particle approach, which delivers morphological and chemical information on

individual particles of a sample but is currently a very cumbersome process. [22]

The first approach is mainly implemented through thermoextraction desorption gas
chromatography mass spectrometry (TED-GC-MS) [23-26] and pyrolysis gas
chromatography mass spectrometry (Pyr-GC-MS) [27, 28]. These methods provide
data on polymer mass by analyzing their pyrolysis products. Additionally, the
information on contained additives can be obtained, by their desorption prior to
pyrolysis. TED-GC-MS is especially well suited to determine the concentration of tire
wear particles in the environment provided that they are present in sufficient
quantity to exceed the limit of detection of 0.23 pg in 10 - 50 mg sample. [25] Other
polymers such as polystyrene (PS), polyvinyl chloride (PVC) etc. can also be detected
up to a detection limit (0.5 - 2.5 ug) with this method, as they form very specific
pyrolysis compounds. [29] The most abundant microplastic particles PE and PP are
much more difficult to analyze with this type of setup, however, as they do not release
oligomers that are specific to either of these polymers, but rather generate fragments

that are easily confused with other hydrocarbon structures. [24]

For the second approach - single particle analysis - focal plane array Fourier-
transform infrared spectroscopy (FPA-FT-IR) [22, 30-33] and Raman
microspectroscopy [22, 31, 33, 34] are the most common techniques. FPA-FT-IR and
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Raman microspectroscopy identify microplastic particles by means of vibrational
spectra (“fingerprints”), which are unique for every polymer type, and can be
allocated to specific particles resulting in morphological information in the form of
chemical maps and optical images, respectively. A recent comparison by Cabernard et
al. 2019 [33] showed that both FPA-FT-IR and Raman microspectroscopy deliver
good results for single particle analysis of microplastic <500 um, Raman
microspectroscopy being more successful (+23% more detected particles) especially
in the size range below 20 um. This is due to the higher spatial resolution of Raman
microspectroscopy, as theoretically even targets as small as 300 nm can be detected
with this technique. [16, 35] Indeed, the smallest particle identified in a sample was a
1 um Polyamide particle reported by Ossmann et al. 2018 in drinking water. [36]
When analyzing microplastic via Raman microspectroscopy, commonly also

information on other contaminants, such as pigments, becomes available. [22, 36-38]

One of the key challenges in reducing the required time for measurements and data
processing is to locate microplastic fibers and particles so that spectra acquisition can
be dedicated to the relevant target as opposed to imaging the entire filter, as it is done
for FPA-FT-IR. Once it is possible to locate both fibers and particles, this information
enables an appropriate choice for subsampling by only measuring spectra in particle
centers and allows the morphological characterization of the located particles.
However, reducing the measurement targets to only located particles is not enough.
For Raman microspectroscopy, the analysis of all particles on a filter is typically
unrealistic, as the measurement of a single particle may take up to 20 s while there
may be 106 particles on a filter, which would result in a net measurement time of
232 days per sample. Therefore, it is essential to estimate the number of particles that
are required for a representative analysis of each sample (chapter 1). Furthermore,
the procedure needs to be tested with appropriate reference materials, which need to
be developed and characterized (chapter 2). With the insights gained from chapter 1
and 2 the automated detection, measurement, and evaluation procedure can be
developed to reduce the total analysis time, as well as the time requirement for a

human operator (chapter 3).
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WHAT IS THE GOAL OF THIS THESIS?

This PhD thesis is part of the project MiPAq (Microparticles in the
aquatic environment and in foodstuffs - are biodegradable
polymers a conceivable solution to the "microplastic problem"?).

[39] Therein, the focus of my thesis is on the detection of

anthropogenic polymer fragments in the size range 1 pm - 1 mm,

called microplastic.

The main goal is to develop methods for the quantification of biodegradable and
conventional plastic along with naturally occurring particles in various matrices. This
is challenging, since microplastic can be found in diverse matrices such as those of
fresh water environments [12, 38,40, 41], oceans [17, 42-44], sediments [45-48], soils
[49], and living organisms [50, 51], as well as food [52-54] and beverages [36, 37].
Furthermore, the heterogeneity in size, shape, chemical composition, and the sheer
number of particles that need to be analyzed makes the advancement and automation

of current methods essential. [16, 22]

Even though the analytical tools to quantify microplastic in the environment already
exist, methods for a quantitative analysis still need to be improved significantly to
yield a statistically sound and therefore meaningful result in a reasonable timeframe.
While this can be achieved in many ways, the focus of this thesis will be to refine the

procedure for Raman microspectroscopy:

In chapter 1 the state of the art for the analysis of microplastic via Raman
microspectroscopy is reviewed and a metadata analysis of the reported microplastic
contents, composition and size range was performed. A trend towards finding ever
smaller microplastic fragments could be identified as well as a trend towards larger
sample sizes. An unanswered question however remained: How many fragments
need to be analyzed to yield a reliable result? Therefore, a statistically sound approach

to select an adequate number of particles to ensure that the measurement reflects the
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composition of the original lot was developed and simulated for varying microplastic
contents within the sample to assess the feasibility of the subsampling. This alone,
however, was not enough to develop an automated microplastic quantification
procedure: a reference material was still lacking. Therefore, as described in chapter
2, reference materials that mimic the properties of microplastic found in the
environment were developed and characterized. After the theoretical basis for the
procedure (chapter 1) and appropriate testing materials (chapter 2) had been
developed, it was then possible to join the individual steps for a microplastic
quantification procedure and access its performance, which is detailed in chapter 3.

In the following, a state of the art and target is defined for each chapter.

HOW MANY PARTICLES NEED TO BE ANALYZED TO ENSURE A
REPRESENTATIVE SAMPLE?

THE SELECTION OF PARTICLES FOR RAMAN MICROSPECTROSCOPIC

analysis - state of the art

As Pierre Gy explains in his book on “Sampling of particulate materials, theory and
practice™ “the value of a sample is representativity, which leaves no material trace”.
Meaning that the only way to differentiate a specimen (usually found at the museum)
from sample (a correctly extracted representation) is to inspect the conditions under
which it was obtained from the original quantity meant to be represented. [55] The
goal remains to measure all microplastic fragments, as any subsampling will
introduce an error. However, with a rising number of fragments in the sample this
becomes increasingly time consuming and therefore uneconomical. The limiting
number of fragments that can be measured in a reasonable timeframe (i.e. over the
weekend) also depends on the measurement conditions (e.g. integration time, laser
power, grating, etc.) and degree of automation of the procedure. The average sample

size in 2018 (start of the thesis) was 300 fragments per sample [16] or 1.8% - 15.5%

[32, 51] of the filter area. Therefore, a subsampling was and still is in many cases
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unavoidable. Different subsampling strategies were applied, most of which are based
on the selection of areas or windows on a filter, with subsequent extrapolation onto
the entire filter area. [32] The focus of these patterns is to reflect the particle
distribution on the filter, where particles are deposited for the measurement.

Examples for these patterns can be seen in Figure Z.

Patterns for sampling on a filter

\
' & w 225 mm
. i bm 1.86 mm
had ¢ = 750 pm
o d = B2 jafty
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Imhof. Laforsch & Ossmann et al. pattern Huppertsberg et al. pattern

Wiesheu et al. pattern Va filter 7.3% total area

B

Huppertsberg et al. pattern Huppertsberg et al. pattern Domogalla-Urbansky &
spiral 15.5% total area random 8.2% total area Anger et al. pattern

25 mm

FIGURE 2: PATTERNS FOR THE SAMPLING OF MICROPLASTIC ON FILTER SURFACES UP TO 2019. [32, 36,
38, 51]

However, the success of the analysis is not only determined by the sampling pattern
of the analysis with respect to the heterogeneity of the sample. It is also influenced by
the detectability of microplastic in real life conditions (e.g. coating with humic
substances, aggregation state, etc.). [56] Furthermore, the conditions of the Raman
measurement (e.g. integration time, laser power, grating, etc.) influence the length

and success of the procedure. [34]
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TARGET: STATISTICALLY MEANINGFUL SUBSAMPLING

A statistically meaningful subsampling must account for the heterogeneity of the

sample and must provide a mathematical model to estimate the error.

First, the concept of spatial heterogeneity must be examined. In the case of
microplastic measurement, spatial heterogeneity refers to the distribution of single
fragments on the filter surface. Since the goal is to measure mixtures of plastic
fragments found in environmental and food samples, it is prudent to assume that the
lot consists of many different components in varying concentrations, which may
group according to their physical properties. The error that this composition (mixture
of analyte and matrix particles) and spatial distribution inflicts on sampling can be
mathematically described by the grouping and segregation error. [55] It boils down
to the realization that the distribution of fragments is tied to the location on the filter.
Therefore, a window-based approach will always introduce a bias in the selection,
which cannot be quantified and leads to a systematic error. This error will become
smaller with decreasing window size and increasing window number. [57] The error
for this subsampling step theoretically approaches zero if all fragments belonging to
the sample have an identical non zero probability of being selected for measurement.

[58]

Second, a sampling model is only a model if the error it induces can be computed. This
is something that presently all studies struggle with, as none can provide an error
approximation for a subsampling on a filter. To solve this challenge, we were inspired
by election forecasts, which are very accurate without actually asking the entire
population. Which is why the same methodology was applied to microplastic

sampling on a filter.

The resulting sampling model is described in Anger and von der Esch et al. 2018 [16]
(Chapter 1), along with a comprehensive review of the state of the art of microplastic
analysis and a metadata analysis of current microplastic reports. A further
development of this method introducing a stratified model, was published in

cooperation with Symanski and Ossmann (Analysis of microplastics in freshwater and
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drinking water: Minimum requirements and best practice guidelines, submitted). The
random model and stratified model were implemented in TUM-ParticleTyper in von
der Esch and Kohles et al. 2020 [59, 60] and used by von der Esch et al. 2020 [61] for

the characterization of microplastic fragments.

HOW CAN REFERENCE MATERIALS BE PRODUCED THAT MIMIC THE
PROPERTIES OF SECONDARY MICROPLASTIC, TO ADVANCE METHOD
DEVELOPMENT?

REFERENCE MATERIALS - STATE OF THE ART

To produce a suitable reference material, two requirements need to be fulfilled.
Firstly, the reference material must display the same characteristics as the material

that it is a reference for. Secondly, it must be produced with a robust procedure. [62]

The first concept is especially important for method development. An example of a
mismatch between reference and target would be to choose and parametrize a
fragment recognition algorithm based on reference images, which only contain evenly
colored spheres, when the target is an image containing a multitude of shapes in
different sizes and shadings. Therefore, the characteristics of the target must be
known before any analysis procedure can be developed. This can be achieved by
reviewing the descriptions of the target from already available data and the formation

process itself.

Microplastic found in environmental samples is mostly derived from fragmentation
processes induced by UV breakdown of the polymer due to the degradation of its
stabilizers, as well as mechanical strain or biofouling. [63-67] This leads to an

extremely heterogeneous particulate analyte.
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The main characteristics are:

1. Microplastic in the environment usually consists of fragments from various

polymers. [2, 5, 16]
2. Those fragments are usually in the size range 1 pm - 1 mm. [2]

3. The fragmentation process yields fragments of all shapes, irregular, spheres,

fibers and films. [2, 68]

4. Since the fragmentation is a result of ageing, the particles usually show signs

of ageing, such as carboxylic groups at the surfaces. [64, 67]

5. The ageing process in the environment leads to suspensibility of the

fragments in water.

Therefore, the detection of microplastic is fundamentally limited by the fact that
according to current practice, primary microplastic of defined shape is used to
develop methods for the analysis of a very different type of material: environmentally

aged microplastic.

The second requirement is robustness of production and characterization of a
reference material. In our case this is defined as a procedure yielding reproducible
size distributions, total particle number, and purity, within a defined margin of error.
So far, it is common to characterize microplastic reference particles on size
distribution and total particle number while ignoring the material purity. [69] For
development of reference particles, we therefore integrate a validation by automated
particle quantification with Raman microspectroscopy to determine both
morphological and chemical composition of the replicates and analyze their variance

to estimate the margin of error.
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TARGET: SUITABLE REFERENCE MATERIAL FOR MICROPLASTIC

To achieve better methods for microplastic quantification, it is necessary to employ
reference materials, which are as close as possible to microplastic found in the
environment. The goal therefore is to develop an easy, repeatable, robust production
procedure, without the need for special equipment, which delivers microplastic from
various polymers in the typical size range (1 pm - 5 mm), yielding fragments of all
shapes, which are ideally already aged and suspensible in water, along with

characterization methods for all of these properties.

The production procedure and corresponding characterization methods for suitable
microplastic reference materials is described in chapter 2, which corresponds to von
der Esch et al. 2020 [61], including a comparison to state of the art of microplastic

materials and fragments produced in weathering experiments.

HOW CAN THE MORPHOLOGICAL AND CHEMICAL QUANTIFICATION OF
PARTICLES AND FIBERS BE AUTOMATED?

Although microplastic is the target analyte for the Raman microspectroscopy analysis,
data on all measured Raman-active particles is gathered through the analysis. The
first step is to define the actual research question and to determine whether
morphological, chemical or either data on the single particle level is necessary to
answer this specific question. If this is the desired information, Raman
microspectroscopy is a particularly good choice, since also very small particles
(~1 um) can be detected. [36] A prerequisite for the following analysis steps is that
the sample needs to be filtrated onto a smooth substrate. Many options for
optimizations have already been documented, most notably the use of silicon wafers
[70] and gold-coated polycarbonate filters [71], which are smoothed through filter
holders. [60]
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THE AUTOMATED MORPHOLOGICAL AND CHEMICAL
QUANTIFICATION OF PARTICLES AND FIBERS - STATE OF THE ART.

The automated morphological and chemical quantification of particles and fibers via
Raman microspectroscopy is important, since each sample contains thousands of
particles that need to be chemically identified. In the context of Raman
microspectroscopy one approach is to localize particles deposited on a filter (the
analyzed area may vary) and then measure a single spectrum at the particle center.
This procedure, however, still lacks efficient algorithms for the localization of
particles and fibers. Current approaches are only able to detect these shapes
exclusively, as often segmentation algorithms are implemented to enable the particle
detection, but these impede the detection of fibers (e.g. Otsu-Thresholding and
Watershed [72]). If only global thresholding methods are implemented, fibers will be
detected but individual particles may be combined into a larger particle due to

improper segregation (e.g. only Otsu). [73]

Furthermore, the currently applied
automatic global thresholding methods
fail, when too many or too few particles
are on the filter as the resulting image
histogram will not have a clearly
discernable peak for the white particles.

Regardless of the particle number

present on the filter, inhomogeneous

FIGURE 3 : CURLED FIBER LEADS TO MEASUREMENT AT
GEOMETRIC PARTICLE CENTER, WHICH IS OUTSIDE OF

on the segmentation, leading to an 7/EPARTICLE.

lighting can have a detrimental impact

under-segmentation in darker areas and over segmentation in lighter areas. Another
issue that needs to be solved is to check if the calculated particle center is in fact
located on the particle. An example, where the center (purple) is not located on the
particle is shown in Fjgure 3. In addition to these parametrization and conceptual

challenges, there is no clear procedure for the validation of the particle localization.
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This in turn leads to the common practice that image segmentation tools often include
options for the user to modify the segmentation threshold found by the applied
algorithm to make the segmentation look better. While this may seem like a good way
to improve the segmentation on each individual image, it leads to a biased and non-
reproducible procedure. This can be expressed by comparing the segmentation
proposed by two experts for the same image. As can be seen in Figure 4 the
segmentation of the two experts is similar but not identical, which is in accordance

with the findings of Prata et al. [74]

Original

FIGURE 4: LEFT THE ORIGINAL IMAGE OF REFERENCE MATERIALS ON A FILTER, MIDDLE THE
SEGMENTATION BY ELISABETH VON DER ESCH, RIGHT THE SEGMENTATION BY PHILIPP ANGER. RED
INDICATES THE ASSIGNED PARTICLE AREA BY THE RESPECTIVE EXPERT

Therefore, creating a reference for optimization is already a difficult task, as no
definitive ground truth can be established. Nonetheless, the accuracy, robustness,
sensitivity, adaptability, reliability and efficiency must be determined for the image
segmentation as is usual for any analytical procedure, which is precisely the target of

chapter three.
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TARGET: AUTOMATED MORPHOLOGICAL AND CHEMICAL
QUANTIFICATION OF PARTICLES AND FIBERS FOR RAMAN
MICROSPECTROSCOPY THAT CAN BE VALIDATED

In chapters one and two the foundation of such an automated morphological and
chemical quantification of particles and fibers that can be validated was laid for
Raman microspectroscopy. In chapter one an optimal measurement scheme was
proposed and a random sampling approach was simulated to determine if
subsampling is feasible. This was achieved by computing the estimated error for
different microplastic contents and sample sizes. The maximum sample sizes in this
approach were tied to measurement times, as the time spent on chemical
identification via Raman microspectroscopy should not exceed two days.
Consequently, the strategy applied for the analysis of microplastic is that all particles
should be localized by the image processing tool and that subsequently a subset for
chemical identification should be randomly selected from the original set containing

the morphological information for all particles in the sample.

In chapter two a procedure to produce reference materials was designed and tested.
These materials in turn were used to create sample images to parametrize and test
different image segmentation algorithms in order to arrive at a suitable particle

localization and characterization process.

In chapter three we therefore brought our advancements together to develop a tool
with a corresponding measurement and validation procedure that allows the
automated analysis of microplastic in a variety of samples e.g. washing machine
samples. The accuracy, robustness, sensitivity, adaptability, reliability and efficiency
was determined according to the criteria proposed by Wirth et al and Udupa et al. [75,
76] using the ground truth assigned by one expert with the criterion that the
segmentation is accurate if the tool yields true positive results within the range of the

assignments of expert one vs expert two.
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Since the image processing is similar for all images, regardless of their origin,
extending our image processing to scanning electron microscopy and fluorescence
microscopy images will enable users of many techniques to apply the software. These
techniques are often also used to characterize the morphology of microplastic [61, 77]
and for a staining-based preselection of microplastic within a sample [74, 78, 79],

respectively.

The development, the recommended measurement procedure and validation is
described in full detail in chapter 3, which corresponds to von der Esch and Kohles et
al. 2020. [60] Further information such as the software and documentation can be

downloaded from the repository. [59]
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In this publication, the goal was to provide an overview of the current advances in the
quantification of microplastics using Raman microspectroscopy. Therefore, PA and EE
reviewed the available literature. EE focused on highlighting the niche for Raman
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alternative quantification methods such as infrared spectroscopy and
thermoanalytical methods. After PA set the stage by explaining the Raman
microspectroscopy theory and its implications on the measurement of polymer
fragments, EE evaluated if these concepts are mirrored in the way Raman
microspectroscopy is applied to microplastic samples. The synthesis of both chapters
delivers the optimal measurement parameters for the quantification of microplastic
using Raman microspectroscopy, taking into account the effort (time) and the output
(accuracy). EE then compared the reports of microplastic in different matrices,
finding that the most commonly produced polymers are also the most commonly
found polymers, which is unsurprising but provides tentative evidence that the

quantification is done correctly.

All findings together with the consideration of effort vs. output lead to the central
question: How many particles need to be measured to provide a correct

quantification?

The simple random sampling approach on a filter, which is the key novelty of this

publication, was developed as a joint effort of PA, EE and TB and was thoroughly

Elisabeth von der Esch 46



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

reviewed by all authors for plausibility. With this approach, it is possible to estimate
the uncertainty of a subsampling on the filter, without introducing a bias from the
spatial distribution of the fragments and the measurement time reduction becomes
more effective for growing total particle numbers. PA closes this chapter by discussing
the relevance of filter area in light of our approach, which selects a subsample from
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our theoretical sample selection scheme is based on several assumptions, idealizing
the Raman microspectroscopy measurement, EE explains these in detail and
highlights how they may be achieved. The manuscript in its entirety was revised by

all authors.
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ABSTRACT

This review discusses the identification and quantification of microplastic (MP) using
Raman microspectroscopy (RM). It addresses scientists investigating MP in
environmental and food samples. We show the benefits and limitations of RM from a
technical point of view (sensitivity, smallest particle sizes, speed optimizations,
analysis artefacts and background effects) and provide an assessment of the
relevance of lab analyses and their interpretation (sample sizes for the analysis,
uncertainty of the analysis). All parts are complimented by extensive literature data
and a theoretical derivation of the concepts. We conclude with suggestions for a

feasible and meaningful RM analysis of MP samples.
Highlights:

- Niche for Raman microspectroscopy in microplastic research
- Benefits and limitations of Raman microspectroscopy

- Suggestion for feasible and statistically meaningful analysis at single particle level

Keywords: Raman microspectroscopy (RM); Microplastic; Analysis; Statistical

certainty; Contamination; Image processing; Simple random sampling

Nomenclature NA - Numerical aperture
<< MP - Smallest MP particle Obj. - Objective
FPA-FT-IR - Focal plane array Fourier- PA - Polyamide

transform infrared spectroscopy PC - Polycarbonate

1 - Li
/mm - Lines/mm PCL - Polycaprolactone

LOD - Limit of detecti
imit of detection PE - Polyethylene

LWD - Long working distance

Meas. T. - Measurement time
4 PET - Polyethylene terephthalate

MP - Mi lasti
Icroplastic PLA - Polylactic acid
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PMMA - Poly(methyl methacrylate)
PP - Polypropylene

PS - Polystyrene

PTFE - Polytetrafluorethylene

PVC - Polyvinylchloride

Pyr-GC-MS - Pyrolysis gas
chromatography

RM - Raman microspectroscopy
SNR - Signal to noise ratio
Sp. Rn - Spectral range

TED-GC-MS - Thermo extraction
desorption-gas chromatography-mass

spectrometry
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1.1 INTRODUCTION

SMALL AND VERY SMALL MICROPLASTIC PARTICLES - THE NICHE FOR
RAMAN MICROSPECTROSCOPY.

Plastic particles in the size range of 1 um to 5 mm are called microplastic (MP) [1].
Primary MP is mainly produced for personal care products (cosmetics, toiletries) or
as scrubbing agents [2]. Primary particles can enter the environment mostly through
waste waters, but they are not commonly found in the environment [3]. The origin of
secondary MP is any plastic material, from improperly disposed plastic to car tires [4],
as all anthropogenic polymers fragment due to UV radiation, weathering, abrasion, as
well as chemical and (micro)biological degradation [5]. At the moment, sampling,
sample preparation as well as identification and quantification techniques are mostly
still under development and in testing phases [6]. Consequently, the extent of MP
contamination in the environment is still difficult to quantify and reported
concentrations and particle sizes vary by several orders of magnitude [1]. Different
analytical techniques are being applied to environmental samples to detect, identify
and quantify MP particles, most prominently focal plane array Fourier-transform
infrared spectroscopy (FPA-FT-IR) [1, 7-9], Raman microspectroscopy alias Raman
microscopy (RM) [1, 9-11], thermoextraction desorption-gas chromatography-mass
spectrometry (TED-GC-MS) [12-15] and pyrolysis gas chromatography (Pyr-GC-MS)
[16, 17] are utilized. According to Renner et al. [18] the spectroscopic methods (FT-
IR and RM) are the most popular techniques for unambiguous chemical identification
as they were applied in 90% of studies. FT-IR and RM identify MP particles via
vibrational fingerprint, which is unique for every polymer type, whereas the other
methods rely on MS information of monomers / oligomers or additives and provide
information on polymer mass. FT-IR and RM are in principle non-destructive,
whereas the MS-based methods rely on thermal extraction / decomposition, coupled
to chromatographic separation and subsequent MS detection of volatile products [1,
12, 15, 16]. The MS-based methods need to be developed for each polymer and
adapted for different matrices individually [15]. However, the methods are

complementary in analyzing single particles (FT-IR, RM) or masses (TED-GC-MS, Pyr-
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GC-MS) and the target sizes of single particles or minimal masses they can reach. The
limit for the spectroscopic techniques for spatially resolved detection is the Abbe
limit. In principle (non-linear) spectroscopic techniques can detect structures below
the Abbe limit. However, spatially resolved detection, which includes chemical and
morphological characterization of particles, is able to reach the lower limit of MP
(1 um) as it is currently defined. [1] We therefore focused on linear Raman
techniques. For the MS methods the limit is set by the mass available for analysis, the
mass portion of MP in the sample and the individual detection limit for each polymer.
[12,15, 18] Figure 5 gives a graphical representation of the smallest detectable single
particle for each method and the smallest particles found by means of RM. Detailed
information about microplastic analysis with TED-GC-MS [12-15], Pyr-GC-MS [16, 19]
and FPA-FT-IR [7, 8, 20, 21] can be found elsewhere.

