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Summary

Summary
One of the biggest challenges for mankind is to adapt to the multiple changes in the environment caused by various
factors such as pollution. Among all these issues of environmental pollution, there are also the problems and
challenges that arise from the degradation of larger plastic waste to micro- and nano plastics on the environment.
In the meantime, the ubiquitous finding of tiny filaments and particles of plastic material in the most remote places
has been documented. Here, the ubiquitous finding is not limited to different localizations of the Earth 1–10 but
includes a variety of different organisms11–14. Further studies are also shifting the focus to the risk for humans,
with initial studies showing evidence of contamination of human feces15 and human placenta16. All these studies
have been conducted using a wide variety of methods and instruments, with different advantages and
disadvantages. A major problem is that due to the ubiquity of micro- and nanoplastics, there is a high risk of
contamination of the sample material. Which can be more severe in experiments with more complex sample
preparation. For this reason, it is important to develop methods that have the capability of identification and
characterization in biological matrices or in deep tissue samples in vivo or ex vivo without major preparation of
the sample material.
This dissertation starts with a review of established methods in micro- and nanoplastic research and their
underlying principles. The advantages and disadvantages in relation to the analysis of biological matrices and their
predicted potential for deep tissues are highlighted. This scientific work specifically addresses the question of the
extent to which a method for the analysis of different plastics can be developed via the analysis of the photophysical
properties of autofluorescence (Chapters 2.2-2.4). Here, a special focus is placed on the temporal resolution of
the fluorescence processes, the so-called fluorescence lifetime (Chapters 2.3 & 2.4), and its usefulness for
identification, characterization as well as differentiation is highlighted.
In chapter 2.2 and the underlying publication, is in more detail on the autofluorescence of a selection of different
plastics. The influence of incubation at different temperatures between 21- 230 °C on the autofluorescence of the
plastics was investigated and whether advantages such as an increase in intensity for detection can be generated
from this. For this purpose, spectra of absorbance and emission were recorded in the native state and after
incubation under the different temperatures. These measurement data were examined for shifts in spectral
properties (Stokes’s shift), as well as for an increase in emission intensity. From the resulting data, an application
for the detection of plastic contamination in salt samples was developed and tested. Furthermore, by adding a
program for image analysis (ImageJ), an automation of the analysis of the image data with a semi-quantification
should be tested.
Chapter 2.3 is dedicated to the aspect that the method in chapter 2.2 did not allow an unambiguous
characterization and differentiation of the plastic grades. To solve this challenge, fluorescence lifetime imaging
microscopy (FLIM), a microspectroscopic method for temporal resolution of fluorescence, was included in the
experiments. Here, the fluorescence decay is described via a mathematical curve fitting and thus the fluorescence
lifetimes (τ) of the components are determined via exponential functions. Furthermore, the influence of high
temperatures on the generation of enhanced photon statistics and the possible change in fluorescence lifetimes (τ)
was also investigated. Likewise, these obtained fluorescence lifetimes (τ) were statistically tested for significant
discrimination from each other.
In chapter 2.4, the positive results from the previous chapter 2.3 of the method development were followed up
and extended and optimized by integrating the phasor analysis. The data from the FLIM measurements (Chapter
2.3) represent the raw data, which is first subjected to fitting by physical and mathematical models to generate the
usable fluorescence lifetimes. This mathematical fitting can lead to inaccuracies and problems in the
reproducibility of the calculated fluorescence lifetimes. In order to address these difficulties during the further
development of the methodology, the powerful and fitting-free tool of phasor analysis was included. Phasor
analysis performs a Fourier transform of the raw data in parallel with the FLIM measurement and plots the data
points without distortion in a vector space called a phasor plot. Phasor analysis allows the data to be displayed in
an interactive 2D graphical phasor plot, providing a global view of the fluorescence decay in each pixel of the
measured image, and providing further tools for detailed analysis of the data.
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Summary

In summary, the results of this dissertation show that autofluorescence is a remarkable property of plastics and that
it experiences an increase in intensity when incubation is performed at high temperatures. This increased intensity
of fluorescence is only partially sufficient for modern methodology and is more suitable for detection or
contamination prediction. The integration of the temporal resolution of these fluorescence processes allows an
extension to perform a specific characterization, as well as differentiation of the micro- and nanoplastic. The
combination of mean intensity-weighted τ and mean amplitude-weighted τ values allowed, under the given
settings, the significant differentiation of 94.55 % of the included plastics with and without elevated temperature
treatment. Phasor analysis speeds up the measurement, allows analysis of a larger amount of image data (high
throughput), and reduces from bias by avoiding fitting algorithms and enhanced the analysis with helpful
interactive tools. Applicability in more complex matrices or in deeper tissues could not be realized at this stage
and needs follow-up experiments. Furthermore, FLIM in combination with phasor analysis showed the potential
for submicron analysis of plastics, 3D sections of tissue and environmental samples. Furthermore, technologies
such as multiphoton FLIM, STED-FLIM and new algorithms for image analysis are available for further
experiments and developments.
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Zusammenfassung
Eine der größten Herausforderungen für die Menschheit ist es, sich auf die vielfältigen Veränderungen der Umwelt
durch verschiedene Faktoren wie die Umweltverschmutzung einzustellen. Unter all diesen Thematiken der
Umweltverschmutzung finden sich auch die Probleme und Herausforderungen, welche sich durch die Degradation
von größeren Kunststoffabfällen zu Micro- und Nanoplastik an der Umwelt ergeben. In der Zwischenzeit wurde
das ubiquitäre Auffinden von kleinsten Filamenten und Partikeln aus dem Material Kunststoff an den entlegensten
Orten dokumentiert. Hierbei beschränkt sich das ubiquitäre Auffinden nicht nur auf verschiedene Lokalisationen
der Erde1–10, sondern schließt eine Vielzahl von unterschiedlichen Organismen 11–14 ein. Weitere Studien rücken
den Fokus auch auf das Risiko für den Menschen, wobei erste Studien Hinweise auf eine Kontamination des
menschlichen Stuhls15 und der menschlichen Plazenta16 aufzeigen. All diese Studien wurden unter der
Verwendung unterschiedlichster Methoden und Instrumente durchgeführt, die verschiedenste Vor- und Nachteile
aufweisen. Ein großes Problem ist, dass durch die Ubiquität des Mikro- und Nanoplastik eine hohe Gefahr der
Kontamination des Probenmaterials herrscht, welche bei Experimenten mit einer komplexeren Probenpräparation
schwerer ins Gewicht fallen könnten. Aus diesem Grund ist es wichtig, dass Methoden entwickelt werden, welche
die Fähigkeit besitzen ohne größere Präparationen des Probenmaterials eine Identifizierung und Charakterisierung
in biologischen Matrices oder in tiefen Gewebeproben in vivo oder ex vivo zu ermöglichen.
Diese Dissertation zeigt zu Beginn ein Review der in der Wissenschaft etablierten Methoden in der Micro- und
Nanoplastik-Forschung, sowie deren zugrundeliegender Prinzipien auf. Dabei werden die Vor- und Nachteile in
Bezug zur Analyse von biologischen Matrices und deren prognostiziertes Potential für tiefe Gewebe herausgestellt.
Diese wissenschaftliche Arbeit befasst sich im Speziellen mit der Frage, inwieweit sich über die Analyse der photophysikalischen Eigenschaften der Autofluoreszenz (Kapitel 2.2-2.4) eine Methode zur Analyse unterschiedlicher
Kunststoffe entwickeln lässt. Hierbei wird ein besonderer Fokus auf die zeitliche Auflösung der
Fluoreszenzprozesse, die sogenannte Fluoreszenzlebenszeit (Kapitel 2.3 & 2.4), gelegt und deren Nutzen für die
Identifizierung, Charakterisierung sowie Differenzierung herausgestellt.
In Kapitel 2.2 der zugrundliegenden Publikation gehen die Autoren detaillierter auf die Autofluoreszenz einer
Auswahl an unterschiedlichen Kunststoffen ein. Hierbei wurde der Einfluss einer Inkubation bei verschiedenen
Temperaturen zwischen 21 - 230 °C auf die Autofluoreszenz der Kunststoffe untersucht und ob sich hieraus
Vorteile, wie bspw. eine Steigerung der Intensität für die Detektion, erzeugen lässt. Hierfür wurden Spektren der
Absorption und Emission im nativen Zustand sowie im Zustand nach der der Inkubation unter den verschiedenen
Temperaturen aufgenommen. Diese Messdaten wurden auf Verschiebungen der spektralen Eigenschaften (Stokes
shift), sowie auf eine Steigerung der Emissionsintensität untersucht. Aus den resultierenden Ergebnissen wurde
eine Anwendung zur Detektion von Kunststoffkontaminationen in Salzproben entwickelt und getestet. Weiterhin
wurde durch das Hinzuziehen eines Programmes zur Bildanalyse (ImageJ) eine Automatisierung der Analyse der
Bilddaten mit einer Semiquantifikation geprüft.
Das Kapitel 2.3 widmet sich dem Aspekt, dass durch die Methode in Kapitel 2.2 keine eindeutige
Charakterisierung und Differenzierung der Kunststoffsorten ermöglicht werden konnte. Zur Lösung dieser
Herausforderung wurde die Fluoreszenz-Lebensdauer-Imaging-Mikroskopie (FLIM), eine mikrospektroskopische
Methode zur zeitlichen Auflösung der Fluoreszenz, in die Experimente einbezogen. Hierbei wird der
Fluoreszenzabfall über eine mathematische Kurvenanpassung beschrieben und somit die FluoreszenzLebensdauer (τ) der Komponenten über Exponentialfunktionen bestimmt. Ferner wurde auch der Einfluss hoher
Temperaturen auf die Generierung einer verbesserten Photonenstatistik und der möglichen Änderung der
Fluoreszenz-Lebensdauer (τ) untersucht. Ebenso wurden diese so gewonnenen Fluoreszenz-Lebensdauern (τ)
statistisch auf eine signifikante Unterscheidung voneinander überprüft.
In Kapitel 2.4 wurde an die positiven Ergebnisse aus dem vorherigen Kapitel 2.3 der Methodenentwicklung
angeknüpft und diese durch die Integration der Phasor-Analyse erweitert und optimiert. Die Daten aus den FLIMMessungen (Kapitel 2.3) stellen die Rohdaten dar, welche zuerst durch physikalische und mathematische Modelle
einem Fitting unterzogen werden, damit die nutzbaren Fluoreszenz-Lebensdauern erzeugt werden können. Dieses
mathematische Fitting kann zu Ungenauigkeiten und Problemen bei der Reproduzierbarkeit der berechneten
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Fluoreszenzlebensdauern führen. Um diese Schwierigkeiten bereits bei der Weiterentwicklung der Methodik zu
adressieren, wurde das leistungsfähige und Fitting-freie Werkzeug der Phasor-Analyse einbezogen. Die PhasorAnalyse führt eine Fourier-Transformation der Rohdaten parallel zur FLIM-Messung durch und stellt die
Datenpunkte ohne Verzerrung in einem Vektor Raum, dem sogenannten Phasor-Plot, dar. Die Phasor-Analyse
erlaubt die Darstellung der Daten in einem interaktiven grafischen 2D-Phasor-Plot und ermöglicht so eine globale
Sicht auf den Fluoreszenzabfall in jedem einzelnen Pixel des gemessenen Bildes und stellt darüber hinaus weitere
Werkzeuge zur detaillierten Analyse der Daten zur Verfügung.
Insgesamt zeigen die Ergebnisse dieser Dissertation, dass die Autofluoreszenz eine bemerkenswerte Eigenschaft
der Kunststoffe ist und dass diese eine Steigerung der Intensität erfährt, wenn eine Inkubation bei hohen
Temperaturen durchgeführt wird. Diese gesteigerte Intensität der Fluoreszenz reicht für eine moderne Methodik
nur bedingt aus und eignet sich eher zur Detektion beziehungsweise zu einer Kontaminationsprognose. Die
Integration der zeitlichen Auflösung dieser Fluoreszenzprozesse ermöglicht eine Erweiterung, um eine spezifische
Charakterisierung sowie Differenzierung des Mikro- und Nanoplastik vorzunehmen. Die Kombination aus
mittleren intensitätsgewichteten τ und mittleren amplitudengewichteten τ-Werten ermöglichte unter den
gegebenen Settings, die signifikante Unterscheidung von 94,55 % der einbezogenen Kunststoffe mit und ohne
Behandlung mit erhöhter Temperatur. Die Phasor-Analyse beschleunigt die Messung, ermöglicht die Analyse
einer größeren Anzahl von Bilddaten (High-Throughput) und reduziert die Verzerrung durch eine Vermeidung
von Anpassungsalgorithmen und erweiterte zusätzlich die Analyse mit hilfreichen interaktiven Tools. Die
Anwendbarkeit in komplexeren Matrices oder in tieferen Geweben konnte zum jetzigen Zeitpunkt noch nicht
realisiert werden und bedarf Folgeexperimenten. Darüber hinaus zeigte FLIM, in Kombination mit der PhasorAnalyse, das Potential für die Analyse von Kunststoffen im Submikrometerbereich sowie die Möglichkeit für 3DSchnitte von Gewebe- und Umweltproben erzeugen zu können. Ferner stehen für weitere Experimente und
Weiterentwicklungen Technologien wie die Multiphotonen-FLIM, STED-FLIM und neue Algorithmen zur
Bildanalyse zur Verfügung.
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Introduction

1. Introduction
1.1. The Problem with Micro- and Nanoplastics
The problem of environmental pollution with plastics, which is due to the degradation of larger plastics into microand nanoplastics, is growing in the world. Primary plastics are industrially produced plastics for a number of
applications (toothpaste, sunscreens, laundry detergents, etc.), they are not retained by sewage treatment plant
technology and are distinct from the environmentally generated secondary plastics, which originate from
macroscopic plastics after various physical, chemical or biological degradation steps. 17,18 The distinction between
primary and secondary micro- and nanoplastics is of great importance, as environmental weathering of secondary
plastics may have an impact on the type and sensitivity of the methods used for detection, identification and
quantification.
Both indoor- and outdoor environments have been shown to be contaminated with plastics, whereby their
distribution pathways are defined by their physico-chemical properties, e.g. density, shape, durability, buoyancy,
and color.19,20 Other factors influencing their global distribution are humans and animals as vectors as well as wind
and water erosion with the subsequent mobilization.21
It is thus not surprising that plastics have already been reported in samples from freshwater ecosystems1,
wastewater effluents2,3,22, oceans4,5, seabed sediments6,7, the Antarctic8, the Arctic sea ice8–10,23, and the terrestrial
ecosystems e.g. agricultural farmland in southern Germany. 24 Accordingly, plastics were also found in foods e.g.
sea salt25,26, zooplankton12, fish27,28 seabirds29, other aquatic organisms30–32and drinking water33. In recent years,
the focus has been on the investigation of the human organism, in which the (patho-)physiological effects of the
possibly human-toxic micro- and nanoplastics are to be considered. The media interest was particularly stimulated
by a study by Schwabl et al. in which human stool samples were tested for contamination with microplastics. The
result was that a limited number of 8 stool samples tested positive for plastic, with polypropylene and polyethylene
terephthalate being the most common15. However, a larger study is needed that could provide statistically
significant evidence. Another media concern was raised by the published results of Ragusa et al. in which six
human placentas were tested for microplastics and a total of 12 plastic fragments ranging in size from 5-10 µm
were found16.
However, the consideration of these studies also shows some problems and limitations, which are subject to all
these studies with the methods integrated there. The ubiquitous occurrence of micro- and nanoplastics is associated
with a high risk of contamination, furthermore samples from humans are rather small in number and the general
preparation of the samples increases the risk of contamination or causes different bias in the real result due to the
different manipulations. Several methods have already been developed and optimized for the investigation of the
micro- and nanoplastic issue. Some of these methods do not generate any visual information but only data about
the composition of plastics and their presence. Despite the increase in the number of methods, there is still no
standardized method that is used worldwide, making the comparison of the existing literature very difficult. To
increase the scientific evidence of the studies and to take the next step in micro- and nanoplastic research, methods
would have to be developed that minimize the bias of sample preparation. The most appropriate methods would
be those that could identify, characterize, and differentiate micro- and nanoplastics in vivo or in direct ex vivo
tissues.
To provide an insight into the current state of science and the applicability of the different methods in micro- and
nanoplastic research, the next subchapter is dedicated to a selection of measurement principles. Here, a compact
description of the methods is given, the currently published and performed experiments on or with biological
samples, as well as the advantages and disadvantages of the methods are pointed out. The state of the art is followed
by the experimental, cumulative part of this thesis, which describes the own development of a new methodology.
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1.2. State of the art of the methods
1.2.1. Visual
1.2.1.1. Light Microscopy
To gain a comprehensive knowledge of the impact of microplastics, quantitative methods are needed to
characterize different particles in different sample materials that can distinguish different species in the samples
based on their shape, polymer type, and particle size. The detection and visualization of microplastics using light
microscopy is one of the simplest and most used methods. Traditionally, morphological properties are
characterized for large microplastic particles (1-5 mm) using a light microscope 34–37. However, the observational
errors associated with these methods, due to personal subjectivity, are large 38. The use of light microscopes can
help in the identification of parts that are no longer within the visibility range of the naked eye. To identify
microplastics, magnified images are necessary to obtain surface texture information and structural information,
and allow microplastic particles to be distinguished from plastic-like particles 39. In the microscope, particles up
to a size range of 100 μm can be easily identified. To reliably identify particles smaller than 100 μm, further
methods are required 40,41. Physical characterization using a microscope is mainly related to the size distribution
of microplastics as well as the evaluation of other physical parameters such as shape and color. Thus, early
atmospheric microplastics research include simple visual microscopic reporting of plastic presence and
quantification. The study by Song et al. showed that many colored resin particles up to a size greater than 50 μm
could be identified as microplastic particles under the light microscope 39. Usually, microscopic inspection requires
prior treatment to remove the organic matter. However, it should be considered that some of these methods can
cause changes in the morphological characteristics of plastics, such as color or size, which contribute to the
misidentification of microplastics 42. According to Hidalgo-Ruz et al., a preliminary distinction between plastics
and non-plastics, especially in biological matter, can be made based on some criteria, namely that samples should
not have organic matter, synthetic fibers should have a uniform thickness along the entire length, and particles
should have a homogeneous color along the structure 35,43,44. Arguments in favor of using the light microscope to
identify microplastics are that it allows rapid assessment of the abundance of large microplastic particles, is easy
to use, and is a cost-effective method. The argument against these simple Methods is that without any further
chemical analysis, particles determined via visual analyses show error values up to 70%. 35

1.2.1.2. Fluorescence microscopy
Fluorescence microscopy is currently one of the most important investigation methods in the natural sciences and
its potential applications are wide-ranging, for example, it is frequently used to examine biological samples such
as animal cell lines 45. Unlike the classical light microscope, which captures image contrast by light reflection from
the sample surface, the fluorescence microscope collects fluorescent emissions from samples excited by excitation
wavelengths with the proper selection of filter cubes or lasers. Fluorescence microscopy can be used to obtain size
and shape information for microplastic particles down to the nanometer scale and can range from approximately
less than 5 mm to as small as 0.05 μm.
The plastic particles are usually combined with a fluorescent dye to detect them in samples of organisms or tissues.
A typical fluorescent dye is the hydrophobic dye Nile Red, which efficiently stains the surface of microplastics,
facilitating their detection 46. Erni-Cassola et al. used the lipophilic fluorescent dye Nile Red in combination with
fluorescence microscopy to detect microplastics in samples 47. By using the fluorescence microscope, the Qiu et
al. group was able to determine the number of microplastic particles and show that fluorescent whitening agents
(FWAs) are present in many microplastic particles. These FWAs are commonly used in plastic production in
China. It was also shown that some identified microplastic particles were no longer considered microplastic
particles but foreign particles after further investigation 48. Piruska et al. used a fluorescence microscope to observe
three sizes of fluorescently labeled PS microbeads and investigated size-dependent effects on the growth behavior
of marine copepods. However, plastic materials, when excited with near-UV light or visible light, show a distinct
fluorescent background or intrinsic fluorescence under the fluorescence microscope 49. Another advantage of
fluorescence microscopy is that microplastic particles can be detected in organisms and one gets a good insight
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into the location of the particles in the organisms. However, the organisms must be killed for this to obtain the
necessary tissue.
In addition, chemical additives and foreign particles can also influence fluorescence properties 49, for example,
additives such as dyes and microbiological, organic or inorganic substances can exhibit fluorescence and distort
fluorescence microscopy measurements. Therefore, fluorescence from these contaminants should be minimized
by appropriate pre-treatment 50,51. Typical pre-treatments include surface rinsing with acids or oxidants and
enzymatic digestion 52. It should be noted that these pre-treatments can only remove surface impurities or
contaminants. It is difficult to exclude the possible conclusions about the mixed-in chemicals such as dyes or
plasticizers inside the microplastic due to the typical pre-treatment.

1.2.1.3. Electron Microscopy
Particles with no discernible color or shape are challenging to sort visually, so electron microscopy, which provides
resolving topography images of objects, is critical for identifying and distinguishing the microplastic from other
plastic-like particles 39. The electrons interact with the sample, which can be observed with various detectors and
provides specific morphological information. Since the wavelength of high-energy electrons is very short
compared to the visible light wavelength of optical microscopy, the resolution of EM is much higher, ranging from
sub-nanometers to millimeters 53. In electron microscopy, transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) are the most used methods. Among the visual methods, for the investigation of plastic
particles, the highest resolutions are achieved with the TEM and the SEM, which are even able to detect very small
nanoplastic particles54.
Detection of nanoplastics in marine organisms is difficult because their resolution within the matrix is very low.
Therefore, in most cases, conformational testing by scanning electron microscopy is required before isolation of
nanoplastics55. It is expected that the analytical methods used for nanoparticles in general are also applicable to
the measurement of nanoplastics, e.g., SEM, TEM. Both methods can be coupled with energy dispersive X-ray
spectroscopy (EDS) or electron energy loss spectroscopy (EELS) to obtain elemental composition information 56.
TEM and SEM are commonly used to characterize the size, shape and surface properties of nanoplastic particles.
Very often, the methods are used in studies where primary nanoplastics are to be pre-characterized for method
validation 57. Another common use is in biota exposure experiments 58. However, it is also used to image secondary
nanoplastics e.g., in fragmentation studies59,60. The use of electron microscopy is advantageous because it provides
information on the state of degradation. This, in turn, can be used to infer where the plastic particle came from and
how it entered the environment. Another important advantage of TEM and SEM is their high resolution. However,
these microscopes are associated with high acquisition costs and time-consuming prior preparation is necessary
for the investigation. Furthermore, TEM and SEM cannot display colors, but only grayscale images.

1.2.1.4. Transmission electron microscopy (TEM)
The principle of transmission electron microscopy is similar to that of inverted light microscopy. Instead of a beam
of light, TEM uses electrons to obtain an image of the specimen. Electromagnetic deflectors and magnifying lenses
replace the glass lenses of the light microscope. Another necessary condition for a TEM to function is that the
entire setup be under vacuum. Transmission electron microscopy detects the transmitting electron beam below the
sample, which requires high electron accelerating voltages up to 300 kV and a very thin sample. This leads to very
high resolutions that allow imaging of very small nanoparticles. Thus, TEM provides information about the interior
of the particles rather than the surface 56.Transmission electron microscopy is a very attractive method to produce
images of small microplastic particles and also for nanoparticles 40. The high resolution of a transmission electron
microscope can visualize microplastic particles down to 1 μm.
Most of the work using the method is used to study the effects of microplastic particles in the tissues of organisms.
This is also the case of the Sun et al. group, who used a transmission electron microscope to study the toxicity of
polystyrene micro- and nanoplastic particles on a bacterium, on the one hand to visualize and study the morphology
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of the micro- and nanoplastic particles and on the other hand, to study the interaction of the micro- and nanoplastic
particles with the bacterium 61.
The disadvantage of this method is that visualization of microplastic particles by TEM can be more challenging
due to the amorphous structure, which requires heavy metal staining of the sample, and is costly 40,62. Another
disadvantage is that the method does not allow identification of the type of plastic.

1.2.1.5. Scanning electron microscopy (SEM)
The principle of scanning electron microscopy is similar to that of optical microscopy. However, in SEM an
electron beam is scanned in a line across the sample. The detection of interactions with the sample is synchronized
with appropriate detectors and measurements of secondary electrons occur. The main application of the SEM is
the imaging of surface topographies. However, elemental analyses can also be performed. In contrast to light
microscopes, scanning electron microscopes have up to 400 times greater depth of field, which allows
simultaneous focusing of a thick sample layer. Environmental scanning electron microscopy (ESEM) is a variant
of SEM that allows the analysis of wet environmental samples in a low-pressure nitrogen atmosphere, allowing
imaging of samples that would otherwise decay in a high vacuum. 63
SEM can be used for surface topography analysis and coupled with Energy dispersive X-ray spectrometer (EDS)
for element identification. Thus, microplastics can also be analyzed using scanning electron microscopy-based
techniques. This involves generating images of microplastics by scanning the surface with a focused electron
beam. Due to its generation of high-resolution images, SEM can be used to identify microplastic contamination.
In addition, SEM can detect possible modifications on the surface of MPs after a chemical digestion process. Due
to its high resolution, SEM enables accurate microplastic identification even if color discrimination is not possible
64
. Microscopic plastic fibers and particles have already been uncovered in marine samples and examined using
SEM characterizing the surface morphology of microplastics and determining the elemental composition of
polymers based on the diffraction and reflection of radiation emitted from microplastic surfaces 4,61,65. Another
advantage of the method is that microplastics can be distinguished from particles composed of inorganic elements,
such as aluminum silicates 66. For example, the ability of SEM to image surface topology has been used to study
the heteroaggregation behavior of nanoplastic with natural organic and inorganic materials 67,68.
In the study by Wang (2017), scanning electron microscopy combined with energy dispersive X-ray spectroscopy
(SEM/EDS) was used to detect and describe the size and morphology of microplastic particles from fish guts and
trawls from surface waters. SEM/EDS should also be used to investigate whether the microplastic particles are
degraded by the environment and whether biofilms are formed on their surface. Some potential microplastic
particles were first selected by optical microscope, which were then analyzed individually with SEM/EDS. Based
on the surface morphology, microplastic particles could be inferred and elemental composition by EDS could then
confirm whether the scanned particle was indeed plastic 69.
Fries et al. used SEM-EDS to determine the presence of inorganic additives (OPAs e.g. titanium dioxide
nanoparticles) in microplastic samples 70. However, because most microplastic samples are non-conductive, SEMEDS requires considerable sample preparation and analysis time (e.g., sample drying, sample deposition, and
carbon or gold plating), which can introduce artifacts and affect morphological analysis for ultrasmall
microplastics. In addition, some plastic particles such as polyvinyl acetate and polyvinyl chloride, which are
thermally unstable, may be damaged due to exposure to the high-energy electron beam during SEM investigation
70
. Lin et al. investigated multidecadal changes in microplastic abundances in sediment cores from the East China
Sea. To reveal the properties of microplastics, they used SEM-EDS as an investigation met 71. SEM can magnify
a sample up to 500,000 times and has the advantage of visualizing a particle and its surface structure.
Environmental SEM has the advantage of being able to measure liquid samples with less preparation than SEM,
but with lower resolution.
All in all, the main advantage of this method is that high-resolution images can be generated here. The disadvantage
of this method is that it involves high costs and that it is very time-consuming, so it is not suitable for large-scale
routine analysis. Another difficulty is that the amorphous structures of microplastic particles require heavy metal
staining of the sample 62,66.
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1.2.1.6. Dynamic light scattering (DLS)
The DLS is an analytical method that has become established for studying the hydrodynamic size and surface
charge of molecules and particles (zeta potential) in liquid environments 72. For this purpose, a laser beam is
passed through the liquid suspension containing the analyte particles. The analyte particles now scatter the incident
laser at different scattering angles. The Brownian molecular motion of the detected particles induces a shift in light
frequency, which varies with particle size. Small particles diffuse faster than large particles through the liquid 73.
The time-dependent fluctuations in scattered light intensity can now be analyzed and from this the diffusion
coefficient can be determined, from which the hydrodynamic size and size distribution of the particles can be
calculated according to the Strokes-Einstein equation. For this purpose, the solvent viscosity at the present
temperature must be known since this influences the particle diffusion rate. The design basis of the DLS is the
time-dependent fluctuation of the light intensity, which is given by the Brownian motion of the particles and,
according to statistical analysis, provides information about the average particle size. 72,74,75.
Similarly, the electrophoretic mobility of particles in an applied electric field can be measured by detecting
frequency shifts in scattered light and can be further used to determine the zeta potential of particles by the Henry
equation76. Typical applications for DLS are the characterization of particles present in a liquid. For example, DLS
has been extensively used to study the size and size distribution of the particles to be analysed in biological,
physical and chemical domains 75. DLS is also one of the most commonly used techniques for the analysis of
nanoparticles and protein aggregates 77,78. DLS is useful in the characterization of micro and nano plastics. For
example, DLS has been used to measure the size and zeta potential of micro- and nanoplastics in biological
matrices such as the Pacific oyster79 and planktonic crustaceans 80 as well as the aggregation of microplastics 81.
In addition, the DLS technique can be integrated into other systems to allow rapid identification of microplastic
degradation. Gigault et al. combined a photoreactor with DLS to study the photodegradation of marine
microplastics under different conditions without sampling and manipulation 59. DLS enables the zeta potential
measurement, the reproducible and reliable estimation of the particle size distribution and allows the more accurate
detection of large aggregates. Furthermore, the method does not require any complex sample preparations 82. The
method is ideally suited for the analysis of monodisperse systems 83.
Although DLS is a powerful and user-friendly method, it is known to have some disadvantages 77. DLS is not able
to distinguish microplastics from other particles that can also scatter light or laser beams, so it cannot be applied
to complex matrices 51. Therefore, DLS can only measure the average size and is more sensitive to larger particles
than to smaller ones. The signals of the larger particles could overlay the signals of smaller particles and obscure
the presence of smaller particles, resulting in significant distortion in sizing 83–85. It is not able to determine the
identity and/or chemistry of the particles. For environmental samples, in which the chemical identity of the
polymers is normally unknown and natural, non-plastic particles may be present, appropriate identification
methods must be used 86.

1.2.1.7. Nanoparticle Tracking Analysis (NTA)
Similar to DLS, NTA is used as a technique to assess size and, like DLS it was developed and commercialized by
NanoSight Ltd. in 2006 77. The basis for the assessment is a video of the particle movement, i.e. the analysis of the
tracking of nanoparticles. The NTA technique allows real-time visualization of nanoparticles in liquids with a
combination of laser light scattering microscopy and a CCD camera. It can be used to determine the size of particles
from about 30 to 1.000 nm, whereby the lower detection limit depends on the refractive index of the nanoparticles
77
. NTA uses the properties of both light scattering and Brownian motion to measure particle size distributions of
samples in liquid suspension in addition to hydrodynamic size measurements 87. An intense laser beam, which
enters the particle suspension through a prismatically edged glass surface inside the sample chamber, is used for
the investigation. The angle of incidence and refractive index of the glass plate are designed in such a way that the
beam is refracted when the laser reaches the interface between the glass and the sample liquid above it, resulting
in a compressed beam with high power density. The particles appearing in the scattered light path scatter the light
in such a way that they can be made visible image by image using an optical microscope objective. A CCD
(Charged Coupled Device) detector or a camera is mounted on top of the lens, which records 30 frames per second.
This produces a video recording of the light scattered by the particles under Brownian molecular motion 72,87. The
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NTA software converts the distances covered per image into particle size and displays the accumulated results in
real-time as a particle size distribution profile. The image analysis software then determines the average distance
each particle travels. The value of the average distance between each particle, allows the determination of the
particle diffusion coefficient, from which in turn the further calculation of the hydrodynamic size of the particles
by the Stokes-Einstein equation is possible 88.
Both DLS and NTA measure the Brownian motion of nanoparticles and calculate the hydrodynamic diameter
based on the diffusion coefficient through the Stokes-Einstein equation. In NTA, the mobility of particles is
detected by re-recording the mobility of particles from scattered light recorded by a camera, whereas in DLS the
intensity variation of scattered light over time is correlated 72. Unlike DLS, the NTA technique continues to
visualize the particles with a microscope and analyses the motion of each particle frame by frame, which allows
the calculation of the particle concentration in the liquid suspension 51.
A key advantage of the NTA is that larger particles or aggregates do not interfere with the measurement, as
individual particles are tracked. whereas with typical DLS techniques, larger particles in the sample lead to
distorted values 77. Based on this advantage, individual particles from 10 nm to 1000 nm can be detected, so NTA
provides data on size and number distribution for each particle and not only average sizes as with DLS. However,
the accuracy of the NTA is limited by the Brownian motion limitation, since the particles under Brownian motion
in the laser beam move randomly at a speed related to their size, with larger particles moving slower than smaller
ones78. In general, the NTA provided similar results compared to the DLS, but allows a more accurate
determination of the number of aggregates and individual particles 77. The study on heat-induced effects on casein
micelles showed that the NTA could provide direct visual information on submicron particles and is therefore
ideally suited to confirm the onset of aggregation phenomena. The results of the DLS measurement provided a
reproducible and reliable estimate of the particle size distribution 51. In another study on the aggregation of ceric
oxide nanoparticles with Ca+ and alginate, it was found that the NTA was more accurate in detecting small
aggregates and the DLS was better in detecting large aggregates 85. NTA allows the analysis of individual particles
in liquid samples and its application to heterogeneous samples has been demonstrated earlier 60,77. The release of
NPs and MPs from nylon or PET teabags was investigated by soaking four different brands of teabags in 10 mL
of water at 95 °C for 5 minutes in triplicate 89 . The method for detecting the particles was based on counting the
number of particles and identifying their size by means of NTA 90.
NTA allows the analysis of individual particles in liquid samples and its application to heterogeneous samples has
been demonstrated earlier 60,77. The study by Lambert and Wagner (2016) measured the formation of nanoparticles
during the degradation of a disposable PS coffee cup lid. The aim of this work was to test that nanoparticles are
formed during the degradation of a coffee cup lid and that their increase in concentration over time can be
measured.60 This demonstrated the role of the weathering effect show an increase in the formation of nanoplastics
over time.60
Advantages of this methods are that they indicate particle number concentration and size of the individual particles
and provide direct visual information with particle motion videos and a more precise detection of small aggregates
is possible. Because of video clips form the basis of the analysis, an accurate characterization of real-time events
such as aggregation and resolution is possible 51. The main disadvantage of the NTA is that it does not provide
images of the visualized particles and the structure of the particles cannot be evaluated 60. The motion track of
some particles may be outside the camera view and cannot be measured. The setting parameters must be adjusted
to achieve high accuracy. It is also not suitable for particles that are too polydisperse or too small 87.
Although NTA has shown high sensitivity and accuracy in measuring particle size and concentration in liquids, it
has rarely been used in research on microplastics. Gallego-Urrea et al. critically discussed the advantages and
limitations of the NTA for the analysis and characterization of NPs at low concentrations in complex matrices such
as environmental, biological and food samples 91.
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1.2.2. Photoluminescence
1.2.2.1. Nile red
Nile Red is a hydrophobic dye which stains MP but not semisynthetic and organic materials. This dye was shown
to stain MP at the concentrations of 500 μg/ml92, 100 μg/ml, 50 μg/ml, and 10 μg/ml93. In these studies, the overall
fluorescent intensity and the presence of background fluorescence were assessed following the exposure of MP to
the dye for 5 min or 30 min. 92,93
Recently, Wiggin and Holland (2019) validated a protocol for MP detection, which can be applied for 3–500 μm
sized MP. For the validation of this protocol MP was sampled from three different aquatic environments, extracted
using three different extraction protocols and detected unstained using a light microscope as well as stained with
Nile Red using a fluorescent microscope.94 For the MP detection via Nile Red staining, Wiggin and Holland (2019)
tested different solvents for Nile Red and various Nile Red concentrations, establishing a dilution of a 1 μg/ml
Nile Red stock solution (aceton) in n-hexan to a final concentration of 10 μg/ml as an optimal solution for MP
detection. The 10 μg/ml Nile Red solution was shown to generate only little background fluorescence in
comparison to higher concentrated Nile Red solutions, still persistently staining all types of plastic. Moreover, the
researchers tested the material exposure time, showing the necessity of a 30 min long exposure of MP to the
solution. The proposed solution was also proven not to influence the polycarbonate filters or filtering units after
their exposure to this solution for 30 min, excluding the application of nylon, and cellulose filters for this protocol.
Finally, DAPI, FITC, and TRITC were tested on different materials like fibers (natural and synthetic) and nonsynthetic materials including sediment, various phytoplankton and zooplankton species, as well as plant material.
This was to determine the optimal fluorescent filter type for MP detection, demonstrating FITC as the fluorescent
filter of choice for MP. This filter is applicable not only for the detection of primary polymeric materials, including
PE beads but also for secondary polymeric materials, such as polyester fibers, leaving the organic and nonsynthetic materials not fluorescent.94
This protocol includes the extraction of MP from water samples by hydrogen peroxide digestion as well as the
count of MP using a fluorescent microscope following its exposure to Nile Red, which stains microplastics, but
not organic or semi-synthetic materials, and was demonstrated to be reliable, easy reproducible, low-priced and
time efficient.

1.2.2.2. UV-excited Photoluminescence Spectroscopy
Ornik et al. pointed out that photoluminescence (PL) spectroscopy with UV excitation is a promising technique
for the detection and identification of plastic materials 95. Photoluminescence is a process in which a molecule
absorbs a photon in the visible range, excites one of its electrons to a higher electronically excited state and then
emits a photon when the electron returns to a lower energy state. The energy of the emitted light deals with the
difference in energy levels between the excited state and the ground state. In photoluminescence spectroscopy, a
sample is excited with a laser, which then emits light at a wavelength longer than the excitation wavelength. The
PL emission wavelength is typically longer than the excitation wavelength because the excited charge carriers lose
energy due to internal conversion processes and contain material-specific information. PL spectra provide valuable
information about the observed material which can be used to identify it. Therefore it is used in many practical
applications, e.g. in materials science, agriculture, biology and medicine 95,96. Initial data on the UV-excited
photoluminescence of plastic materials have also already been collected.
The PL of plastics such as polyethylene 97 polystyrene 96 and nylon 98 have already been investigated. Gies et al.
(2020) have set themselves the goal of developing spectroscopic methods which, on the basis of their PL emission,
should allow the identification and quantification of plastic materials. Based on the shape of the photoluminescence
spectra recorded, it could be shown that plastics can be distinguished from non-plastics (e.g. sand) by means of
photoluminescence spectroscopy and have the potential for a reliable characterization of environmental samples
with regard to their microplastic content 95,99.
The PL spectra of all investigated polymers and natural materials could be observed. The comparison shows that
the spectra of plastic samples typically have their peak at shorter wavelengths than the spectra of non-plastic
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samples. Nevertheless, the peak wavelengths for some plastic materials do not differ too much from the peak
wavelengths of non-plastic materials 95. Another approach to differentiation is to define two variables that can be
plotted against each other in such a way that the data form well separated clusters that belong to different material
types. In this way, the information of the broad spectra is presented in a single two-dimensional plot 95. To a certain
extent, it was also possible to differentiate between different types of plastic. However, the overlapping of some
clusters makes it difficult to distinguish clearly between the types of plastic.
Furthermore, it is intended to study plastic particles that are colored, aged or incrusted by organogenic materials
or persistent organic pollutants (POPs). These modifications of the pure plastics will probably affect the PLspectra and make the identification of microplastics more difficult. 95. Photoluminescence spectroscopy is a
contactless, non-destructive method that helps to detect plastics.