MP particle range covered by analysis methods
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19 7 = Mass single particle
size correlation
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FIGURE 5: MASS TO DIAMETER CORRELATION OF SPHERICAL MP PARTICLES WITH A DENSITY OF 1 G/CM?

(DARK BLUE LINE). ANALYTICAL RANGE OF TED-GC-MS (GRAY) [15] AND PYR-GC-MS (DARK BLUE) [16,
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17] FOR PE, AS THE MOST COMMONLY FOUND MP. AS WELL, THE LIMIT FOR FPA-FT-IR (LIGHT BLUE) [7]
LEAVING THE NICHE FOR RAMAN MICROSPECTROSCOPY (WHITE). POINTS INDICATE SMALLEST REPORTED
MP PARTICLE IN ENVIRONMENTAL [9, 22-34] AND FOOD [35-38] SAMPLES FOR EACH RM STUDY,

RESPECTIVELY.

The mass to diameter ratio was calculated for a spherical polymer particle with a
density of 1g/cm3, as the most common polymers have densities ranging from
0.90 g/cm3 (PP) and 1.6 g/cm3 (PVC) and the polymers with the highest production
rate have the lower densities [1, 39]. This visualization was chosen to compare mass
and spectrometric analysis techniques, as they deliver different yet correlated
information on the sample. For TED-GC-MS, the limit of detection (LOD) is 1,6 pg for
PE [15]. Pyr-GC-MS has a limit of 4 ug for PE [16, 17]. Using automated MP detection
FPA-FT-IR is limited to particles larger than 20 pm [7]. The theoretical limit of about
300 nm for RM is defined by the Abbe limit and calculated and explained in section
2.1. Furthermore, recent RM studies of environmental [9, 22-34] and food [35-38]
samples are marked by the smallest detected MP particle reported. This visualization
shows a niche for RM in the small MP range with decreasing practical particle size
limitations. As illustrated in Fjgure 5, the theoretical limit has not yet been reached

for environmental samples, leaving room for improvement.

The unique feature of the single particle approach with RM is its possibility to
chemically and morphologically characterize MP particles even if they constitute only
a small percentage of the total number of particles in a sample. This is very important,
as MP analysis is a four-dimensional challenge composed of: (i) chemical composition,
(ii) size and (iii) shape of the individual particle, as well as (iv) abundance of each
polymer particle type within a sample [40]. RM is especially suited for small MP
particles, which are plentiful in numbers, but not in mass and potentially exhibit the

largest environmental threat [1, 41].

Furthermore, such an analysis allows the investigation of all Raman active particles
in a sample, thus making it widely applicable throughout particle research, and
enabling the investigation of a ratio of anthropogenic to natural substances in

environmental samples.
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For the analysis of MP particles in the environment, a method for the quick detection
of the entire size range is desired. With the necessary automation and effective
measures for minimizing the fluorescence background, RM provides all the
prerequisites for the development of such a method. RM bears the potential to
representatively measure the required number of particles from 1 pm up to 5 mm,
deliver a size correlated compound distribution and morphological as well as
chemical characterization on the single particle level. Current applications, however,
are still exceedingly time-consuming, require skilled operators and currently do not
yet follow harmonized protocols. This review therefore, aims to summarize current
ongoing efforts to achieve such a transition towards routine RM analysis of MP. In the
following sections, we will give a critical overview of the RM technique applied for MP

analysis and will discuss trends for the future RM based MP analysis.

1.2. DISCUSSION

HOW SMALL CAN RM ANALYZE?

In chapter 1.1, the niche for RM was established to be the spatially resolved detection
of the smallest MP particles and for analyzing samples with a low mass of MP. The
question is: What is the smallest particle analyzable by RM? or How small can RM
analyze? The second question refers to spatially resolved detection, which enables
chemical and morphological characterization. We first give an answer from a
theoretical point of view and in the second part compare them to findings from the
literature. It should be mentioned that RM is capable of analyzing larger particles as
well. In fact, as long as the particle fits under the microscope a spectrum can be

acquired.

THEORETICAL CONSIDERATIONS
RM, is the combination of a Raman spectrometer and an optical microscope. This
setup enables excitation of a defined volume with laser light, which is embraced by

the lateral and the depth resolution. The theoretical basis has already been discussed
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in various books [42, 43]. In this chapter we will give a short summary on the most

important aspects relevant for the analysis of MP.

In microscopy, the lateral resolution (d) is confined by the Abbe or diffraction limit,
which is dependent on the numerical aperture (NA) and the observed wavelength (A):
dcabbe) = A / 2 NA. The Abbe resolution is only accessible with coherent light. Light
guided through a circular aperture diffracts and forms a so-called Airy pattern. The
resolution is calculated using the diameter of the Airy disk, limited by the first
minimum of the Airy pattern, via the following equation: diry) = 1.22 A / NA. The
Rayleigh criterion can be applied to describe the distance between two objects that
can be resolved, which is, in this case defined by the distance between the two maxima
of the Airy pattern of two objects, while the maximum of the Airy pattern of object one

is located on the first minimum of object two: d(rayleighy = 0.61 A / NA [44].

The achievable resolution for the Raman part of the Raman microscope is in a first
approximation described by the laser spot size, which is calculated using the Airy
pattern, also used for calculating the lateral resolution of the microscope. In a second
approximation the aforementioned Rayleigh criterion is utilized to calculate the
difference between two objects that can be resolved. For laser sources with 532 nm,
633 nm and 785 nm wavelength, applying an objective with NA of 0.5 (e.g., a technical
specification of 50X long working distance objectives) spatial resolutions of 649 nm,
772nm and 958 nm are obtained, respectively. An even better resolution is
achievable with objectives with NA = 1.0 (325 nm resolution with a 532 nm laser)
[45].

These considerations show that the lower limit of 1 pm currently discussed for MP is
easily accessible by the optical microscope as well as the Raman part. It also shows
that the resolution needed for submicroplastic (< 1 um) particles is achievable
[Schwaferts et al. submitted]. Even smaller structures are analyzable by non-linear
Raman techniques, which are able to overcome the Abbe limit. For further
information, the reader is referred to Araujo etal. [10, 11] dealing especially with MP
and non-linear techniques and to the works of Opilik et al. [46] and Stewart et al. [47]

for a more general overview.
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Axial or depth resolution is highly dependent on the sample itself. However, for the
analysis of MP it is sufficient to approximate an excited volume of a few microns in
depth [48]. Therefore, a sample containing particle sizes differing from a few
millimeters to a few micrometers needs an approach that ensures focusing of the laser
on every particle. This can be realized in two different ways: through auto-focusing
software, which is often available by the manufacturer or by group-wise analysis of
particles with defined depths for every group. The latter requires a method to

determine the height of the particles.

FINDINGS FROM LITERATURE

RM enables the characterization of single particles. Together with an automated
procedure for the recognition of particles and automated measurements, the number
of analyzed particles has increased, as well as the size range Figure 6. A clear trend
towards the detection of smaller and smaller particles, which is the niche of RM can

be seen.
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FIGURE 6: DEVELOPMENT OF REPORTED SIZE DISTRIBUTIONS IN LIQUID SAMPLES AS A FUNCTION OF TIME.
FOR THE PERIOD BETWEEN 2014 [49], 2016 [9, 25, 30] AND 2017-18 [27, 35, 36] AS AUTOMATION

ADVANCES, THE MEASUREMENT OF INCREASINGLY MORE AND SMALLER PARTICLES IS ENABLED.
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The smallest reported MP particle found in a real sample (bottled mineral water) and
confirmed by RM so far isa 1 um polyamide (PA) particle published by Ossmann et al.
[35]. They used a 532 nm laser and an objective with 50X magnification (NA = 0.75).

In addition, five other groups have reported on MP particles below 10 pum by now
(entries 1 -4 and 9 in 7able 1). To shed light on the measurement conditions that are
critical for measurements in this low size range, in the following we review the setup
details employed in these studies. In particular, we address the choice of wavelengths
and numerical aperture as critical parameters and discuss aspects of sample

treatment that are crucial for measurements of very small particles.

TABLE 1: COMPARISON OF MEASUREMENT PARAMETERS FOR MP FOUND IN ENVIRONMENTAL AND FOOD
SAMPLES WITH RM. OBJ. = OBJECTIVE, MEAS. T. = MEASUREMENT TIME, SP. RN = SPECTRAL RANGE,

L/MM = LINES/MM, LWD = LONG WORKING DISTANCE, << MP = SMALLEST MP PARTICLE

Study Laser Power | Objective | Measurement | Grating | Spectral | <<
excitation Time. Range MP
Imhofetal. | 633 nm 0.4- |50x 5-500s 600 50 - 9
2013 [31] 4 mW | (NA= l/mm | 4000 pum
0.75) cm!
Enders et 455 nm - 50x 20s - 100 - 7
al. 2015 (NA= 3500 pum
[23] 0.75) cm1
Imhofetal. | 633 nm 0.4- |50x 5-500s 600 50 - 5
2016 [30] 4 mW | LWD I/mm | 4000 pm
(NA = cm-l
0.5)
Kappleret | 532 nm 5mW | 20x 20x500ms | 600 160- |5-
al. 2016 [9] (NA = l/mm | 3600 10
0.5) cm-! um
Frereetal. | 785 nm - 10X 2x10s 300 200 - 279
2016 [25] (NA = l/mm | 1700 pum
0.25) cm-!
Sujathan et | 532 nm 10.8 | 50% 05-2s/4 | 600 -120- | 20
al. 2017 mW | (NA= h I/mm | 3500 um
[32] 0.55) cm-!
Erni- 442 nm - - 20x10s+5 | - 100 - 20
Cassola et min 3500 pum
al. 2017 bleaching cm1
[24]
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Ossmann et | 532 nm 3.2 50x 2X1s 600 150 - 1.3
al. 2018 mW | (NA= l/mm | 3500 pum
[35] 0.75) cm-!
Schymanski | 532 nm 12% | 20X 5s 1040 | 200 - 5-
etal. 2018 l/mm | 3200 10
[36] cm-! um
Ghosal et 785 nm 1- 20X - 10-60s - 200 - 1
al. 2018 100 100 x 3200 mm
[50] mW cm1

In a study published in 2013 [31] we found a PA particle of 9 pm in size in sediment
samples using a 633 nm laser and an objective with 50X magnification (NA = 0.75).
The smallest particle Enders et al. [23] found in ocean water had a size of 7 um. They
applied a 455 nm laser and an objective with 50X magnification (NA = 0.75). In
another study [30] we confirmed in sediment samples PA particles with a size of 5 um.
A 633 nm laser and an objective with 50X magnification and long working distance
(NA = 0.5) was used. Kédppler et al. [9] did not state the size of the smallest particle,
but found 9 particles in the size range of 5 - 10 um in sediment samples. They used a
532 nm laser and an objective with 20X magnification (NA = 0.5). In contrast to the
other papers, Kappler et al. [9] used mapping to find smaller MP particles present in
the sample. They applied a point distance of 10 um for mapping. Schymanski et al.
[36] did not report a smallest MP particle but found e.g. that 39% of MP particles in
mineral water from beverage cartons were in the size range of 5 - 10 um. They also
analyzed mineral waters in other container materials and found similar MP particles
portions for the lower size class. They used a 532 nm laser and an objective with 20x

magnification.

The studies used either a 455 nm, a 532 nm or 633 nm laser, but no 785 nm laser was
applied for analysis of particles smaller than 10 um. This may be due to the better
spatial resolution achieved with these lasers, but is also owed to the fact that
measuring spectra with a 785 nm laser takes a lot more time. The intensity of the
Raman signal declines with the fourth power of the laser wavelength. Furthermore,

the efficiency of conventional CCD cameras applied for the entire visible region is
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relatively low [51]. Therefore, a 785 nm laser takes a lot more time to acquire a

spectrum with the same signal to noise ratio (SNR) a 633 nm laser would take.

The used objective of course has a great influence on spatial resolution. The studies
that reported on very small MP particles, all applied objectives with at least a NA of
0.5. Ossmann et al. [35], who found the smallest particle, used the objective with the
biggest NA (50%, NA = 0.75). The easiest solution would be to use objectives with
100X magnification which have a NA of ca. 0.9. However, a high NA results in a very
small working distance of the objective. Objectives with 100X magnification normally
have working distances around 300 pm. They can only be used for very smooth filter
samples, bigger particles need to be excluded prior to analyses by sample preparation.
For practical applications objectives with a NA of at least 0.5 and a long working

distance are most recommendable.

From a theoretical point of view, the lower size limit of MP of 1 um is easily reachable.
However, only in one study the smallest particle reported has a size of 1 um [35] and
the second smallest particle found was 5 pm in diameter [30]. The reason why other
groups did not find such small particles are various. Imhof et al. [30] utilized a quartz
filter that consists of interwoven fibers. Particles smaller than 5 um may have gotten
into the woven fabric, which may have hindered optical detection. They also analyzed
sediment samples, which means a highly complex matrix that hampers analyses of
smaller particles. Kappler et al. [9] used mapping with a point distance of 10 pum for
analysis of particles deposited on a Si filter with 10 pm pore size. Applying this pore
size and distance for mapping means that particles smaller than 10 um may be filtered
out by sample preparation or be overlooked in subsequent RM analysis. However, this
is of course a compromise to enable reasonable sample preparation and
measurement times. Schymanski et al. [36] used gold coated polycarbonate filters
with a pore size of 3 pm, which may have also hindered the analyses of particles
smaller than 3 pm. In conclusion, although theoretically 1 um MP particles should not
be a problem for RM, their identification still is highly dependent on various other
parameters such as complexity of sample, applied filter type and measurement

parameters.
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HOW FAST CAN RM BE?

An essential question for the overall performance of RM measurements is the needed
time to get enough spectral information for a reliable evaluation. This splits into two
aspects. On the one hand, the time for an evaluable single measurement and on the
other hand the time needed for the overall process of measuring a sufficient number
of particles. The latter is also discussed in chapter Trade-off between measurement
time and representativeness, which is a deduction of this chapter Challenge of

representa tiveness.

TIME EFFORT FOR SINGLE MEASUREMENT

For areliable evaluation of RM spectra of MP it is recommendable to detect all spectral
features of the most common polymer types. According to PlasticsEurope [39] the 12
polymers with the highest annual production are polypropylene (PP), polyethylene
low/very low density (PE-LD/LLD), polyethylene high/medium density (PE-
HD/MD), polyvinylchloride (PVC), polyurethane (PUR), polyethylene terephthalate
(PET), polystyrene (PS), expanded PS (PS-E), styrene-acrylonitrile resin/acrylonitrile
butadiene styrene (SAN/ABS), polyamide (PA), polycarbonate (PC) and poly(methyl
methacrylate) (PMMA). The spectral range of these polymers needed to cover all
spectral features from 200 cm! - 3 200 cm! (compare 7able 2), which gives a
spectral range of 3 000 cm 1. This spectral range covers the fingerprintarea (200 cm-
1-1500 cm1) and the C-H stretching modes of alkyls, alkenes and aromatic protons

(2 800 cm-! - 3 200 cm1) [52].
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Name Abbr. Lfingerprint” region C-H stretch
Polystyrene PS
L . A h
Polycarbonate PC 500 1000 1 000 o0 =5 g
. LA —~—~A
Polypropylene PP 00 1000 1 2000 2500 2000 v
Polyethylene PE 00 000 1 2000 2500 2000 o
Polyethylene terephthalate PET 500 1000 1 l 2000 2500 2000 200
Polyvinylchloride PVC 500 1000 1 2000 2500 2000 o
Polyamide PA 500 1000 1 2000 2500 ILC P
Polytetrafluorethylene PTFE =0 I i 1 20 2500 2000 2500
] ~rA
Polymethyl methacrylate PMMA 0 o0 ] =00 E ‘I\Aai w500
| Vo,
Polylactic acid PLA 500 1000 1400 2000 2500 2000 2500
Polycaprolactone PCL 2o 1000 1400 2000 2800 2000 2000
0 500 1000 1500 2000 2500 3000 3500

Raman shift [cm™']

TABLE 2: RAMAN SPECTRA OF RELEVANT POLYMERS. “FINGERPRINT” REGION AND REGION FOR C-H
STRETCHING MODES OF ALKYLS, ALKENES AND AROMATIC PROTONS ARE HIGHLIGHTED.

The time to cover the spectral range of 3 000 cm! is determined by the excitation
wavelength, the length of the beam path in the spectrometer, the number of lines in
the grating and the width of the CCD camera. An optimal setting should cover the
whole spectral range within one measurement using only one position for the grating.
A shorter wavelength and a low number of lines in the grating results in a broad
spectral range, which can be covered with one grating position. The trade-off is the
decreasing spectral resolution for an increasing covered spectral range. However, this
normally is not a problem as the analysis of MP spectra is accomplished by comparing
several positions of spectral bands. Although a lower spectral resolution makes a
spectrum less rich in information, for the comparison of spectral positions this is not

a relevant factor. Therefore, normally the grating with lowest number of lines is
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applicable. Frére et al. [25] are the only group we found applying a grating with
300 1/mm, which is also the lowest number of lines used in RM for analysis of MP to
our knowledge. Most of the studies applied gratings with 600 1/mm ( 7able 1). Hence,
it is possible to increase the time efficiency of the overall process. Commercially
available Raman microscopes have a fixed beam path length in the spectrometer and
normally one, sometimes two CCD cameras. The latter differ in response for different
wavelength, which is important if lasers in broad wavelength range are used within

one system [53].

Evaluation of Raman spectra is done either manually or via algorithms. For both
approaches, the lowest possible measurement time should result in spectra where the
SNR equals at least three for the weakest band that is needed for evaluation. To
improve the SNR, the laser power can be increased to the point well below sample
destruction at the given measurement time. Estimating an exact power is dependent
on many different factors such as sample, matrix and instrument characteristics and
often not worthwhile. The applied laser powers vary from 0.4 mW (633 nm) [30] to
10.8 mW (532 nm) [32]. It is recommendable to test the applicable laser power for
every sample type. From ours and others experience ( 7able 1) a practical approach is
to begin with a low laser power (e.g. 0.4 mW), than carefully increasing the laser
power for small particles, since they can be easily destroyed. If the laser power should
be the same for all particles, using less laser power and a longer measurement time

are recommendable.

The estimation of the measurement time, which consists of the acquisition time and
the number of accumulations, is also a critical task. The acquisition time is limited by
the saturation of the CCD camera. The camera collects photons during the whole
acquisition time but has a limited capacity. If saturation is reached, spectral features
can be partially or completely lost [53]. Therefore, acquisition times are chosen where
a single measurement does not reach saturation. To still achieve a good SNR, multiple
measurements can be accumulated and averaged. The measurement time for pristine
polymers is usually shorter than for weathered MP. In the following only studies

where environmental samples were analyzed are taken into account. The shortest
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measurement time was reported by Sujathan et al. [32] with 0.5 s, which is also the
group that reported the highest applied laser power. In contrast, in Imhof et al. [30]
we used a very low laser power and with 500 s one of the longest measurement times
for a single particle. Both groups analyzed the particles in more than one step and did
additional measurements with higher laser power and/or longer measurement times.
Measurement times of other groups are found in between these two extrema. It is
advisable to apply lowest possible measurement times tuned to the applicable laser

power.

Furthermore, it is worth noting that both polymer and pigment of a MP particle can
be analyzed simultaneously with RM, if appropriate measurement conditions are
used. An unmonitored reduction of measurement time will lead to an incomplete
analysis, where only the pigment is visible, as shown in Figure 7 [30]. If an
unambiguous spectrum of the polymer is not achievable through Raman, despite
appropriate measurement conditions, it is advisable to apply complementary
spectroscopic methods, such as IR spectroscopy (MP > 20 um) [9] or possibly even
nonlinear Raman spectroscopy (MP < 20 um) [10, 11].
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FIGURE 7: TIME DEPENDENCE OF SPECTRAL IDENTIFICATION, MODIFIED FROM [30] (SUPPORTING
INFORMATION). SETTINGS FOR THE MEASUREMENT: 633 NM LASER, 4 MW AND OBJECTIVE WITH 50X

MAGNIFICATION AND LONG WORKING DISTANCE (NA = 0.5).

TIME EFFORT FOR OVERALL PROCESS

The time for the total measurement consists of the threesome: (i) optical particle
recognition, and selection of measurement locations (ii) actual Raman measurements
at the selected locations (iii) evaluation of acquired spectra. In their article Araujo et
al. [10] recently comprehensively reviewed the different approaches currently in use
or under development. They also gave a comprehensive overview on total time
consumption of studies applying RM for MP analysis. The fastest referenced RM
method was applied by Frere et al. [25] with 20 s / mm?, but they only analyzed
particles down to 279 um. The method by Erni-Cassola et al. [24] requires around
2 min / mm?, analyzing particles down to 20 pm. Their approach starts with staining
the particles with a fluorescent dye, which then enables particle identification by an

Image] software tool. The next step is RM measurement of each stained particle. If,
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and only if, the staining covers all plastic particles, the method is a smart way to
reduce the number of particles which need to be characterized spectroscopically.

Although the selection of an optimized method is always depending on the objective
of the study, we suggest a two step approach: (i) use image analysis software to
determine particle coordinates (e.g. Schymanski et al. [36], Frere et al. [25]) and (ii)
apply single point measurements of a statistically significant subset. In the following
chapter, we will discuss what a significant subset of particles may be. Another
possibility would be to expand the method of Erni-Cassola et al. [24] to particles

smaller than 20 pm.

POTENTIAL OF RAMAN MICROSPECTROSCOPY

[DENTIFICATION OF MP POLYMER TYPES

The identification of the polymer type of the MP particles found in a sample is
important, as different polymers can have varying impacts on the biosphere [54]. The
detected MP by RM depends highly on the sample type, as shown in Figure 8.
Additionally, the abundance of each polymer type was compared to the reported
polymer market share (%) [39]. PE and PP have the highest market shares with 29%
and 19%, respectively. They are also the most abundant polymers in environmental
samples, with strikingly similar contents in the averaged sediment samples (PE
32.6%, PP 17.4%). The PP and PE percentage in the averaged water samples is much
higher (74.3% and 40.4%) than the respective market shares. On the other hand,
dense polymer types, such as PET (15%) and PS (26.2%) are enriched in sediments.
This could be caused by a natural density separation in liquid matrices, where dense
polymer types and heavily overgrown particles sink down leaving only the light
plastic at the surface and burying the heavier polymers in the sediments. This
hypothesis seems to fail for PS, which is also enriched in water samples. In the case of
PS itis important to note that the density of PS can be tailored to specific applications
by vaporizing the blowing agent pentane to introduce air bubbles rather than

changing the chemical structure [55]. Based on the Raman spectrum of expanded PS

Elisabeth von der Esch 66



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

these particles will be assigned to PS as well. Contrary to PS, expanded PS would be
expected to accumulate in water. Furthermore, PS in all its variations is a popular
packaging material [56] which can easily be introduced into the environment through
littering, which could help to further explain its enrichment in water and sediment
samples. Overall, a greater polymer variety can be seen in sediment and salt samples,
which also fits with the density separation hypothesis. PVC was only found in solid
samples as it is the densest of the mentioned polymers. However, it is much less
abundant than suggested by its market share. This is reasonable, as PVC is used less
for packaging purposes than the other polymers limiting its exposure to the
environment [56]. As expected, exceptionally high PET abundances were found in

samples from PET bottles.