1.2.3. Spectroscopy
1.2.3.1. IR Spectroscopy
Electromagnetic Radiation (EMR) in its nature with its associated different frequencies is used in natural science
to investigate matter and substances. These spectroscopic methods measure the interaction of these EMR their
different frequencies related to the matter under study and its change in energy level 100,101. This includes a variety
of spectroscopic techniques and also the combinations and synergy with other methods and techniques 100,101.
Infrared (IR) Spectroscopy is a method for measuring the absorption of EMR in the infrared region 101. The position
of absorption in this region is given as wavenumber v (cm-1) and in most cases it is in the range 4000-667 cm-1
(wavelength of 2.5-15 µm). Near infrared is in the regions of wavenumber 12,500-4000 cm-1 (0.8-2.5 μm) and for
far infrared the regions around 667-100 cm-1 (15-200 μm) are defined 101,102. The principle behind IR spectroscopy
is to measure the change in vibrational and rotational energy due to excitation by infrared EMR 100,102. Absorption
occurs when the applied frequency of the instrument and the natural frequency of the groups and bonds of the
sample match, thus a characteristic spectrum for the sample is recorded 100,102.
In the last decades, especially the combinations of spectroscopes and microscopes are developing more and more,
these combinations are summarized under the term microspectroscopy 103. From this combination, in the latest
systems, information about the molecular composition can be obtained via spectroscopy and the associated
morphology can be obtained via microscopy in the order of micron and the submicron 104. A more recent technique
is the coupling of scattering-type near-field scanning microscopy (s-SNOM) and Fourier transform infrared (FTIR)
spectroscopy, which is known as nano-FTIR and based on atomic force microscopy (AFM) 105–107.The unique
feature of this technical combination is that you can circumvent the diffraction limit of conventional optical
methods like FTIR spectroscopy 106,107. This diffraction limit is at half the wavelength of the incident light, making
objects smaller than half the wavelength impossible to resolve 108. In nano-FTIR, the tip of an atomic force
microscope (AFM) is irradiated with a focused IR laser, creating a locally interacting nanofocus at the tip on the
sample surface. The near field generated here by is scattered at the tip and recorded by a sensitive IR detector,
transformed, and output as a characteristic spectrum 105,109.
In 2019, Li et al. demonstrated the adhesion and fusion of microplastics in the form of particles and filaments into
the byssus of bivalves (Mytilus spp.). Specifically, the fusion with the byssus of the mussel can limit the function
and thus subsequently reduce the health of the mussel. In this study, chemical digestion, filtering, and subsequent
drying were performed prior to FTIR microspectroscopy 110. In a recently published study from 2021, the
contamination of mussels intended for human consumption is also confirmed. Here, a comparison of FTIR and
Raman is performed after separating the sample material from the biological components using an optimized
enzymatic purification protocol and filtering 111. The work of Schwabl et al. (2019) achieved greater media
attention because his study included human stools from 8 people with ages ranging from 33 to 65. The subjects
lived in Tokyo (Japan), Krasnoyarsk (Russia), Groningen (Netherlands), Birmingham (United Kingdom), Sassari
(Italy), Torun ́ (Poland), Enontekiö (Finland), and Vienna (Austria). Prior to analysis by FTIR microspectroscopy,
the samples were subjected to chemical digestion and subsequently filtered through a membrane, and microplastics
were identified in the stool of all eight individuals 15. In other studies using FTIR to analyze microplastic
contamination, corresponding upstream methods such as chemical digestion were also performed to reduce
biological tissues in the organisms crayfish (Procambarus clarkii) 112 and various species of birds 113. The study
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situation shown for the case of FTIR spectroscopic methods indicates that here in most cases a pre-treatment by
enzymes or chemicals is required and an analysis of samples with biological residues or even in deep tissue is
currently a major challenge.
FTIR, like Raman, has become a widely established gold standard over the years. Here, the method is often used
for the analysis of polymers with polar functional groups and excels with different measurement methods such as
transmission and attenuated total reflection. These measurement methods allow adaptation to the sample material,
but can also act as a limiting factor 114. The disadvantages of FTIR is its negative influence by water, as well as
like biological contaminations and the lower resolution compared to Raman 115,116. Furthermore, FTIR is less
applicable to thicker sample materials and more applicable to dry powders 114,116,117.

1.2.3.2. Raman Spectroscopy
Rama spectroscopy is a complementary and closely related method to IR spectrometry. These two methods take
advantage of the transitions in vibrational and rotational energy levels of compounds due to excitation (adsorption)
by radiation and are therefore molecularly sensitive measurement methods 28,101. The effect called Raman
scattering (or Raman effect) is the basis of this method. When a transparent substance is irradiated
monochromatically, radiation scattering is observed at right angles to the direction of radiation (Yadav, 2005).
Here, the main part of scattering due to elastic collisions is the so-called Rayleigh radiation, i.e., radiation of the
same frequency as the irradiated monochromatic light 28,101,118. Apart from this Rayleigh scattering, another small
fraction of inelastic scattered radiation with different frequency is found, this is occasionally higher (anti-Stokes
lines) and generally with a lower frequency (Stokes lines) than the incident monochromatic radiation to measure
and both thus define the Rama lines (Raman effect) 101.
The complementarity of both methods is given by the fact that in Raman spectroscopy the intensity is based on the
change of the polarizability of the bond by excitation, whereas the determining aspect of the intensity of IR
absorption is a change of the dipole moment of the bond 101. This results in the fact that, for example, in the case
of electrically symmetric bond, which has no dipole moments, does not absorb in the IR region (IR inactive), but
absorbs in Raman scattering (Raman active) and thus can be analyzed 101. An advantage over IR absorption
spectrometry is the low limitation in applicability in the presence of water 116. When coupled to a microscope, this
spectroscopic method is also categorized as microspectroscopy (micro-Raman) 116. If additionally, a coupling of
Raman spectroscopy and an Atomic Force Microscopy (AFM) is performed, the so-called AFM/Raman or with
modified Tip it is the Tip-Enhanced Raman Spectroscopy (TERS) and possibility of analyses in nanoscale is
obtained 119.
The experiments of Karbalaei et al. revealed contamination of microplastics in commercial Malaysian fish meals
used to feed cultured animals. With this study, a possible transfer of microplastics to cultured animals could be
demonstrated, and Raman microspectroscopy was used for analysis. Before the analysis with Raman, a chemical
digestion with subsequent filtering was also carried out in this study 120. In a study from year 2020, various branded
milk products were investigated, as before, extraction had to be performed in this study. To separate the
microplastic from the biological matrix, heated milk was filtered through filters (pore size of 11µm) to prevent
rapid clogging and then examined under Raman microspectroscopy 121.Ragusa et al. was one of the first studies to
use human tissues. In this study, placentas from vaginal births were used as test material, sectioned into the
maternal side, foetal side, and chorioamniotic membranes, and chemically digested with potassium hydroxide
(KOH) prior to Raman analysis 16.
Based on the studies shown, there are different advantages and disadvantages of Raman spectroscopy. Advantages
of Raman are the low to no negative influence by the presence of water, as well as the better suitability for thicker
samples compared to FTIR 116. However, Raman spectroscopy has disadvantages in terms of interfering
fluorescence signals during measurement, interfering background due to additives and possible laser or heat
induced damage to the sample material.114,115,122. For these reasons, in the most cases a sample purification is
performed prior to the investigations to improve the signal-to-noise ratio 114.
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1.2.3.3. Energy dispersive X-ray spectrometer (EDS)
X-ray spectroscopy methods are also becoming increasingly popular in micro- and nanoplastics research, with
energy dispersive X-ray spectroscopy (EDS) playing a particularly important role. This method is used especially
for the measurement of elemental composition and is coupled with Scanning Electron Microscopy. 123. Thus,
analysis of elements on areas of a sample near the nanoscale surface and position mapping of elements can be
performed 124–126. This method does not determine the type of plastic, for which other methods such as FTIR or
Raman spectroscopy are used, but only the surface elemental composition of the plastics 127,128. In the process of
Energy Dispersive X-ray Spectroscopy (EDS) in combination with Scanning Electron Microscopy (SEM), the
high energy electron beam (10-20 keV) of the SEM is used to bombard the sample. In this bombardment of the
samples, element-characteristic X-rays are generated by the electron beam on the surface and in the depth
(approximately 2μm) of the sample and recorded by the energy dispersive X-ray spectroscopy detector 124–126. This
interaction of the sample material with the energetic electron beam results in two types of X-ray photon emission,
which represents the X-ray spectrum 123. The first type represents the characteristic X-rays with the elementspecific energies that can be used as fingerprints. Exceptions are the elements Hydrogen (H) and Helium (He)
which do not generate X-rays during the energetic bombardment of the electron beam. The continuum X-rays is
the second type of emission, which is generated at all applied photon energies and represents a background to the
characteristic X-rays. This total X-ray spectrum from the two types can be used to identify and quantify elements
(except H and He) 123.
Before the SEM/EDS method was used for analysis with biological tissues, SEM/EDS coupling was used to
elucidate the interaction of heavy metals with microplastics, i.e., the surface elemental composition in sediments
127
. In this work, the EDS spectra already showed that multiple types of metal elements (both the major and trace
elements) were bound to the surface127. Thus, elemental composition of microplastics in eviscerated flesh and
excised organs of dried fish 128, canned sardines and sprats 129, edible oyster (Magallana bilineata) 130, muscle of
commercial shrimp (Pleoticus muelleri) ) 131, cutum fish (Rutilus frisii kutum) 132 were studied. SEM/EDX
coupling can be a useful complement to identification and characterization by other methods, as it can also provide
insights on elemental composition such as surface interaction with metals.

1.2.3.4. Proton Nuclear Magnetic Resonance (PMR or 1H NMR) Spectroscopy
A member of the absorption spectroscopic methods is the Proton Nuclear Magnetic Resonance (PMR or 1H NMR)
Spectroscopy 101. Here, the samples are excited with electromagnetic radiation in the high-frequency range between
3 MHz and 30,000 MHz, which is then specifically absorbed by the sample composition 101. The method deals
with nuclear magnetic resonances, which are related to the properties of the atomic nuclei and thus defined by the
different nuclear magnetic transitions between the energy levels of the nuclei 101.These energy transitions and the
associated energy absorption is registered in the form of a spectrum and can be used for a qualitative identification
133
. Quantitative determination (qNMR) can also be performed with 1H NMR Spectroscopy, using relative
determination, absolute determination by use of internal or external standards, standard addition, and calibration
curve method 134.
In 2018, qualitative detection of the plastics PE, PP and PS was provided by Ceccarini et al. after purification of
sediment samples 135. Peez et al. (2019) was the first to show quantitative NMR (qNMR) determination of
microplastics (PE, PET, PS) in model samples (in appropriate solvents) as a possibility 134. This work was intended
to provide a size-independent method for quantification, which is accomplished by a Calibration curve method,
the qNMR is a non-destructive method by only dissolving the particles in appropriate solvents for a stable solution
134,136
. In the same year, the group around Peez et al. demonstrated the quantitative detection of PET filaments after
removal of the biological matrix (sample cleanup) in model environmental samples such as river water (freshwater
model), sand (as a model for sediments), aquatic biofilm and the invertebrate amphipod (Gammarus roeselii) as
biological matrices 137.
In order to increase the range of plastics that can be quantitatively determined with qNMR, Peez & Imhof published
another study dealing with the determination of (ABS) granules (100-300 μm), PVC powder (< 50 μm), PA fibers
(length approx. 500 μm, diameter approx. 20-30 μm) in solvents 136. Furthermore, it was shown that through the
peak-fitting method (PF- method) and as an alternative integration method (INT-method) a quantification and
determination is possible even for measurements without baseline separation and could show great potential
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especially for the development for environmental samples in connection with matrix effects. The applicability for
environmental samples, the influence of a suitable sample clean-up and the influence of matrix effects must
nevertheless be shown and optimized in further investigations 136.

1.2.3.5. Hyperspectral Imaging (HSI)
Recently there has been a growing interest in the use of HSI for the identification of MPs. Hyperspectral analysis
provides both spectral and spatial information. The underlying principle of HSI is that every physical object emits
radiation at different wavelengths in the electromagnetic spectrum due to its chemical composition and physical
structure. Based on the interactions between different chemical materials in the sample and the incident light at
different wavelengths, the specific light absorption or scattering is reflected as characteristic spectra over a range
of wavelengths. These spectral signatures or fingerprint features allow the analyte to be assigned and identified
138
. Special about the HSI technique is that it extends traditional spectroscopy with the spatial dimension by using
conventional imaging in the same system to provide spectral and spatial information simultaneously. Spectroscopy
detects or quantifies the analyte of interest. The analyte is detected based on its spectral signature, and imaging
converts this information into distribution maps for spatial visualization. A three-dimensional data set, the socalled hypercube, with two spatial dimensions and one spectral dimension is acquired. Information about
morphological characteristics and chemical properties of the analyte are stored here 139. Each pixel is a spectral
profile that corresponds to this spatial region and allows different types of material to be compared in order to
identify or classify different species 140. Hyperspectral images are generated in three modes, including point
scanning, line scanning and area scanning 141 and allows direct visualization of the physical and geometric
characteristics of the sample material. The field of HSI is gaining increasing interest in the analysis of small, hardto-identify particles and is widely used in many fields. For example, it is used in agriculture 142, food safety control
143
and in medicine 144. Here, the spatially resolved spectral imaging obtained by HSI provides diagnostic
information about the physiology, morphology and composition of the tissue. The principle behind HSI-based
classification is polymer spectra matching. This means, that each material has its own spectral properties when it
is analyzed with a spectrograph 145.
HSI has been used to evaluate and identify particle sizes, frequency, shapes and polymer types of microplastics
such as PP, PS and PE in both marine and terrestrial environments 139,146–148. Karlsson et al. (2016) reported for
the first time on the detection of microplastics by using an HSI method to investigate the MP content in seawater
and confirmed that the HSI technique can be used to investigate microplastics up to 300 μm 139. Zhang et al. used
HSI to detect microplastic in the fish intestinal tract. It enabled the identification of five MP types, for particles >
200 μm 148.
The hyperspectral image, in addition to useful information for MP identification, is composed a lot of redundant
spectral information, which leads to the Hughes phenomenon for classification. Shan et al. (2019) developed an
algorithm (Support Vector Machine (SVM) algorithm) for the identification of MPs from the hyperspectral image,
which provides good performance for analysis and is insensitive to the Hughes effect. They showed that the
combination of hyperspectral imaging technology with the SVM method has a high robustness and recovery rate
for the detection of MPs. Other classification algorithms used to identify microplastics from the other materials in
the hyperspectral images included Mahalanobis Distance (MD) and Maximum Likelihood (ML) algorithms.
Zhu et al. investigated the basic spectral characteristics of 11 types of plastic polymers and reported on an
innovatively optimized HSI system in which microplastics up to a size of 100 mm were detected 149. The
technology has several advantages, such as speed, precision, non-destructive, non-marking, and reliable imaging.
HSI allows direct visualization of samples with possible chemical identification and also allows mapping of the
chemical distributions of the target components 150. Reliable information about size, shape and polymer type can
be obtained from plastic particles to individual hyperspectral images. The simultaneous characterization of the
polymer composition on plastic debris represents an important analytical advantage 146.
In combination with machine learning algorithms, HSI can provide faster results than other MP identification
techniques. Therefore, HSI potentially also offers the solution for long sample preparation times 140. HSI has the
ability to provide simultaneous spectral and spatial information of an object by combining the advantages of
imaging and spectroscopy 138. In addition, HSI offers the possibility of capturing an image of a scene containing
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a number of particles as opposed to single particle analysis. However, the ability to obtain spectral information
together with spatial information of the sample to be analysed is one of the most attractive advantages of HIS 149.
The main disadvantage of HSI is the complexity of the operation and the data processing step. Also, the large
amount of generated data, which often contains redundant data that is not helpful for analysis, requires the use of
complex data analysis methods. Despite many advances in the field of HSI, the application of this method to the
analysis of MPs is still in its infancy, and solutions still need to be developed to further reduce the size limit of MP
particles to be detected 149. It is not possible to determine the chemical composition of products with imaging
techniques, since the spectral information is very limited 151. HSI requires models or known materials to calibrate
the pixel information used to analyze unknown samples via a model transfer procedure. In addition, the relatively
low imaging quality compared to electron microscopes 143, the low scanning frame rates and the requirements of
academic education hinder the realization of the full potential of HIS 152.
HSI has great potential to overcome the disadvantages of traditional polymer analysis methods, as it is much faster
and easier to implement than its counterparts. So far, the lowest detection limit achieved is 0.2 mm, but an increase
in spatial resolution can further reduce the detection limit. The success of supervised learning algorithms such as
SVM and PLS-DA proves that HSI can become a potential online method for identifying MPs. However, data
analysis methods need to be improved to ensure that useful data is not lost when building classification models.
Therefore, more robust methods that can account for the change in spectra due to MP degradation are a necessity
148
.
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1.2.4. Chromatography
1.2.4.1. Gas chromatography (GC)
In Gas Chromatography Mass Spectrometry (GC-MS), GC separation is coupled with MS with the aim of
identifying and quantifying the analyte. The method has a wide range of applications, from food and environmental
analysis to forensics and doping controls 153. For this purpose, a capillary column is used in the GC in which the
materials of the stationary column medium have a different relative affinity to the analyte molecules and lead to
different runtimes, which enable the mass spectrometer to analyze the eluting molecules for their chemical species.
The mass spectrometer ionizes the molecules to be analyzed and detects these charged fragments at different masscharge ratios 154. The GC-MS analysis has already been used to determine the types of plastics present, such as
PE, PP, PS, PET and PA, which are the main representatives of MPs 155,156.
It was also used to characterize microplastics in various environmental samples. It has already been applied in
river water 155, seawater 157, beaches 158, soil 159 and sediments 70. Fries et al. used the method, in addition to
determine the components of the MPs, to measure the organic pollutants, they carry in sediment samples. In
biological samples, MPs could be identified by GC-MS after digestion of the biological tissue with a 10 % KOH
solution 160. Frias et al (2010) also used GC-MS to determine the concentrations and types of POPs in the MPs.
In general, GC-MS methods are often used in conjunction with thermo-analytical techniques, in which
microplastics are identified by analyzing their thermal degradation products by mass spectrometry. For example
in combination with pyrolysis (Py-GC-MS) 161–163 or as thermal extraction Desorption Gas Chromatography Mass
Spectrometry (TED-GC-MS) 155. The approach of thermal analysis of MPs, which is increasingly used for the
characterization of MPs, is based on the identification of the polymer by its thermal degradation products. After
combustion or pyrolysis of the sample material and subsequent separation, the detection and quantification of the
resulting gases is performed. These gases, or their ratios to one another, are each substance-specific and allow a
conclusion to be drawn about the original composition of the solid sample.

1.2.4.2. Pyro-GC-MS
Py-GC-MS is based on the thermal decomposition of a sample and is one of the well-established methods for the
analysis of polymers and microplastics 161,162. MPs are heated in pyrolysis devices and decomposed into small
molecules. The thermal degradation products are first cryo-captured, then separated using a chromatographic
column and finally identified by mass spectrometry 164,165. Compared to GC-MS, Py-GC-MS is able to analyze
higher molecular weight compounds and provides a more complete overview of the entire sample, allowing a more
accurate assessment of the complex chemical nature of the analyte 166. The pyrolysis of plastic polymers leads to
characteristic pyrograms that allow identification of the polymer type by comparing their characteristic combustion
products with reference pyrograms of known polymer samples 161,162. Depending on the pyrolysis temperature,
characteristic patterns are obtained from both plastics and (organic) additives, which can be identified by
comparisons (reference plastics and databases). By further coupling with a mass spectrometer, individual pyrolysis
products can be identified and thus extensive information about plastic can be obtained. This technique has
traditionally been used in environmental samples to characterize organic matter and pollutants. In addition, this
technique has recently experienced a significant upswing in the chemical characterization of microplastics in
environmental samples, as isolated plastic particles can be identified with a high degree of certainty by their
characteristic decomposition products.
Fischer et al. used Py-GC-MS for the successful characterization of MPs in fish samples 163. Therefore Py-GCMS was used by Fries et al (2013) to identify the polymer type of MPs and to analyse the content of organic plastic
additives. Dierkes et al. (2019) provided the method to quantify MP, in sediments, soils and sewage sludge, results
in less than 7 h 167. Pyrolysis-GC-MS was also used by Mintenig et al. to determine the polymer types of MPs.
Their study aimed to standardize the measurement methods for concentrations and sizes of micro- and
nanoplastics, which is crucial for the accuracy and interpretation of the data 168.
The most relevant information obtained in the analytical pyrolysis of polymers is the description of the chemical
compounds obtained during and after the pyrolysis. Each polymer has characteristic degradation products that can
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be used for its identification and/or quantification 163. The development of new py-GC-MS databases will simplify
data interpretation and increase the potential of this technique for identification purposes 169. The main
disadvantage of this method is that it is destructive for the sample material and only capable of chemical
characterization. Also, it cannot provide information about the size, shape and concentration of the MPs 46. False
results can also be obtained if the different polymers produce similar thermal degradation products 161. Another
shortcoming of this method is that it can only analyze a very small number of simple and homogeneous samples
(0.5 mg) per run 153,155. In this sense, Dümichen et al. described a method using thermal extraction-desorption gas
chromatography-mass spectrometry, which is mentioned in the following section to deal with the limitation related
to the small amount of sample required for Py-GC-MS analyses, which can lead to unrepresentative samples.

1.2.4.3. Thermal desorption and extraction (TED-GC-MS)
TED-GC-MS is the combination of thermal extraction with thermogravimetric analysis (TGA) on solid phase
adsorbers and subsequent analysis of these adsorbers by thermal desorption gas chromatography-mass
spectrometry (TDS-GC-MS). This coupling of TGA-solid phase extraction and TDS-GC-MS is called TED-GCMS 159 155,159. The TD device collects and concentrates the volatile organic compounds to a small volume, mainly
by adsorption with sorbents and further release into a gas stream by heating the sorbents. The TD device is installed
on top of the GC injector and operated by direct heating. The injected samples pass through the TD device and
produce pyrolyzed fragments 170. Using a cold feed system, they are cryo-focused at -100 °C and then separated
with the GC column and detected by mass spectrometry.
TED-GC-MS has already enabled the identification and quantification of polymers in various solid environmental
samples. The environmental samples are pyrolyzed and the decomposition gases are analysed, whereby the
identification and quantification of characteristic decomposition products of each polymer allows the
determination of microplastics 159. The environmental samples studied, on microplastics, are aquatic and terrestrial
systems. In particular, the presence of PE, PP, PS, PET and PA, which are the most important representatives of
MP, could be demonstrated 155.
Every plastic release polymer-specific gaseous decomposition product within a thermogravimetric analysis, in
which a weighed sample is pyrolyzed (thermal extraction) or heated above the glass transition temperature under
exclusion of oxygen. The weight loss can be measured, and the gaseous products of the thermally induced reaction
can then be quantified in a gas chromatography. Since polymers only decompose at temperatures above 300°C,
the soil matrix or residual biomass of the filter residues can be thermally separated. To concentrate the process
gases of the plastic pyrolysis, they are bound to a solid phase adsorber and then heated a second time in the thermodesorption unit. During this process, the previously adsorbed decomposition products are desorbed and transported
by an inert gas stream to a cold feed system where they condense and concentrate at very low temperatures. After
this cryofixation the decomposition products are evaporated again in a controlled manner and separated by a
chromatographic column (GC-MS). The separation depends on the boiling points of the analytes as well as on the
interaction between the mobile and stationary phase of the chromatographic column. For the separation of
polymer-specific decomposition products, reversed phase separation phases are used due to their non-polar
character. In contrast to Py-GC-MS, which requires pre-selection and isolation of the particles to be analyzed, the
entire sample is pyrolyzed at temperatures up to 600 °C, and the specific degradation products are trapped on the
solid phase absorbers and measured by gas chromatography-mass spectrometry. This allows both the identification
of the polymer material and the quantification of the microplastic masses contained in the sample when processing
larger and more complex environmental samples compared to Py-GC-MS 171. Compared to Py-GC-MS, TED-GCMS has been used to measure relatively large amounts of sample mass (100 mg) and is able to analyse complex
and heterogeneous samples 159. Apart from this, pre-treatment of standard MPs particles is not necessary when
TED-GC-MS is used to characterize MPs 50,172.
By using the TED-GC-MS method it is possible to analyze large sample quantities of up to 100 mg. Compared to
Py-GC-MS this is a much higher sample mass fraction 50,173. In addition, the method allows the polymers to be
quantified, which is valuable information for evaluating the amount of contamination in the tested samples.
However, it is a destructive method, and information about particle sizes and particle size distributions cannot be
determined 155.
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1.3. Aim of the work
The stated aim of this thesis was to obtain more comprehensive knowledge of the photophysical properties and
processes of the various plastics (micro- and nanoplastic) and their usefulness for detection, characterization and
differentiation. Here, the influence of heat treatment on these photophysical properties and processes was also
investigated. In the course of the work, the focus was on the temporal resolution of the (auto-)fluorescence. The
use of autofluorescence in biological samples is a widely used method to gain detailed knowledge about systems
or organisms. This property is not only found in biological systems, but also anthropogenic materials such as
plastics can emit autofluorescence. Measuring the temporal resolution of this emitted autofluorescence with
fluorescence lifetime imaging microscopy (FLIM) generates data on fluorescence decay, i.e. the fluorescence
lifetime (τ). This method is becoming more and more popular in the fields of (bio-)medical and biotechnical
research and can be used as single and multiphoton FLIM, e.g. in fluorescence-guided surgery 174,175, insights to
the cellular metabolism 176–179, and 3-D optical sectioning 180,181. Further applications are the study of molecular
interactions via Förster Resonance Energy Transfer (FRET) 182–185 and use of FLIM-based sensors for monitoring
microenvironmental parameters like pH, temperature and ion concentration 186–189
These characteristics of the fluorescence lifetimes and the associated measurement methods showed great potential
for the various applications, as well as for the formulated hypotheses. From this, the following specific main
objectives of this scientific thesis were derived:

1.

Analysis of the parameter fluorescence of microplastic, the influence of heat treatment and the
usefulness of this parameter for estimating microplastic contamination.

2.

Development of a novel method for characterization and differentiation of microplastic based on
the fluorescence lifetime and the powerful tool Phasor analysis.

3.

Development of a new type of method for micro- and nanoplastic identification in biological
matrices and deep tissue.
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2.1. Overview of Journals
Table 1 Overview of journals where peer-reviewed articles were published

Journal

Impact factor

Publisher

Clinical Hemorheology and Microcirculation

1.741 (2020)

IOS Press

Journal of Environmental Chemical Engineering

4.300 (2019)

Elsevier

Chemico-Biological Interactions

3.723 (2019)

Elsevier
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2.2. Using autofluorescence for microplastic detection – Heat treatment increases
the autofluorescence of microplastics
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Abstract
More and more researchers are studying the effects of microplastics on the environment and the organisms living
in it. Existing detection methods still require a heavy workload, complex sample preparation and high costs. In
this study, autofluorescence of plastic was used as a new method for microplastic detection. Particles of common
plastics were incubated at various temperatures (21-230 °C) for different time periods to investigate the influence
of these conditions on their autofluorescence using methods like fluorescence microscopy, and measurement of
absorption and emission. To give an example of an autofluorescence application, ImageJ was used to determine
the contamination of microplastic in sea salt samples. After treatment at 140 °C for 12 h the plastics ABS, PVC
and PA showed a distinct increase in their fluorescence intensity. For PET higher temperatures were necessary to
achieve higher fluorescence intensities. Using ImageJ, the particle contamination in sea salt samples was
determined as 4903 ± 2522 (aluminium membrane) / 5053 ± 2167 (silicone membrane) particles in 10 g salt,
which is a much higher number than counted in other publications. Probably the increase in fluorescence intensity
is due to the movement of atomic bonds caused by the thermic energy during the heat treatment. The high number
of counted particles by using ImageJ is most likely based on the smaller pore size of the used filter membranes
and other contaminations like dust and fibers, which could be avoided by alternative sample treatment. Considering
the outcomes of this study, heat treatment is a useful tool to make microplastic particles more visible in microscopic
applications without readable destruction of their composition. The heat treatment of plastics for defined
incubation times and temperatures can lead to a distinct increase in autofluorescence intensity of the plastics and
therefore serve as an easy and cost-effective applicable method for microplastic detection.
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Introduction
The negative influence of plastics as well as micro- and nanoplastic fragments on the environment have received
considerable attention in environmental pollution research as well as pollution prevention to the fate of
microplastics in the environment. However, up to now, the knowledge of nano- and microplastic on aquatic
organisms is sparse190. Very limited data is available regarding the impact of these plastics on human health 191.
However, cellular uptake, accumulation in gastric intestinal tissue, and inflammatory reactions by nano- /
microplastics could be shown by in vitro studies 192,193. Exposure may occur by ingestion, inhalation and dermal
contact due to the presence of microplastics in products, foodstuff and air. In all biological systems, microplastic
exposure may cause particle toxicity, with oxidative stress, inflammatory lesions and increased uptake or
translocation 194.
For this reason, methods for the detection and identification of plastics have been researched, but there is still no
standardized method for controlling micro- and nanoplastic contamination. Current methods work by identification
of the chemical nature of plastics via Thermal Desorption-Gas Chromatography-Mass Spectrometry (TDS-GCMS) 155,159, Pyrolysis-Gas Chromatography-Mass Spectrometry (Py-GC-MS) 70,161,163, Fourier Transform Infrared
Spectrometry (FTIR) and Raman spectroscopy 86,195. The non-destructive methods of FTIR and Raman
spectrometry have limitations for the detection of particle size, which account for 20 µm for the FTIR and 0.5 µm
for Raman spectrometry 43,117,196 and require time-consuming, complex sample preparation to produce a highquality result. A new method described is the quantitative analysis of microplastics via 1H NMR spectroscopy.
This method is fast in measurement and easy to carry out 134, but a high initial investment in the equipment is cost
intensive and 1H NMR spectroscopy doesn’t provide information on particle morphology.
In these methods, an interesting property of the plastics was left out of consideration, namely the ability of
autofluorescence or primary fluorescence. Autofluorescence is the ability of a material or substance to fluoresce
upon excitation by mostly short-wavelength light without the need to incorporate an additional fluorochrome.
The autofluorescence of certain tissues is already used in medicine to differentiate neoplasms and healthy tissue
or cells 197,198, but in the field of micro- and nanoplastics research, it has received only a few entries in research
48,95,199,200
. In the work of Qiu et.al., the autofluorescence of the plastics, which is produced under the excitation of
ultraviolet light, is used to count fragments of plastic in sediment samples. Furthermore, the particles on the filter
were counted by hand 48, which is possible with low contamination of microplastic, but very time-consuming with
higher concentrations. Under a UV light source, plastics show greater fluorescence intensity, but not every research
group has the potential of a UV light source or a modern confocal microscope.
In this work, the autofluorescence of selected plastics under different conditions, such as treatment with elevated
temperature, as well as different incubation times, was investigated. Various excitation wavelengths above the
ultraviolet spectrum were used. To predict the contamination, an automated count was generated via the free-touse program ImageJ.

Methods and materials
Sample material
For the investigation of autofluorescence under different conditions, various plastics were selected as sample
material. These plastics were selected based on their wider distribution and the increased possibility to occur in
the environment. These included polystyrene (PS – Duni GmbH, Bramsche, Germany), polypropylene (PP – BASF
SE, Ludwigshafen, Germany), polyvinyl chloride (PVC – BASF SE, Ludwigshafen, Germany), polycarbonate (PC
– Kunststofftechnik Buzzi GmbH, Schiltach, Germany), polyethylene (PE - BASF SE, Ludwigshafen, Germany),
polyamide (PA – BASF SE, Ludwigshafen, Germany), acrylonitrile-butadiene-styrene copolymer (ABS Kunststofftechnik Buzzi GmbH, Schiltach, Germany), polyurethane (PUR and PU – Montageschaum B2, Soudal
N.V., Leverkusen, Germany), polyethylene terephthalate (PET – Coca-Cola bottle EDEKA Zentrale AG & Co. KG,
Hamburg, Germany) and polymethyl methacrylate (PMMA – Spheromeres, Microbeads AS, Skedsmokorset,
Norway).

18

Cumulative part

Sample preparation
The plastics were tested under different conditions that could affect autofluorescence. Most plastics were
investigated at room temperature (21 °C), after heating to 50 °C, 80 °C, 110 °C, 140 °C, and some special plastics
at temperatures of 170 °C, 200 °C and about 230 °C with fluorescence microscopy (Olympus CKX41, Olympus
Europa SE & Co. KG, Hamburg, Germany).
The plastic particles were wrapped in aluminium foil for the heat treatment and provided with small air holes in
order to enable the circulation of heat. These constructs of aluminium foil with the included respective plastics
were placed in the warming cabinet (Model 160, Memmert GmbH+Co.KG, Schwabach, Germany) for 12 hours
at the specific temperatures and incubated overnight.
Excitation and Emission
The measurement of the emission with respect to the different wavelengths was carried out on a microplate reader
(Tecan Infinite M200 PRO, Tecan Group Ltd, Männedorf, Switzerland). For emission measurements, about 10
mg of plastic particles were also filled into a black flat-bottom 96-well plate (Item. No. 237105, Nunc™ F96
MicroWell, Thermo Fisher Scientific, Waltham, Massachusetts, US). The settings for the emission scan were 350
- 600 nm with excitation wavelengths from 350 to 550 nm. For the representation of the emission diagrams, the
excitation wavelengths 425 nm, 450 nm, 475 nm, and 500 nm were determined. These represent a broad excitation
spectrum, which is also installed in older instruments.
Fluorescence microscopy
Using fluorescence microscopy (Olympus CKX41), the plastic particles were examined for autofluorescence at
room temperature and after heat treatment. For this purpose, the plastics were excited with different wavelengths
(460 - 490 nm; 480 - 550 nm).
A modern Leica widefield microscope (THUNDER Imager, Leica Microsystems GmbH, Wetzlar, Germany) with
a 395nm laser equipment and a motorized stage was used for examining the method at near UV light excitation
wavelength. With this modern microscope, further possibilities of the method were tested, enabling the scan of
large areas or sampling of the whole sample membrane. The shortwave excitation and automation by a motorized
table enable a rapid control of the sample membranes and reduction of the statistical bias from the enumeration of
individual membrane cut-outs, which may arise from older non-automated microscopes.
Particle counting
To demonstrate an application of the autofluorescence property, sea salt (0.1 g/ml) (Alnatura sea salt, Alnatura
Produktions- und Handels GmbH, Darmstadt, Germany) was solved in double-distilled water (ddH2O) with 1%
Tween20 (Carl Roth GmbH +Co. KG, Karlsruhe, Germany). In each case, 30 ml of the solution were filtered
through a 0.2 µm-pore size and 25mm in diameter aluminium membrane (Art. No., 28420418 , Whatman Anodisc
25, GE Healthcare, Chicago, Illinois, US) and rinsed with 20 ml pre-warmed at 45 °C ddH2O. In addition, a
macroporous silicon membrane with 1 µm-pore size and 25mm in diameter (SmartMembranes GmbH, Halle
(Saale), Germany) was used for comparison. The positive control contained the polymers PVC, PET, PU, ABS,
and PA in ddH2O with 1% Tween20. After heating for 4 h at 140 °C (which is a compromise temperature for
different plastic particles to avoid melting), images of the membranes were taken with 40x-magnification using a
fluorescence microscope (Olympus CKX41). Three fields on the membranes were selected for counting to ensure
a comparison between the different membranes. For the counting of the fluorescent plastic particles on the
membranes, the image processing software ImageJ was used. The image processing of the membranes is shown
in Appendix Table AP1. Values are expressed as mean value ± standard deviation.
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Results
Excitation and Emission
The results of the emission measurement based on the excitation wavelengths 425 nm, 450 nm, 475 nm and 500
nm are shown for PET after different temperature treatments in figure 1 (data for other plastics shown in appendix
Fig. A1-A5). Figure 1 shows the fluorescence intensity, at different emission wavelengths, of the autofluorescence
of PET particles at the above-mentioned excitation wavelengths at room temperature (21 °C). In this figure, the
values were increased by 70 in order to produce reproducible results, as no evaluable results were obtained at a
lower gain. Also, the fluorescence intensity at different emission wavelengths after a temperature treatment at 140
°C for 12 hours as well as at 220 °C for 12 hours are shown. Increased fluorescence intensity is achieved for each
excitation wavelength with a treatment with higher temperatures. Based on these diagrams a comparison between
the microscopic images could be made. It can be deduced to what extent the fluorescence at 21 °C is functional
for microscopy and how the intensity increased after the temperature treatment.

Figure 1: Fluorescence intensity at different emission wavelengths under different excitations wavelength of the polymer PET
with a 70-fold gain without thermal treatment (upper), with thermal treatment at 140 °C for 12h (middle) and a thermal
treatment at 220 °C for 12 h (lower).
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Autofluorescence
Influence of different temperature conditions
In the beginning, the selected plastics were incubated for 12 hours in the defined temperatures. The following
figures show the plastics with the best increase in fluorescence intensity. Furthermore, a summary of the plastics,
the temperature and their effect on the autofluorescence is visualized in Table 1.
PVC shows a very weak initial autofluorescence, as can be seen in Figure 2 in B & C. Incubation for 12 hours at
140 ° C allowed for an increase in fluorescence, as shown in Fig. 2 E & F. PA shows a barely perceptible
autofluorescence in the untreated state under the fluorescence microscope (Fig. 3 B & C). By incubating at 140 °
C overnight for 12 hours, Fig. 3 E & F show that an increase in fluorescence intensity of PA can be achieved. In
the case of PA, an improvement in autofluorescence is achieved even at lower incubation temperatures; the
possibilities are summarized in Table 1. PET shows only a small increase in autofluorescence over a large
temperature range. In the untreated sample, a barely visible autofluorescence is imaged under the fluorescence
microscope. Incubation overnight at a temperature of about 220 °C results in a significant increase in
autofluorescence under the fluorescence microscope.

Figure 2: Series of pictures of PVC at 40x magnification under the fluorescence microscope. A-C: untreated PVC; (A) phase
contrast, (B) excitation at 460-490 nm and (C) excitation at 480-550 nm. D-F: PVC after incubation at 140 °C for 12 hours
(D) in bright field, (E) excitation at 460-490 nm and (F) excitation at 480 - 550nm.

Figure 3: Series of pictures of PA at 40x magnification under the fluorescence microscope. A-C: untreated PA; (A) phase
contrast, (B) excitation at 460-490 nm and (C) excitation at 480-550 nm. D-F: PA after incubation at 140 °C for 12 hours
(D) in bright field, (E) excitation at 460-490 nm and (F) excitation at 480 - 550nm.
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Figure 4: Series of images of PET at 40x magnification under the fluorescence microscope. A-C: untreated PET; (A) phase
contrast, (B) excitation at 460-490 nm and (C) excitation at 480-550 nm. D-F: PET after incubation at 220 °C for 12 hours
(D) in bright field, (E) excitation at 460-490 nm and (F) excitation at 480 - 550nm.

Table 1: Relation between temperature of heat treatment and fluorescence intensity of different plastic particles for the
wavelengths of blue (460 – 490 nm) and green (480 – 550 nm) excitation.
Plastic

21 °C

50 °C

80 °C

110 °C

140°C

ABS

+

+

+

++

PA

O

O

+

+

PC

O

O

O

O

+

+

+

+

PE

O

O

O

O

O

+

N/A

N/A

PET

O

O

O

O

+

+

+

PMMA

O

O

N/A

N/A

N/A

N/A

+

++

PP

O

O

O

O

O

O

+

N/A

PS

O

O

O

O

+

N/A

N/A

N/A

PU

+

+

+

++

++

N/A

N/A

N/A

PU hardened

+

+

++

++

N/A

N/A

N/A

PVC -DINCH

O

O

O

+

N/A

N/A

N/A

200 °C

220 °C

N/A

N/A

N/A

N/A

N/A

++

++

N/A = not available, O = low level, + = medium level, ++ = higher level,
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Influence of different time conditions
In further experiments, the temporal aspect of increasing the fluorescence intensity was tested. PVC was incubated
at 170 °C for 3 hours, and a 3- and 6-hours treatment of PA at 170 °C was performed. Figure 5 shows PVC after
a 3-hour incubation at 170 °C. Figure 6 shows PA at 170 °C after 3 hours (Fig. 6 A-C) and after a 6-hour incubation
(Fig. 6 D-F).

Figure 5: Image series on autofluorescence of PVC after a 3-hour incubation at 170 °C. A-C: 40x magnification in brightfield,
at excitation at 460-490 nm and excitation at 480-550 nm.

Figure 6: Series of pictures on the temporal change of the autofluorescence of PA at 40x magnification under the fluorescence
microscope. A-C: PA after a 3-hour incubation at a temperature of 170 ° C, (A) in brightfield (B) under excitation at 460-490
nm and (C) under excitation at 480 - 550nm. D-F: PA after 6-hours incubation at 170 ° C in (D) bright field, (E) under
excitation at 460-490 nm and (F) under excitation at 480 - 550nm.
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Detection of plastic particles in sea salt samples
The microplastic contamination in sea salt samples was determined by using the image processing software ImageJ
based on the autofluorescence properties of the plastics (Fig. 7). The number of pixels per µm for the microscopy
pictures with 4x-magnification was identified as 0.61 pixels. Therefore, the following parameters were calculated:
20 µm particle size (12 pixels) and a minimum circular area of a particle (113 pixels 2). PMMA-particles with the
specific size of 15 µm were not considered by these parameters, particles with 30 µm diameter were counted. A
volume of 30 ml of a sea salt solution (0.1 g/ml) was filtered through a 0.2 µm pore size aluminium or silicone
membrane. After heating the membranes, pictures were taken using a fluorescence microscope and the fluorescent
particles and structures were counted using the software ImageJ. Production-related integrated and fluorescent
structures of the membranes (negative control) were subtracted from the counting results.
The final particle counting resulted in 11 ± 6 particles per analyzed image (3.67 mm2) of the aluminium
membranes. The area of an entire filter membrane was 490.87 mm 2. Thus, in summary, there were 1471 ± 757
particles on a membrane. In consequence, 100 ml of the sea salt sample (10 g sea salt) contained approximately
4903 ± 2522 fluorescent particles. The particle counting of the silicone membrane showed 11 ± 5 particles per
analyzed image (3.67 mm2). This resulted in 5053 ± 2167 particles for the whole sample of 10 g sea salt. The
relatively large standard deviations of some counts are caused by the variation of counted particles in different
membrane fields.

A

B

C

Figure 7: Example of the counting process on the aluminium oxide membrane using ImageJ. (A) Microscopy image with 40x
magnification and green emission, without any labeling and adjusted contrast. (B) Edited image after converting to greyscale
and setting threshold and watershed. (C) Result of the count.

Particle Counts

Particle Counts Aluminium vs. Silicone Membrane
80
70
60
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40
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Figure 8: Counted fluorescent particles with standard deviation (SD) using ImageJ software. Comparison between aluminum
membrane and silicone membrane.
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Table 2: Counted fluorescent particles with standard deviation (SD) - comparison between aluminum and silicone
membrane.

Mean ± SD
Aluminum Membrane
Mean ± SD
Silicone Membrane

Positive
Control

Sea Salt
Membrane 1

Sea Salt
Membrane 2

Sea Salt
Membrane 3

Mean of Sea Salt
Membranes

50±20

15±5

3±2

15±3

11±6

43±4

7±1

9±4

18±3

11±5

Particle counting with widefield microscopy
The particle counting using ImageJ was also applied on a microscopic image of a multichannel widefield
microscope (Leica) showing a mixture of microplastic particles. The scale of the picture was 184 pixels/mm and
therefore the minimum circular area of a particle was calculated as 10.75 pixels2. The particle counting resulted in
353 particles for the analyzed picture.