So far, there are no accounts of biodegradable MP, such as polylactic acid (PLA) or
polycaprolactone (PCL) in the environment, although aging studies suggest that also
biodegradable plastic form secondary MP through weathering [57]. The absence of
these polymers in environmental samples may result from the relatively low
production rates and also from the novelty of these materials as they have only

recently entered the plastic market [39].
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Polymer Market Share
Average Water
Average Glass Bottle
Average PET Bottle
Beverage Carton
Average Salt

Average Sediment

PP
PAN PVC

PMMA

PET + other Polyesters

PS PTFE

FIGURE 8: DISTRIBUTION OF POLYMERS FOR DIFFERENT MP SAMPLE TYPES ANALYZED BY MEANS OF RM
AND CORRELATED TO THE POLYMER MARKET SHARE TO PLASTICSEUROPE [39] (STAR). THE POLYMER
ABUNDANCE WAS AVERAGED FOR EACH SAMPLE TYPE: WATER (OCEAN [2.3, 24], RIVER [27] AND ESTUARY
[25], DARK BLUE), GLASS BOTTLE [35, 36] (BLACK), PET BOTTLE [35, 36] (GREEN), BEVERAGE CARTON
[36] (LIGHT BLUE), SALT [37, 38] (RED), SEDIMENT [9, 22, 25-31, 33] (BROWN).

For our analysis we evaluated papers where MP was analyzed by RM and matched the
findings to the respective polymer market share. In another study by Fraunhofer the
sources of MP were investigated through a top down approach where polymer
consumption was extrapolated to potential MP formation. As the top ten contributors
to MP in the environment they propose: abrasion of tires, emissions from waste
disposal, abrasion of polymers and bitumen in asphalt, pellet losses, wind drift of
materials from sports and play grounds, emissions from construction sites, packaging
materials, road markings and fibers from textiles. Many of these sources have yet to

be investigated. Due to the high carbon black content (22-40%) of tires it is very
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difficult to apply single particle based spectroscopic methods. [58] For these tire wear
particles a single particle analysis by means of EDX has been proposed, as sulfur and
zinc are characteristic components of tires and can give an indication if the particle
stems from a tire [4]. If the total tire wear particle mass exceeds 0.23 pg in a sample

of 10-50 mg for styrene butadiene rubbers TED-GC-MS is the method of choice [15].

INFLUENCE OF PARTICLE SHAPE ON THE DETECTION

Definition

Broken off piece that
is not a sphere, fiber,
film or foam

Fragment

Fiber Particle that is
significantly longer
than wide (ratio 1:4)

Sphere Round object,
similar diameterin
all directions

Foam Particle that has
trapped gas bubbles

pos

FIGURE 9: SECONDARY MP REFERENCE PARTICLES DESIGNED FOR PARTICLE DETECTION TESTING [E VON

DER ESCH ET. AL. IN PREPARATION]. SHAPE CLASSIFICATIONS ARISE FROM [MAGE PROCESSING

REQUIREMENTS AND ARE IN ACCORDANCE WITH [59, 60)].

One of the challenges in single particle analysis is the variety of different shapes that
are encountered and require specific detection settings (Fjgure 9). Hence, finding a
suitable detection algorithm for all particles on a filter is a rather difficult task. The
fidelity of the source image that is used for particle detection is of key importance for
the success of any particle detection algorithm. Acquiring high-resolution images with

low depth-of-field is an essential prerequisite. In the case of the simultaneous
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detection of very small and very large particles, image acquisition with subsequent

focus stacking is required in order to minimize depth-of-field.

Modern particle recognition software packages, such as ParticleFinder (Horiba) [25],
Single Particle Explorer (RapID) [36], Gepard Enabled PARticle Detection GEPARD
[IPF repository tba.] and Munich Microparticle Recognizer Raman Analyzer, MipRAn
[Anger et al. in prep.] lead to very good results for the recognition of spherical
particles, but lack reliability when it comes to other shapes. Fragments and films are
likely to be detected correctly by these software packages, as they are similar to
spherical particles in shape, but partly or completely translucent particles may
introduce errors. Inconsistencies in color are a challenge for any particle recognition
algorithm that exploits high contrast differences in brightness or color between
background and particle, which is why dark field images were preferred over bright
field in recent studies [35, 36]. Dark field is a microscopic visualization mode that
collects stray light, which highlights edges and corners and thereby facilitates optical
recognition via contrast. Blurred particle edges may lead to over- or underestimation

of the particle size, or incorrect boundaries.

Fibers display the highest level of difficulty for recognition, if they should be detected
in their entirety. At higher magnification the fiber might not fit into one single field-
of-view, therefore, the image processing has to work on the entire montage of the
individual images with all border and segmentation effects. Due to their high aspect
ratio in combination with irregular contours, algorithms designed to separate
overlapping agglomerated particles are likely to lead to unwanted fragmentation
along the fiber. Different translucency of the particles has to be accounted for with an
adaptive segmentation algorithm. The detection of fibers is especially important, as
studies [61, 62] found that most fibers in a sample originate from laboratory

contamination and must therefore be excluded from final results.

To improve the detection of particles, programs must be tailored to all MP shapes.
Therefore, it is very important to work with MP reference materials, which contain
MP particles similar to MP found in environmental samples for development and

testing. [E. von der Esch et. al. in preparation]
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Since traditionally MP particles are categorized by size we propose to keep the widely
accepted categories (1 pm - 5 um, 5 pm - 10 pm, 10 pm - 50 um, 50 pum - 100 pm,
100 um - 500 pm, 500 um - 1 mm, 1 mm - 5 mm) [63] and additionally report the
shape. Therefore, it is important to find a common shape and size classification for
fibers. As longest and shortest dimension must be determined for each particle for
automatic shape characterization, we propose to only classify a fiber as MP-fiber if
both diameters are below 5 mm and the aspect ratio is at least 1:4. Further, fibers
should be listed separately reporting both length and width together with the

chemical identity.

EXPLORATION OF MP TO NON-MP RATIO

Through (semi-) automated RM, a (high) number of particles can be analyzed
regardless of their origin so that a ratio between anthropogenic substances such as
MP particles and native particles can be investigated. This ratio will strongly depend
on the sample as well as the preparation procedure. Valuable information from the
MP distribution in water samples could be gained as less preparation is necessary for
those samples [64], Finding out this ratio could also help improve toxicological
studies as environmental MP concentrations have yet to be determined [65].
Unfortunately, only very few studies provide information on this highly interesting
matter. This could be because measurement automation is still in the development
stages for single particle RM analysis. Hence, only very recent studies could have
acquired enough data for such a comparison [35, 36]. Another factor is the
interference of fluorescence which disrupts the classification of some particles [66,
67]. These are not always mentioned even though they make up a significant portion

of the particles found in the sample.

Available insight suggests it is recommendable to report all analyzed particles by
chemical identity, as well as the unidentified particles. This should show which

procedures significantly reduce or induce fluorescence. Thus, a correlation between
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measurement parameters such as acquisition time, number of accumulations and
laser wavelength can be achieved. The same applies to sample preparation, where any
information about steps that effectuate fluorescence quenching will be extremely

helpful for operators.

CHALLENGE OF REPRESENTATIVENESS

Applying RM for the analysis of MP usually means analyzing single particles on a filter
sequentially. The obvious question is: How many particles need to be analyzed to get
a statistically meaningful result? The answer to this question strongly depends on
sample matrix and success of sample preparation. Only for special cases if the total
number of particles in the sample is low, as in, e.g., bottled water, it seems feasible to
analyze all particles [35, 36]. In this chapter we want to give a suggestion for analysis
of filters with a number of particles which cannot be measured in a reasonable time.
For this assessment we assume a filter covered with 106 particles which is the
magnitude we found in previous studies from samples of surface water. This is also
the magnitude of particles calculated from a filter with 11 mm diameter covered with
a single layer of 5 um particles (area of filter divided by area of one particle). We
emphasize that the following calculations apply to for the final filter sample. Sampling

and sample processing are excluded at this point.

We will calculate the minimal required number of particles based on the following
assumptions: (i) all particles on the filter can be divided into the two groups: MP and
non-MP; (ii) all particles on the filter are separated from each other’; (iii) all particles
are randomly distributed on the filter, meaning the MP to non-MP ratio is constant
over all parts of the filter (no clustering of particles according to their properties);
(iv) heterogeneous spatial distribution of the particles is allowed; (v) all particles are
identified by image processing; (vi) independent of their size, all particles are treated
equally as single measurement points; (vii) identification of particles by means of RM

is flawless. We strongly emphasize that these assumptions reflect an idealized system.
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Determining the sample size n (number of particles which need to be analyzed) is
possible by applying a random sampling approach [68] called simple random sample
of units selected without replacement (srswor) [69]. The sample size n is calculated
using Equation 1 based on the normal distribution [70]. The precision is given by the

symmetrical margin of error.

P(1-P)
=eZ P(1-P) EQUATION 1
at W
with:
Sigma value for prediction interval o= 1.65 for 90% prediction

interval [68]
Total number of particles found on the filter through | ¥
image processing

Estimate of the MP fraction P/ decimals
Margin of error e/ decimals
Sample size / number of particles required N

In 7able 3 the number of particles that need to be analyzed for a filter with 106
particles, 0= 1.65 (90%) and a tolerated margin of error e= 10% for the MP fraction
is calculated. We varied the estimate of the MP fraction to show the correlation
between the sample size and the analyte fraction.

TABLE 3: NUMBER OF PARTICLES THAT NEED TO BE ANALYZED FOR A FILTER WITH N = 106 PARTICLES,

> =1.65(90%) AND A TOLERATED MARGIN OF ERROR E = 10%, P VARIED FROM 0.05% TO 5% MP
FRACTION.

Variables P=5% MP P=0.5% MP P=0.05% MP
e*= 0.005 0.0005 0.00005
n= 5147 51394 352 428

*e is always 10% of the estimated MP fraction 7, i.e. the decimal number decreases

with decreasing estimate of the MP fraction 7.

We increased the tolerated margin of error eto 20% for the MP fraction 7= 5% and
to e= 30% for the MP fractions P= 0.5% and P= 0.05% in Table 4 leading to a non-

linear decrease of the required particle number.
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TABLE 4: NUMBER OF PARTICLES THAT NEED TO BE ANALYZED FOR A FILTER WITH N = 106 PARTICLES,
> =1.65(90%) AND VARIED TOLERATED MARGINS OF ERROR E = 20% (P= 5%) AND E= 30%, P
0.05% AND P=5%.

Variables P=5% MP P=0.5% MP P=0.05% MP
e= 0.01 0.0015 0.00015
n= 1292 5984 57 022

Table 3 and Table 4 show that the number of particles that need to be analyzed
strongly increases with decreasing fraction of MP among the total number of particles.
On page 72, we will discuss to what extent these absolute minimal sample sizes 1 can
be achieved under idealized conditions with state-of-the-art measurement

techniques.

After estimating n, the subsequent RM measurement reveals the MP fraction pin the
sample n. To extrapolate nto the total number of particles Nthe confidence interval
has to be recalculated, as it is very unlikely, that the measured MP fraction p will
match the estimated MP fraction P. The fraction of MP p is then reported by stating
the recalculated margin of error. The lower limit is calculated by MPaction iower
imiv =p — o V[p(1—p)/n] and the upper limit is calculated by MPgaction upper
limit) = P +m/[p(1 —p)/n/. Alternatively, the required number of particles can be

adjusted during the measurement according to p.

Assuming 5% MP particles and having found 10°¢ particles on the filter, according to
Equation 1 we would have analyzed 5 147 particles (e= 0.005). After analysis a
possible outcome would be 103 MP particles (~2% of 5 147). Thus, the confidence
interval is now from 1.6% to 2.4% MP particles in the sample, meaning that the MP
fraction is 2 + 0.4% (new e= 0.004 equaling a tolerated margin of error of 20%,
which is twice as much as set prior to the analysis). In Figure 10, the development of
the margin of error efor 2% MP fraction is displayed with increasing sample size. For
the illustrated case 13 000 particles would have had to be analyzed to fulfill the

original precision criterion e= 10%.
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FIGURE 10: CORRELATION OF SAMPLE SIZE N AND MARGIN OF ERROR E FOR AN ASSUMED FRACTION OF MP
PARTICLES OF 2%. THE PRECISION CRITERION MARGIN OF ERROR E = 10% IS DISPLAYED AS GRAY

HORIZONTAL LINES. THE RED LINE MARKS A TYPICAL SAMPLE SIZE OF 300 PARTICLES.

Elisabeth von der Esch 75



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC

FRAGMENTS USING RAMAN MICROSPECTROSCOPY

TRADE-OFF BETWEEN MEASUREMENT TIME AND REPRESENTATIVENESS

On page 61 the settings for the shortest possible measurement time were considered.

We also stated that the fastest method at the moment is not the most preferable as it

dismisses the big advantage of RM to analyze particles smaller than 20 um.

In Table 5, we calculated the possible number of particles from the absolute

measurement time for RM approaches that found particles between 1 ym and 5 um in

environmental samples and also for the fastest RM approach. These numbers should

work as points of reference. For practical measurements, the numbers of analyzable

particles within these time spans will decrease due to several issues (e.g. movement

of motorized table), nevertheless they can serve as a first approximation.

TABLE 5: COMPARISON OF ANALYZABLE NUMBER OF PARTICLES FOR GIVEN TIME SPANS FOR DIFFERENT

RM APPROACHES.

Study s/ particle | 5h total 15 h total 24 h total 48 h total
Meas. time | Meas. time | Meas. time | Meas. time

Imhofetal. | 500s 36 particles | 108 173 346
2016 [30]* particles particles particles
Kappleret |10s 1800 5400 8 640 17 280
al. 2017 [9] particles particles particles particles
Schymanski | 5s 3600 10 800 17 280 34 560
etal. 2018 particles particles particles particles
[36], Imhof
etal. 2016
[30]*
Ossmannet | 2s 9000 27 000 43 200 86 400
al. 2018 particles particles particles particles
[36]
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Sujathanet | 0.5s 36 000 108 000 172 800 345 600
al. 2017 particles particles particles particles
[32]

s/particle = Single measurement time per particle, Meas. time = Measurement time.

*Imhof et al. 2016 [30] reported times varying from 5 s to 500 s, the analyzable

number of particles was calculated for both time spans.

In our assessment we chose 5 h, as it is the net measurement time available on a
typical working day, leaving time for particle recognition and data evaluation. For
unattended overnight runs, we assumed 15h (5 p.m. to 8 a.m). Additionally, we
calculated the number of analyzable particles for 1 and 2 days of uninterrupted

measurement.

Comparing the numbers from 7able 5with the calculated numbers of 10° particles on
a typical filter from surface water even the very short measurement time of Sujathan
et al. [32] would not allow measuring all particles within less than a few days. It is
therefore obvious that some trade-off must be made. For a sample with 5% MP
particles, 0= 1.65 (90%) and a tolerated margin of error e= 10% for the MP fraction
5 147 particles need to be analyzed which is possible in less than 5 h by using the
approach of Ossmann et al. [35] or in 15 h with the approach of Schymanski et al. [36]
or Imhofetal. [30]. For a sample with 0.5% MP, 0= 1.65 (90%) and a margin of error
e = 20%, 5984 particles need to be analyzed. In this case the margin of error e is
increased from 10% to 20%, making the same approaches feasible in the same time
span. For MP fractions lower than 0.05% the number of particles that need to be
analyzed is only reasonable if the tolerated margin of error eis expanded to 30%. In
this case the method of Ossmann et al. [35] would need almost two days of total

measurement time.

We emphasize again that the numbers calculated in pages 72 and following only
account for an idealized measurement, which is of course not possible to fulfill and

only mark the absolute minimum of required particles for a statistically meaningful
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result. However, Fjgure 10shows that the required number of particles approaches a
certain point above which additional measurements do not substantially improve the
margin of error. This means that although the calculated required number of particles
in pages 72 and following. will increase for cases with more realistic assumptions, the
final value is limited nonetheless and will always be smaller than the total number of
particles V. A more accurate estimation will require a more elaborate statistical model

to account for systematic errors.

NUMBER OF PARTICLES OR FILTER AREA?

In the literature, the analyzed part is often expressed in percentage of the filter area
[1, 71], which has two major drawbacks when comparing performance of RM
analyses. The first drawback comes with the application of filters with different
diameters, which makes the given numbers for filter area incomparable. The latter is
of course only true if number densities on the two filters are the same. For differing
number densities giving a percentage becomes even more confusing. It is therefore
recommendable not to use percentages of filter areas or at least not use them in

abstracts or prominently in conclusions.

The second major drawback is the indication of filter area itself. RM usually is used as
a single particle analysis tool. Therefore, no real area is actually analyzed in the first
place, but it is instead the particles - their number and nature - which matters. The
same area may contain particles varying in orders of magnitude. To compare
performance one needs the number of analyzed particles because this is the true

analytical outcome of RM single particle analyses.

These two drawbacks led us to the conclusion not to use the indication of (the
percentage of) analyzed filter area any further. The better approach is to estimate the
overall number of particles on the filter NVby image processing of the whole filter and

therefore estimate the number of required particles n for a statistically meaningful
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measurement. This in combination with an error margin e would give more insight

into the quality of the measurement.

HOW TO CIRCUMVENT CONTAMINATIONS AND FLUORESCENCE INTERFERENCE

Contamination is a critical issue in MP research. We have compiled best practice
approaches from various sources [9, 35, 36, 63] and our own experience to create
general guidelines for contamination reduction ( Fjgure 11). A special focus lies on the

measurement of process blanks to quantify contamination from sample handling.

+ Clean glassware with detergents and MilliQ. Then sonicate and rinse with MilliQ. If critical to analysis check
particle contamination though filtration of particle free water. If particles are found repeat procedure until
particle contamination is eliminated.

MEETENCIE - \Workin laminar flow box to limit particle exposure

J
\
» Removal of organic matter from sample (enzymatic / alkaline / acidic / oxidative)
» Removal of inorganic matter (density separation)
SCUIY N - Blank must undergo identical procedure as sample
workup Y,
« Use clean glassware for filtration )
« Filtrate sample or blank on the filter (e.g. 25 mm gold coated PC or Si)
« Air dry filter
« If analysis is not possible after filter is dry store filter at -20°C to combat microbial growth on filter y
\
* Raman microspectroscopy
J

FIGURE 11: SCHEME FOR CONTAMINATION PREVENTION AND CONTROL.

Last but not least, the fluorescence background in Raman spectra of environmental
samples needs to be addressed before the measurement, as the background signal
interferes with the detectability of the particles. Inorganic materials (e.g., clay
minerals) which are often found in sediment samples can exhibit strong fluorescence
and therefore interfere with the detection of MP [66, 67]. These substances should be

removed by density separation [72], centrifugation [30], or electrostatic charge [73]
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before the measurement, if the MP to non-MP ratio is irrelevant to the desired

analysis.

Another possible source for Raman background can be Mie scattering of stray light
from the source or the Raman lines. The CCD camera collects this light and generates
an additional Raman background. [74] Improving the effective morphology by e.g.
compressing the sample to a pellet was shown to reduce this effect and hence the
background. From our point of view this strategy is not applicable for the single

particle RM analysis of (microplastic) particles on filter samples.

A significant fluorescence signal is derived from organic compounds that were
adsorbed to the particle surface, therefore their removal is very important for the
quality of the measurement. Currently there are enzymatic [75], alkaline [76], acidic
and oxidative [76, 77] treatments that can be combined to free a particle from organic

matter [1, 18].

A fluorescence background may also arise from pigments or additives, which should
not be removed through pretreatment, as they give more insight into the composition
and possible origin of MP particles. To overcome this issue, the fluorescence
background still has to be reduced during the measurement. This can be achieved
through laser- or photobleaching [78]. Laser induced bleaching of fluorophores may
also be of interest in an automated analysis protocol as Ribeiro-Claro et al. pointed
out. [11] An additional exposure time could be included prior to spectra recording

thus improving the possibility to identify MP particles.

The most frequently mentioned possibility to circumvent fluorescence is detuning
from fluorophores, which can be done by changing the laser source to longer
wavelengths. [11] We discussed the use of different laser sources. From findings in
the literature the most common laser with the longest wavelength applied for RM
analysis of MP has 785 nm. However, this laser has several drawbacks discussed in
this chapter, which is why it is not recommendable to detune the laser source to the

technical extent, but rather use a maximum of e.g. 633 nm.
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1.3. CONCLUSION

Even though RM has greatly advanced in recent years to become a useful tool for the
detection of MP in the environment, there is still potential for significant further
improvement and development of this technique. Especially the MP particles <20 um
and small total MP masses (4 pg) provide a niche for RM. The most urgent challenges
are to reach the theoretical size limit, to establish representative measurements, and
to automate the procedure. Currently, the smallest MP particle found in a real sample
(bottled mineral water) has a size of 1 pm. To find MP particles of this size, it is
recommendable to use lasers with 532 nm or 633 nm and objectives with high NA and
sufficiently high working distance, such as objectives with 50X (or 100X)
magnification. At this stage, RM methods can be accelerated by acquiring a spectral
range of 200 cm! - 3 200 cm1, using the least frames possible, e.g. a grating with
300 1/mm or 600 I/mm. Additionally, the highest non-destructive laser power with
respect to acquisition time and accumulation should be applied. Possible settings can
be found in section “Findings from literature”. As shown in this section the use of RM
allows the distinction of polymer types and provides plausible MP abundances in the
analyzed sample. To harness the full potential of RM, it is advisable to pay attention
to, and to state the ratio of MP to non-MP particles, the overall number of particles,
the size distribution and the shapes of the detected particles. Furthermore, the
number of fluorescent and therefore not identifiable particles should also be given to
catalyze an understanding of methodological challenges across laboratories. We also
suggest the random sample of units selected without replacement (srswor) approach
to calculate the minimum number of particles that need to be analyzed. In sections
“Challenge of representativeness” and “ Trade-off between measurement time and
representativeness” we showed that the absolute minimum number of particles
required can be reached with state of the art measurement techniques. However, the
statistical model describes an idealized measurement system, and will need to be
expanded to include procedural uncertainties to give a more realistic estimation of
particles needed for a statistically meaningful analysis. Statistical certainty is

especially relevant for MP as it is a topic of high public concern. Furthermore, the
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automated particle detection will need to be advanced so that it is suited to all shapes
of MP without miscalculations of particle sizes and size distributions. Automation and
statistical sample size reduction results in an overall faster procedure and higher
sample throughput, simultaneously providing high analytical accuracy. It has to be
mentioned, that all these efforts are in vain if a contamination-free laboratory
environment cannot be provided and controlled by procedural blanks. Therefore, to
keep up with the increasing popularity of RM within MP research, major advances can
be expected from bringing forward harmonized protocols of data acquisition and
reporting, as well as intensified scientific exchange to avoid contaminations and

interferences from fluorescence.
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ABSTRACT

In the environment the weathering of plastic debris is one of the main sources of
secondary microplastic (MP). It is distinct from primary MP, as it is not intentionally
engineered, and presents a highly heterogeneous analyte composed of plastic
fragments in the size range of 1 pm - 1 mm. To detect secondary MP, methods must
be developed with appropriate reference materials. These should share the
characteristics of environmental MP which are a broad size range, multitude of shapes
(fragments, spheres, films, fibers), suspensibility in water, and modified particle
surfaces through ageing (additional OH, C=0, and COOH). To produce such a material,
we bring forward a rapid sonication-based fragmentation method for polystyrene
(PS), polyethylene terephthalate (PET), and polylactic acid (PLA), which yields up to
105/15 mL dispersible, high purity MP particles in aqueous media. To satisfy the claim
of a reference material, the key properties — composition and size distribution to
ensure the homogeneity of the samples, as well as shape, suspensibility, and
ageing - were analyzed in replicates (N=3) to ensure a robust production
procedure. The procedure yields fragments in the range of 100 nm - 1 mm (< 20 pm,
54.5% + 11.3% of all particles). Fragments in the size range 10 pm - 1 mm were
quantitatively characterized via Raman microspectroscopy (particles = 500 - 1000)
and reflectance micro Fourier transform infrared analysis (particles = 10). Smaller
particles 100 nm - 20 um were qualitatively characterized by scanning electron
microcopy (SEM). The optical microscopy and SEM analysis showed that fragments
are the predominant shape for all polymers, but fibers are also present. Furthermore,
the suspensibility and sedimentation in pure MilliQ water was investigated using
ultraviolet-visible spectroscopy and revealed that the produced fragments sediment
according to their density and that the attachment to glass is avoided. Finally, a
comparison of the infrared spectra from the fragments produced through sonication
and naturally aged MP shows the addition of polar groups to the surface of the
particles in the OH, C=0, and COOH region, making these particles suitable reference

materials for secondary MP.
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2.1 INTRODUCTION

The characterization of microplastics (MP) - i.e. of small synthetic polymer particles
- is a four-dimensional challenge, consisting of (I) the broad size distribution of
particles (and fibers) from 1 pm to 1 mm, (II) the variety of polymer types and natural
particles, (III) the state of ageing, and (IV) the variety of forms (spheres, films,
fragments, fibers) [1]. All four dimensions should ideally be detected and quantified
simultaneously in one measurement [2-4]. The need to develop suitable analytical
tools is accompanied by the need for effective methods to produce reference particles
- reference materials that should be as similar as possible to the MP particles found

in environmental and food samples.