Figure 9: Microscopic image of a Leica widefield microscope showing a mixture of different microplastic particles and
counting of the particles using the software ImageJ.
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Discussion
Excitation and Emission
For this publication, wavelength-specific emissions (450-700 nm) of the selected plastics PA, PMMA, ABS, PP,
PET, PU and PVC (Fig. 1 PET as an example, other data in Appendix as Fig. A1-A5) were measured with the
microplate reader (Tecan Infinite M200 PRO) under the excitation of broadened laser wavelengths of 425 nm, 450
nm, 475 nm, and 500 nm. By selecting these excitation wavelengths, the surrounding wavelengths can also be
roughly estimated.
The graphs in Figure 1 show no particular features of the emission among the parameters presented in this
publication. The intensity of autofluorescence increases at shorter and higher-energy excitation wavelength and is
therefore more effective for the applications shown. The intensity for ABS at all excitation wavelengths is about
twice as high as in the case of the plastics PA and PMMA. The plastic PP can be stimulated the least in comparison
to PET and PVC, but a similar intensity can be visualized with excitation at 425 nm as with the plastic PVC. The
plastic reacts more sensitively to the excitation at 425 nm and thus increases the intensity at this wavelength to
about twice the amount of PP and PVC. The plastics PP, PET, and PVC would show a substantially low
fluorescence in comparison, considering the different intensification of the intensity of the plastics PA, PMMA
and ABS.
For all plastics, thermal treatment increased the intensity of all wavelengths shown. The intensity curves of the
plastic PP after heating in comparison to the samples at 21 °C show the emission maximum on all curves. For the
emissions after excitation with the wavelengths 475 and 500 nm of PET, there is only a barely noticeable increase
in the intensity. The increase of the intensity at the excitation with 425 nm should also cause a strong microscopic
distinction. PVC shows a strong increase in intensity when excited with the wavelengths 425 and 450 nm. One
conspicuous feature of the PP and PVC plastics is that the emission maximum of the curves shows a shift in the
longer wavelength spectral range. PET has been subjected to a strong thermal treatment of 220 °C, whereby the
intensities under the 70-fold gain were no longer fully detectable. It can nevertheless be said that the treatment
with 220 °C makes the plastic PET extremely bright, which can also be verified with the microscopic images at
the wavelengths above 475 nm.
For all emissions that were recorded in the course of the study and are either shown in Fig. 1 or not included in
this work, there are already small variations in the fluorescence behavior of the examined plastics. These variations
should be further explored in the future as these variations could eventually be used to discriminate against
different types of plastics.

Autofluorescence
The autofluorescence of the plastic species differs greatly in their intensity, which is why the expression of the
fluorescence and the amplification of it were investigated in this work. The plastic polyurethane (PU) shows a
strong autofluorescence already without further treatment with heat (Data not shown). ABS already exhibits greater
autofluorescence compared to other plastics such as PA, PVC, PET and PMMA, which can be further enhanced
by incubation at 140 °C for 12 hours (shown in Fig. A6). In contrast, the plastic PVC shows a very low intensity
of fluorescence in its natural state but shows increased fluorescence intensity after incubation at 140 °C for 12
hours. Furthermore, PVC shows slight decomposition phenomena even at about 140 °C after 12 hours. At
temperatures of 170 °C and 3-hours incubation the decomposition traces are already significant. Despite these
decomposition processes, PVC shows strong autofluorescence after only 3 hours, which even exceeds the intensity
of the 12-hour incubation at 140 °C. Depending on the field of application, the fluorescence can be exploited
despite the decomposition of the PVC. PA shows an almost imperceptible autofluorescence at room temperature,
which can be improved by small temperature increases. After incubation at temperatures between 110 °C and 170
°C for 12 hours very good increases in fluorescence intensity could be achieved (Table 1). According to the
investigations carried out, the plastic PET has increased temperature stability, in which the autofluorescence
changes insignificantly. In this study, the temperature for the incubation of PET was set to about 220 °C for 12
hours, in which as a result the fluorescence intensity increased. PMMA (shown in Appendix Fig. A7) with a mean
particle diameter of 15 µm, shows a slight increase in fluorescence intensity after heat treatment around 190-200
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°C, compared to higher emission of light by heat treatment at around 220 °C. It can be assumed that temperatures
below 190 °C allow slight increases in autofluorescence for the PMMA particles. The anthropogenic PMMA
particles showed no visible changes due to thermal degradation between temperatures 190 and 210 °C, but the
particles began to adhere to each other and stick to the substrate. This sticking could usually be solved by simple
mechanical rubbing. Thermal treatment with temperatures above 220 °C increases the thermal processes, causing
fusion, fouling and yellow discoloration of the particles.
The temporal aspect of the incubation also plays a role in the development of the intensity of autofluorescence
according to our investigations. As shown, PVC has an increased intensity compared to the natural state after only
3 hours. In further investigations on the plastic PA, the difference between the 3-hour incubation and the 6-hour
incubation at 170 °C becomes visible. It can therefore be assumed that at lower temperatures a longer incubation
time is needed and at elevated temperatures a shorter one can lead to the same result. An incubation period of 6-7
hours should lead to a significant increase in most plastics, which can be used for further applications.
Generally, it can be said that the intensity of autofluorescence is more pronounced with shorter wavelengths. This
is shown in the absorption and emission diagrams. Furthermore, in the publication by Qiu et. al. 2015 a visual
confirmation of this assumption is provided by the microscopic photographs of the plastics. The addition of UV
light would also be advantageous in the case of plastics (PP, PE, PS, PVC), which show only slight
autofluorescence at longer wavelengths. In the case of the excitation of larger particles with wavelengths in the
ultraviolet spectrum, heat treatment could be beneficial.
To anticipate something in the particle count discussion, predicting microplastic contamination at wavelengths in
the ultraviolet spectrum could lead to better particle recognition, counting, and time efficiency. Moreover, if
contamination of very small particles (<5 µm) is assumed, the count could be made possible by additional short
heat treatment (150-160 °C) for 3 hours which increases emissions under UV light excitation.

Fluorescence microscopy
For the visualization of the plastic particles with and without temperature treatment, two Fluorescence Widefield
Microscopes were used for these studies. Most of the examinations were performed on the older and manual
Olympus CKX41, while the Leica widefield microscope (THUNDER Imager) was used to test the short-wave
excitation (395nm) and the Navigator function to automatically acquire larger areas. Older manual fluorescence
microscopes can be used by the enumeration of individual sections of the membrane and subsequent extrapolation
an assessment of the contamination can be performed, this approach has the disadvantage that the static errors are
greater and no localization map of the entire membrane can be made for other methods. With the more modern
automated systems such as the THUNDER Imager, whole areas or the complete membrane can be displayed in a
photo via the Navigator function. Here, the quantification of the particles could now be carried out with the
company’s software. These images can be used to identify interesting locations for further analysis using FTIR or
Raman spectrometry. Although the system used only has an automatic table without advanced software, these
images can still be analyzed quickly and easily via the freely accessible ImageJ.
Regardless of which microscope is used, the described method can also be used to determine contamination during
extraction and sample preparation. If the examination of the negative control leads to high fluorescence signals,
the sample preparation could contain unwanted contamination. As a further advantage, control by this method can
determine whether an extraction method was successful or whether further investigation using a more timeconsuming analytical method is worthwhile. Depending on the microscopic system used, fluorescent signals can
be recorded very sensitively and even without the additional staining with the dye Nile Red.
Ultimately, the modern fluorescence system and the associated software of the Widefield or the Confocal
Microscopes provide further possibilities with the described method. To be mentioned here is the exact
determination of the spectral properties of the samples, variable spectral channels and thus also the possibility to
define "species" according to their fluorescent properties. These "spectral species" can be used for further
discrimination of the types of plastic or contaminants, which could be further enhanced by combination of different
excitation wavelengths. The spectral discrimination also allows a more selective count of contaminants and thus
more information can be drawn from this method.
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The use of modern Widefield or Confocal Microscopes and higher-energy wavelengths increase the intensity and
thus the thermal treatment could be reduced or even neglected, making the method described here even faster. Not
all possibilities of these modern devices for the investigation of the autofluorescence of the plastics have been
exhausted, which should be made up for in the future, following work.
Application of the method
The investigation of the property of plastics to form an autofluorescence (primary fluorescence) and how it can be
increased in intensity, should also be useful for a variety of applications. In this regard, possible applications of
general autofluorescence or applications in combination with fluorescence decay time are described.
Detection of Contamination
The general detection or estimation of contamination with microplastic in a sample or extract is usually difficult
to perform since the current methods are very expensive. Autofluorescence can be used to estimate the
contamination of samples.
By excitation of the sample or extract, the plastic particles are excited until the emission of autofluorescence, which
can be used to estimate the plastic contamination in the sample. Of course, this method is not very specific for
complex samples. For extracts, where almost and only all the plastics are left, a better estimation of the plastics is
possible. The limitation of this method is the emission intensity of the autofluorescence of the various plastics.
This limitation can be reduced by the treatment of plastics described in this work since incubation at elevated
temperatures increases the intensity of autofluorescence. Thus, as an example, an extract may be incubated on a
heat resistant support overnight at an elevated temperature and examined under a fluorescence microscope the day
after. Temperature profiles of the fluorescence intensity of each plastic could be used to estimate the type of plastic
in the sample or extract. In Table 1, an incubation at 140 ° C of the plastics led to increased autofluorescence
intensity of the plastics PVC, PA, and PVC. Higher incubation temperatures can be considered for plastics, that
show no autofluorescence intensity increase after the 140 °C treatment, e.g. PET.
In this work, we could show an application of autofluorescence properties of microplastic particles. Based on their
autofluorescence, the number of contaminating particles of a sea salt solution could be determined using the
software ImageJ (see Appendix Tab. AP1). Analysis of aluminium membranes showed about 4903 ± 2522
particles in 10 g of sea salt and analysis of the silicon membranes showed 5053 ± 2167 particles, which indicate
high contamination. In other studies, in which the microplastic contamination of sea salt was examined, 1-681
particles/kg were found 25,26,201. In comparison, the particle number determined in this work was much higher. One
reason for this is the smaller pore size of the membrane filters that were used in this work. Therefore, much smaller
particles were collected. Additionally, due to the minimum particle size of 20 µm, smaller particles were included
in the analysis. Furthermore, there is a possibility that not all counted particles are microplastic due to the
adjustment of several parameters, e.g. contrast and threshold, for each individual microscopic image. Therefore, a
compromise between the analysis of small particles and thereby more background noise or bigger particles and
less background noise has to be found. Although heat treatment increases the autofluorescence properties of several
plastic particles and makes it easier to differentiate between microplastic and other contaminants, it cannot be
excluded, that several other contaminants get counted besides the microplastic. The contamination does not
exclusively consist of plastic particles, as small fibers or dust can also show fluorescent properties. Depending on
the sample treatment, these non-specific fluorescence signals can also be eliminated. Using acids or bases in the
extraction method, biological fluorescent materials are dissolved or washed away. In general, this count of particles
in a sea salt sample shown in this work should not evaluate the microplastic contamination of sea salt like other
studies did before. The main goal of this work was to show an application for autofluorescence properties of the
plastic polymers, that can be used in a detection method.
As both investigations, with aluminium and silicone membranes, showed similar results, the used counting method
is reliable. However, the aluminium membrane with its integrated fluorescent structures carries the risk that the
structures also get counted as particles, as they are spread irregularly over the whole membrane. In consequence,
it is not always possible to completely evade them by subtracting the negative control. By using newly available
silicone membranes, this problem can be avoided. The silicone membranes don’t show any autofluorescence
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properties (see Appendix Fig. A8), which makes the particle counting by ImageJ much easier and more reliable
due to very low background noise.
By using an ultraviolet light source, the counting method could be optimized even more due to the higher excitation
of the plastic particles at these wavelengths. The contrast of the microscopy images could be adjusted and fibers
as well as dust could be excluded from the counting process. Thus, even large membrane areas can be analyzed in
one step whereby the statistical bias can be reduced.
In conclusion, the particle counting, based on the polymers’ property of autofluorescence, allows an easy and quick
overview of the contamination in a given sample. This method enables a rough overview and prognosis of the
amount of microplastic particles and thereby offers a solid basis for further analysis by FTIR-spectroscopy or other
devices.
Conclusions and Future Prospects
The property of autofluorescence of plastics is a very interesting branch of research, which shows great potential
in micro- and nanoplastics research.
The results of these experiments show that the parameters selected for the studies will increase autofluorescence,
which can be used to measure contamination in samples. Furthermore, it could be observed that even with these
rather suboptimal parameters, the suspected increase in contamination from the negative samples to the salt
samples to the positive samples could be shown. Modern microscopes can be used to image the entire membrane
and can thus be used for the localization of areas of interest, before subsequently using time-consuming methods
with no prospect of success.
The basic principle of the method is very flexible and can be adjusted in sensitivity depending on the selected
parameters such as laser wavelengths, sample material, temperature treatment and incubation time. Furthermore,
the skill and age of the microscope can improve the speed and reduce potential statistical errors. Thus, the
parameters for each user and their institutional equipment can be chosen so that the best result can be achieved.
Finally, it can be deduced from the results that plastics can also be used after a heat treatment without special
additional fluorochromes for applications that would otherwise involve more expensive purchased particles. For
these applications, especially the plastics polyurethane (PU), polyamides (PA) and acrylonitrile-butadiene-styrene
copolymer (ABS) can be recommended because of their high autofluorescence properties.
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Appendix

Figure A1: Fluorescence intensity at different emission wavelengths under different excitations wavelength of the polymer
PVC with a 70-fold gain without thermal treatment and with thermal treatment at 140 °C for 12h.

Figure A2: Fluorescence intensity at different emission wavelengths under different excitations wavelength of the polymer
PP with a 70-fold gain without thermal treatment and with thermal treatment at 140 °C for 12h.
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Figure A3: Fluorescence intensity at different emission wavelengths under different excitations wavelength of the polymer
PA with a 70-fold gain without thermal treatment and with thermal treatment at 140 °C for 12h.

Figure A4: Fluorescence intensity at different emission wavelengths under different excitations wavelength of the polymer
PE with a 70-fold gain without thermal treatment and with thermal treatment at 140 °C for 12h.
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Figure A5: Fluorescence intensity at different emission wavelengths under different excitations wavelength of the polymer
PU with a 70-fold gain without thermal treatment and with thermal treatment at 140 °C for 12h.

Figure A6: Series of images of ABS at 40x magnification under the fluorescence microscope. A-C: untreated ABS; (A) phase
contrast, (B) excitation at 460-490 nm and (C) excitation at 480-550 nm. D-F: ABS after incubation at 140 °C for 12 hours
(D) in bright field, (E) excitation at 460-490 nm and (F) excitation at 480 - 550nm.

Figure A7: Series of images of PMMA at 40x magnification under the fluorescence microscope. A-C: untreated PMMA; (A)
phase contrast, (B) excitation at 460-490 nm and (C) excitation at 480-550 nm. D-F: PMMA after incubation at 220 °C for
22 hours (D) in bright field, (E) excitation at 460-490 nm and (F) excitation at 480 - 550nm.
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Table AP 1: Process of particle counting using the software ImageJ.

(A) For counting the fluorescent plastic particles, the
microscopy pictures at blue excitation were used. The
contrast of the picture was adjusted to minimize the
background noise and to better visualize the fluorescent
particles.

(B) To count particles with a defined size, the number of
pixels for 1 µm was identified by measuring the pixel size of
the scale bar of the microscopy picture. The result is
displayed in "Set Scale" in the upper left corner.

(C) For further steps, it was important to use an image
without a scale bar or any other labelling as it will be counted
as a particle. Before converting the picture into greyscale,
the conversion option “Scale when converting” was set.
Subsequently, the image was converted from RGB into
greyscale by “Image → Type → 8-bit”.

(D) A threshold was set to highlight all the particles to count
by using “Image → Adjust → Threshold…”.

(E) If there were many particles stuck together, “Process →
Binary → Watershed” was used to cut them apart (enlarged
section of the image is shown).

(F) Finally, the number of plastic particles with a set pixel
size (refer to step (B)) was counted using the function
“Analyse Particles…”. The minimum particle size was
determined by the circular area A = 𝜋 ∙ (d/2)2 (pixels2) and
the number of particles was displayed by the functions
“Outlines” and “Summarize”.
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A

B

Figure A8: Example of the negative control membranes at 40x magnification and green emission after heating for 4 h, 140 °C.
(A) Silicon membrane. (B) Aluminium membrane.
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2.3. New application for the identification and differentiation of microplastics based
on fluorescence lifetime imaging microscopy (FLIM)
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Abstract
The problem of micro- and nanoplastic (short: plastics) pollution is an increasing global issue and therefore several
detection methods for plastics, also investigating the chemical nature via spectroscopy and chromatography, have
been developed over the years. A new approach for identification and characterization of plastics is fluorescence
lifetime imaging microscopy (FLIM) – a microspectroscopic method to detect fluorescence lifetime (τ) of plastics.
We tested whether FLIM can be employed for the identification and characterization of plastics. Six types of
plastics (ABS, PA6, PET, PLA, PPE, PU), with and without prior heat treatment, were subjected to FLIM with
excitation wavelengths of 470 nm and 440 nm. The results provided mean τ (intensity weighted) values of 3.850
(+- 0.033) ns for ABS, 8.143 (+- 0.060) ns for PPE, 3.519 (+-0.090) ns for PET of a bottle from Germany and
3.564 (+-0.126) ns for PET of a bottle from the USA. The combination of mean intensity weighted τ and mean
amplitude weighted τ values allowed for the significant differentiation of 52 (94.55%) of the 55 possible plastic
comparisons. Moreover, FLIM showed the potential for the sub-micrometer range plastic characterization, phasor
analysis and allows for visual 3D-sectioning of samples that could be important for identification and
characterization of plastics in tissue and environmental samples.

1. Introduction
The problem of micro- and nanoplastic (short: plastics) pollution is an increasing global issue. However, for the
detection and differentiation of environmental plastics, simple, reliable and sensitive analytical tools are required
to characterize and assess the distribution and potential impact of plastics contamination in the environment and
its organisms.
The currently available methods, i.e. the destructive thermal desorption gas chromatography-mass spectrometry
(TDS-GC-MS)155,159 and pyrolization-gas chromatography-mass spectrometry (Py-GC/MS)70,161,163, do not
provide information about the number and morphology of the particles without prior analysis. The non-destructive
Fourier Transform Infrared Spectrometer (FTIR) and Raman spectroscopy 86,195, provide chemical analysis of
particles, but are limited by particle size (FTIR > 20μm, µFTIR > 10µm, Raman spectrometry >0.5μm) 43,117,196,
beyond being time-consuming and requiring a complicated sample preparation. Furthermore, FTIR can be
disturbed by biological contamination, which would make direct analysis of biological or environmental samples
challenging. During the measurement of spontaneous Raman scattering, autofluorescence of molecules can cause
an interfering signal which appears as a spectral broadband background signal and thus covers the weaker Raman
signals. For fluorescence, the cross section is 𝜎 = 10-16 cm2 per molecule, compared to spontaneous Raman
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scattering, which ranges between 10-26 and 10-30 cm2 per molecule and is therefore weaker 202. Another new
method, described by Peez et al. in 2018 134, is the quantitative analysis of microplastics via 1H NMR spectroscopy.
While investment in a 1H NMR spectroscopy instrument is cost intensive, 1H NMR spectroscopy does not provide
information regarding the morphology of the measured particles.
In previous work we discovered the potential of autofluorescence of plastics while working on a plastic particle
sample extraction method 199. With FLIM as a microspectroscopic method, it is possible to use this effect and to
study the temporal resolution of fluorescence, which not only enables the detection of plastics, but also their
characterization due to their specific fluorescence lifetime (τ). The fluorescence lifetime (τ) is the average time of
how long a fluorophore remains in the excited state before emitting photons into the environment. This method is
becoming more and more popular in the fields of (bio-)medical and biotechnical research and can be used as single
and multiphoton FLIM, e.g. in fluorescence-guided surgery 174,175, insights to the cellular metabolism 176–179, and
3-D optical sectioning 180,181. Further applications are the study of molecular interactions via Förster Resonance
Energy Transfer (FRET) 182–185 and use of FLIM-based sensors for monitoring microenvironmental parameters
like pH, temperature and ion concentration 186–189. Fluorescence lifetime is a plastic type specific characteristic and
is already employed in plastic detection and sorting during recycling processes 203,204. The fluorescence decay can
be fitted with an exponential function with one or multiple components, closely resembling the radioactive decay
characterizing unstable isotopes of an element.
Thus, analysis of autofluorescence lifetime with FLIM technology should allow identification, differentiation,
and quantification of plastic particles as well as the determination of morphology and surface characteristic of
individual particles. FLIM, as a non-destructive analysis method, offers the possibility of 3D representation of the
particle in its surrounding environment thus potentially providing for a greater insight into microplasticenvironment interactions. FLIM measures fluorescence lifetime as a (bio-)physical parameter and can be used as
a measuring tool for fluorescence lifetime of materials or molecules, which can be sensitive to environmental
changes. To determine the applicability FLIM for plastic particle detection at excitation wavelengths 470 nm and
440 nm, we generated microplastic particles from six different types of plastics and determined specific
fluorescence lifetimes as well as the photon yield. Some of the latter plastics were also subjected to specific heat
treatment to allow determination of the influence of heat treatment on the photon yield. Indeed, the photon yield
determined using the two excitation wavelengths was sufficient to calculate three distinctive fluorescence lifetime
components (τ1, τ2, τ3). Differentiation of the microplastic species based on the specific fluorescence lifetimes was
possible, thereby demonstrating the applicability of FLIM for non-destructive microplastic identification.
2. Materials and methods
2.1 Sample material
Six different plastic types, i.e. polylactides (PLA) as filament from (Ultimaker PLA, Ultimaker B.V, Utrecht,
Netherlands), polyphenylene oxide (PPE) as pellets from (Noryl, SABIC Europe Manufacturing, Geleen,
Netherlands), polyamide 6 (PA6) as powder from (Ultramid, BASF SE, Ludwigshafen, Germany), acrylonitrilebutadiene-styrene copolymer (ABS) as pellets from (Kunststofftechnik Buzzi GmbH, Schiltach, Germany) and
polyurethane (PU) from (Montageschaum B2, Soudal N.V., Leverkusen, Germany) were used. The polyethylene
terephthalates (PET) were purchased as plastic bottles from Germany (Coca-Cola, EDEKA ZENTRALE AG &
Co. KG, Hamburg, Germany) and from the USA (Coca-Cola, Walmart Inc., San Francisco, US). The choice of
plastics was governed by various aspects: environmental relevance, variety of photophysical properties,
biodegradability and underrepresentation in peer-reviewed publications. The PET bottles from the USA and
Germany were included to verify the determination of possible national differences in plastic composition and/or
differences in the manufacturing process.
2.2 Generation of microplastic
To generate the required microplastic particles, 2 g of each plastic pellets were comminuted by a one-cycle
process using a cryogenic swinging mill (CryoMill, Retsch GmbH, Haan, Germany), which generated particles
sizes ranging between 2 µm - 750 µm in diameter. This size distribution is an average distribution after one run in
the cryomill for different plastics, allowing for the investigation of a wide range of particle sizes. The CryoMill
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comminution settings (Supporting Information (SI) Table S1) were adapted to the intended particle size
distribution, for smaller particles additional cycle-steps are needed.
2.3 Thermal treatment of plastics
After the comminuting step some microplastics were subjected to a thermal treatment in a warming cabinet
(Model 160, Memmert GmbH+Co.KG, Schwabach, Germany) for 12 h (SI Table S2) in order to increase the
intensity of the fluorescence. Indeed, prior unreported empirical observations in our laboratory suggested that
heating of microplastics for a specific period of time would induce a retained increased photon emission (intensity
of the fluorescence) even after plastics were cooled to room temperature. Although in principle the heat treatment
used in this study is not mandatory for FLIM analysis, the advantageous characteristics of heat treatment for the
analytical procedure mandated that the potential limiting effects on fluorescence lifetimes had to be investigated.
Thus, heated microplastic particles were included in the study and subjected to microscopic analyses after complete
cooling.
2.4 Sample preparation for microscopic analyses
In preparation for the microscopic measurements, the prepared powders of the microplastic were placed on
slides with cavities (Item No.5916600, Bresser GmbH, Rhede, Germany). Slides with untreated microplastics and
heat-treated microplastics were produced. A spatula tip of powder was placed in the cavities each time and sealed
with the cover glass by fixing agents (Fixogum, Marabu GmbH &Co. KG, Tamm, Germany). Now these slides
could be examined under the FLIM system for their fluorescence lifetime. The plastics were designated according
to their treatment, so "norm" stands for the untreated samples and "temp" for the plastics with heat treatment (SI
Table S2)
2.5 Detection with Fluorescence lifetime imaging microscopy (Leica SP8 FALCON)
A modular Leica TCS SP8 - FALCON (FAst Lifetime CONtrast) system (Leica Microsystems GmbH, Wetzlar,
Germany) and an HC PL APO 20x / 0.75 Dry CS2 Objective (Leica Microsystems GmbH, Wetzlar, Germany)
was used for fluorescence lifetime imaging of microplastic particles. This system with the integrated FLIMPhasors-analysis software allowed 2D-representation of fluorescence lifetime components 205. Two sensitive
hybrid detectors (SMD, Leica Microsystems CMS GmbH, Mannheim) allowed for photon detection, while a
pulsed white light laser (WLL) with an acousto-optical Beam splitter (AOBS) for wavelengths between 470 nm to
670 nm. A continuous wave 405 nm laser line and additional 440nm pulsed laser (LDH-P-C-440B, PicoQuant,
Berlin, Germany) were used for microplastic excitation. The laser software allowed settings for variable pulse
repetition rate for the pulsed white light laser (WLL).
2.6 Settings of the Measurement
For single photon excitation of plastics, short wavelengths in the ultraviolet range are more effective and show
strong light absorption but have lower material penetration depths. During this study the wavelengths 440 and 470
nm were the shortest wavelengths available with the best penetration depth for the microscope used. In future work
shorter wavelengths e.g. 405 nm will be tested. For experiments with the 470 nm WLL laser, the spectral detector
range for the hybrid detector (SMD) was set at a wavelength range between 490-530 nm and a frame accumulation
of 40. The spectral detector range for the measurements with the additional 440 nm laser was set at a wavelength
range between 460-500 nm, while the settings for the frame accumulation were set at 200 to allow better photon
statistics. FLIM images were acquired at 512x512 pixel in the XY direction and the pulse repetition frequency of
the lasers was set to 40 MHz.
2.7 Data Analysis and Statistic.
In steady-state fluorescence measurements, some information is lost; this lost molecular information can only
be made accessible by time-resolved measurements. This information includes, for example, increased knowledge
about quenching and whether it is caused by diffusion or complex formation and whether there are several
fluorescent components with different fluorescence lifetimes present in a single substance or sample. The majority
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of the substances show several fluorescent components, whereby the intensity decay could allow double or multiexponential fittings. The fluorescence lifetimes are calculated by curve fitting algorithms (Figure 1). The parameter
chi-square (χ2) can be a good indicator for the quality of the curve fitting. Furthermore, the value χ 2 can give an
indication of the presence of several fluorescence components in case of higher deviations from unity (χ 2 > 1.5),
which might require a multi-exponential fitting. For the measurements on the Leica SP8 FALCON the fitting
model " n-exponential reconvolution " was used for the multi-exponential components of the polymers.
For the statistics of the five fluorescence lifetimes parameters determined per plastic particle type, four
measurements of each sample on variable locations were performed. For each of these measurements, the mean
value and the standard error of the mean for the individual fluorescence lifetimes (1-3), mean τ (intensity weighted
and amplitude weighted) were calculated. The statistical analysis of the data was performed with the statistical
software GraphPad Prism 8 (Version 8.4.2 (679), GraphPad Software, Inc. San Diego, USA). A one-way ANOVA
(SI Table S3) was performed to globally test the null hypothesis of the mean values of the individual plastics for
each of the five parameters (fluorescence lifetime 1-3, mean intensity weighted and mean amplitude weighted).
Mean τ intensity weighted (τ Av Int) is the mean photon arrival time of the fitting model and is shown in Eq. (1).
Mean τ amplitude weighted (τ Av Amp) is the mean decay time of the fitting model shown in Eq. (2).
𝜏 𝐴𝑣 𝐼𝑛𝑡 =

∑𝑛−1
𝑘=0 𝐼 [𝑘]𝜏 [𝑘]

𝜏 𝐴𝑣 𝐴𝑚𝑝 =

𝐼𝑆𝑢𝑚
∑𝑛−1
𝑘=0 𝐴 [𝑘]𝜏 [𝑘]
𝐴𝑆𝑢𝑚

(1)
(2)

In these formulas n stands for the number of exponential components, A for amplitudes as exponential prefactors and τ for exponential decay times (e.g. fluorescence lifetimes). Furthermore, I stands for intensities
associated with each exponential component, normalized to the time resolution of the measured decay curve in
order to be displayed in photon counts, ISum stands for the sum of the fluorescence intensity for all components and
the ASum for the sum of the fluorescence intensity for all components at time zero.
Subsequently, the post-hoc test (Tukey) was carried out for each of the five parameters mentioned and tested
whether the mean values of the individual plastics differed significantly from each other (Tables 1-5). The critical
value for significance was set at p=0.05 for statistical evaluation.

Figure 1. Example of the curve fitting of a measurement with the Leica SP8 FALCON system. The upper part
of the figure shows intensity counts with the corresponding fluorescence lifetime decrease of the measured data
(green curve) in the background. The dominant white curve is the fitting over the measured data of the photons.
In the lower part of the figure the residuals counts are shown, which represent the deviation of the photon counts
of the measured and calculated data.
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3. Results and discussion
3.1 Excitation wavelength 440 nm
Selected values of the descriptive statistic for the five parameters, i.e. three fluorescence lifetimes (τ 1-3), the
mean τ intensity weighted and amplitude weighted, which were employed to distinguish between plastic types
(polymer) at 440 nm excitation are provided in Tables 1-5, while the complete set of data obtained with the SP 8
FALCON are given in the Supporting Information (SI Table S4). The measurements carried out with this
wavelength proved to be generally applicable for the selected plastics. As expected, the photon yield of the
different plastics varied for the different plastics (SI Table S4). PLA proved to be difficult to detect with the given
settings of the system, which meant that the targeted one million counts (only between 390 000 - 604 000 counts)
were not achieved by 200 frame accumulation. This problem can be solved by an increased frame accumulation
of about 300 instead of the 200 performed, a higher laser power or the use of a laser wavelength (<440 nm) for the
excitation. The plastic ABS without thermal treatment also fell below the targeted one million counts in one out
of four measurements. Overall, increase of the frame accumulation to 220 allowed achievement of the one million
counts (better photo statistics), for all plastic types tested except for PLA.
The mean τ (intensity weighted), with values ranging between 2.86 and 8.14 ns and the mean τ (amplitude
weighted) values ranging between 1.66 and 5.84 ns, allowed for a first rough distinction between different polymer
types (Tables 4 & 5). The 95% C.I. from Tukey for the parameters of mean τ, intensity weighted and amplitude
weighted are shown in Figure 2. The latter analyses supported the assumption that FLIM at excitation wavelength
440 nm can be employed to differentiate plastic groups using the group mean values of the plastics for each of the
five parameters (p-value <0.0001), as the p-value is below the assumed significance level of (α=0.05). This general
assumption was further corroborated via Tukey post-hoc testing to test for all possible group comparisons. There
are 55 possible combination comparisons (nCr = 11! / 2! * (11 - 2)!) of plastics for each of the five parameters, of
which significant differences were found for 16/55 plastic comparisons using fluorescence lifetime 1, 13/55 for
fluorescence lifetime 2, 26/55 for fluorescence lifetime 3, 43/ 55 for mean τ, intensity weighted, and 48/55 for
mean τ, amplitude weighted. In summary, 52/55 allowed significant distinction of plastics when using FLIM at
excitation wavelength 440 nm and at least one of the five parameters (Tables 1-5). Three of the 55 comparisons
did not allow for a significantly distinguishable different group mean value: 1) ABS temp vs. PET USA norm, 2)
PET Germany norm vs. PET USA norm and 3) PET Germany norm vs. PET USA temp. Here it is noticeable that
1) is a combination of ABS with heat treatment and PET USA norm. The heat treatment of ABS leads to similar
fluorescence lifetime values as those of PET without treatment. Combinations 2) and 3) are the different PET
samples. Combination 2) showed that the untreated PET sample from the USA and Germany shows no significant
differences in fluorescence lifetimes at a wavelength of 440 nm. Combination 3) shows that heat treatment has
only a minor influence on the fluorescence lifetime of the plastic PET at the selected settings. In general, the
fluorescence lifetimes of heat-treated PET are shortened compared to untreated PET.
To allow an even better distinction of plastics, mean τ (intensity weighted and amplitude weighted) were
combined and allowed for the significant distinction of 52 of 55 plastic comparisons. The combination of the
fluorescence lifetimes 1-3 together enabled a significant differentiation of 38 of the 55 values in the comparisons
of the group mean values of the plastics. The fluorescence lifetimes 1-3 can be displayed separately in the FLIM
images by pixel-by-pixel fitting and can be used to compare the times in an image. The quality of this function is
strongly dependent on the number of photons per pixel, by increasing the pixel binning and adjusting the threshold
for disturbing background, the quality of the image fit for fluorescence lifetime separation can be improved. As an
example of how plastics PA6 and PPE could be distinguished in a mixture (PA6 and PPE), the separation of the
fluorescence lifetime components and spatial distribution of the fluorescence lifetimes is shown in Figure 3 for
PA6 and PPE. Detailed histograms and curve fittings for Figure 3 are provided in (SI Figure S1) and can be
compared to the FLIM measurements of the other single plastics (SI Figures S2-S10).
Thermal treatment of plastics primarily influenced the photon yield (intensity values), amplitude, fluorescence
lifetime and thus also the weighted means. The specific level of influence can also be deduced from Tables 1-5
and supporting information Table S4. The result being, that e.g. the comparison of PPE norm from PPE temp does
not allow for a significant distinction based on differences in fluorescence lifetimes 1 & 2. However, heat treatment
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resulted in a highly significant difference (p<0.0001) in fluorescence lifetime 3, as shown in Tables 1-5 with the
raw data provide in SI (Table S4). In this sample a very strong change of more than 3 ns at the third fluorescence
lifetime was shown, which cannot be explained by the reduced photon yield. This fact in combination with the low
photon yield also leads to a strong difference in the mean τ (Intensity Weighted) of about 4.41 ns and about 3.94
ns in the mean τ (Amplitude Weighted) between the heat treated and untreated sample. These extreme changes in
the PPE are contrasted by the weaker changes in the plastics PET and ABS. In both cases an increase in photon
yield was achieved. However, the influence on fluorescence lifetime is comparatively small for these two plastics.
Reasons for these differences could be a strong change in the fluorescence components, order of the crystallization
or the loss or amplification by plastic additives. In the work of Okabe et al. 187 it could be shown that a temperature
sensitive sensor can be developed from fluorescent polymeric material, which can be used for intracellular
measurements. Based on his work, it can be concluded that the variations in fluorescence lifetime of other plastics
should be considered as a viable possibility for their distinction. For a global statement and reproducible results
on the influence of a heat treatment, different investigations on the possible additives, different temperatures as
well as measurements with ultrapure plastics should be carried out. Thus, on one hand, demonstrating that broad
variation of experimental parameters may be counterproductive, while on the other hand, selection of parameters
for testing based on the experimental question defined at the outset of the experiment should allow for very highresolution answers. In contrast, the variability of fluorescence lifetimes in direct relationship to given parameters
e.g. temperature, additives, aging, weathering could be used as a method for an even more specific characterization
of the plastics.
An increased photon yield is important for a robust application of the mathematical models for the fitting and the
resulting multi-exponential determination. In addition, the calculation of the fitting takes further time and thus
slows down the throughput. Furthermore, the decision whether to use single or multi-exponential plastics is
difficult for non-experts. A photon yield of one million counts for multi-exponential components should be aimed
for. The latter issues can be disregarded when using fitting-free methods, like phasor analysis, and brings forth the
advantage of a directly assessable application and faster analyses. The applicability and advantages of the fittingfree phasor analysis for FLIM are currently being tested.
To further increase the capability of FLIM for plastics distinction, it is crucial beforehand to define the goal of the
detection exercise and thus choosing the appropriate hardware, settings, application and the application
environment. Important hardware and setting parameters are e.g., the choice of an appropriate laser power, laser
wavelength (single or multiphoton excitation), laser scanning rate, frame accumulation and objective to be used.
As shown here, the laser wavelength is crucial for the excitation of plastics. In the experimental setup presented
here, the wavelength 470 nm provided no direct advantage over 440 nm, however we assume that use of shorter
wavelengths and higher laser power could allow identification and differentiation of more plastic types like
polyethylene (PE) and polypropylene (PP) which shows a higher absorbance with shorter wavelengths.
In conclusion this study is the first to illustrate the possibility of a visual fluorescence lifetime measurement of
plastics, and demonstrated that FLIM is generally useful for plastic characterization, thereby demonstrating great
potential for further development. Among these developments are new sensitive detectors, the use of multi-photon
FLIM, the interactive tool of phasor analysis, and advanced machine algorithms that improve signal-to-noise ratio,
image segmentation and multiparametric analyses.
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Table 1. Sample measurement parameter (fluorescence lifetime 1) in nanoseconds employed to distinguish
different plastic types with the 440 nm laser. Significant differences *p < 0.05, **p < 0.01, ***p < 0.001 are based
on a one-way ANOVA with a Tukey post-test. Letters (d, f, j, etc.) indicate the polymeric material showing
significant differences to the respective tested plastic.
Polymeric
material (n=4)

Minimum
in ns

Median
in ns

Maximum
in ns

Mean
in ns

Std.
Deviation

a) ABS norm

0.441

0.537

0.582

0.524

0.061

Std.
Error of
Mean
0.031

b) ABS temp

0.610

0.648

0.684

0.648

0.032

0.016

c) PA6 temp
d) PET
Germany norm

0.594
0.632

0.600
0.658

0.610
0.852

0.601
0.700

0.007
0.102

0.003
0.051

e) PET Germany
temp
f) PET USA
norm

0.534

0.609

0.631

0.596

0.043

0.022

0.662

0.768

0.871

0.767

0.085

0.043

g) PET USA
temp
h) PLA temp

0.573

0.628

0.648

0.619

0.036

0.018

0.461

0.499

0.649

0.527

0.083

0.042

i) PU norm

0.532

0.538

0.549

0.539

0.008

0.004

j) PPE norm

0.458

0.507

0.531

0.501

0.035

0.018

k) PPE temp

0.458

0.472

0.479

0.470

0.010

0.005

Significantly
different
from:
**d
***f
*j
**k
**f
*i
**h, a
***j, k
**f
*g
**c, e
***a, h, i, j, k
*k, f
**d
***f
*d
***f
*b
***d, f
*g
**b
***d, f
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Table 2. Sample measurement parameter (fluorescence lifetime 2) employed to distinguish different plastic types
with the 440 nm laser. Significant differences *p < 0.05, **p < 0.01, ***p < 0.001 are based on a one-way ANOVA
with a Tukey post-test. Letters (k, h, j, etc.) indicate the polymeric material showing significant differences to the
respective tested plastic.
Polymeric
material (n=4)
a) ABS norm

Minimum
in ns
2.081

Median
in ns
2.124

Maximum
in ns
2.234

Mean
in ns
2.141

Std.
Deviation
0.068

Std. Error
of Mean
0.034

b) ABS temp

2.026

2.142

2.193

2.126

0.072

0.036

c) PA6 temp

2.131

2.144

2.17

2.147

0.017

0.009

d) PET
Germany norm
e) PET
Germany temp
f) PET USA
norm
g) PET USA
temp
h) PLA temp

1.996

2.069

2.348

2.121

0.156

0.078

1.924

2.033

2.069

2.015

0.067

0.034

Significance
to:
*k
***h
*k
**h
**k
***h
*k
**h
-

2.044

2.19

2.465

2.222

0.178

0.089

***h, k

1.941

2.054

2.132

2.045

0.079

0.040

*h

1.593

1.667

2.082

1.752

0.225

0.113

i) PU norm
j) PPE norm
k) PPE temp

2.036
1.985
1.8

2.049
2.018
1.834

2.096
2.102
1.845

2.058
2.031
1.828

0.027
0.054
0.021

0.013
0.027
0.010

*g, i, j
**b, d
***a, c, f
*h
*h
a, b, d
*
**c
***f
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Table 3. Sample measurement parameter (fluorescence Lifetime 3) employed to distinguish different plastic types
with the 440 nm laser. Significant differences *p < 0.05, **p < 0.01, ***p < 0.001 are based on a one-way ANOVA
with a Tukey post-test. Letters (h, c, j, etc.) indicate the polymeric material showing significant differences to the
respective tested plastic.
Polymeric
material (n=4)
a) ABS norm

Minimum
in ns
5.538

Median
in ns
5.609

Maximum
in ns
5.892

Mean
in ns
5.662

Std.
Deviation
0.162

Std. Error
of Mean
0.081

b) ABS temp

5.452

5.730

5.863

5.694

0.173

0.086

c) PA6 temp

6.641

6.676

6.754

6.687

0.050

0.025

d) PET
Germany norm
e) PET
Germany temp
f) PET USA
norm
g) PET USA
temp
h) PLA temp