Plastic undergoes ageing processes in the environment that cause fragmentation into
secondary MP [5]. In contrast to primary MP, secondary MP is not produced in a
targeted manner but originates from ageing and fragmentation of polymer materials
and thus results in a heterogeneous mixture of particles. If Raman or infrared (IR)
spectroscopy are used for analysis, the vibrational spectra of the particles may not
match conventional databases since they may contain hydroxy, carbonyl, and carboxy
groups in addition to the pure polymer spectrum, as an effect of environmental ageing
[5-7]. Furthermore, environmental MP is suspended in bodies of water, such as fresh
[8-13] and marine waters [14-17]. In the nanometer range the suspension of
reference particles can be achieved by the addition of surfactants [18] or can result
from the particle generation procedure, as shown by Magri et al. 2018 for their nano
polyethylene terephthalate (PET) generated by laser ablation [19] or by Pessoni et al.
2019 for their nano polystyrene (PS) particles from soap-free emulsion
polymerization. These effects are much harder to achieve for MP reference particles
(1 um - 1 mm). The current state of the art to generate particles in this size regime is
cryo milling [20]. These particles are not easily suspended and the difficulty arises
that many sample preparation steps, such as filtration or fractionation require the MP
reference particles to be suspended in order to accurately mimic environmental MP

behavior [21], which renders them unsuitable as true reference materials for the
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evaluation of these steps. Another difficulty while preparing MP reference materials
is the multitude of shapes that needs to be covered. This is of special concern if the
particles are used for the development of image-based methods. In order to develop
appropriate morphological characterization tools, particles for all shapes (fragments,
spheres, films, fibers) need to be available preferably in the same sample, as a genuine
sample would also display all morphologies at once. On the other hand there are
experiments, such as toxicological investigations that require tailored methods to
achieve specific morphologies, such as Cole 2016 for the production of fibers [22] or
Balakrishnan et al. 2019 for spheres [18]. To summarize, MP and nanoplastic
reference materials each have their own challenges, but both are desperately needed
for further method development. The described shortcomings of current MP
reference particles can be overcome by using sonication of polymers in alkaline
suspensions for 7n situ fragmentation. Ultrasonic treatment of various polymers has
already been used to broaden the size distribution of polymer powders in water [23,
24]. Furthermore, Balakrishnan et al. 2019 used a combination of dissolution of
polyethylene (PE) in toluene via sonication with subsequent emulsification in water
to create PE spheres in the subum range (200 nm - 800 nm) [18]. They suggest that
the same methodology could potentially be used on other polymers, as long as they
can be dissolved in a volatile solvent. Davranche et al. 2019 fragmented
environmental MP in water through sonication to generate nanoplastic [24]. In this
paper we propose, for the first time, the use of ultrasonication in alkaline conditions
for the simple and controlled production of chemically aged MP particles from single
use plastic items. To this end, we characterized morphological features such as size
distribution, shape, and surface properties, as well as chemical properties such as
purity and ageing effects as well as the suspensibility in water. Therefore, by
characterizing the produced fragments in all important features of MP, including
homogeneity and stability, we aimed to establish them as suitable reference
materials. The overreaching goal is to deliver an easy and reproducible protocol for
the production of reference materials, as defined by NIST [25], from the solid target
polymer of the analysis. The described procedure was validated for polylactic acid

(PLA), PET, and PS. The underlying mechanism was researched to explain the
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different degrees of reproducibility (PLA > PET > PS) of the method with respect to
the polymer and to pinpoint possible pitfalls. This is important as the applied
ultrasonic field plays a substantial role in the formation of the particles. This was one
of the major challenges while performing reproducibility experiments, which
required many fragmentation experiments and could only be overcome by testing the
ultrasonic field (see Supporting Information SI) before starting the procedure. The
final reproduction study was carried out by two different operators to ensure that the
protocol is complete and comprehensible. Furthermore, the presented procedure was
applied in proof of principle experiments to PE, polypropylene (PP), and
polyvinylchloride (PVC) as well as polyamide (PA) to investigate if the method is
generally applicable (see S/). Essentially any polymer that does not form a gel (like
polyamides) in alkaline solutions can be fragmented through alkaline sonication but
the hydrolizability and mechanical properties of the polymer influence size and

number of the fragments.

2.2. MATERIAL AND METHODS

EQUIPMENT PREPARATION AND AVOIDANCE OF CONTAMINATION

A 1 M KOH stock solution (22.2 g KOH, Chemsolute Batch No 25.101811 dissolved in
400 mL MilliQ) was used throughout the experiments to prepare the sonication
medium. All equipment was cleaned multiple times with water, isopropanol, and
MilliQ water to minimize contamination of the samples. The reaction vessels were
additionally sonicated in alkaline solution (1 M KOH ultrasonic bath, 15 min). Before
sonication, the polymer squares were submerged in KOH (1 M, 3.75 mL, 30 s) to clear
any attached organic matter. The solution was then diluted with MilliQ for the
fragmentation. After sonication the samples were handled and filtered in a laminar

flow box (EN 1822, Spetec GmbH).
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FRAGMENTATION THROUGH SONICATION

The idea to use sonication as the fragmentation method arose from many accounts
that suggested that sonication might lead to MP fragmentation, and therefore should
be avoided for sample preparation. Very recently nanometer-sized fragments from
sonication (5 days, MilliQ) were employed to test the binding abilities of lead to
nanoplastic [24]. As the goal of our research was to provide aged and dispersible
particles, polymer squares (1 cm?, approx. 30 mg) were sonicated (15 h at 35 kHz)
under hydrolytic conditions (15 mL, 0.25 M KOH) to induce the formation of polar
groups. Furthermore, the effect of the original fragment size on the produced size

distribution was analyzed in a second experiment.

Sample preparation Treatment Collect analyte

1cm

M

Sonication 15 h 35 kHz

1cm . 2 +

in 0.25 M KOH solution pH 13

Initial piece Collect parent particle Filtration

PET or PLA or PS onto gold coated
polycarbonate filter

FIGURE 12: FRAGMENTATION AND WORK UP SCHEME A. PRODUCTION OF SMALL FRAGMENTS AND
DEPOSITION ON A GOLD-COATED POLYCARBONATE FILTER AS WELL AS RECOVERY OF THE PARENT

PARTICLE.

Fragmentation method A (Figure 12): Polymer squares (1 cm?, approx. 30 mg, PLA
and PS from Activia yogurt cups and PET from a “Ja” water bottle) were sonicated
(15 h at 35 kHz) in hydrolytic conditions (15 mL, 0.25 M KOH). The parent particle
was collected and the leftover suspension was filtrated (in a laminar flow box onto a
25 mm diameter, 0.8 um pore size, gold-coated polycarbonate filter, APC). To ensure
that the produced MP was quantitatively transferred from the reaction vessel to the

filter, all glass parts, that were in contact with the particle suspension, were rinsed
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with MilliQ water (about 30 mL) until no particles were visible under UV light
(A =285 nm). Both the parent particle (before and after fragmentation) and the
fragments on the filter were analyzed via Raman microspectroscopy and IR
spectroscopy (detailed procedure in section “Characterization of the produced MP
particles”). For each polymer the production and the subsequent measurements were
repeated tree times by two different operators (N = 3). A smaller proof of principle
study (only one replicate) was applied to PVC (from wide neck containers Rotilabo),
PE (pellets from Huhtamaki), PP (yogurt cup “Penny Vanilla desert”), and PA (foil
from Huhtamaki) to check whether the fragmentation method is also transferrable to
other polymers. PVC was chosen, as it contains chlorine, which can be detected by
scanning electron microcopy coupled with energy dispersive X-ray spectroscopy
(SEM/EDX) analysis to prove that the particles found in the nanometer range are

indeed plastic particles produced by our method.

Fragmentation and work up method B (Fjgure 13): To generate particles in the entire
MP size range (1 um - 1 mm) randomly cut polymer pieces (approx. 30 mg) were
sonicated (15 h at 35 kHz) in hydrolytic conditions (15 mL, 0.25 M KOH). Particles
larger than the pipette opening (~1 mm) were collected for Raman and FTIR analysis,
while the smaller fragments were collected from the alkaline suspension through
centrifugation (3000 rpm, 20 °C, 30 min, Eppendorf 5804 R), removal of the

supernatant and resuspension in MilliQ (pH = 7 was reached after 2 cycles).
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Sample preparation Treatment Collect analyte Purification Resuspended MP

1cm

<_»)o

Sonication 15h 35 kHz . + Centrifugation at 3000 rpm

in 0.25 M KOH solution pH 13 20°C, 30min, exchange
supernatant with MilliQ,
repeat until pH =7

1cm

Initial piece parent particles Alkaline MP MP suspension
PET or PLA or PS suspension in MilliQ
pH=13 pH=7

FIGURE 13: FRAGMENTATION AND WORK UP SCHEME B. PRODUCTION OF LARGE MP FRAGMENTS WITH
RECOVERY OF THE PARENT PARTICLES. PARTICLES SMALLER THAN 1 MM ARE WASHED AND CONCENTRATED

IN MILLIQ.

CHARACTERIZATION OF THE PRODUCED MP PARTICLES

The original polymer pieces were removed from the suspension and microscopically
analyzed (5X and 20X magnification with z stacking 30 um, Raman microscope

alpha 300, WITec, Germany).

The fragments were collected on the filter and analyzed with a Raman microscope
alpha 300 (using TrueSurface, custom image stitching, z stacking, TruePower,
PointViewer and TrueMatch, WITec, Germany) applying the following steps. Firstly,
the planarity of the filter was checked (optional 7rueSurface measurement Az should
be < 30 um) and an image of the filter was acquired (20X objective, 3 [db] Gain, 3%
top illumination, 1/10 fps, 16 000 um X 16 000 um, 8 000 pixel x 8 000 pixel, 30 um
z-stacking, by custom image stitching). The particles were localized (calculation of
centers for Raman measurement) and morphologically analyzed (Feret’'s diameter
min and max, area, ratio of Feret's diameter and percentage of area covered by
particle in Feret's box for shape analysis) via image processing using 7TUM-
ParticleTyper (Gaussian window-based detection, E. von der Esch and A. J. Kohles et
al., submitted [26], preview in SI Figure I). Subsequent Raman microspectroscopy

(3 mW using TruePower, 532 nm laser, 2.5 - 20 s measurement time, 20X objective,
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inserting the determined coordinates by 7UM-ParticleTyper via PointViewer)
revealed the identity (database search with 7TrueMatch, for validation see S/ Figure 2)
of n ~ 500 randomly selected particles per filter as described by Anger and von der
Esch et al. [2]. Combining these results, an overall compound distribution (desired MP
vs. contamination) and a compound-correlated size distribution could be determined.
The error of measurement was calculated through the number of detected particles,
the portion of measured particles and the percentage of MP found. For a summary of
the procedure and measurement effort, see 7able 6. Furthermore, the morphological
data enabled the discrimination of particle shapes to determine predominant shapes
and sizes of the examined polymers. Fibers were identified by 7UM-ParticleTyper if
one of two conditions was fulfilled: 1) dividing the product of min and max Feret’s
diameter by the area yields a ratio larger than four or 2) max Feret’s diameter divided
by min Feret's diameter is larger than two and the overall area of the particle is larger
than 400 pixels. Spheres are characterized by a Feret's diameter min/max ratio close
to one (0.9 - 1). These conditions were empirically established by analyzing images
and varying the selection thresholds. The reproducibility (homogeneity) of the
fragmentation was accessed by comparing the replicates (N = 3) for each polymer
according to composition, mean particle size, size distribution, and particle to fiber
ratio. Fibers were further characterized by manual Raman measurements and the
stability of the sample was checked after storage (particles deposited on the filter

stored for 9 months in glass Petri dishes).
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The current detection limit of our automated Raman setup used for this study is
limited to particles larger than 5 pm (based on the smallest particles that yield
identifiable spectra TUM-ParticleTyper with a 20X magnification objective,
N.A. = 0.4). Using this setup, a quantitative analysis can be performed for particles
larger than 10 um [26]. Particles in the low um range and subum range were
alternatively characterized by manual Raman analysis (100X magnification objective,
N.A.=0.9) and SEM. This technique also allowed a special focus on the surface
morphology of the particles. The SEM images were recorded on a Sigma 300 VP (Carl
Zeiss AG, Germany) using a HD secondary electron detector. For sample preparation,
the suspensions (10 pL) were dried on silicon wafer slices and could be imaged
without the need for coating with metals due to the use of a FE Schottky cathode and
low acceleration voltages (2 - 3 kV). EDX analysis was performed on PVC to ensure
that the particles visible in the SEM images are in fact nanoplastics (Quantax XFlash
6/60 detector, Bruker Nano GmbH, Germany). All analyses that can be performed on
particles deposited on filters such as automated Raman microspectroscopy and p-
FTIR were conducted on the same particles from one sample. SEM/EDX and manual
Raman microspectroscopy for particles smaller than 5 pm requires an extremely
smooth surface, therefore these were conducted on subsamples from the

fragmentation, so that the same sample can be used but not the exact same particles.

To characterize the suspensibility of the produced particles (in 2.5 mL MilliQ) by UV-
VIS (Specord 250, Analytik Jena, Germany) time series measurements were
conducted (3 replicates for each polymer, 25 measurements in 25 min, A = 250 - 800
nm, AA = 1 nm, slit 4 nm, speed 50.0 nm/s). A good signal could only be achieved by
enriching the particle number in an aqueous suspension and then monitoring the

transmission over time; therefore, fragmentation and work up method B was used.

The MP produced through fragmentation methods A and B by sonication should be
similar, both chemically as well as morphologically to the MP present in the
environment. To demonstrate this, attenuated total reflection Fourier transform
infrared spectroscopy measurements (ATR-FTIR, Nicolet 6700 FTIR, 4 cm-! spectral

resolution) were conducted on the original polymer pieces before fragmentation
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(themed reference / pristine in subsequent sections) and on fragments larger than
1 mm. Particles < 1 mm were measured by u-FTIR spectroscopy on Agilent Cary 620
coupled to Agilent Cary 670, equipped with a 128 x 128 pixel focal plane array (FPA)
detector. Measurements were performed in reflectance mode, using a 15X objective.
Of each sample, 30 scans were recorded at a spectral resolution of 8 cm! within a

spectral range from 3700 to 810 cm-1.

2.3 RESULTS AND DISCUSSION

MORPHOLOGICAL CHANGES IN POLYMER SURFACE DUE TO
ULTRASONIC DEGRADATION

The ultrasonic treatment of solid polymers leads to a changed morphology at the
polymer surface, which is examined in the parent particles before and after sonication
through optical microscopy (81, Figure 3a-c). For PLA, the sonication in MilliQ
increases the cloudiness, making the original plastic square opaque. Although the
edges of the square remain intact, it shrinks during the sonication process (1 cm? to
0.57 £ 0.07 cm?). If sonication with KOH (0.25 M, pH = 13) is applied, the original
square becomes cloudy and the edges are visibly eroded. Furthermore, holes in the
surface appear. Changes in surface appearance that are observed for PET and PS are
similar to PLA, but less intense (57, Figure 4). Only PLA shows a slight increase in
cloudiness after sonication in KOH, while PET and PS do not turn opaque. Instead they
show less particles attached to the surface and smoothed edges after treatment (5}
Figure 4). Comparing the morphological changes induced by the fragmentation
suggest different mechanisms. PLA as an ester might be strongly hydrolyzed, as well
as mechanically worn, while PS and PET might be predominantly, but not exclusively
mechanically fragmented, as subsequent ATR-IR analysis revealed through the
appearance of OH, C=0, and COOH groups to all polymers (Section “Comparison of

Reference Particles with Environmental Microplastic by FTIR Spectroscopy”). To
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visualize the surface modification and to assess the shapes of the resulting particles,
SEM was applied. Particle identity has been confirmed by SEM-EDX and Raman
microspectroscopy (S, Figure 5). All polymers produce fragments, in irregular and
spherical shapes as well as films and fibers. Furthermore, the surface is visibly eroded.
As with the parent particles, PLA fragments seem to be most affected by the
sonication, producing extremely swollen and porous particles. PS and PET show
eroded surfaces as well. The smallest particles that have been visualized for all

polymers are around 100 nm (Fjgure 14).
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FIGURE 14: SURFACE MORPHOLOGY OF PS SHOWING A WIDE RANGE OF PARTICLE SHAPES: FIBER (A),
WITH A CLOSE UP OF THE FIBER SURFACE (B), IRREGULAR FRAGMENT (C) AND SPHERES AND FILM (D).
PET FRAGMENTS, FIBERS AND SPHERES ARE SHOWN IN (E) WITH A CLOSE UP OF THE SURFACE OF A
FRAGMENT (F). TYPICAL PLA FRAGMENT (G) WITH A CLOSE UP OF THE SURFACE OF A FRAGMENT (H).
MORE SEM IMAGES ARE AVAILABLE IN SI FIGURES 6 AND 7.
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YIELD AND REPRODUCIBILITY OF THE FRAGMENTATION

As can be seen in Figure 15 the polymer size (a, b and c) and shape (d, e and f)
distribution is highly polymer-dependent. With the applicable microscopy set up,
particles down to diameters of 5 um could be analyzed, with the exception of PS -
here, only particles larger than 10 pm could be analyzed through image processing,
as there were too many particles to be processed below 10 um (computation time

exceeded 30 min).

PLA fragmented into 1.110%- 2.1*10% comparatively large particles, which are
mostly fringy irregular fragments. PET and PS yielded 1.8*10%-7.1*10% and
9.2*103 - 2.1*10° smaller more jagged particles, respectively. The fragmentation of
PLA and PET lead to reproducible results, as the number of fragments is within the
same order of magnitude for all replicates. The fragmentation of PS is less
reproducible, as we achieved fragment counts that are several orders of magnitude
apart. This might be caused by the fragmentation mechanism through sonication in
alkaline conditions, which relies on two parameters: Hydrolysis, which is systematic
and controllable through pH and mechanical strain, which is systematic, but less
controllable because it is dependent on the ultrasonic field. PLA is easily hydrolysable,
while PET and PS are increasingly less hydrolysable and therefore the fragmentation
mechanism must be more dependent on the less controllable mechanical strain and
radical decay. (see section “Mechanistic Implications for the Degradation of Solid

Polymers by Sonication”).

The sample composition, however, was very similar within the replicates and among
the different polymers. In all samples also polycarbonate particles from the filter were
found (~15 - 25%). These were removed from the compound distribution, as they
are artefacts originating from the filtering material itself and are not present in the
generated suspension. After removing these artefacts from the analysis, the
composition of the samples created through sonication in alkaline solution were
analyzed. The original polymer was the predominant component (~68.4 - 81.6%

depending on the polymer). All samples also contained a portion of particles that
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could not be classified, as the spectra were too noisy (HQI < 15 and manual
identification failed), displayed only background signal or showed spectra for which
no library match could be found (~12.2 - 26.8%). Only a very small number of
particles (4.0 - 5.1%) showed too strong fluorescent backgrounds to be analyzed.
Contamination with other polymers and CaCOs was negligible (0.6 - 1.2%). The
Raman spectra of the polymers showed no signs of ageing in the form of additional
bands, which is in accordance with prior ageing experiments [7, 27] (see SI, Figures

8-10 for Raman spectra before and after fragmentation).

Furthermore, 10 pl of sample were deposited on a CaF2 substrate to measure selected
particles ~ 2 um (n = 30) to confirm the formation of small plastic particles through
sonication, which was suggested but not chemically proven by Davranche et al. [24].
In Figure 16 the smallest detectable particle through Raman microspectroscopy
(100x magnification objective, N.A. = 0.9) for PS and PET is shown. This does not
prove that all particles of this size originate from the plastic material but confirms the

formation of small plastic particles through sonication.

The reproducibility of the size distribution and of the shape variation was tested by
replication (N = 3). Figure 17shows that there is variation in between the replicates
but overall the procedure leads to comparable results. The dominant size fraction is
< 20 pm, which accounts for half of the particles of PLA (52.2% + 9.0%), PET
(56.55% + 8.3%), and PS (54.7% =+ 20.2%). We have, however, noted that there is a
dip in the 5 pm - 10 pum size class, were we would have expected an increase in
particle number. This suggests to us that although the measurement of particles in the
size range 5 pm - 10 pm is possible as identifiable Raman spectra can be measured,
this class may not be quantitatively represented by the method applied as indicated
in von der Esch and Kohles et al. [26]. The second largest fraction is 20 pm - 50 pm
for PLA (33.3% + 4.7%), PET (33.4% £ 4.1%), and PS (33.0% * 12.0%). Particles
larger than 50 um are present but make up only a small portion for PLA
(14.5% % 3.8%), PET (10.0% % 3.5%), and PS (12.3% =+ 7.3%). Although fragments
in the shape of irregular fragments, fibers as well as spheres and films were found by

optical microscopy and SEM, irregular fragments are the predominant shape
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(66.4% - 72.1%) in all replicates across all polymers. The second major fragment
shapes that occur are spheres (23.5% - 28.4%) followed by fibers (4.2% - 5.3%).
Since our automated categorization is based on the comparison of diameter ratios and
areas, we cannot further characterize into films with our current program. Fibers
were additionally characterized via manual Raman microspectroscopy to ensure that
they truly originate from the fragmentation of the polymer parent particle (see S7

Figures 11- 14).

PET sample composition
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CaCO;,
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Number

Particle count:
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Measured = 500
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FIGURE 15: COMPOUND CORRELATED SIZE DISTRIBUTION OF REPLICATE 1 BY OPERATOR 1 FOR PET (A),
PS (B), AND PLA (C). MICROSCOPY IMAGES OF POLYMER FRAGMENTS PRODUCED THROUGH SONICATION IN
ALKALINE SOLUTION (REPLICATE 1) PET(D), PS (E), AND PLA (F).
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FIGURE 16: RAMAN MICROSPECTROSCOPIC ANALYSIS OF PLASTIC FRAGMENTS, CONFIRMING THE

FORMATION OF LOW uM RANGE PARTICLES THROUGH SONICATION. PET (A, REFERENCE BLUE, PARTICLE
SPECTRUM RED), PS (B, REFERENCE BLUE, PARTICLE SPECTRUM RED).
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FIGURE 17: COMPARISON OF THE REPLICATES 1 — 3. REPLICATE 1 WAS PRODUCED BY OPERATOR 1 AND
REPLICATES 2 AND 3 WERE PRODUCED BY OPERATOR 2. REPRODUCIBILITY OF THE SIZE DISTRIBUTION FOR

PET (A), PLA (B), AND PS (C). DISTRIBUTION OF PARTICLE SHAPES FOR PET (D), PLA (E), PS (F). THE
CORRESPONDING DATA CAN BE VIEWED IN SI, TABLE 1.
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SIZE DISTRIBUTION COMPARISON TO ENVIRONMENTAL MP
PARTICLES AND OTHER REFERENCE MATERIALS

A major challenge in MP production from both milling and sonication is control over
particle size distribution. For the (cryo)milling, the size distribution seems to depend
on the temperature, loading, and type of polymer [20, 28]. The major factors of
influence on MP formation through sonication will be reviewed in detail in the
following sections. Both preparation methods were compared to ageing experiments
by Lambert et al. [6] and show that all MP production methods yield different size
distributions. While milling produces large particles predominantly (50 pm - 100 um
[20] and 500 pm - 2 mm [28]) sonication rather leads to smaller particles (average
Feret's diameter, p = 30.23 um £ 12.14 pm for PS, p =32.04 pm + 6.53 um for PLA
and p=26.56 pm *+ 5.23 um for PET). The average size of the particles produced
through sonication is much closer to the average particle sizes relevant in the
environment [2] and in weathering studies (~ 99% of PLA, PS and PET particles are

in the size range 0.6 - 18 um) [6].

If extremely small particles are desired, some alternative procedures to the sonication
method presented here are available. PS nanoparticles (125 nm - 437 nm) can be
produced by blending in a food processor [29]. For PET, laser ablation delivers
nanoplastic [19]. If specific shapes are the target of the production process, fibers
(40 um - 100 um length) from nylon, PET, and PP can be produced by using a
cryogenic microtom [22] and spheres in the nm range are commercially available for

PS.

Our method provides an easy production of small MP fragments (1 um - 1 mm) but is
highly dependent on the ultrasonic field. While subp particles were also present in the
suspensions produced through sonication as demonstrated by SEM/EDX analysis,
additional analysis via asymmetric field flow fractionation or centrifugal field flow
fractionation and possibly staining for chemical characterization is necessary to

quantify the particles formed in this size range [30].
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MECHANISTIC IMPLICATIONS FOR THE DEGRADATION OF SOLID
POLYMERS BY SONICATION

The effect of sonication is usually tested on polymers in various organic solvents for
molecular weight tuning [31]. The mechanistic picture is brought forward that
sonication creates cavities in the liquid medium, which release energy during cavity
collapse resulting in local pyrolytic conditions (about 5000 K, 2000 atm [32]) and the
release of radicals. In water, OH and H' radicals are formed, which create hydrogen
peroxide (H202), thus providing oxidizing conditions. At the molecular level, in
addition a rapid movement of solvent molecules is induced that cannot be followed at
the same scale by the macromolecules in the solvent. Thus, friction is created which
causes strain and ultimately bond breaking in the macromolecules. The chains are
preferentially split at transitions between amorphous and crystalline regions [33]. In
our case, these conditions are used to induce polymer scissions through physical
breakage as well as radical polymer degradation. For the samples where KOH (0.25 M,
pH=13) was added, additional OH- ions are available to provide strong
hydrolysis/oxidation conditions for the newly split polymers, which lead to a strong
increase in the number of detected fragments. The focus of our investigation was PLA,
PET, and PS, where we conducted reproducibility analyses for the fragmentation. We
also tested PE, PP, PVC, and PA to prove that the procedure is applicable to any
polymer. The results are shown in the supporting information (S/, 7able 2), as these
were singular experiments and reproducibility can therefore not be accessed for PE,

PP, PV(C, and PA at this point in time.

It is important to note that all experiments were conducted in an ultrasonic bath
which has the disadvantage that the fragmentation is not necessarily reproducible.
Each ultrasonic bath produces its own inhomogeneous field [34]. To make this
procedure reproducible, the field parameters, which are related to the cavitation
effects, need to be investigated prior to particle fragmentation (for details see S/
Figure 15). Alternatively, a more sophisticated reactor design may be resorted to,

which could also lead to better results and higher reproducibility. We decided to
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follow the first approach because we would like to enable anyone to repeat our

fragmentation without the need for additional equipment.

Since not all laboratories will have the same ultrasonic bath at hand, the parameter-
effect relationships are important to consider. For a conclusive review on current
sonochemical research (reactor geometry, size, and solvent effects) we refer to [31,

34, 35].

ANALYSIS OF SUSPENSIBILITY AND SEDIMENTATION RATES BY UV-
VIS SPECTROSCOPY

A common problem with (cryo)milled particles is their static charge, which prevents
the suspension in water. Eitzen et al. even reported adhesion to glass walls for PS
fragments from cryomilling, which increased with decreasing size [20]. However, due
to their density (1.04 g/cm?3) PS fragments should sediment in water, as is observed,
especially in non-stirred PS suspensions [21]. In order to alleviate the suspensibility
issue usually one of two paths are chosen: (i) Suspension with a surfactant, which
renders the sample unsuitable for toxicological testing, or (ii) oxidative treatment to
modify the fragment surface, creating polar groups. For cryomilled particles both

treatments require an additional processing step.

The fragments produced through sonication were suspended in pure MilliQ Figure
18a) to test the suspensibility and sedimentation rate. Particles were observed to
remain suspended without visible adhesion to the walls of the centrifuge tube. All
suspensions were examined with UV-VIS, as suspended particles will absorb light
leading to a low transmission signal. With increasing sedimentation, the transmission
signal should increase and level off at 100%, which is the transmission of MilliQ

without suspended particles.

The UV-VIS analysis (Firgure 18 c- d) shows that the fragments can be well
suspended and that they sediment according to their density. PET particles had the
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fastest sedimentation rate, while PLA particles sedimented slower and PS particles
showed the slowest sedimentation rate. The suspensibility is likely a result of the in
situ fragmentation in an alkaline solution, which introduces hydrophilic groups into
the polymer surface while the fragments split off from the parent particle (see section
below “Comparison of reference particles with environmental microplastic by FTIR

spectroscopy”).

Thus, the produced fragments showed the desired sedimentation properties without
the need for a surfactant, making them suitable for toxicological testing and validation

of recovery rate experiments for sample preparation as well as for detection of MP.

Transmission

‘? PET
| p=1.38 g/lcm?®
Wavelength [nm]
c 25 min d 25 min
: g o = ~ 0min

PLA PS
p=1.21 g/lcm?® p=1.04 g/cm3
Wavelength [nm] i : Wavelength [nm]

FIGURE 18: PET, PLA AND PS FRAGMENTS SUSPENDED IN PURE MILLIQ WATER (A).UV-VIS

TRANSMISSION SPECTRA OF PET (B), PLA (¢), PS (D).
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COMPARISON OF REFERENCE PARTICLES WITH ENVIRONMENTAL
MICROPLASTIC BY FTIR SPECTROSCOPY

The goal was to create reference particles, which mimic the properties of secondary
MP formed in the environment through weathering. Therefore, we compared the
spectra of our /n situ aged fragments to reference polymer spectra and the spectra
acquired by Scott Lambert and Martin Wagner in their 112 day weathering

experiment [6].

Fragments larger than 1 mm of all three tested polymers (PLA, PS, and PET) showed
significant changes in their FTIR spectra (Figure 19a- c).

The most pronounced changes are exhibited by PLA, which shows additional bands
(3364 cm'1, O-H and 1520 cm, C=0) and shifting C-H stretching vibrations (blue
shift, 2916 cm1 = 2993 cm! and 2848 cm! = 2930 cm1). Interactions of the C-H
group with neighboring O-H groups cause the band shift of the C-H stretching
vibration [36]. This and the emergence of a band at 3364 cm'! shows either the
formation of O-H groups through hydrolysis or the intercalation of water molecules
into the polymer structure. Here, a combination of both is likely, as the appearance of
COOH introduces electrostatic interactions which lead to stronger swelling of the
polymer [37]. The overall shifts in intensity hint at a changed ratio of
crystalline / amorphous structure within the polymer [38]. When comparing the
spectra of the artificially and naturally aged PLA, we observe that the resulting spectra
have similar new bands, leading to the conclusion that sonication under hydrolytic
conditions is an effective method to artificially age polymers to produce reference

materials.

PET shows changes in relative band intensity and additional bands (3250 cm-1, O-H
and 1639 cm-1, C=0). The additional band at 3250 cm-! is indicative of the formation
of O-H groups [39], as PET does not absorb water well [40], but is known to hydrolyze
at high temperatures (T =80-200°C) [41], which are easily reached through

sonication as collapsing cavities create local pyrolytic conditions. In natural
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environments photo-oxidation and hydrolysis are the driving forces for PET
degradation [42] which should lead to similar results as the proposed sonication
provides radicals and alkaline conditions. When comparing the spectra of the

artificially and naturally aged polymers, we again see very similar modifications.

PS shows changes in band intensity and additional bands (3177 cm-1, 0-H; 1624 cm-1,
C=0 as well as 1357 cm'1, COOH and 1244 cm), which are in accordance with the
appearance of new bands found in naturally aged PS. The main degradation
mechanism in a natural environment is photodegradation for PS, which in the
presence of oxygen may introduce C-O bonds of various kinds leading to crosslinking

and the formation of ketones [43].

For all additional bands it has to be said, that they cannot exactly correspond to the
bands found in the naturally aged polymers, as the newly formed O-H, C=0, and COOH
groups must have different interaction partners, which determine the exact position

of the band within the group range.
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FIGURE 19: COMPARISON OF THE NEW VIBRATIONS IN ARTIFICIALLY AND NATURALLY AGED POLYMERS.
THANKS TO SCOTT LAMBERT AND MARTIN WAGNER, WHO PROVIDED THE DATA FOR 112 DAY AGED MP
[6] (MARKED WITH *), A COMPARISON BETWEEN NATURALLY AND ARTIFICIALLY AGED MP WAS POSSIBLE.
THE ATR-FTIR SPECTRA FOR PRISTINE (BLACK) ARTIFICIALLY AGED (PURPLE) AND NATURALLY AGED
(RED) AND REFLECTANCE u-FTIR SPECTRA OF SMALL ARTIFICIALLY AGED MP (BLUE) ARE SHOWN FOR
PET (A), PLA(B) AND PS (C), WHEREIN THE REGIONS OF INTEREST ARE MARKED (GREEN SQUARES). THE
POSITIONS OF THE BANDS CORRESPONDING TO THE NEWLY FORMED FUNCTIONAL GROUPS OF THE ATR-
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FTIR MEASUREMENTS ARE LISTED AND THE MICROSCOPY IMAGES OF THE PARTICLES ANALYZED ARE
DISPLAYED TO THE RIGHT SIDE OF THE SPECTRA.

To investigate if smaller polymer fragments display the same ageing behavior as the
large fragments, they were analyzed by p-FTIR spectroscopy in reflectance mode. The
number of measured particles was 10 for PLA and PET and 5 for PS (spectra available
in S, Figure 17- 19). Typical examples of MP spectra are given in Figure 19a- c.Itis
important to note that ATR and reflectance IR have different axial resolution, so that
ATR will give spectra representing mostly the surface chemistry (~ 1 um - 2 pm, axial
resolution, see calculation in S/) of the particle. Reflectance IR will pass through
particles with rough surfaces (~ 2.6 um at 3785 cmto 20 um at 500 cm-!, axial
resolution, see calculation in S/, Figure 16) and yield a spectrum describing the layer
close to the surface of the particle at high wavenumbers but showing also the bulk

properties of the particle at low wavenumbers.

Therefore, as it was the case in the ATR measurements, we can observe the C-H shift
(2916 cm? - 2997 cm! and 2848 cm! - 2947 cml) inherent to the surface
modification for the PLA sample (see Figure 19b). In addition, the broad O-H stretch
band at 3509 cm! is present. The C=0 band of pristine PLA (1744 cm1) now shows
a shouldering towards lower wavenumbers, resulting from the introduction of new
C=0 groups from the ultrasonic treatment. However, this is only visible as a shoulder,
not as a free band as the light penetrates up to 6 um deep and therefore gives more

information on the bulk material than on the particle surface.

Regarding the PET sample (Figure 19a), the p-FTIR measurements revealed the same
spectra alterations as the ATR measurements. A C=0 band shouldering at 1623 cm-!

appeared as well as a very broad O-H stretch band at 3420 cm-L

In the PS sample, only the O-H band (3501 cm!) appeared, whereas the other changes
observed using ATR-FTIR do not show (Figure 19c).

Elisabeth von der Esch 116



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

The reflectance u-FTIR measurements confirm that the surface modifications seen in

the large particles also appear in the small fragments.

Therefore, our results suggest that if aged MP fragments are required for
experimental work or validation, a simple 15 h sonication in alkaline conditions can
provide materials that mimic not only the sedimentation properties, but also surface

chemistry of aged MP.
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2.4 CONCLUSION

Currently available MP reference particles (1 um - 1 mm) are usually produced by
grinding. To this end special cryomills are needed. This equipment is not accessible in
every laboratory and thus decouples the manufacturers from the users, which makes
fast method development difficult. In contrast, the ultrasonic-based method brought
forward here makes it possible to produce reference particles in every chemical
laboratory. These reference materials are already suspended during their formation
process and can be resuspended in pure MilliQ (pH = 7). Furthermore, they have
hydrophilic groups on the surface due to the production process, so that realistic
environmental MP can be emulated. In addition, the different sizes and shapes help in
the further development of image recognition methods used in Raman

microspectroscopy and p-FTIR spectroscopy to determine the measuring points.

The approach presented here delivers a mixture of particle shapes, which consists of
predominantly irregular fragments. If the research question demands the
investigation of a distinct shape, e.g. toxicological studies, monitoring the impact of
fibers, an alternative method needs to be used. Furthermore, we would like to point
out that the reproducibility was tested for PLA, PET, and PS and each laboratory
employing the presented method will need to check the reproducibility with their
equipment and with their polymers of choice. We have shown that it is possible to
achieve reproducible results and have pinpointed the main influencing factors on the
reproducibility namely the ultrasonic field, the mechanical properties of the polymer,
as well as the hydrolizability. In order to achieve the comprehensive characterization
and quantification of MP reference materials a protocol including Raman
microspectroscopy, ATR-IR, u-FTIR, UV-VIS, SEM and EDX was presented, which can
be applied to any MP sample. We have shown by qualitative analysis that sonication
also produces particles in the subp plastic range. If these particles are to be used in

future experiments, further quantitative analyses will be required.
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2.5 OUTLOOK

Future experiments will include an upscaled procedure for the production of aged MP
reference material. A possible path might include the (cryo)milling of polymers
followed by the sonication (at alkaline conditions), thus enabling a high yield and the
in situ generation of small, aged and suspensible particles. In addition to the
fragmentation, the /n situ coating of MP with humic substances could provide a helpful
model to mimic the environmental adsorption of dissolved organic carbon and thus
check the detectability of particles under environmental conditions. This is also a very
important research gap so far, as it is often stated that Raman microspectroscopy is
limited by the attachment of organic matter to the analyte inducing fluorescence and
preventing the detection of particles. Even though it is extremely important to know
the detection limits of a method, currently there is no systematic examination of this
matter. With our optimized scheme for simple and reproducible generation of
reference particles that can be adopted by laboratories around the world, using their
polymers of interest, we hope to enable easier and more detailed method

development and validation, as well as toxicological testing for future studies.
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TUM-ParticleTyperis an open source software developed by EE, AK, ME and NI that
detects particles in images and provides measurement coordinates for a subsequent
measurement e.g. by Raman microspectroscopy. As other visualization methods such
as fluorescence microscopy and scanning electron microscopy are also used for the
characterization of microplastics, the program was adapted to handle these images as
well by providing an optimized parametrization for the respective image, delivering
a morphological characterization (Feret’'s diameters, area, classification of shape) for
any image that is input. This enables the automated quantitative analysis of particles
that contain a minimum of 51 pixels. By combining the image analysis with a
statistical subsampling and a spectral analysis it is possible to quantify microplastic
in various matrices. EE, AK, ME and NI designed the experiments and agreed upon the
requirements for 7UM-PaticleTyper. EE collected the Raman microspectroscopy data
required for the program development by producing the reference materials and
testing the parametrization of the Raman microscope as well as the particle detection
program in an iterative process. AK implemented the image processing functions. EE,
AK and PA did the validation of the particle localization and quantification in a joint
effort. EE and PA provided the expert assessment of images delivering the “Ground
truth” for the following evaluation of the automated analysis by AK. AK developed the
grid search approach and evaluation of TUM-ParticleTyper. All findings were put into

the literature context and compared to recent methods by EE. Furthermore, EE
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applied this method to genuine samples. All authors reviewed the results and

contributed to the final version of the manuscript.

The according software and documentation was published in the following

repository:

Alexander ]. Kohles® and Elisabeth von der Esch®, Philipp M. Anger, Reinhard
Niessner, Martin Elsner, Natalia P. Ivlieva, TUM-ParticleTyper: Software and
Documentation, https://mediatum.ub.tum.de /1547636,

doi:10.14459/2020mp1547636, 2020
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ABSTRACT

TUM-ParticleTyper is a novel program for the automated detection, quantification
and morphological characterization of fragments, including particles and fibers, in
images from optical, fluorescence and electron microscopy (SEM). It can be used to
automatically select targets for subsequent chemical analysis, e.g, Raman
microscopy, or any other single particle identification method. The program was
specifically developed and validated for the analysis of microplastic particles on gold
coated polycarbonate filters. Our method development was supported by the design
of a filter holder that minimizes filter roughness and facilitates enhanced focusing for
better images and Raman measurements. The T7UM-ParticleTypersoftware is tunable
to the user’s specific sample demands and can extract the morphological
characteristics of detected objects (coordinates, Feret’s diameter min/max, area and
shape). Results are saved in csv-format and contours of detected objects are displayed
as an overlay on the original image. Additionally, the program can stitch a set of
images to create a full image out of several smaller ones. An additional useful feature
is the inclusion of a statistical process to calculate the minimum number of particles
that must be chemically identified to be representative of all particles localized on the
substrate. The program performance was evaluated on genuine microplastic samples.
The TUM-ParticleTyper software localizes particles using an adaptive threshold with
results comparable to the “gold standard” method (manual localization by an expert)
and surpasses the commonly used Otsu thresholding by doubling the rate of true
positive localizations. This enables the analysis of a statistically significant number of
particles on the filter selected by random sampling, measured via single point
approach. This extreme reduction in measurement points was validated by
comparison to chemical imaging, applying both procedures to the same area at
comparable processing times. The single point approach was both faster and more

accurate proving the applicability of the presented program.
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3.1 INTRODUCTION

Microplastic (MP) may be formed from plastic over time by, fragmentations under the
influence of UV light and mechanical abrasion, as well as oxidation and biological
breakdown [1]. MP has been found in air [2-4], water [3, 5-7] and soil samples [8].
However, MP particles are very challenging to analyze, as the term “microplastic”
describes a heterogeneous mixture of polymer types (at varying stages of
degradation), sizes (1 um-1 mm) and shapes (fragments, fibers, films, and spheres).
Consequently, chemical and morphological heterogeneity is combined with low
analyte concentrations in the respective samples and a high contamination potential
from any plastic material used during sampling or processing [9]. Ideally, all chemical
and morphological characteristics, such as polymer types, size distribution and
number concentration, of MP should be analyzed and quantified for each sample to

answer the question: “How many MP particles are in the sample?”

The general scheme for single particle analysis of MP is a workup step for the
extraction and purification of MP [10] after which all remaining particles -
microplastic as well as residual environmental colloids - are deposited on a smooth
filter surface. The smoothness of the filter is of high importance, as any subsequent
measurement, be it Fourier-transform infrared spectroscopy (FTIR) or confocal
Raman microspectroscopy, will depend on a flat surface to enable optimal focus on
the particles [11, 12]. This is especially true if automated routines are used, where
particles are first identified by acquiring images for a morphological assessment,
including the determination of the particle centers for the subsequent measurement.
Programs enabling these automated routines are commercially available and open
source alternatives exist [13-18]. However, almost all routines lack a calibration and
validation tool. The problem with the validation of a particle localization program is
that spheres are typically used to demonstrate segmentation efficiency. This is a valid
procedure and has the benefit that a ground truth is easily accessible through
computer generated images. Unfortunately, this does not accurately validate the
procedure for the multitude of shapes and color inhomogeneities within the sample.

Another possible validation procedure is to extract images from several publications,
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representing several image capture devices and settings, and then analyzing those
images with the processing routine in question [15]. This is a good routine to show
the generalizability of the implemented functions but lacks the ground truth for each
image. A third path is to apply an automatic thresholding routine, which can be
overruled by the user to “make the segmentation look good”. This is also a valid
approach, used in most commercial software, as the current gold standard for the
identification of particles in images is still the human operator. The drawbacks of this
approach are the missing reproducibility, its high dependency on the operator and
the lack of validation possibilities. Therefore, we focused on building a particle
detection program (7UM-ParticleTyper) that can be calibrated and assembled a
manageable validation procedure in accordance with With et al. and Udupa et al. [19,
20]. It can be transferred to the output of the readers preferred software. The initial
focus was on microscopy images taken with darkfield illumination, and it was

subsequently adapted to the analysis of SEM and fluorescence images.

Merely detecting and morphologically characterizing the particles is not enough as so
far, the results produced by any image processing routine do not include the chemical
properties of the particles [21]. So, after this first step we are still unable to distinguish
between microplastic and native particles and can therefore not yet answer the
question: “How many microplastic particles do we have in our sample?” At this stage,
results from the particle detection can be used, however, to substantially reduce the
measurement time of the sample. By only targeting the particle centers the number of
e.g. Raman spectra to be measured and classified via database matching is reduced to
the number of particles found in the sample. Provided that the measurement of only
one spectrum at the particle’s center is representative for the entire particle, this
reduction is common practice [5, 6, 9] and was implemented into 7UM-Particle Typer.
The reduction was nonetheless tested and validated through a comparison with a
chemical image of the same area, analyzed in a comparable time frame. Area and time
were chosen as fixed parameters, as the area of the filter, which is measured, is

synonymous with representatively in the case of imaging, and time is the variable that

Elisabeth von der Esch 132



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

needs to be optimized. This means that the resolution and timeframe of the mapping

process is set to match the “single point measurement at each particle” strategy.

Even so, assuming that a filter contains only 200 000 particles and one spectrum is
acquired in the center of each particle, sample analysis of would still take N (number
of particles, i.e. 200 000) *t (acquisition time e.g. 20 s) = 47 days. Thus, a subsampling
on the filter is a requirement for feasible MP analysis. There are currently many
subsampling schemes [5, 6, 22]. However, it has not been determined, which strategy
yields the most accurate extrapolation. A random sampling tool was implemented
into the software to allow a sample reduction according to Anger and von der Esch et
al. 2018 [9], the csv output file generated by TUM-ParticleTypercan be used to extract

the particle coordinates for any selection scheme.

In this project, it was our objective to create a particle detection software that
operates on Raman microscopy, fluorescence microscopy and scanning electron
microscopy (SEM) images. Furthermore, the goal was to deliver calibration and
validation tools for the particle detection within the images. The validation protocol
should be generally applicable and transferrable to the output of any other particle
detection software. For Raman microspectroscopy, an additional validation
addressed the often-used single point measurement approach for chemical
characterization. Further, to reduce the overall measurement time, it was our goal to
implement a subsampling routine into the software. To show the prospects and limits
of our automated morphological and chemical characterization routine, we

subsequently applied it to a washing machine water sample.

The paper was split into three parts: 1) The main text, which informs on the general
analysis routine and highlights the strengths and challenges of TUM-ParticleTyper. 2)
The supplementary information, which gives details on the experiments conducted
for the development, calibration, and validation of the program. 3) The software
documentation, which gives details on the program itself and highlights the functions
used for the particle detection. The program documentation, the 7UM-ParticleTyper
software and test images are available freely in our GIT repository [23]. This

partitioning of the publication was necessary so that each target group can easily find
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the necessary information for their purpose 1) general information 2) and 3) for the
reproduction of our results and for the application of TUM-ParticleTyper.
Furthermore, it enabled us to write an interactive documentation, where the

functions of our program can easily be looked up, while coding.

3.2 MATERIAL AND METHODS

ROUGHNESS TESTING FOR THE DEVELOPMENT OF FILTER HOLDERS

To define a parameter to optimize the smoothness of filters as prerequisite for
optimal focus in FTIR or Raman spectroscopy, the flattening potential of different
filter fixation techniques was evaluated by measuring the maximum peak-to-peak
distance. This is the distance of the highest to the lowest pixel on the surface: the
smaller this distance is, the smootheris the surface and the better the fixation method.

For details, we refer to the full procedure in the SI section 1.1.