5.340

5.613

6.253

5.705

0.389

0.194

5.471

5.596

5.666

5.582

0.094

0.047

5.518

5.969

7.230

6.171

0.750

0.375

5.445

5.726

5.982

5.720

0.220

0.110

4.465

4.704

5.351

4.806

0.401

0.201

i) PU norm

6.294

6.332

6.458

6.354

0.077

0.039

j) PPE norm

8.897

8.927

9.104

8.964

0.095

0.048

Significance
to:
*h
**c
***j
**c, h
***j
*k
**a, b, d, g
***e, h, j
**c, h
***j
*h, i
***c, j
***h, j
**c, h
***j
*a, e
**b, d, g, k
***c, f, i, j
*e
***h, j
***a, b, d, e, f, g,
j, i, k

k) PPE temp

5.754

5.829

5.884

5.824

0.062

0.031

*c
**h
***j
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Table 4. Sample measurement parameter (Mean τ, Intensity Weighted) employed to distinguish different plastic
types with the 440 nm laser. Significant differences *p < 0.05, **p < 0.01, ***p < 0.001 are based on a one-way
ANOVA with a Tukey post-test. Letters (b c,d, etc.) indicate the polymeric material showing significant differences
to the respective tested plastic.
Polymeric
material (n=4)

Minimum
in ns

Median
in ns

Maximum
in ns

Mean
in ns

Std.
Deviation

a) ABS norm

3.820

3.842

3.896

3.850

0.033

Std.
Error of
Mean
0.017

Significance
to:
**b
c, d, e, f, g, h,

***

i, j

b) ABS temp

3.627

3.658

3.705

3.662

0.032

0.016

c) PA6 temp

4.508

4.533

4.543

4.529

0.016

0.008

**a, e
***c, h, i, j
***a, b, d, e, f, g,
h, i, j, k

d) PET
Germany norm
e) PET
Germany temp
f) PET USA
norm
g) PET USA
temp
h) PLA temp

3.431

3.503

3.638

3.519

0.090

0.045

3.449

3.488

3.510

3.484

0.026

0.013

3.463

3.525

3.742

3.564

0.126

0.063

3.536

3.585

3.642

3.587

0.043

0.022

**k
***a, c, h, i, j
**b
a, c, h, i, j, k
***
*k
***a, c, h, i, j
***a, c, h, i, j

2.788

2.864

2.942

2.864

0.070

0.035

***a, b, c, d, e, f,

0.010

a, b, c, d, e, f,

g, i, j, k

i) PU norm

4.198

4.225

4.247

4.224

0.020

***

g, h, j, k

j) PPE norm

8.092

8.128

8.224

8.143

0.060

0.030

***a, b, c, d, e, f,
g, h, i, k

k) PPE temp
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3.685

3.714

3.805

3.730

0.053

0.026

*f
**d
***c, e, h, i, j
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Table 5. Sample measurement parameter (Mean τ, Amplitude Weighted) employed to distinguish different plastic
types with the 440 nm laser. Significant differences *p < 0.05, **p < 0.01, ***p < 0.001 are based on a one-way
ANOVA with a Tukey post-test. Letters (b, d, e, etc.) indicate the polymeric material showing significant differences
to the respective tested plastic.
Polymeric
material (n=4)

Minimum
in ns

Median
in ns

Maximum
in ns

Mean
in ns

Std.
Deviation

a) ABS norm

2.648

2.674

2.713

2.677

0.029

Std.
Error of
Mean
0.015

Significance
to:
***b, d, e, f, g, h,
i, j, k

b) ABS temp

2.454

2.486

2.514

2.485

0.025

0.012

***a, c, d, e, g, h,

0.008

b, d, e, f, g, h,

j, k

c) PA6 temp

2.734

2.765

2.769

2.758

0.016

***

i, j, k

d) PET
Germany
norm
e) PET
Germany temp

2.305

2.321

2.417

2.341

0.052

0.026

2.102

2.192

2.201

2.172

0.047

0.023

a, b, c, e, h, j, k

***

**g
a, b, c, d, f, h, i,

***

j, k

f) PET USA
norm
g) PET USA
temp
h) PLA temp

2.397

2.404

2.456

2.415

0.028

0.014

**g
a, c, e, h, j, k

2.273

2.292

2.308

2.291

0.019

0.009

1.593

1.646

1.740

1.656

0.061

0.031

***
**e, f, i
***a, b, c, h, j, k
***a. b, c, d, e, f,
g, i, j, k

i) PU norm

2.400

2.411

2.423

2.411

0.009

0.005

**g
a, c, e, h, j, k

j) PPE norm

5.815

5.825

5.902

5.842

0.041

0.020

***
***a, b, c, d, e, f,
g, h, i, k

k) PPE temp

1.867

1.893

1.960

1.903

0.045

0.022

***a, b, c, d, e, f,
g, h, i, j
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Figure 2. 95% C:I. (Tukey) for the parameters of "Mean τ, Intensity Weighted” and “Amplitude Weighted". The
symbolism on the X-axis designates the following plastics a) ABS norm, b) ABS temp, c) PA6 temp, d) PET
Germany norm, e) PET Germany temp, f) PET USA norm, g) PET USA temp, h) PLA temp, i) PU norm, j) PPE
norm, k) PPE temp. The dots represented the column mean differences between the different polymeric material
or treatment comparison. The comparisons with outliers (black dots) can be distinguished significantly and the
distance to the middle line indicates the strength of the difference. The red dots with the error bars indicate the
comparisons which are not significant.
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Figure 3. FLIM imaging with the 20-fold dry objective of the plastics PA6 and PPE as single images and as
mixture with the scale bar of fluorescence lifetimes. A: The images of the FLIM recordings of PA6 (left) and PPE
(right) over the average fluorescence lifetime. B: Recording a mixture of PA6 and PPE over the average
fluorescence lifetime. C: Pixel by pixel fitting of the FLIM image to separate the components of fluorescence
lifetime (spatial distribution of the fluorescence lifetimes.) with the dependent intensity in the mixture. The
corresponding histograms and curve fittings are shown in the Supporting Information (SI Figure S1). The Scale
Bar represent 100µm in length.
3.2 Excitation wavelength 470 nm
Use of an excitation wavelength of 470 nm in preliminary experiments demonstrated that a recording of the
fluorescence lifetimes can be successfully carried out with ABS, PA6, PET, PPE, and PU (raw data shown in Table
S5 and corresponding FLIM images with histogram and curve fitting shown in Figure S11-S15). Photon yields of
more than 1 million counts were also achieved, which enabled a more reliable photon statistic for the fitting models
and the determination of fluorescence components. As already mentioned, fitting-free phasor analysis could also
show its advantages here. Due to the low number of measurements (n=1) and the artifacts in the measurement of
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PET and PPE, a comparison with the measured values at 440nm is difficult. However, the data in Table S5 indicate
that there are more pronounced differences between the measurements using 440 and 470 nm. Here, further
measurements would have to be carried out in order to establish a good comparability. Nevertheless, it could be
shown that for the plastics presented here, a measurement at 470 nm is a viable approach. However based on the
latter, we focused more on the measurements at 440 nm, since it is known from preliminary work that at
wavelengths further in the UV range (370-420 nm) the absorption as well as the emission is more optimal for the
plastics and thus theoretically a higher photon yield can be achieved. The roughly preliminary comparison with
the results obtained with excitation wavelength 440 nm did not reveal any advantage of the wavelength 470 over
440 nm, thus suggesting that FLIM measurements using an excitation wavelength 440 nm is a reasonable
methodological approach supporting further detailed research.
4. Conclusion
This study investigates the fluorescence lifetime of different types of plastics (ABS, PA, PET etc.) and the
influence of heat treatment on the fluorescence lifetime of selected plastics. A multiexponential emission decay
was observed for the plastics and thus the determination of the fluorescence lifetimes 1-3 and the mean τ intensity
weighted and amplitudes weighted. These generated fluorescence lifetimes could be used for a significant
characterization of 94.55% of the plastics. Furthermore, it could be shown that previous incubation at elevated
temperature can cause a variation in fluorescence lifetime, with the plastic PPE being the most susceptible. This
raises the question to what extent this behavior is related to the use of additives or structural recrystallization and
to what extent these changes could be used for further characterization of plastics and their evaluation with respect
to mechanical influences, embrittlement or other destructive influences. Further experiments are currently being
carried out and planned to discover the applicability and advantages of phasor-analysis, multi-photon excitation
and 3D-sectoning for the identification and differentiation of plastics. In particular, the capabilities of the FLIM
methodology for dynamic processes and the sensitivity to changes in the micro-environment will be tested.
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Supporting Information
Table of Content
❖ Supporting tables:
Table S1. General settings of the cryogen mill for crushing the different types of plastics
Table S2. The different Parameters of the thermal treatment of the polymeric material
Table S3. Results of analysis of variance (One-way ANOVA) for the five Differentiation Parameters
Table S4. Values of selected Parameters of the measurement for the Laser Wavelength 440 nm with Leica
SP8 FALCON
Table S5. Values of selected Parameters of the measurement for the Laser Wavelengths of 470 nm with Leica
SP8 FALCON

❖ Supporting figures:
Figure S1. Histogram and curve fitting of Figure 3. A1: The Dataset of the single measurement of PA6. A2:
The Dataset of PPE and in B: The Dataset of the PA6 and PPE mixture.
Figure S2. FLIM measurement with pulsed 440 nm Laser of ABS norm
Figure S3. FLIM measurement with pulsed 440 nm Laser of ABS temp
Figure S4. FLIM measurement with pulsed 440 nm Laser of PU norm
Figure S5. FLIM measurement with pulsed 440 nm Laser of PLA temp
Figure S6. FLIM measurement with pulsed 440 nm Laser of PPE temp
Figure S7. FLIM measurement with pulsed 440 nm Laser of PET Germany norm
Figure S8. FLIM measurement with pulsed 440 nm Laser of PET Germany temp
Figure S9. FLIM measurement with pulsed 440 nm Laser of PET USA norm
Figure S10. FLIM measurement with pulsed 440 nm Laser of PET USA temp
Figure S11. FLIM measurement with pulsed 470 nm Laser of ABS
Figure S12. FLIM measurement with pulsed 470 nm Laser of PA6 temp
Figure S13. FLIM measurement with pulsed 470 nm Laser of PET temp
Figure S14. FLIM measurement with pulsed 470 nm Laser of PPE temp
Figure S15. FLIM measurement with pulsed 470 nm Laser of PU
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Supporting tables

Table S1. General settings of the cryogen mill for crushing the different types of plastics.
Duration t / s

Frequency Hz

Number of cycles n

Pre-cooling

90

5

1

Crushing

300

30

2

Intercooling

30

5

1

Table S2. The different Parameters of the thermal treatment of the polymeric material.
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Polymeric material

Temperature

Incubation Time

Acrylonitrile-butadiene-styrene
copolymer (ABS)

140 °C

12 h

Poly(p-phenylene oxide) (PPO)

160 °C

12 h

Polyamide 6 (PA)

160 °C

12 h

Polyethylene terephthalate (PET)

210 - 220 °C

12 h

Polylactide (PLA)

140 °C

12 h

Polyurethane (PU)

160 °C

12 h

Cumulative part

Table S3. Results of analysis of variance (One-way ANOVA) for the five Differentiation Parameters
Univariate Test of Significance
Parameter

SS

Degr. of

MS

F (10, 33)

p-value

R2

Freedom
Lifetime 1

0.3239

10

0.03239

10.46

<0.0001

0.7602

Lifetime 2

0.7885

10

0.07885

6.611

<0.0001

0.6670

Lifetime 3

45.16

10

4.516

49.21

<0.0001

0.9372

Mean τ, Intensity
Weighted

78.93

10

7.893

2142

<0.0001

0.9985

Mean τ, Amplitude
Weighted

49.33

10

4.933

3550

<0.0001

0.9991
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PET
USA
norm

PET
Germany
temp

PET
Germany
norm

PA6
temp

ABS
temp

ABS
norm

Polymer

Amplitude
1 kCnts

7.859

9.562

7.720

5.314

48.495

29.640

23.294

26.555

486.418

466.212

201.775

481.397

27.118

40.979

31.184

20.262

59.162

60.353

66.125

34.821

22.250

26.498

22.071

18.492

Number
of
Sample

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

40.241

59.258

56.625

38.903

52.061

97.355

88.694

91.004

41.087

47.395

80.184

53.678

873.577

374.135

841.955

895.416

58.378

58.853

66.187

109.795

16.629

25.189

28.247

21.382

Amplitude
2 kCnts

11.680

18.991

14.535

7.311

18.949

34.177

30.574

32.933

13.640

13.583

26.725

20.171

388.741

170.716

383.420

417.466

20.589

23.761

22.534

38.571

7.462

10.760

10.666

9.174

Amplitude
3 kCnts

0.767

0.662

0.768

0.871

0.534

0.620

0.631

0.597

0.632

0.852

0.654

0.661

0.610

0.598

0.594

0.602

0.635

0.610

0.684

0.661

0.519

0.441

0.582

0.555

Lifetime
(τ) 1
ns

2.159

2.044

2.220

2.465

1.924

2.062

2.069

2.004

2.070

2.348

2.068

1.996

2.170

2.149

2.131

2.138

2.125

2.026

2.193

2.158

2.102

2.081

2.234

2.145

Lifetime
(τ) 2
ns

5.800

5.518

6.137

7.230

5.471

5.655

5.666

5.537

5.653

6.253

5.573

5.340

6.754

6.694

6.658

6.641

5.730

5.452

5.863

5.730

5.538

5.558

5.892

5.660

Lifetime
(τ) 3
ns

146.182

150.716

209.757

199.855

191.929

422.503

392.643

364.208

132.116

273.986

276.310

184.755

3.027.535

1.244.743

2.854.488

3.019.917

173.827

146.465

209.175

330.793

28.436

35.105

57.414

44.949

Intensity 1
kCnts

895.815

1.249.385

1.296.131

988.814

1.033.214

2.069.976

1.892.610

1.880.240

876.972

1.147.603

1.709.712

1.104.932

19.548.697

8.290.859

18.504.213

19.742.000

1.279.499

1.229.575

1.497.003

2.443.672

360.483

540.495

650.810

472.997

Intensity 2
kCnts

687.931

1.067.355

902.155

526.316

1.056.122

1.966.151

1.762.582

1.857.850

784.429

858.212

1.516.316

1.098.410

26.359.316

11.483.255

25.656.731

27.869.427

1.199.264

1.320.503

1.341.334

2.246.701

420.919

608.889

637.308

528.224

Intensity 3
kCnts

1.729.928

2.467.456

2.408.043

1.714.985

2.281.265

4.458.629

4.047.835

4.102.297

1.793.518

2.279.801

3.502.338

2.388.097

48.935.548

21018,857

47.015.432

50.631.344

2.652.590

2.696.543

3.047.512

5.021.166

809.837

1.184.489

1.345.532

1.046.169

Sum
Intensity
kCnts

Mean τ,
Amplitude
Weighted
ns +- SD
2.659+(0.072)
2.713+(0.049)
2.648+(0.044)
2.688+(0.134)
2.489+(0.036)
2.514+(0.068)
2.483+(0.035)
2.454+(0.034)
2.768+(0.027)
2.734+(0.037)
2.769+(0.026)
2.761+(0.029)
2.305+(0.028)
2.309+(0.034)
2.417+(0.070)
2.333+(0.045)
2.185+(0.037)
2.198+(0.037)
2.201+(0.032)
2.102+(0.038)
2.456+(0.069)
2.409+(0.030)
2.398+(0.041)
2.397+(0.037)

Mean τ,
Intensity
Weighted
ns +- SD
3.851+(0.161)
3.896+(0.144)
3.820+(0.082)
3.832+(0.255)
3.658+(0.072)
3.705+(0.097)
3.627+(0.067)
3.658+(0.078)
4.525+(0.067)
4.508+(0.073)
4.540+(0.068)
4.543+(0.069)
3.431+(0.083)
3.474+(0.074)
3.638+(0.191)
3.531+(0.122)
3.479+(0.080)
3.496+(0.078)
3.510+(0.063)
3.449+(0,057)
3.742+(0.369)
3.561+(0.131)
3.463+(0.109)
3.489+(0.133)

1.074

1.003

1.026

1.023

1.095

1.274

1.354

1.515

1.072

1.036

1.157

1.156

6.015

2.884

5.646

5.983

1.023

1.127

0.877

1.222

1.031

1.114

1.204

0.985

χ²
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Table S4. Values of selected Parameters of the measurement for the Laser Wavelength 440 nm with Leica SP8
FALCON

PPE
temp

PPE
norm

PU
norm

PLA
temp

PET
USA
temp

Polymer

Amplitude
1 kCnts

63.337

71.300

75.407

29.876

12.676

15.556

10.860

11.312

140.783

148.073

47.187

105.611

86.088

37.777

47.139

62.695

188.215

164.392

84.653

113.108

Number
of
Sample

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

1

2

3

4

98.317

73.669

149.247

163.512

127.565

92.276

68.341

181.009

139.850

60.615

196.651

186.074

11.083

8.558

15.043

12.999

56.893

125.983

123.474

108.475

Amplitude
2 kCnts

42.692

32.852

66.500

67,669

267.570

193.860

138.448

386.483

64.074

26.280

91.366

83.438

4.457

2.467

5.210

5.155

22.091

40.098

42.296

38.671

Amplitude
3 kCnts

0.458

0.479

0.477

0.466

0.458

0.531

0.528

0.485

0.549

0.532

0.534

0.542

0.461

0.649

0.496

0.502

0.573

0.647

0.609

0.648

Lifetime
(τ) 1
ns

1.800

1.842

1.845

1.826

1.985

2.043

2.102

1.993

2.036

2.096

2.046

2.052

1.593

2.082

1.705

1.628

1.941

2.132

2.044

2.064

Lifetime
(τ) 2
ns

5.754

5.789

5.884

5.868

8.897

8.914

9.104

8.939

6.294

6.458

6.297

6.367

4.465

5.351

4.860

4.547

5.445

5.982

5.746

5.705

Lifetime
(τ) 3
ns

533.931

418.305

808.461

905.341

295.809

258.275

205.654

430.985

597.860

258.674

814.806

787.392

53.749

72.664

79.583

65.559

176.521

503.217

447.627

423.059

Intensity 1
kCnts

1.825.241

1.399.419

2.839.356

3.079.230

2.611.057

1.944.405

1.481.707

3.720.218

2.936.082

1.309.921

4.149.099

3.937.934

182.092

183.788

264.517

218.289

1.138.845

2.770.146

2.602.684

2.308.524

Intensity 2
kCnts

2.496.292

1.931.048

3.971.911

4.031.165

22.991.259

16.672.311

12.101.575

33.337.541

4.071.658

1.708.652

5.806.785

5.355.164

204.214

134.661

259.188

240.525

1.226.382

2.431.410

2.470.464

2.243.828

Intensity 3
kCnts

4.855.465

3.748.773

7.619.729

8.015.736

25.898.125

18.874.991

13.788.936

37.488.744

7.605.600

3.277.247

10.770.690

10.080.490

440.056

391.114

603.288

524.373

2.541.749

5.704.773

5.520.774

4.975.411

Sum
Intensity
kCnts

Mean τ,
Amplitude
Weighted
ns +- SD
2.307+(0.039)
2.273+(0.022)
2.308+(0.042)
2.277+(0.022)
1.653+(0.036)
1.639+(0.018)
1.740+(0.070)
1.593+(0.054)
2.412+(0.040)
2.423+(0.036)
2.400+(0.042)
2.410+(0.058)
5.902+(0.105)
5.823+(0.102)
5.826+(0.079)
5.815+(0.111)
1.868+(0.041)
1.960+(0.056)
1.917+(0.058)
1.867+(0.058)

Mean τ,
Intensity
Weighted
ns +- SD
3.586+(0.085)
3.584+(0.063)
3.642+(0.084)
3.536+(0.061)
2.826+(0.066)
2.901+(0.068)
2.942+(0.157)
2.788+(0.083)
4.227+(0.067)
4.223+(0.071)
4.247+(0.101)
4.198+(0.080)
8.153+(0.157)
8.224+(0.167)
8.092+(0.157)
8.103+(0.156)
3.705+(0.047)
3.805+(0.059)
3.723+(0.060)
3.685+(0.060)

1.548

1.672

2.619

2.328

5.424

3.794

2.960

7.250

1.905

1.282

2.214

2.030

0.967

0.878

1.058

1.060

0.917

1.517

1.456

1.613

χ²
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Table S4. Continuation
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Number
of
Sample