PRODUCTION OF REFERENCE MATERIALS FOR THE DEVELOPMENT OF
THE IMAGE PROCESSING PROGRAM AND OPTIMIZATION OF IMAGE
ACQUISITION PROCEDURES

Reference materials were produced by ultrasonication of solid polymers and filtrated
onto gold coated polycarbonate filters [24]. The filters carrying the reference
materials were then used to optimize the camera settings of the Raman microscope
(alpha300R Raman Microscope, WITec GmbH, Germany) and the scanning electron
microscope (Sigma 300 VP, Carl Zeiss AG, Germany).

The most important parameters when producing images for the characterization of
particles are 1) contrast, 2) definition, 3) resolution, and 4) color range of the image.
The settings used for Raman microscopy, fluorescence microscopy and SEM can be

found in the SI section 1.2.
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ACQUISITION OF CHEMICAL INFORMATION VIA  RAMAN
MICROSPECTROSCOPY

Chemical information can be acquired by measuring Raman spectra and comparting
the spectra with a database. For this study, spectra at a single position (particle
centers determined by 7UM-ParticleTyper) were measured as well as maps, which
combine many short measurements at specified distances to create a chemical image
according to the procedure developed by Kappler etal. 2016 [25]. For details, we refer

to the full procedure in the SI section 1.3.

FIBER DETECTION IN WASHING MACHINE WATER

To test the applicability of our particle localization and characterization program, a
washing machine sample was deposited on a filter and processed with 7UM-
ParticleTyper. The goal was to determine how many textile microfibers were present
in the sample and to characterize them chemically via Raman spectroscopy. For

details, we refer to the full procedure in the SI section 1.4.

3.3 RESULTS AND DISCUSSION

MORPHOLOGICAL AND CHEMICAL ANALYSIS OF MP REFERENCE
MATERIALS VIA TUM-PARTICLETYPER

FLAT FILTER SURFACES AS A PREREQUISITE FOR OPTIMAL FOCUS

A smooth surface is a prerequisite for optimal focus in a confocal measurement with
Raman microspectroscopy [9]. One possibility to achieve this is to use inherently stiff
filter materials like silicon wafers [12]. However, silicon wafers are expensive and
show a very strong Raman signal, which may interfere with the identification of MP.
Therefore, a subtraction of the silicon signal from all spectra before a database
matching is required. Alternative filter materials were tested by Ossmann et al. 2017
[11], who found aluminum-coated polycarbonate filters to have the lowest

interference in the recorded particle spectra. Furthermore, they found that the
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particles are best visualized using darkfield illumination delivering highly defined and
high contrast images of particles down to 1 pm [11]. As alternative gold coated
polycarbonate filters can be used for Raman and infrared spectroscopy [6, 26]. To
combine both a smooth surface and low signal interference, a series of filter holders
was developed (Fig S1.) and tested with commercially available gold-coated
polycarbonate filters. After optimization the roughness, which was expressed as the
distance of the highest to the lowest part of the filter on 12 mm X 12 mm area could
be reduced from originally 63.1 pm to 5.8 um, which is comparable to a silicon wafer

(details in SI section 2.1).

LOCALIZATION AND MORPHOLOGICAL CHARACTERIZATION OF PARTICLES WITH TUM-

PARTICLETYPER

Independent of the original image (fluorescence, optical, or SEM), the TUM-
ParticleTyper delivers three outputs. First, an overlay of the original image with the
extracted contours is created. Therefore, the user can see what particles were
recognized and roughly assess the success of the automatic particle detection. This is
not to be confused with a proper validation. Second, a black and white image with all
detected particles is generated. This can be used to transfer the particle detection
information into any other software using an automatic thresholding technique, as
only black and white pixels exist. For example, the user can combine the TUM-
ParticleTyper localization with the automated measurement of the Witec
ParticleScout or any software that allows the import of images and the assignment of
a space transformation. Third, should a graphical input not be possible the TUM-
ParticleTyper delivers a csv file that contains the measurement coordinates and the
morphological features of the detected particles (Figure Z20). If the system
(fluorescence microscope, Raman microscope, FTIR microscope or SEM) has a way of
importing coordinates via csv, this is how coordinates can be assigned for subsequent
Raman, FTIR, or EDX measurements. We decided to create this set of outputs rather

than trying to control any measurement devices directly. This has the benefit that if
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the measurement device can load images or csv files the particle locations can be

transferred to it.

# cX cy area diameters_min diameter_max || classification
1 -1662.6 -7995.5 1225 10.0 21.0||Particle
2 -3947.9 -7994.6 1285 10.0 16.0||Particle
3 3251.4 -7992.7 279.5 16.0 27.0||Particle
4 1118.1 -7993.4 191.0 17.0 18.0||Particle
5 -20741 -7991.2 381.0 18.0 27.0||Particle
6 4406.7 -7991.4 487.0 20.0 37.0||Particle
7 792.5 -7992.6 464.5 20.0 41.0||Fiber
8 33415 -7999.0 1402.5 21.0 135.0||Fiber
9 21284 -7989.4 320.0 21.0 21.0||Particle
10 -2991.3 -7991.1 1897.0 21.0 167.0||Fiber
1 -4613.4 -7989.4 148.0 13.6 22 .9||Particle
12 -4093.1 -7988.9 319.0 240 25.0||Particle
13 1966.5 -7990.4 935.0 26.0 66.0||Fiber
14 1438.4 -7988.0 486.5 26.0 26.0||Particle
Parameter for Raman Measurement  Morphological data Automated

b
#

- CIaSSification
! I d PET distribution of shapes

FIGURE 20: TUM-PARTICLETYPER OUTPUT. PARAMETERS NEEDED FOR A SUBSEQUENT RAMAN
MEASUREMENT (BLUE BOX); MORPHOLOGICAL DATA (GREEN BOX) REPRESENTED BY THE AREA (PIXEL
THAT EXCEED THE BRIGHTNESS THRESHOLD WITHIN THE DETERMINED CONTOUR); DIAMETERS MIN/MAX
(DETERMINED BY THE FERET'S METHOD, MEANING THAT THE WIDTH AND LENGTH OF THE SMALLEST
POSSIBLE BOX THAT ENCLOSES THE CONTOUR YIELD THE DIAMETERS); THE CLASSIFICATION IN PARTICLES
AND FIBERS (PURPLE BOX).

The challenge for any particle detection software is to automatically identify the
contours of all particles and fibers depicted in the image that match the user’s input
specifications. To this end, the image is first transformed into gray scale. Thereafter
often a global thresholding method (like Otsu [15, 27]) is applied to the image. This
might lead to different results in different parts of the image if the lighting or the
background is inhomogeneous. In addition, since not all particles share the same gray
values (some appear darker, some appear lighter), global thresholding will not result
in optimal outcome. Even though increasing contrast and brightness could separate

the image strictly into black and white so that the use of a global threshold could work
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in theory, the parametrization is difficult in practice. Enhancing the contrast and
brightness too much also increases the noise in the image, which is then detected as
particles leading to artefacts. Furthermore, the hard-coded parameters are not very
well generalizable and different settings, in which the optical image was taken, might
lead to different qualities of particle detection. This issue is illustrated by Anger and
Prechtl et al. 2019 [15], who presented an open source software package based on
Otsu’s algorithm, which was built to enable detection and morphological
characterization of particles. A common workaround for this problem is to implement
features into the program where the user can adjust contrast, brightness or the
threshold itself. However, as Prata et al. 2019 pointed out this approach, while
sometimes effective, leads to non-reproducible results. An example image that

challenges these adjustments is the following SEM image (Fig. 2).

FIGURE 21: WHEN IMAGE ENHANCEMENT FAILS. ORIGINAL SEM IMAGE OF PS SPHERES OF NOMINALLY
D=80NM (A); SEM IMAGE WITH SLIGHTLY ENHANCED CONTRAST AND BRIGHTNESS (B); SEM IMAGE
WITH STRONGLY ENHANCED CONTRAST AND BRIGHTNESS (C).

As can be seen in Figure 21 the particles at the bottom of the image become better
visible when increasing the contrast and the brightness of the image slightly, whereas
the particles at the top are still not recognizable. Only when enhancing them further
do they become apparent, but at the price of a greater noise in the lower half of the
image. This is the reason why a global-thresholding fails for these kinds of images.
The logical consequence is to change the thresholding approach to suit the variable
lighting conditions and the brightness range of the particles. Therefore, the global
thresholding strategy was changed to an adaptive threshold, where only pixels in

proximity influence the threshold in the 7UM-ParticleTyper software. Our procedure
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also starts with the transformation of the image into a gray scale image. Subsequently
the contours are found by using an adaptive threshold with a Gaussian window [28].
The background interference problem is alleviated by blurring the image and then
applying the adaptive threshold. The blurring is required to reduce the runtime of the
particle detection and to prevent random noise from being falsely detected as
particles. With this procedure, we were able to solve the problem, as can be seen in
Figure 22 (Further information on the program sequence can be viewed in the

program documentation [23]).

—
200 nm

FIGURE 22: SUCCESSFUL PARTICLE DETECTION WITH TUM-PARTICLETYPER. SAMPLE SEM IMAGE WITH
MARKED GROUND TRUTH IN RED (A) AND SEM IMAGE ANALYZED BY TUM PARTICLETYPER (B).

Another challenge was that the area of the particles and the size of the Gaussian
window influenced each other. A large Gaussian window resulted in excellent
detection of large particles, but poor recognition of small particles. When the Gaussian
window was small, the opposite effect was observed. For a more accurate detection,
the image is analyzed twice, first with a large window to find the large particles only.
The second run with the small Gaussian window focuses on the small objects only.
This two-step process leads to 5 trainable hyperparameters: The neighborhood size
and C-value (constant subtracted from the mean of the neighborhood) of each of the
two thresholds and the size boundary between small and large objects. Their

parametrization is described later. An overview is given in 7able 6:
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TABLE 6: TRAINABLE HYPERPARAMETER FOR THE ADAPTIVE THRESHOLD.

Name Meaning Effect Typical Range
Neighbourhood | The number of | Higher number of pixels: | > 49 pixels for a
Size nearby pixels | More accurate detection | large window

small / large

considered for the

thresholding of each

of larger particles. Worse

detection of smaller

> 9 pixels for a

small window

pixel. particles.
Smaller number of pixels: Scales with the
vice versa, resolution of the
image
C-value A constant | Larger constant: smaller | [-10; +10]
subtracted from the | difference between
small / large weighted mean of | brightness of object and
the neighbourhood | brightness of background
pixels needed for a detection.
Smaller constant: vice
versa.
Size boundary | Decision boundary | Higher number of pixels: | > 50 pixels

for which particles
will be considered
during the first run
of the program and

which in the second.

Used when we expect the

particles to be larger.

Smaller number of pixels:
Used when we expect the

particles to be smaller.

Scales with the
resolution of the

image.

The program generates and saves the input image in gray values, with contours of

particles marked in green (particles detected by the first run with the large gaussian

window) or yellow (particles detected by the second run small gaussian window) and

contours of fibers marked in blue. Additionally, their centers are depicted. The

analyzed example image can be seen in Figure 23.
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FIGURE 23: SAMPLE OPTICAL IMAGE FOR RAMAN ANALYZED BY TUM-PARTICLETYPER. FULL SCALE
IMAGES CAN BE DOWNLOADED FROM OUR GIT REPOSITORY. [23]. THE SCALE BAR WAS ADDED AFTER
PROCESSING, AS IT IS OTHERWISE RECOGNIZED AS AN OBJECT BY THE IMAGE PROCESSING SOFTWARE.

After all contours were extracted, the morphological characteristics for each particle
could be calculated. For further characterization, the area, coordinates of the center,
and Feret’s diameters are required, as these yield the size distribution of the sample
and enable us to classify the particle shape roughly in general categories (particle or
fiber). This estimation was done by checking the ratio between the maximum and the

minimum Feret's diameter to be larger than 2.0 and checking the ratio between the
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product of minimum and maximum Feret's diameter and the area of the contour to be
larger than 4.0. If either of these criteria is fulfilled, the object will be classified as a
fiber, otherwise the object will be classified as a particle (further information in the
documentation under challenges in the analysis). The centers of the particles are used
for a subsequent Raman measurement in our case. One problem is however, that the
center of a contour does not always lie within the contour (e.g. when the contour is
bow-shaped) or lies inside of a hole within the contour (e.g. when the object is torus-

shaped). An example can be seen in the following image (Figure 24).

FIGURE 24: CENTER CORRECTION FOR CURVED FIBER. THE CONTOUR IS DRAWN IN TURQUOISE.
ORIGINALLY CALCULATED CENTER (A). CORRECTED CENTER (B).

These cases can be detected firstly by checking the color of the pixel on which the
center is positioned (a dark pixel indicates the background) and secondly by
calculating the distance to the contour, which will be negative if the center lies outside
of the contour and positive otherwise. Therefore, centers within holes, centers outside
of contours or centers not far enough on the inside of a contour, will be drawn far
inside of the contour by the program. This ensures that the laser does not miss the
object or hits it just on its edge. Therefore, yielding a robust coordinate selection for

the measurement of the particle’s or fiber’s spectrum.

Another challenge was the separation of particles that lie in proximity to each other
or are agglomerated. An example of such situations is depicted in the following
fluorescence image (Figure 25). The task was to selectively detect and quantify the

dyed MP fragments, ideally by their respective color.
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(B)

(A)

(©)

FIGURE 25: PARTICLE LOCALIZATION USING THE FLUORESCENCE CHANNELS. ORIGINAL FLUORESCENCE
MICROSCOPY IMAGE BY HANNES IMHOF AND ASTRID BARTONITZ, TUM, AQUATIC SYSTEMS BIOLOGY UNIT
(A). TUM-PARTICLETYPER OUTPUT FOR THE BLUE CHANNEL (B) AND FOR THE RED CHANNEL (C).
ADDITIONAL PROCESSED IMAGES CAN BE FOUND IN THE REPOSITORY [23]. FALSE POSITIVES ARE MARKED
IN PURPLE, FALSE NEGATIVES IN YELLOW AND INCORRECT SEPARATION IS MARKED IN BLUE. THE EXPERT

PARTICLE ASSIGNMENT IS INDICATED TROUGH RED STARS. THE EVALUATION IS FURTHER DESCRIBED IN
TABLE 7.

TABLE 7: EVALUATION OF THE PARTICLE LOCALIZATION USING THE FLUORESCENCE CHANNELS.

Operator TUM- False False Incorrect
ParticleTyper positive negative separation
Blue 106 96 4 4 20 in 9 inst.
channel
Red 33 34 3 2 0
channel

The filtering of colors is achieved through a preprocessing step. The analysis mode is
used to select the RGB-color, all other color values are set to zero. Therefore, only
particles with the fitting colors are distinguished from the black background. After the
selection, the contrast and brightness are enhanced to ensure that the particles
appear white after the transformation into gray values. For the fluorescence images
automatic thresholding via Otsuwas found to be suitable, so it was applied here while

Raman and SEM images require the Gaussian window thresholding. Both the blue and
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the red stained particles can be detected separately and a comparison between
operator and 7UM-ParticleTypershows, that the program delivers reasonable results.
In the processed images we see that the borders of the particles fit the contours of the
particles very well and result in good size estimates. We could however not
completely overcome the problem that grouped or agglomerated particles are
detected as a large particle. In this instance 20 particles were detected as 9 particles,
leading to a lower particle count by the 7UM-ParticleTyper. Overall, we observe that
the particle counts are similar but if we investigate the objects detected as particles,
we do see differences between the operator and the software. Which is why not only
the total particle number but also the false positives and false negatives should be
considered during validation. As red and blue selective channels were already
introduced into the software, a green selective channel was added to enable the
preselection of microplastic through Nile red staining for subsequent Raman
identification. Nile Red is a fluorescent dye that has been used to stain both pristine
and aged microplastic [16, 29, 30]. While Shim et al. 2016 reported false positive and
false negative staining of microplastic in the range of 100 um - 300 pm, Erni-Cassola
et al. 2017 found that all microplastics in the range of 20 ym - 1000 um were stained
by this dye (n = 60 overall, npolymer = 37, negative control nnonpolymer = 23). This makes
fluorescent preselection for further IR or Raman analysis an attractive way to reduce
the number of particles that need to be analyzed, if and only if, the method indeed

provides an effective staining on environmental microplastic.

An alternative to reduce the sample size, by random sampling was also
implemented. This feature selects an appropriately large subset of measurement
targets according to the users specifications on the margin of error, confidence
interval and estimated microplastic content of the sample [9]. The selection will then

be exported into a separate file.

PARAMETRIZATION

A very important part of this project is the parametrization and validation of the

program. To make sure that the program’s output is as close as possible to a
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predefined consensus value, it is necessary to tune the hyperparameters accordingly
and to make sure that the program’s error be as small as possible. To perform this

parametrization, it was separated into different steps:

1. Creating the consensus value: To evaluate the program's performance and to
adapt hyperparameters based on an error function, a consensus value is
needed. Therefore, an expert manually analyzed seven images for each Raman
and SEM and marked all particles and fibers in red. Using the
"red_fluorescence" function of the program, it is easily possible to extract all
needed information for each particle from the labeled images. The most
important information hereby is the number and position of the particles.

2. Performing grid-search: A search over all five hyperparameters
(neighborhood size small/large, C-value small/large and the size boundary) is
performed. All combinations of hyperparameters within a certain range are
tested using a predefined step size. A smaller step size results in a longer
runtime of the search but ensures a thorough search. The result is the test of
all possible combination of hyperparameters within the defined range. This
range was not chosen arbitrarily but based on the experience of prior analysis
using the program and in a way that analyses with useless results are omitted.
Besides the program's usual output, the summed up area, summed up
minimum Feret's diameters and the summed up maximum Feret's diameters
of all particles of each image are saved.

3. Evaluating the grid-search results: After the grid-search, the best-performing
hyperparameter sets are selected. This is done by comparing the mean of the
relative errors of the number of found particles, the total size of all found
particles and the sum of each particle's minimum and maximum Feret's
diameter for each image. The mean of these four relative errors is used as a
comparative value between all iterations of the grid search. A smaller value
indicates a more accurate result.

4. Investigating the best results: The results of the elected hyperparameter sets

are manually checked regarding the following classifications.
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a. True Positive: An object of the consensus value was detected at the
same position as one object in the analysis

b. False Negative: An object of the consensus value was not detected

c. False Positive: An object was detected in the analysis with no

corresponding object of the consensus value

Based on these steps the best performing hyperparameter set (neighborhood size
small/large, C-value small/large and the size boundary) was chosen and implemented
in the software. Since images of different use cases might vary, these values can be
adjusted in the program code to fit the application. Additionally, the neighborhood
sizes of the adaptive threshold scale with the resolution of the image, since the same
particle occupies a different number of pixels in a low-resolution image and a high-
resolution image, which means that also a different number of neighborhood pixels
must be considered for the same result. Oftentimes the image’s quality has a larger
impact on the analysis than small variations within the parameters. As can be seen in
Figure 26, with decreasing number of pixels to represent an image (hence decreasing
resolution), the information contained in the image decreases and therefore the

number of detectable particles decreases too, and the shapes of the detected objects

are less detailed.

Resolution: 0.5 Pixels/um Resolution: 1.0 Pixels/um Resolution: 2.0 Pixels/um

FIGURE 26: RESULTS OF THE ANALYSIS OF AN IMAGE WITH DIFFERENT RESOLUTIONS.

Furthermore, it is important to mention that there is no "perfect" parametrization.

There are a lot of parameter sets that work well on the images and produce similar

Elisabeth von der Esch 146



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

results. But dependent on the image, the objects and the task, different parameters
might lead to better results. During the evaluation of the particle assignment of two
experts, we found that they produce deviant results, which is in accordance with Prata
et al. 2019 [13]. Leading to the conclusion there is a margin in uncertainty /

inaccuracy that can be tolerated when analyzing the optical images.

Example: For the first grid-search based on optical images for Raman, the results for
the constraints we searched with (minPixels of 20, min Feret's diameter of 5 and
resolution of 0.5 pixel/ um) resulted in 171 false negatives (particles that were not
detected) in all test images and showed that 62.6% occurred for object areas below
51 pixels, when using the best performing parametrization. The limit of a minimal
area of 51 pixels for the successful detection is the limiting factor for the lowest
detectable particle area but this area is relative to the resolution. Therefore, if smaller
particles are to be detected a higher resolution is necessary. With our current setup
we are limited to particles larger than 10 um (Figure 27). By taking smaller images
with the same objective we can distribute the maximal number of pixels (8000 X
8000) on a smaller area (e.g. 4000 pm X 4000 pm) creating a higher resolution

(resolution = 2 pixel/ um) image enabling the search for smaller particles.
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FIGURE 27: SIZE DISTRIBUTION OF PARTICLES NON DETECTED WITH TUM PARTICLETYPER DURING
PARAMETRIZATION OF OPTICAL IMAGES FOR RAMAN.

This implies that the 7UM-ParticleTyper is limited regarding small particles. When
reanalyzing the parametrization considering only objects larger than 50 pixels, the
parametrization used above was still in the top 5 of best-performing parameters and
the number of false positives decreased substantially. The other four top results had

very similar parameters.
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VALIDATION

For the validation of a program for image analysis and to ensure its functionality it is

recommended to test its performance before the application. The performance was

validated according to the following six factors for "performance evaluation in image

processing” [19]:

Accuracy: How well has the algorithm performed with respect to some

reference?

The accuracy is covered during the parametrization step, when the program's

performance is compared to the consensus value of the expert.

Robustness: An algorithm’s capacity for tolerating various conditions.

With the use of an adaptive threshold the algorithm can overcome
inhomogeneous conditions in images (e.g. lighting). To test the algorithm'’s
robustness, a real-life sample from a washing machine was analyzed. Even
though the filter is overloaded with particles and dried foam, which built a cake
on top of the filter, the TUM-ParticleTyper was able to detect fibers on this

cluttered surface.

Sensitivity: How responsive is the algorithm to small changes in features?

In general, the adaptive threshold works independent of the shape of the
particle. It's size, however, is the most influential feature on the detection
quality. When the user chooses the “minPixels” input-value too small, the
algorithm might detect a high number of false positives and false negatives. It
is therefore very sensitive to decreasing sizes of particles. However, this can
be overcome by capturing high resolution images possibly also switching to
higher magnification objectives and choosing values for “minPixels”

accordingly.
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o Adaptability: How well does the algorithm deal with variability in images?

The adaptability of the algorithm is demonstrated by the different modes
(Raman, SEM and flourescence) it can handle. Additionally, the program was
tested for proper functioning not only with images taken in our own
laboratory, but also with images from other publications and therefore from
other cameras and camera setups. Since promising results were achieved, the

program's ability to adapt to different images has been demonstrated.

o Reliability: The degree to which an algorithm, when repeated using the same

stable data, yields the same result.

Since the algorithm is deterministic, every analysis of an image using the same
parameters results in the same found contours. Additionally, tests with flipped,
rotated and cropped images were performed. They all generated the same
results. Deviations only occurred at the edges of the cropped images since

objects were cut-off and therefore the area or diameters did not fit anymore.

o Efficiency: The practical viability of an algorithm.

Since the program needs to handle large-size images, blurring the image before
the extraction of contours ensures that small particles (noise) will be reduced
or removed. This is important to guarantee an acceptable runtime. Since the
algorithm focuses on particles starting at a certain size, the neglection of
smaller ones is not a problem. To show the enormous improvement regarding
the time of analysis, a comparison between the expert’s time on creating the
consensus value and the program’s runtime was made on the test images for
SEM. While the expert needed approximately 16 seconds to find and mark a
particle, the program requires approximately 1 millisecond for each particle
(on the developer’s machine. Results may vary). This results in a speedup of a

factor over 1500.
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To show the program’s validity, its results were not only compared to the data created
by a single expert, but also to the estimate of a second expert and the detection using
Otsu-thresholding as in [15]. Hereby, each detected object was classified into true
positive (if it corresponds to a particle also identified by the expert) or false positive
(if it was not identified by the expert). Additionally, the particles identified by the
expert that do not have a correspondence in the analyzed image are classified as false
negative. For each classification the rate regarding the total number of particles in
each test image was calculated and averaged over all seven test images to weight each

test image equally. The results can be seen in Figure 28.

Average Detection Rates
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FIGURE 28: AVERAGE DETECTION RATES OF SECOND EXPERT, TUM PARTICLETYPER WITH AND WITHOUT
BLUR AND A PROGRAM USING OTSU-THRESHOLDING COMPARED TO THE PARTICLES IDENTIFIED BY EXPERT
ONE.

The TUM-ParticleTyper achieved detection rates that lie between the estimates of
both experts for true positives and false negatives. With blurring the images, the
accuracy is decreased, since the original data is altered beforehand and therefore
information is lost. However, the impact is relatively minor, and it is necessary to
guarantee an acceptable runtime. The software using Otsu-thresholding from [15]
fails to detect many particles (58.1%) and is clearly outperformed. The rate of false
positives for TUM-ParticleTyper is higher than the second expert and the Otsu-

method. This has two reasons: First, the program is in general more sensitive than the
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Otsu-method, which detected less objects in general. It has a smaller false positive
rate, since it detects only the most characteristic parts of the image, which are clearly
recognizable objects. The second reason is that oftentimes objects were indeed
detected in a position where also expert one marked a particle but their areas
oftentimes did not fulfill the criterium “minPixels” larger than 51 in expert one’s
findings but did so in the analysis with 7UM-ParticleTyper due to small inaccuracies

in the exact extraction of the contour.

For the seven SEM test images (See Git repository [23]), outstanding detection rates
were achieved: The best parameter set achieved a detection rate of 98.3% for the true
positives, accordingly 1.7% for the false negatives and only a false positive rate of
2.9%. Compared to the results from the Raman images these rates are remarkably
good. However, as mentioned above analyzing too complicated SEM images may

result in worse rates, due to their more complex nature.

All in all, the analysis with 7UM-ParticleTyper generates solid results within the
margin of the error of the two experts and can therefore be considered as valid
alternative. The validation protocol applied here can generally be used to evaluate the

performance of an image processing program.

METHOD COMPARISON OF THE SINGLE POINT APPROACH VS.
IMAGING

An alternative to the single point measurement of particles (localization and
measurement of particles at their centers) is the imaging of filter areas to analyze all
particles therein, by clustering the resulting spectra and calculating the size of the
particles based on the spectral signature. This approach is prominently used for the
automated p-FTIR analysis [17, 18, 26, 31] of microplastics but can also be applied for
Raman microspectroscopy as demonstrated by Kappler et al. 2016 [25]. One of the
drawbacks of the mapping approach is that large datasets (~ 30 GB) are created and
need to be processed for spectral identification. The supposed advantage of the

imaging procedure is that no particles are overlooked and that there are multiple
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spectra for each particle, which can be averaged to yield a clean spectrum. The single
point approach on the other hand only considers one measurement position per
particle, but the integration time is longer for each measurement resulting in a higher
signal to noise ratio for the specific point that is measured. In our approach, a
maximum of 7000 particles is analyzed resulting in a much smaller dataset and faster
analysis (~315 MB for 7000 spectra). The comparison of a mapping and a single point
measurement for an area of 1 mm? is shown in Figure 29. In order to validate the
extreme reduction of measurement points in the single particle approach, particles
were localized with TUM-ParticleTyper and multiple measurements were performed
for each particle to see if all measurement points on one particle yield equal results
regardless of their position, thus proving that one point is sufficient. As can be seen in
Figure 29 most measurement points yield the same spectrum for each particle. The
spectra acquired within the boundaries of the particle differ solely by the achieved hit
quality indices (HQI) but would have led to the identification of the particle in an
average of 82% of all cases, even when the points are close to the boundary.
Comparing these findings to images from p-FT-IR imaging, it becomes clear that the
signal intensity of the spectrum is highest in the particle center and decreases towards
the edges [18, 31]. Furthermore, refractive errors occur for irregularly shaped
materials [32] which introduces artefacts to the spectra and may lead to an
underestimation of particle size, as these spectra are difficult to classify. To determine
the influence of the measurement position on the HQI we correlated it to the distance
of the measurement position in reference to the point, where the highest HQI was
determined. The result of this analysis is that the HQI decreases when the distance to
the particle center increases, which is consistent with the observations for pu-FT-IR
imaging [18, 31]. When comparing our results from Raman imaging and Raman single
point measurements it becomes clear that this effect will be even more pronounced
when short integration times are needed for the acquisition of spectra. In our Raman
images we see that less particles (7 out of 13) were identified as poly lactide and that
the particle size is severely underestimated, because the spectral quality of the
boundary regions is so poor that it is not classified as PLA through clustering.

Specifically, the combined total area of all particles from imaging yielded 35.47 mm?
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for seven particles (incorrectly segmented particles were joined for this count) vs.
109.3 mm?2 for 13 particles that were chemically identified by single point
measurements and morphologically characterized based on the evaluation of the
optical microscopy image via TUM-ParticleTyper. This 82% difference in overall area
could however be remedied by using a smaller step size and / or a longer integration
time per scan, which would substantially increase the measurement time. With the
parameters applied here a 1000 pm X 1000 pm area was measured in 2 h (3.3 times
longer than the single point measurements referring to our Raman system). We
conclude that neither imaging nor single point measurement is flawless but selecting
single points based on particle recognition is a valid way to reduce the overall
measurement time, In addition, the morphological characterization based on image
processing of the microscopy image yields better results than the size estimation

based on the spectral fingerprint.
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Single point measurement more accurate
and efficient than map for large areas
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FIGURE 29: COMPARISON OF RAMAN MAPPING VS RAMAN SINGLE POINT MEASUREMENT IN THE SAME
1000 x 1000 uM SQUARE OF A PLA REFERENCE SAMPLE, WITH THE GOAL TO ANALYZE THE AREA IN A
SIMILAR PERIOD. MAPPING WITH,10 uM STEPS 5 MW, 500MS/SCAN 532 NM LASER 20X MAGNIFICATION
(A). MEASUREMENT OF MULTIPLE POINTS ON A PARTICLE TO DETERMINE IF ALL POINTS ON A PARTICLE
ARE EQUALLY REPRESENTATIVE, WITH 3 MW, 4X55/SCAN 532 NM LASER, 20X MAGNIFICATION (B).
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PURPLE INDICATES THE PRESENCE OF THE TARGET PLA, BLUE INDICATES THE PREVALENCE OF THE
BACKGROUND POLYCARBONATE SIGNAL FROM THE FILTER. ALL SPECTRA THAT COULD NOT BE IDENTIFIED
ARE MARKED RED. FOR LARGE AREAS, SINGLE POINT MEASUREMENTS ARE BOTH EFFICIENT AND
REPRESENTATIVE.

HOW COMPLEX MAY IMAGES BE TO ALLOW FOR SUCCESSFUL
ANALYSIS?

APPLICATION TO A REAL SAMPLE FOR FIBER DETECTION IN WASHING
MACHINE WATER

To prove that TUM-ParticleTyper is also able to handle very complex images,
microplastic analysis was conducted in a sample of washing machine water. The aim
was to detect fibers originating from synthetic clothing treated in the washing step.
After the localization and morphological characterization via TUM-ParticleTyper
2000 of 4000 found fibers were analyzed. Thereof 320 could be automatically
assigned via TrueMatch, and additional 109 fibers could be identified via manual
assignment. The segmentation of the particles is shown in Figure 30. Due to matrix
interference from dried detergent on the filter surface it is difficult to manually locate
fibers. In the processed image the particle counts may not be reliable anymore, as
there are too many particles on the filter surface and they are therefore detected as
aggregates. The fibers on the other hand can still be localized. This shows that also
complex samples can be morphologically analyzed via TUM-ParticleTyper. However,
since the success of the particle detection critically depends on the quality of sample
treatment and of the image, it is recommended to validate the performance for each

sample type, image acquisition setup and research question.
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FIGURE 30 SEGMENTATION ACCURACY FOR SAMPLES WITH INTENSE MATRIX BACKGROUND. ORIGINAL
IMAGE (A), PROCESSED IMAGE (B). FIBERS ARE MARKED IN BLUE, PARTICLES ARE MARKED IN GREEN, BUT
WERE IGNORED FOR THE CHEMICAL IDENTIFICATION, AS HERE THE FOCUS WAS ON FIBERS.

CHALLENGES IN THE ANALYSIS

Despite the program’s successful performance, a few challenges remain to be resolved
in further improvements. The first are holes in contours. As mentioned earlier, the
program has an algorithm to move the center away from such holes to the inside of a
particle (e.g. for torus-shaped particles). Nevertheless, the hole affects the calculated

area of the particle, since the hole’s area cannot be calculated and subtracted easily.

A second challenge are long fibers that shape a ring. The contour might contain a huge
area that is not part of the fiber, but which is nonetheless considered in the calculation
of the area. Here Primpke et al. 2019 proposed the determination of fiber sizes using

a skeletonize function which is superior to our fiber size estimation [33].

A third issue is the detection of agglomerated particles. Since the algorithm for
contour detection cannot separate agglomerates, particles that overlap or adjoin to
each other are detected as one contour and therefore as one particle. Usually an

approach using a watershed algorithm allows the separation of agglomerates, but the
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images also contain fibers. Watershed has a poor performance on fibers and separates
them into several small fractions [15]. It is therefore not suitable and not

implemented so that agglomerates remain a restriction in the program.

As fourth aspect, the TUM-ParticleTyper can have a weak performance when the
minimum area is chosen too small. Even though blurring usually removes noise, false
positive detections still occur more frequently for smaller minimum sizes. Finally,
SEM images can contain bright and dark objects, but only the performance on images
with only bright ones can be regarded as satisfactory. An approach to overcome this
challenge is the inversion of the colors of the image. Dark objects then appear as bright

objects and can be detected in a second analysis.

A general problem is the fact that the program’s performance can only be validated in
relative terms. There are no images with perfectly extracted particles available that
would provide a defined true value. The only ways to assess the performance is to
manually evaluate the image and assign a consensus value, considering that even the
particle detection by two experts does not yield the same result. If the program’s
output is within an acceptable range of deviation from this consensus value, we can

consider it as functioning properly.

3.4 CONCLUSION AND OUTLOOK

TUM-ParticleTyper is an open access image processing tool for the morphological
characterization of particles in optical-, fluorescence and scanning electron
microscopy images. It is the first such tool that can be calibrated to fit the camera
system of the user, the requirements of the analysis, as well as the complexity of the
sample. The essential part of the work presented here was not only the development
of such a tool but also the development of validation protocols for the particle
localization with 7UM-ParticleTyperand the sample reduction from full filter imaging
to single point measurements at the particle centres. It is recommended to prepare a
test sample, to analyse it with the 7UM-ParticleTyper and to parallelly do a manual

particle identification, by marking all particles in red. The found particle number,
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mean area and Feret's diameters should be compared to get a rough quality
assessment, but it is important to access the true positives, false positives and false
negatives as described in the protocol presented here to access the accuracy. As
demonstrated a 100 % accuracy is not possible to achieve with complex samples as
even the assessment of two experts deviates by ~30 %, which is why no ground truth
can be found for the assessment only a consensus value. The protocol can be
transferred to alternative systems and programs for quality control, enabling users to
check their current or future analysis protocols. To enable such an analysis, the
sample surface must be as flat as possible. Therefore, a filter holder was developed,
produced and characterized. With the setup brought forward here, we advance
Raman microspectroscopy analysis of microplastic particles to accomplish a routine,
size-resolved chemical quantification of particles down to a size limit of 10 pm.
Further efforts will need to concentrate on pushing this boundary towards the

detection of even smaller particles.
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GENERAL CONCLUSION AND OUTLOOK

Plastic is essential for modern life, especially in the packaging industry. However,
when plastic gets into the environment and is exposed to UV light and mechanical
stress, it can fragment into smaller particles. These are called microplastic particles
and can be found in the environment and even in water from reusable polyethylene

terephthalate (PET) bottles. [1, 2]

Before the start of this thesis, the automated measurement of microplastic was
already possible. It was however, unclear how many measurements per sample are
enough to ensure a representative result. Furthermore, a validation procedure for the
chemical identification and morphological characterization of microplastic including

the determination of a quantification limit wasn’t established. [3]

To identify these important questions and to find a path towards answering them, the
theoretical background of Raman microspectroscopy was summarized with respect
to the microplastic field. From there a theoretical ideal procedure was laid out and
planned (Figure 31). In the beginning, the focus was on how to produce a
representative sample. A decisive, yet unresolved issue was: "How many particles
must be analyzed to obtain a statistically significant result?” To answer this question
a simple random sampling approach was adapted for the analysis of microplastic with
Raman microspectroscopy. Thus, a minimum number of particles n required for an
idealized measurement system can be calculated from the total number of particles &V
in the sample. This estimation only accounts for the error induced by the subsampling
on the filter. Errors in the sample preparation that occurred before the fixation of
particles on the filter cannot be estimated with this approach. However, it was
possible to show that if small numbers of particles are present, measuring all particles
is feasible and recommended. The subsampling approach only becomes a powerful
tool if particle numbers are so high that measuring all particles becomes
uneconomical. This is the case if 10 000 particles per sample are exceeded. The
minimum subsample size is reached when the error stagnates and the further

measurement of particles therefore does not notably reduce the error. Thus, it is no
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longer necessary to measure each particle, since this consumes valuable time and the
error does not improve much. Further, we exploit the law of large numbers, so the
total number of particles becomes irrelevant for the minimum sample size, meaning,
that 7 000 particles per sample is a good subsample size if the microplastic content is
higher than 1% of total particles allowing an error of + 0.1 irrespective of the total
number of particles. It is however; of utmost importance to determine the total
number of fragments to perform the selection of the subsample, as this process is only
bias free if all particles within the sample have the same probability of being selected
for the subsample. Should the determined microplastic content fall below 1% there
are two options: The first is to randomly select additional particles for the
measurement to ensure that the error interval can be upheld. The second would be to

recalculate the error based on the known microplastic content.

In summary, this approach allows the required number of particles to be adjusted so
that samples can be measured in feasible timeframes at the expense of the error
margin e. Another advantage is that the e can be estimated without replication
measurements. This provides robust criteria for future comparative studies to

quantify microplastic in the environment.[4]
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S Raman microspectroscopy as a tool for microplastic particle analysis TI_ITI
Elisabeth ven der Esch, Philipp M. Anger,
Themas Baumann, Reinhard Niessner, Martin Elsner, and Natalia P. Ivleva
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FIGURE 31: RAMAN MICROSPECTROSCOPY AS A TOOL FOR MICROPLASTIC PARTICLE ANALYSIS. A LARGE
VERSION CAN BE FOUND HERE HTTPS.//WWW.EGU.EU/AWARDS-MEDALS/OSPP-
AWARD/2019/ELISABETH-VON-DER-ESCH/

One important criterion for the application of this procedure is that all particles
within the sample need to have the same probability to be selected for chemical
identification, therefore we require a tool with which we can quantitatively localize
all particles deposited on the filter. In order to build such a tool, reference materials,
that mimic the properties of the microplastic found in the environment (Figure 32),

are required. [5]

The challenge here is that most of the microplastic detected in the environmental
samples are caused by weathering and fragmentation of larger plastic waste. [6] This
results in microplastic particles of a wide size range (1 pm - 1 mm) and a variety of
shapes (fragments, spheres, fibers), which are suspended in water (sedimentation by

density) and have particle surfaces modified by ageing (additional OH, C=0 and COOH
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groups on the particle surface). To produce such a material, we present a fast,
ultrasonic-based fragmentation method for PS, PET and PLA, which produces
dispersible, high-purity microplastic particles (up to 105 particles/15 mL) in aqueous
solution. [7] To meet the requirements of a reference material, the key properties -
composition and size distribution to ensure sample homogeneity, as well as shape,
susceptibility and aging - were analyzed in triplicates to ensure a robust production
process. In addition, the stability of the manufactured plastic particles was

demonstrated over a period of nine months.

The presented method produces particles in the range of nano- and microplastic
(<20 pum, 54.5% + 11.3% of all particles). To ensure that all properties were
characterized, various methods were applied. Raman microspectroscopy was used
for quantitative chemical identification and size distribution analysis for microplastic
larger than 10 um. Attenuated total reflection Fourier Transform Infrared
Spectroscopy and reflection micro-Fourier Transform Infrared Analysis were used on
microplastic fragments to investigate surface modifications, showing the formation of
polar groups on the surface of the particles in the OH, C=0 and COOH range. Smaller
particles from 100 nm to 20 um were characterized qualitatively by scanning electron
microscopy (SEM) in combination with energy dispersive X-ray spectroscopy
showing that irregular fragments are the predominant form in all polymers, but fibers
are also present. Furthermore, UV-VIS spectroscopy showed that like microplastic
from environmental samples these particles sediment according to their density and

that adhesion to glass is avoided.

The key achievement of this study is that reference materials can now be generated
in a simple ultrasound procedure accessible to any laboratory, therefore eliminating
the need for expensive instrumentation such as cryomills, while delivering particles
resembling the ones found in environmental samples in all key characteristics,
outlined in the target section. With these reference materials, the development of
TUM-ParticleTyper was enabled. Furthermore, Christian Schwaferts also used these
reference materials to test the applicability of Raman microspectroscopy for the

chemical identification of submicrometer plastic fragments. [8] However, there are
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many more applications for these materials as they could be used to facilitate
toxicological studies by being suspensible in water so that no additional surfactants
need to be used, which could potentially influence the results of the study. To enable
such types of studies the procedure must be upscaled. Furthermore, these materials
were already used in a small pilot study that aimed at understanding the
biodegradation of PLA via bacteria. [9] Expanding this research may enable us to
answer whether biodegradable plastic truly is a good alternative to conventional
plastic, when it comes to microplastic formation and the release of additives. Herein
the single particle analysis via Raman microspectroscopy might also help identify
structural changes within the molecular structure of the microplastic particles and
could provide insights into whether the fragments are actually degraded or only
colonized by the bacteria. These insights might be particularly important for
agricultural applications, where plastic mulch foils made up of biodegradable are

already used in large scales. [10]
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M | P A q Simple Generation of Suspensible Secondary Microplastic Reference
Particles via Ultrasound Treatment

Elisabeth von der Esch, Maria Lanzinger, Alexander J. Kohles, Christian Schwaferts,
Jana Weisser, Thomas Hofmann, Karl Glas, Martin Elsner, Natalia P. Ivleva

Microplastic reference material requirements Summary

Key characteristics of microplastic: Characteristics of microplastic reference particles formed
Size distribution 1 pm - 1 mm through sonication:
Multitude of polymer types are found

Variety of shapes: spheres, films, fragments, fibers
Ageing through UV-light, abrasion, interaction with environment
Suspensibility, as it is found in the water column, sediment and

Size - 1um (detected) - depending on parent particle size
Polymer type = all tested polymers fragment in high purity and are
detectable by Raman microspectroscopy and IR spectroscopy

Shapes - each polymer yields specific shapes preferably but all
shapes occur

Ageing > visual and chemical signs of oxidation/hydrolysis
Suspensibility - creeping effect could be avoided in all cases

surface water
Reference materials should be:
-> As similar as possible to the microplastic found in the environment
= Produced through a robust, reproducible procedure
- Characterized with a defined margin of error in the metrics that they o
are a reference for Ideal for application in:
Method development (image processing training, database search
testing, automation, detectability assessment)
Method validation (recovery rate determination, sample spiking with
PLA)
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FIGURE 32: SUMMARY OF THE SIMPLE GENERATION OF SUSPENSIBLE SECONDARY MICROPLASTIC
REFERENCE PARTICLES VIA ULTRASOUND TREATMENT
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Returning to our objective of microplastic quantification via Raman
microspectroscopy, the single particle characterization of microplastic by means of a
combined microscopy and spectroscopy technique offers the advantage that both
morphological and chemical investigations can be performed. This is particularly
useful in microplastic research, since a large number of polymers, sizes and shapes

occur, which must be detected in presence of naturally occurring particles.

TUM-ParticleTyper [11, 12] is an open source software tool developed for effective
particle and fiber quantification in different types of microscope images (optical,
fluorescence, SEM). This tool allows an automated analysis of microplastic samples
from deposition on a filter to chemical identification. The software performs particle
detection on images (Fijgure 33) and provides a morphological classification of
particles present in the sample, including size distribution and shape classification. A

comparison of different thresholding methods showed that by using an adaptive

Raman microscopy

Scanning electron microscopy

Florescence microscopy (separation blue vs red)

FIGURE 33: PARTICLE LOCALIZATION AND MORPHOLOGICAL CHARACTERIZATION OF PARTICLES THROUGH
IMAGE
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threshold, the number of true positive particle detections could almost be doubled
compared to the common global thresholding. The information generated by the
thresholding is used by the software to define the particle contours and optimal
coordinates for subsequent chemical identification, by e.g. Raman microspectroscopy.
For samples with a large number of particles, it is even possible to create a subsample
to avoid disproportionately long measurement times without compromising
statistical significance. Our user-friendly graphical interface allows the user to tailor

the analysis to individual needs and research questions.

With this software we have taken a big step towards answering the question: "How

many microplastic particles are in my sample?" ( Figure 34)

Combining all efforts in sample size estimation and reduction (chapter 1), production
of reference materials (chapter 2) and establishment of a morphological and chemical
identification and validation procedure (chapter 3) we can now quantify microplastic
down to 10 um in environmental and food samples with microplastic contents as low
as 1%. The 10 pm limit is due to the resolution of the image. With our microscope we
have a maximum resolution of 8 000 x 8 000 pixels at our disposal, for a 16 000 pm
X 16 000 pm area and 20X magnification objective. This means that if an image of the
entire filter is taken, we achieve a maximum resolution of 2 um/ pixel. In order to
achieve a higher resolution, the pixels must be distributed over a smaller area, and
thus the image section must be smaller. There are two ways to adapt the method for
particles < 10 um. First, all particles < 10 um can be measured on a section of the
filter (window) and extrapolated to the total area. This path requires proof that such
an extrapolation is permissible, i.e. that smaller particles are distributed sufficiently
homogeneously on the filter. If this is not possible because even small particles are
distributed inhomogeneously, another path must be considered. The second
possibility is to measure the filter as a mosaic. For this purpose, a picture would be
taken of a section of the filter and a sample of the particles would be measured. This
procedure is repeated until the samples are distributed over the entire filter. From
our metadata analysis it becomes apparent that Raman microspectroscopy holds the

potential to detect microplastics as small as 1um. However, lowering the
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quantification limit to this level while keeping the procedure at an economically
sensible timespan will be a challenging but necessary task to reach the full potential

of this method.

The key achievement of this dual publication [11, 12] is that the software 7TUM-
ParticleTyper allows a reproducible and validatable particle localization for Raman
microspectroscopy, Fluorescence microscopy and SEM images. Furthermore, for the
quantification of microplastic via Raman microspectroscopy the image acquisition
and measurement, parameters were validated and the protocol for the validation was
generalized so that it is applicable for any image and spectroscopy-based
quantification procedure. By automating the localization, subsampling and
measurement of the particles, it is now possible to perform a representative
microplastic analysis within 48 h of measurement time for a subset of 7 000 particles
and / or fibers. This excludes ~ 6 additional hours of operator effort, to deposit the
particles on the filter before the analysis and to check the results after the analysis.
This in turn enables a reasonable sample throughput for the investigation of
microplastic in environmental and food samples. It might even become feasible to
monitor an entire production cycles, to investigate, at which stage microplastic enters

our food.

A very important point in such investigations will be to analyze the mode of sampling,
as the analytical error and parts of the sampling error, where characterized in this
thesis but primary sampling and all potentially necessary sample preparation steps
specific to the sampled lot still need to be investigated. An alternative to the
theoretical calculation is the empirical determination of the error, which can be done
by accessing the variance in results of replicate measurements ideally in a ring trial,
where the performance can be benchmarked to alternative methods. The
representativity of the sampling and analysis process could further be determined by
the accordance of orthogonal methods (e.g. mass vs. particle number) by using a

genuine sample. These further investigations of the entire experimental design will
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lead to more reliable results and to harmonized methods for the quantification of

microplastic in various matrices.

This thesis provides the basis for statistically correct sampling on a filter, reference
materials for further method development and a robust and validated quantification
method. All of the presented advances can still be expanded to smaller fragments, up
scaled, pushed towards harmonization and even adapted to other particulate
substances, thus unlocking the full potential of Raman microspectroscopy for the

analysis of single particles.
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Mi PAq “How many MP particles are in our sample?”
How can we answer the question accurately within two days?

Elisabeth von der Esch, Alexander J. Kohles, Philpp M. Anger, Reinhard Niessner, Martin Elsner, Natalia P. Ivleva

Plastic is subject to environmental influences such as UV irradiation and
mechanical strain and thus is broken down into microplastic (MP} a
heterogeneous particulate impurity. The main characteristics of the analyte
are:

= the variety of polymer types (at differing stages of degradation),

« shapes (fragments, fibers, films, and spheres)

= sizes (1 um - 1 mm)

These already complex samples have notoricusly low microplastic contents,
in relation to the native particles and are famously prone to contamination.
Consequently, to deliver a satisfactory answer, chemical and morphological
characteristics of MP should be quantified for each sample.

Particle visualization

The particles are heterogeneously distributed and the extrapolation of part of the filter
(e.g- 1 Quadrant to the entire surface) might lead to incorrect results especially for large
particles.

- It is necessary to analyze the image of an entire filter [4,,7-9]
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[Programn Starced

Pixel to be thresholded
Tresholding window, size 9 pixel

o Tresholding window, size 25 pixel
> Depending on the neighborhood

(gaussian weighting): | | or Il

TUM-ParticleTyper 8.9

Automated adaptive thresholding to avoid human bias

Time efficient automated measurement

>Like a poll before elections the outcome of the election is predicted based on a
subsample. Rather than measuring every single particle, TUM-ParticleTyper
calculates the minimum sample size with respect to the desired margin of error to
estimate the compound distribution. [4,,8,9]

20 s per measurement ensures that the polymer signals are strong enough for
identification on gold coated polycarbonate filters. [7]

Unambiguous chemical characterization via TrueMatch

—>Parameters: rolling ball baseline correction + Pearson correlation cutting out the
silent region

(1800 - 2800 cm™") + check low hit quality results 20- 15 HQI (for reference
materials). [7]

PLi sample composiion Merger of chemical and morphological data [7]

S - Comprehensive information on the sample
’ e o composition
i ‘ !'"' - Validation of the particle localization via validation
k - :w . I B — e protocol for new types of samples [8,9]
vessana —sof | 77 | j 1 i1} = Error estimation possible

- Typical Otsu thresholding was outperformed

FIGURE 34: “HOW MANY MP PARTICLES ARE IN OUR SAMPLE?” HOW CAN WE ANSWER THE QUESTION
ACCURATELY WITHIN TWO DAYS? BY USING OUR MP LOCALIZATION TOOL, TUM-PARTICLETYPER.
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APPENDIX A1 SUPPORTING INFORMATION FOR CHAPTER 2

PREVIEW TUM-PARTICLETYPER

# cx Cy area diameters_min diameter_max classification
1 -1662.6 -7995.5 1225 10.0 21.0 Particle
2 -3947.9 -7994.6 128.5 10.0 16.0 Particle
3 32514 -7992.7 279.5 16.0 27.0 Particle
4 1118.1 -7993.4 191.0 17.0 18.0 Particle
5 -2074.1 -7991.2 381.0 18.0 27.0 Particle
6 4406.7 -7991.4 487.0 20.0 37.0 Particle
7 792.5 -7992.6 464.5 20.0 41.0 Fiber
8 33415 -7999.0 1402.5 21.0 135.0 Fiber
9 2128.4 -7989.4 320.0 21.0 21.0 Particle

10 -2991.3 -7991.1 1897.0 21.0 167.0 Fiber
11 -4613.4 -7989.4 148.0 13.6 229 Particle
12 -4093.1 -7988.9 319.0 24.0 25.0 Particle
13 1956.5 -7990.4 935.0 26.0 66.0 Fiber
14 1438.4 -7988.0 486.5 26.0 26.0 Particle

Figure 1: Example of particle and fiber detection using TUM-ParticleTyper, left
original image, right processed image. Particles are marked in green, fibers in blue.
The red and blue dots mark the center points calculated for each particle. An example
of a morphological characterization for particle and fiber detection using the TUM-
ParticleTyper can be seen at the bottom. Here the particle number (#), the center
coordinates (cx, cy), the area (area) the Feret’s diameters (diameters min,

diameters_max) and the classification into fiber or particle (classification) are

Elisabeth von der Esch 179



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

displayed. All data were reprocessed with the latest TUM-ParticleTyper version July

2019 to ensue best and consistent results (E. von der Esch, A. Kohles et al. submitted

[1)-

Validation of Database Identification with 7TrueMatch

Examples for low HQI matches SpektrenViewer

PC HQl15 ‘ ’
500 1000 1500 2000 2500 3000 3500 .

Raman Shift [1/cm]

TrueMatch component 142

<

CCD cts
0 10 20 30 40

v PE HQI17 p fltor_.
2 Q m (CaCO3 = fluorescence = PC = PE = PET m PS m unknown =P PCfiler_Background = unidentified
]
o
eg Visual assessment operator 1 Correlation coefficient 2 components
[a]
g4 ﬂ HQI > 15, 600 -1800 cm'!
s
=)
i ifi absolute % classification absolute %
< Caco3 2 04
500 1000 1500 2000 2500 3000 3500 Fluorescence * 14 28
| Raman Shift [1/cm] PC 122 245 PE ! 02
PET HQI 21 PE 1 02 PC_filter_Background 196 39.2
\ PET a2 e unenties ss 1
| Ps™ 22 44 Sum 445 100
‘I unknown 95 19.1

CCD cts
0 20 40 60 80

Sum 498 100
‘f’ “Fluorescence can not be classifier for a database search, it was only used in manual spectral analysis to check if even pristine MP samples show
fluorescence

-+ - . - - - - **Misidentification by operator was PC + band over 1000 resulting from salt impurities
500 1000 1500 2000 2500 3000 3500
Raman Shift [1/cm]

Figure 2: All spectra from Replicate 1 were manually classified by operator 1 and then
reprocessed with TrueMatch using a custom database. On the left examples for low
HQI matches are displayed. HQI > 15 was found to be the lowest acceptable value all
classifications below this value were marked as unidentified. All TrueMatch
identifications below HQI = 20 should be checked before continuing the analysis,
which is why the TureMatch analysis takes 20 min, the actual runtime of the program
is ~ 30 sec for 1000 spectra. A comparison of the spectral identification of operatorl
(middle) vs. True match (right) shows that the identification with both methods leads

to comparable results.

Elisabeth von der Esch 180



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

Morphological Changes in Polymer Surface Due to Ultrasonic Degradation

ee—
1000 pm

Figure 3: Surface of PLA square, before sonication (a), after sonication with MilliQ (b)

and KOH (c) recorded on a Witec alpha 300 Raman microscope 20x magnification.

PET pristine PET aged

500 pm 500 pm

ES pristine
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Figure 4: Surface of the polymer parent particle, before sonication and after
sonication in alkaline solution recorded on a Witec alpha 300 Raman microscope 20x

magnification.

Particle 23 ) PVC reference EDX spectrum

PVC particle 23

2pm VergréBerung= 5.12 K X Hochsp. = 3.00 kV Signal A= SE2 Datum :13 Jun 2019

BlendengroBe = 30.00 ym Arbeitsabstand = 6.5 mm Zeit :15:00:38

Figure 5: Example for a SEM/EDX analysis of PVC microplastic particles.

Shapes Surface morpholog Size

Vepstnmg = 100K Xitchap = 20000 St An 363 . = o
Bavsengute s 000 Aaseataind + 49 2 Bt + 050pm - e 2ot 110097 Bavsonyeie 3090, e 2eer02ar

PET fragmented in MilliQ

Bonangut = 000 s 7 2o 150134

PET fragmented in alkaline solution

Figure 6: Surface morphology changes by fragmentation in pure MilliQ and KOH.
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VergrsBerung= 583K X Hochsp.= 3.00kV  Signal A= SE2 Datum :17 Jun 2019 10 ym VergroBerung= 1,26 KX Hochsp.= 3.00kV  Signal A= SE2 Datum :17 Jun 2019

Blendengrée = 30.00 ym Arbeitsabstand = 6.7 mm Zeit :15:11:14 ! BlendengréBe = 30.00 ym Arbeitsabstand = 6.7 mm Zeit :15:11:57

2pm VergréBerung= 8.75 K X Hochsp. = 2.00 kV Signal A= SE2 Datum :17 Jun 2019 2pm VergroBerung= 3.69 K X Hochsp. = 2.00 kV Signal A= SE2 Datum :17 Jun 2019
! "BlendengréBe = 30.00 ym Arbeitsabstand = 6.7 mm Zeit :15:14:44 BlendengréBe = 30.00 ym Arbeitsabstand = 6.7 mm 2eit :15:16:56

Figure 7: Surface modification of PLA.
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Yield and Reproducibility of the Fragmentation

Characterization of the starting materials
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Figure 8:Exemplary spectrum of PLA starting material (blue) fragmented PLA (red).
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Figure 9: Exemplary spectrum of PS starting material (blue) fragmented PS (red).
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Figure 10: Exemplary spectrum of PET starting material (blue) fragmented PET (red).
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Additional in-depth manual fiber analysis:

To confirm that the fibers detected in the automated analysis originate from the
fragmentation of the original polymer piece additional manual measurements were
performed. (Original automated analysis Jan. 2019, second manual analysis Sept
2019) We can confirm that PET, PLA and PS produce fragments in the shape of fibers.
These fibers are typically shorter than 100 um (for PET there was one exception see
Figure 11) and could be identified through Raman microspectroscopy (Figure 11-14).
We also found fibers from aerial contamination. These showed only a fluorescence
signal and were typically larger than 100 um. Examples for the recorded spectra and
images of the fibers can be viewed in Figure 12. Since the samples could be
remeasured after a 9-month storage (on gold coated polycarbonate filters in glass
Petri dishes) we further conclude that the particles generated through sonication are

stable for at least 9 moths
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Figure 11: Fiber-like structures produced through sonication of PET.
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Figure 12: Fibers from aerial contamination.
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Figure 13: Fiber-like structures produced through sonication of PS.
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Figure 14: Fiber-like structures produced through sonication of PLA.
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Size Distribution Statistics

Table 1: Size distribution statistics.

Absolute Numbers

size distribution in %

descriptive statistics

Particle Fiber |>10 100- 50- Average size in MAD in
PS Total s S 0 50 20 <20 |pm pum
21732 77.9
Replicate 1 8 214382 2946 0.36 2.37 19.33 4 16.47 8.45
45.2
Replicate2 9227 8638 589 3.55 9.94 41.29 2 34.77 23.13
40.9
Replicate3 61464 56613 4851 6.46 14.10 38.49 6 39.44 27.46
MeanR 1- 54.7
3 96006 93211 2795 346  8.80 33.04 0 30.23
SD 10826 20.2
absolute 5 107644 2135 3.05 595 11.95 3 12.14
SD percent 113 115 76
Absolute Numbers size distribution in % descriptive statistics
PLA Particle Fiber |>10 100- 50- Average size in MAD in
Total s S 0 50 20 <20 |pum pum
61.4
Replicate 1 21067 20454 613 3.40 7.24 27.94 1 26.10 18.58
433
Replicate2 10602 9924 678 692 12.76 36.95 7 39.03 28.07
51.8
Replicate 3 20757 19471 1286 3.16 10.06 34.96 2 30.99 20.17
Mean R 1- 52.2
3 17475 16616 859 4.50 10.02 33.28 0 32.04
SD
absolute 5954 5817 371 211 276 473 9.03 6.53
SD percent 34 35 43
Absolute Numbers size distribution in % descriptive statistics
PET Particle Fiber |>10 100-  50- Average size in MAD in
Total s S 0 50 20 <20 |pum um
65.6
Replicate1 48882 47480 1402 0.70 476 28.89 5 20.97 11.62
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49.4

Replicate2 72075 68436 3639 3.53 10.30 36.76 1 31.34 19.85
54.6

Replicate3 17586 16753 833 2.00 8.73 34.66 1 27.38 16.04

Mean R 1- 56.5

3 46181 44223 1958 2.08 7.93 3344 5 26.56

SD

absolute 27345 25995 1483 142 286 4.07 8.29 5.23

SD percent 59 59 76

Mechanistic Implications

Table 2: Preliminary data for PE, PP and PA for PVC see SI, Figure 5.

Absolute Numbers size distribution in %
Polymer
Total Particles Fibers >100 100-50 50-20 <20
PE 11795 11090 705 1.27 6.20 39.04 53.49
PP 83635 81617 2018 0.43 3.63 22.70 73.24
PA could not be fragmented in alkaline solution and resulted in the formation of a gel

Ultrasonic bath testing procedure

Figure 15: Identification of hotspots in ultrasonic bath with aluminum foil. Submerge

the foil in the ultrasound bath and turn it on after a few seconds holes should appear
in the surface. Leave the foil in for approximately one minute. The largest holes will
indicate the strongest field. After finding these hotspots all samples should be placed

in exactly this position to ensure identical fragmentation condijtions.
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Axial resolution of the Measurements

ATR and Reflectance IR Spectroscopy

30
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¥
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sin2(45) 0.5
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PLA_Reflexion_IR .
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PS_Reflexion_IR
A
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Sample and instrumental properties Sample Aincm axial resolution in cm__axial resolution in ym
n(PS) 158  refractive PS 5.32E-05 2.10E-03 2.1014
n(PET) 1.57 index in PET 5.32E-05 2.09E-03 2.0881
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Figure 16: In order to perform a sucsessful analysis and to interpret the results it is

imortant to know what exactly you are measuring and at what depth. We have put

together our penetration depths for ATR-FTIR, Reflectance FTIR and Raman

microspectroscopy with a 532 nm laser.

Elisabeth von der Esch

194



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

H-FTIR analysis

PET analysis
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Figure 17: Image of the analyzed particles (top). The particle numbers correspond to

the spectra below. All measurements were conducted on a u-FTIR system by Agilent

Cary 620.
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Figure 18: Image of the analyzed particles (top). The particle numbers correspond to
the spectra below. All measurements were conducted on a y-FTIR system by Agilent

Cary 620.
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Figure 19: Image of the analyzed particles (top). The particle numbers correspond to
the spectra below. All measurements were conducted on a y-FTIR system by Agilent
Cary 620.

1. Elisabeth von der Esch, Alexander |. Kohles, Philipp M. Anger, Roland Hoppe,
Reinhard Niessner, Martin Elsner, and N.P. Ivleva, TUM-ParticleTyper: A
Detection and Quantification Tool for Automated Analysis of (Microplastic)

Particles and Fibers. PLOS ONE submitted
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APPENDIX A2 SUPPORTING INFORMATION FOR CHAPTER 3

Supplements to the Material and Methods
Roughness testing for the development of filter holders

The suitability of the filter holder for the analysis of MP by means of RM was evaluated
by measuring the surface roughness. Therefore, a gold-coated polycarbonate filter
(diameters 25 mm and 50 mm, pore size 0.8 pm, Analytische Produktions-,
Steuerungs- und Controllgerdate GmbH, Germany) was used. The roughness was
evaluated by using clean and used filters. The used filters were in contact with an
artificial matrix which was a suspension of humic acids (native, Carl Roth GmbH + Co.
KG, Germany) and bentonite (Carl Roth GmbH + Co. KG, Germany) in ultrapure water
(Milli-Q® Reference, Merck KGaA, Germany), which was filtered onto the filter
(vacuum filtration, 25 mm, 30 mL, with glass frit, Sartorius Lab Instruments GmbH &
Co. KG, Germany) and afterwards the filter was freed from the residue with ultrapure
water (Milli-Q® Reference, Merck KGaA, Germany). The dried filter was clamped into
the filter holder and analyzed with TrueSurface (WITec GmbH, DE). For comparison
the same filters were laid onto a glass slide and fixed to a glass slide with a double
sided tape (tesa® Doppelband TRANSPARENT, tesa SE, DE) and equally analyzed

with TrueSurface (WITec GmbH, Germany) which measures the surface topography.

The roughness for filters with 50 mm diameter was evaluated on an area of
30 mm X 30 mm and a size of 100 Pixel X 100 Pixel. For filters with 25 mm diameter
an area of 12 mm X 12 mm and a size of 40 Pixel X 40 Pixel was evaluated. This
resulted in an equal resolution of 300 um Pixel-1. The roughness was evaluated by the
maximum peak-peak distance which is the distance of the highest to the lowest pixel.
The smaller this distance is, the smoother the surface and the better the fixation

method.

Image acquisition procedures for optical, fluorescence and scanning electron

microscopy
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For the Raman microscopy analysis images of the reference particles and of particles
from washing machine samples were acquired on an alpha300R Raman Microscope

(20x objective, 3 [db] Gain, 3 % top illumination, 1/10 fps, WITtec GmbH, Germany)

The fluorescence images under a Leitz Laborlux S with a 4X objective in combination
with an Olympus DP74 camera and the Olympus Software CellSense Standard
(Olympus Europe SE & Co. KG, Germany). Blue channel was imaged using a filter cube
A (Immission BP340-380, Emission LP430) and the red channel with a N2.1
(Immission BP515-560, Emission LP580) filter cube. Both were imaged in RGB mode

and merged afterwards. The size of the particles is between 35 and 50 pm.

The SEM images were recorded on a Sigma 300 VP (Carl Zeiss AG, Germany) using a
HD secondary electron detector. For sample preparation, the suspensions (10 pL)
were dried on silicon wafer slices and were imaged without the need for coating with
metals due to the use of a FE Schottky cathode and low acceleration voltages

(2 - 3kV).

Furthermore, images from publications were extracted and analyzed to show the
generalizability of our approach. For the acquisition parameters we refer to the

original publications.
Acquisition of chemical information via Raman microspectroscopy
Single point measurements:

The particles were localized (calculation of centers for Raman measurement) and
morphologically analyzed (Feret's diameter min and max, area, ratio of Feret's
diameter and percentage of area covered by particle in Feret’s box for shape analysis)
via image processing using TUM-ParticleTyper. Subsequent Raman
microspectroscopy revealed the identity after an automated spectral assignment.
Measurement parameters: 532 nm laser, 3 mW using 7TruePower; 20 s measurement
time, 20X objective, inserting the determined coordinates by 7UM-ParticleTyper via
PointViewer on to the alpha300R Raman Microscope, WITec GmbH, Germany.

Spectral assignment: 2 component search via correlation coefficient [1]in the region
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of 600 - 1800 cm! up to a hit quality index of 15, using TrueMatch, Witec, Germany

see validation of these parameters in von der Esch et al. 2020/2)].
Imaging:

The Raman imaging experiments were performed according to the procedure by
Kappleretal. 2016. [3] (Measurement parameters: 1000 pm X 1000 um area, a 10 um
step size 5 mW 500 ms/scan 532 nm laser 20X magnification on an alpha300R
Raman Microscope WITtec GmbH, Germany). The identification of the particles is
done by k-means clustering of the acquired spectra. (k=20, yielded best results using
Project FIVE, Witec, Germany) Only the target Cluster (of the searched polymer
polylactic acid) was used to calculate the number and size of the respective particles

and for the overlay with the original image.
Fiber detection in washing machine water

The sample was prepared at “Sachsisches Textilforschungsinstitut” (Saxonian
institute of textile research, STFI), by washing a fleece with ECE-2-detergent (4 g/L)
and sodium percarbonate (0.66 g/L). The water from the washing procedure was
collected yielding a suspension (35 mL). The suspension was shaken and filtrated (25
mm diameter, 0.8 um pore size, Au-coated polycarbonate filter, APC GmbH) in a
laminar flow box (EN 1822, Spetec GmbH). To reduce particle contamination all
filtration equipment was sonicated (in MilliQ, 30 min) and dried with lint free cloth
(Kimberly Clark Kimtech). The setup was then rinsed with MilliQ water (100 mL)
until no particles were visible in direct white light (Chameleon, CU6, 400 Im). Then
the entire sample was deposited on the filter and treated with KOH (1 M, 4 mL twice
for 1 minute) to remove the organic matrix. The suction strainer was rinsed with
MilliQ (100 mL) to deposit particles stuck to its walls onto the filter. After deposition
a microscopy image of the filter was taken (see 2.3) and processed with the procedure
presented in this work using the T7TUM-ParticleTyper software (min pixel 20,
resolution 0.5 pixel/um, detection mode Raman only fibers). For the chemical
identification 2000 fibers were selected by random sampling. The selected fibers

were measured using the single point approach (see 2.4).
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For the comparison of single point measurements and imaging the parameters were
tweaked so that the same area was analyzed roughly in the same amount of time,
without sample size reduction in the single point approach (no random sampling).

The exact parameters for each comparison are stated next to the overlay images.
Results and Discussion

Flat filter surfaces as a prerequisite for optimal focus

Figure 1: Exploded view of the filter holder a), massive filter holder for filters with

diameters of around 25 mm b), schematic drawing of the filter holder c), filter holder

with opening in the center for filters with diameters of around 25 mm d), constructed

Elisabeth von der Esch 201



THE AUTOMATION AND VALIDATION OF A MORPHOLOGICAL AND CHEMICAL QUANTIFICATION PROCEDURE FOR MICROPLASTIC
FRAGMENTS USING RAMAN MICROSPECTROSCOPY

at the Institute of Hydrochemistry, Chair of Analytical Chemistry and Water
Chemistry, TUM.

Two sizes for filters with 50 mm diameter and for filters with around 25 mm (Figure
1) and two types of filter holders were constructed. The first type is a massive one
(Figure 1b), the second type possesses an opening in the center that can be used for

transmission measurements or illumination from the downside of the filter (Figure
1).

For fixation of a filter the upper part of the filter holder is lifted. The filter is placed
onto the lower part and the upper part is laid down on the filter carefully. By
tightening the screws in an alternating manner, the filter is smoothly fixated between

the two parts of the filter holder.

In Table 8 the peak-peak distances for clean gold-coated polycarbonate filters with
50 mm and 25 mm diameter as well as the peak-peak distances for the same filters
that were previously in contact with an artificial matrix are given. For the calculation
of the mean and the standard deviation for the filters with an asterisk (*) three
different filters were measured in triplicate. For every other fixation a sole triplicate

measurement of the same filter was used for calculation.

Table 8: Comparison of peak-peak distances for clean gold-coated polycarbonate
filters with a diameter of 25 mm; mean and standard deviation were calculated from

triplicate TrueSurface measurement of one filter.

Fixation method Peak-Peak

Clean gold-coated polycarbonate filter with 50 mm diameter

Massive filter holder* 31.2 ym + 7.8 pm

Filter holder with opening in the center | 24.0 pm + 1.1 um
Glued to glass slide 589.2 um + 2.4 pm

Laid on glass slide 99.2 ym + 2.6 um

Gold-coated polycarbonate filter with 50 mm diameter; contact with artificial

matrix
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Filter holder with opening in the center | 34.8 pm + 5.0 um
Glued to glass slide 466.3 um + 1.7 um

Laid on glass slide 871.4 um + 3.0 um

Clean gold-coated polycarbonate filter with 25 mm diameter

Massive filter holder* 58um + 2.1 um

Filter holder with opening in the center* | 10.4 pm + 2.3 um

Glued to glass slide 121.4 um 4+ 2.5 pm

Laid on glass slide 63.1 um + 11.8 um

Gold-coated polycarbonate filter with 25 mm diameter; contact with artificial

matrix

Filter holder with opening in the center | 9.4 ym + 0.3 pm

*Mean and standard deviation were calculated out of three filters each measured in

triplicate.

1. Kwiatkowski A, Gnyba M, Smulko ], Wierzba P. Algorithms of Chemicals
Detection Using Raman Spectra. Metrology and Measurement Systems.
2010;17(4):549-59.

2. von der Esch E, Lanzinger M, Kohles A], Schwaferts C, Weisser ], Hofmann T, et
al. Simple Generation of Suspensible Secondary Microplastic Reference Particles via
Ultrasound Treatment. Frontiers in Chemistry. 2020;8(169).

3. Kappler A, Fischer D, Oberbeckmann S, Schernewski G, Labrenz M, Eichhorn
K], et al. Analysis of environmental microplastics by vibrational microspectroscopy:
FTIR, Raman or both? Anal Bioanal Chem. 2016;408(29):8377-91.

Elisabeth von der Esch 203