1

1

1

1

1

Polymer

ABS

PA6

PET
temp

PPE
temp

PU

87.447

459.056

363.233

63.401

6.826

Amplitude 1
kCnts

156.930

298.389

82.779

73.314

18.611

Amplitude
2 kCnts

89.780

140.836

33.750

41.800

13.635

Amplitude
3 kCnts

0.570

0.352

0.170

0.533

0.323

Lifetime
(τ) 1 ns

2.344

1.743

2.287

2.401

1.950

Lifetime
(τ) 2 ns

7.623

5.520

6.023

7.617

4.735

Lifetime
(τ) 3 ns

514.138

1667.944

635.635

348.697

22.735

Intensity
1 kCnts

3793.476

5363.357

1952.188

1814.892

374.226

Intensity
2 kCnts

6767.682

7928.002

2060.742

3148.826

661.764

Intensity
3 kCnts

11075.296

14959.303

4648.565

5312.416

1058.725

Sum
Intensity
kCnts

Table S5. Values of selected Parameters of the measurement for the Laser Wavelengths of 470 nm with Leica SP8 FALCON

5.487+(0.194)

3.590+(0.059)

3.654+(0.304)

5.370+(0.202)

3.656+(0.056)

Mean τ,
Intensity
Weighted
ns+- SD

3.298+(0.058)

1.625+(0.051)

0.947+(0.300)

2.959+(0.060)

2.637+(0.120)

Mean τ,
Amplitude
Weighted
ns+- SD

3.509

16.315

92.507

1.427

1.015

χ²
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Supporting figures

Figure S1. Histogram and curve fitting of Figure 3. A1: The Dataset of the single measurement of PA6. A2: The
Dataset of PPE and in B: The Dataset of the PA6 and PPE mixture.
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Figure S2. FLIM measurement with pulsed 440 nm Laser of ABS norm

Figure S3. FLIM measurement with pulsed 440 nm Laser of ABS temp
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Figure S4. FLIM measurement with pulsed 440 nm Laser of PU norm

Figure S5. FLIM measurement with pulsed 440 nm Laser of PLA temp
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Figure S6. FLIM measurement with pulsed 440 nm Laser of PPE temp

Figure S7. FLIM measurement with pulsed 440 nm Laser of PET Germany norm
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Figure S8. FLIM measurement with pulsed 440 nm Laser of PET Germany temp

Figure S9. FLIM measurement with pulsed 440 nm Laser of PET USA norm
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Figure S10. FLIM measurement with pulsed 440 nm Laser of PET USA temp

Figure S11. FLIM measurement with pulsed 470 nm Laser of ABS
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Figure Sl2. FLIM measurement with pulsed 470 nm Laser of PA6 temp

Figure S13. FLIM measurement with pulsed 470 nm Laser of PET temp
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Figure S14. FLIM measurement with pulsed 470 nm Laser of PPE temp

Figure S15. FLIM measurement with pulsed 470 nm Laser of PU
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2.4. Label-free identification and differentiation of different microplastics using
phasor analysis of fluorescence lifetime imaging microscopy (FLIM)-generated
data

Label-free identification and differentiation of different
microplastics using phasor analysis of fluorescence
lifetime imaging microscopy (FLIM)-generated data
Adrian Monteleone1,2, Weronika Schary1, Folker Wenzel*,1, Heinz Langhals3, Daniel Dietrich*,2
1

Faculty of Medical and Life Sciences, Hochschule Furtwangen, Villingen-Schwenningen, Germany; 2 Human
and Environmental Toxicology, University Konstanz, Constance, Germany; 3 Department of Chemistry, LudwigMaximilians-Universität München, Munich, Germany
KEYWORDS: Microplastic, autofluorescence, fluorescence lifetime, fluorescence lifetime imaging microscopy
(FLIM), polymers, phasor analysis, phasor plot
Abstract
As plastic pollution is becoming an increasing worldwide problem, a variety of different techniques for the
detection and in-depth characterization of plastics, including spectroscopy and chromatography methods, were
introduced to the public. Recently we presented fluorescence lifetime imaging microscopy (FLIM) a new approach
for the identification and characterization of microplastics using their fluorescence lifetime (τ) for differentiation.
A very powerful extension of the recently established FLIM could be phasor analysis, which allows data
representation in an interactive 2D graphical phasor plot thereby enabling a global view of the fluorescence decay
in each pixel of the measured image. Microplastic particles generated from six different types of plastics were
subjected to excitation wavelengths of 440 nm, upon which specific fluorescence lifetimes as well as the photon
yield were determined using FLIM and phasor analysis. We could show that phasor analysis for FLIM with a laser
pulse repetition frequency of 40 MHz was able to generate specific locations in the phasor plot for the plastics for
fast differentiation, e.g., resulting in well-defined phasor plot positions for ABS at 3.019 ns, PPE at 6.239 ns, PET
bottle from Germany at 2.703 ns and PET bottle from USA at 2.711 ns. Phasor analysis for FLIM proves to be a
fast, label-free, and sensitive method for the identification and differentiation of plastics also with the aid of
visualization variation enabling techniques such as heat treatment of plastics.
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1. Introduction
Plastic pollution is increasingly becoming a major global environmental issue and a hazard for vast numbers of
organisms and their eco-systems. The contamination of environments with microplastics is ubiquitous, including
freshwaters and oceans, soils and sediments, high altitudes (e.g. the Himalayas) or upper- and lower latitudes (the
Artic and Antarctica), the flora and fauna, as well as the air 1–10. A variety of studies suggested adverse impacts of
microplastic particles on animals and plants causing dysfunctions and physiological disruptions, such as
inflammation and stress 11. Plastics moving within the food chain to the next higher trophic level thus possibly
concentrating in the human gastrointestinal tract and accumulating in the respiratory system upon aerosol exposure
could potentially put human health at risk 194,206. However, in order to define the risk, not only the hazard but also
the quantification of exposure is key. Thus, reliable and sensitive analytical methods are required to assess and
quantify the exposure to plastics in various media, tissues and organisms.
As shown by previous studies, the fluorescence lifetime of plastics can be determined and used for sorting during
recycling 203,204, as well as for the application of fluorescence lifetime imaging microscopy (FLIM) to detect and
perform a characterization of different types of microplastics 207. FLIM is a powerful technique routinely used to
study protein-protein interactions, signaling events in cells or to distinguish spectrally overlapping fluorophores
208,209
. Furthermore, FLIM can provide quantitative information on changes in electrical signals, ion and oxygen
content, temperature, pH in the cell or its environment, and higher contrast for confocal images 208–210. However,
the data obtained from FLIM measurements represent the raw data, which must be processed by the subsequent
application of physical and mathematical models. This so-called fitting for the FLIM data requires experience with
the physical principles of fluorescence lifetime and appropriate applications of mathematical models (non-linear
fittings). Furthermore, inappropriate fitting can introduce inaccuracies in the calculation of fluorescence lifetimes,
in particular when several fluorescence lifetime components are involved 205,209,211,212. The latter may cause
problems regarding the reproducibility of results as well as for the differentiation of plastics and/or their respective
fluorescence lifetimes. The experiments can be challenging in terms of limited photon yield or the decision whether
to use a single or multi-exponential fitting. A very powerful tool, which unfolds its advantages over the
conventional FLIM fitting for single and multi-exponential components is phasor analysis of FLIM data 205,212–216.
Phasor analysis is mainly used for the investigation of Förster resonance energy transfer (FRET) efficiency and
the semi-quantitative determination of fluorescence lifetime 205,211,216. A newer application with great potential is
the increased resolution of STED super-resolution microscopy 213,214. In a very recent study by Sancataldo et al.
(2020) phasor analysis was used to identify 4 types of plastics by means of variation in the fluorescence lifetime
of the additional fluorophore Nile Red 217. However, as the latter method requires the artificial treatment with an
exogenous fluorophore, this could introduce a difficult to control technical bias in plastics measurement per se or
plastics within other sample environments including media, cells or tissues. In contrast to the latter, the phasor
analysis method of FLIM data described here, exclusively relies on the autofluorescence of the plastics themselves,
therefore adding additional information for plastics characterization rather than quenching the information due to
addition of external fluorphores in the analysis.
Indeed, phasor analysis in addition to FLIM changes the data representation from the typical fluorescence decay
histogram to an interactive 2D graphical phasor plot. The unique advantage of phasor analysis is, that the recorded
raw data of the system is used directly without fitting and thus without bias of the results and displayed in vector
space 205,215,216. The latter allows a global view of the fluorescence decay in each pixel of the measured image,
because each pixel of a FLIM image is transformed into a data-point within the phasor plot 205,215. The phasor plot
can also be used in an interactive two-way mode, which enables color-coding (masking) of each pixel in the FLIM
image. With this mode, the fluorescence lifetime populations in the phasor plot can be retraced to the corresponding
substances, filaments or particles in the image. The plot allows to derive the number of fluorescence components
(single or multi-exponential decay), and to graphically separate a mixture of several different fluorescence lifetime
substances.
To determine the applicability of phasor analysis for FLIM for the detection of plastic particles and
differentiation at excitation wavelengths of 440 nm, we generated microplastic particles from six different types
of plastics and determined specific fluorescence lifetimes as well as the photon yields. Some of the latter particles
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were also subjected to specific heat treatment to allow determination of the influence of annealing on the photon
yield. Indeed, the determination using the excitation wavelength 440 nm was sufficient to differentiate microplastic
species based on the specific fluorescence lifetimes measured, thereby demonstrating the applicability of phasor
analysis as a non-destructive method for fast identification and differentiation of plastics without additional
fluorophore labeling.
2. Materials and methods
2.1 Sample material
Six different plastic types, i.e. polylactides (PLA) as filaments (Ultimaker PLA, Ultimaker B.V, Utrecht,
Netherlands), polyphenylene ether (PPE) [formerly polyphenylene oxide (PPO)] as pellets (Noryl, SABIC Europe
Manufacturing, Geleen, Netherlands), polyamide 6 (PA6) as powder (Ultramid, BASF SE, Ludwigshafen,
Germany), acrylonitrile-butadiene-styrene copolymer (ABS) as pellets (Kunststofftechnik Buzzi GmbH,
Schiltach, Germany) and polyurethane (PU) (Montageschaum B2, Soudal N.V., Leverkusen, Germany) were used.
The polyethylene terephthalate (PET) samples were purchased as plastic bottles from Germany (Coca-Cola,
EDEKA ZENTRALE AG & Co. KG, Hamburg, Germany) and from the USA (Coca-Cola, Walmart Inc., San
Francisco, US). The choice of plastics was governed by various aspects: environmental relevance, variety of
photophysical properties, biodegradability and underrepresentation in peer-reviewed publications. The PET bottles
from the USA and Germany were included to verify the determination of possible national differences in plastic
composition and/or differences in the manufacturing process.
2.2 Generation of microplastic
To generate the required microplastic particles, 2 g of each plastic pellets were comminuted by a one-cycle
process using a cryogenic swinging mill (CryoMill, Retsch GmbH, Haan, Germany) which generated particles
sizes ranging between 10 µm - 750 µm in diameter. This size distribution is an average distribution after one run
in the cryomill for different plastics, allowing for the investigation of a wide range of particle sizes. The CryoMill
comminution settings (SI Table S1) were adapted to the intended particle size distribution, for smaller particles
additional circles are required.
2.3 Characterization of the polymers
The plastics used in this study were characterized using an FT-IR spectrometer (Tensor27, Bruker Optics
GmbH, Ettlingen, Germany) and FT-IR Spectrometer (Spectrum Two, PerkinElmer Inc., Waltham, Massachusetts,
Vereinigte Staaten) prior to fluorescence lifetime imaging microscopy (FLIM) and phasor analysis.
For each type of plastic, a double determination of the powder was performed in the FT-IR spectrometer
(Tensor27, Bruker Optics GmbH, Ettlingen, Germany) and FT-IR Spectrometer (Spectrum Two, PerkinElmer Inc.,
Waltham, Massachusetts, USA). For this purpose, a spar tip of the mixed powder was placed twice on the FT-IR
spectrometer. The results of these characterizations are shown in the Supporting Information (SI Figure S1-7).
2.4 Thermal treatment of plastics
After the comminuting step the microplastics were subjected to a thermal treatment 218 in a warming cabinet
(Model 160, Memmert GmbH+Co.KG, Schwabach, Germany) for 12 h (Table S2) in order to increase the intensity
of the fluorescence. Indeed, prior unreported empirical observations in our laboratory suggested that heating of
microplastics for a specific period of time would induce a retained increased photon emission (intensity of the
fluorescence) even after plastics were cooled to room temperature. Although in principle the heat treatment used
in this study is not mandatory for FLIM analysis, the advantageous characteristics of heat treatment for the
analytical procedure mandated that the potential limiting effects on fluorescence lifetimes was already suggested
in our recent publication 207. Thus, heated microplastic particles were included in the study and subjected to
microscopic analyses after complete cooling.
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2.5 Sample preparation for microscopic analyses
In preparation for the microscopic measurements, the obtained powders of the microplastic were placed on
slides with cavities (Item No.5916600, Bresser GmbH, Rhede, Germany). Slides with untreated microplastics and
heat-treated microplastics were produced where spatula tips of powders were placed in the cavities and sealed with
cover glasses by fixing agents (Fixogum, Marabu GmbH &Co. KG, Tamm, Germany). These slides could be
examined with the FLIM system for their fluorescence lifetime properties. The plastics were labelled according to
their treatment, i.e. "norm" for the untreated samples and "temp" for heat treated plastics (SI Table S2)
2.6 Detection with Fluorescence lifetime imaging microscopy (Leica SP8 FALCON)
A modular Leica TCS SP8 - FALCON (FAst Lifetime CONtrast) system (Leica Microsystems GmbH, Wetzlar,
Germany) and an HC PL APO 20x / 0.75 Dry CS2 Objective (Leica Microsystems GmbH, Wetzlar, Germany)
was used for fluorescence lifetime imaging of plastics. This system with the integrated FLIM-Phasors-analysis
software allowed 2D-representation of fluorescence lifetime components 205. Two sensitive hybrid detectors
(SMD, Leica Microsystems CMS GmbH, Mannheim) allowed for photon detection, while a pulsed white light
laser (WLL) with an acousto-optical Beam splitter (AOBS) can be used as excitation source for wavelengths
between 470 nm to 670 nm. An additional 440nm pulsed laser (LDH-P-C-440B, PicoQuant, Berlin, Germany)
were used for the optical excitation of plastics. A pulse picker allowed settings for variable pulse repetition rate
for the pulsed white light laser (WLL).
2.7 Settings of the Measurement
For single-photon excitation of plastics, short wavelengths in the ultraviolet range are more effective and show
strong light absorption but have lower material penetration depths. During this study the wavelength 440 nm is the
shortest wavelengths available with the best penetration depth for the microscope type employed. The spectral
detector range for the measurements with the 440 nm laser was set at a wavelength range between 460-500 nm,
while the settings for the frame accumulation were set at 200 times to allow better photon statistics. FLIM images
were acquired at 512x512 pixels in the XY direction and the pulse repetition frequency of the lasers was set to 40
MHz.
2.8 Phasor analysis and plot
The phasor plot (Figure 1) globally visualizes the FLIM raw data of the decay times in each pixel of an image.
The transformation of the FLIM raw data is performed parallel to the measurement, i.e. there is no need to perform
a final FLIM measurement first, but the phasor plot is iteratively optimized with the data from each measured
FLIM pixel. The data-points are displayed model-free and thus without bias in a vector space in the plot. The datapoint (s, g) in the phasor space is generated by the two phasor vectors (s for sine and g for cosine transformation),
these vectors are obtained by a Fourier transformation from the raw data. The fluorescence decay I(t) in each pixel
of the microscopic image is transformed into two coordinates in a Cartesian plot 209. This transformation is based
on the following equations:
∞

∞

𝑠𝑖 (𝜔) = ∑0 𝐼 (𝑡)𝑠𝑖𝑛(𝑛𝜔𝑡) 𝑑𝑡, 𝑔𝑖 (ω) = ∑0 𝐼 (𝑡)𝑐𝑜𝑠(𝑛𝜔𝑡)𝑑𝑡

(1)

where gi(ω) and si(ω) are the x and y coordinates, n is the harmonic frequency and ω is the angular repetition
frequency of the excitation source 209. If the measured substance exhibits a single-exponential component of the
fluorescence decay, a data-point (s, g) is formed on the universal circle. For a substance with a bi-exponential
decay time, two data-points (s, g) on the universal circle are generated by the vectors, these are then connected
with a direct line. On this line inside the universal circle, the data-point (s, g) for the bi-exponential substance is
now indicated by a normalized linear combination, whereby the exact position of the data-point depends on the
fraction of the two fluorescence components within the universal circle and is therefore closer to the fluorescence
component with the larger fraction (Figure 1 Signal b). For three components of the decay time, the position is
determined by a triangle. The latter also determines the exact position in the middle of the triangle by the fraction
size of the individual fluorescence components.
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For comparability, four measurements of the plastics were compared with their positions in the phasor plot.
Furthermore, a differentiation of the plastics in a mixture was carried out based on this position.

Figure 1. Schematic representation of the phasor plot with the universal circle (white). The fluorescence
lifetimes become longer in counterclockwise direction (red arrow) and shorter in clockwise direction (blue arrow).
The signals of substances with a single decay component are direct located on the white line of the universal circle
and are represented by a point (s, g). Substances with multiple decay components provide for positions within the
universal circle. As a demonstration for better understanding of the signal (a) was measured, which can be
identified as a single decay component by its position on the white-line of the universal circle, whereas the signal
(b) can be identified as a non-single decay component by its position inside the universal circle.
3. Results and discussion
3.1 Phasor analysis with excitation wavelength of 440 nm.
3.1.1 Identification of pure single plastics
A model-free and fast method for identification and differentiation of plastics based on FLIM and phasor
analysis is presented here. The phasor analysis was used to generate the specific phasor plots for all plastics
integrated in the study. All phasor plots not directly visualized in the results of this publication were included in
the supplements (SI Figure S8-14). A FLIM recording was performed to generate the raw data, which was
immediately and in parallel used for the determination of the position in the phasor plot. The position in the plot
is determined iteratively directly during the measurement, which allows conclusions to be drawn about the type of
plastic or its position to other plastics during the measurement. Figure 2 exemplifies the procedure carried on PPE
without thermal treatment (PPE norm) and on PA6 with thermal treatment (PA6 temp). In Figure 2A is the
microscopic FLIM image of the measured plastics in Figure 2B the corresponding phasor plot of the measurements
are shown. For each sample, all data points (of each pixel of the FLIM image) form a cluster in the plot, which can
be marked with a colored circle (here: pink and red). This marking also allows to read the fluorescence lifetime of
this phasor plot position (Table 1), for PPE norm this is at 6.239 ns and for PA6 temp at 3.235 ns. The position in
the phasor plot (Fig. 2B) also provides information about the complexity of the fluorescence decay of the individual
plastics, for example PA6 temp is a multi-exponential decay within the circle (compare to Figure 1). In contrast,
the position of the PPE norm is close to the universal circle, but is not yet complete, so that a non-single exponential
decay can be assumed. With the interactive two-way function of the phasor plot it is possible to color the plastic
particles in the FLIM image based on the position in the plot with a single pixel resolution. In this example the
colored circles (here: pink and red) mark the clusters of the plastics, all data points (corresponding pixels) within
this circle are colored (masked) with the corresponding colors in the FLIM image (Fig. 2C 2&4).
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Figure 2. FLIM measurement with phasor analysis to create the phasor plot and phasor overlay of single particles
of PPE norm and PA6 temp. The microscopic images were taken with a 20x dry objective and have a dimension
of 775µm x 775 µm in XY direction. A: The FLIM images of PPE norm (left) and PA6 temp (right) with the
average photon arrival times. B: The specific phasor plots of PPE (left) and PA6 (right). The specific positions of
PPE (pink) and PA6 temp (red) were marked with variable phasor plots which lead to the images (C1-4). C: In C
1 & 3 are the intensity images of the plastics and in C 2 & 4 the intensity images are colored with the phasor
masking according to the colored circles. The scale bars represent 100 µm in length.
3.1.2 Comparison of different Images and Bottles of the World.
Phasor analysis not only allows to create individual images of samples, but also to combine the phasor plots of
several samples or reference samples (e.g. databases). In these combined phasor plots, the positions of interest can
be marked and then a number of different images can be added to a list to display this phasor masking directly in
the FLIM images to be tested. For this application, we combined the single phasor plots (Fig. 3B) of the untreated
PET from a Coca-Cola bottle from the USA and from Germany, and the plot of PA6 temp into one plot (Fig. 3C).
The datapoint cluster of PA6 temp is more dominant in the plot due to the higher photon yield. The fluorescence
lifetimes of the phasor plot position for PET norm from Germany is at 2.703 ns, for PET norm from USA at 2.711
ns and for PA6 temp at 3.235 ns. PET from both countries are attributed to the same phasor position (Fig. 3 B&C),
which can also be compared with the other non-thermally treated PET Images in the supplements (SI Figure
13&14). Based on the cluster positions in the phasor plot, a multi-exponential decay (compare Fig.1) can be
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assumed for all three plastics. When many FLIM images are considered for comparison for these phasor positions
(Fig.3C), these images can be loaded into a list and can separately be selected and checked for these phasor
positions and colored if these fluorescence lifetimes are present in the different FLIM images (Fig. 3D).
Subsequently added images are masked according to the colored markings, such that with little effort a whole
series of different existing data/images can be quickly checked for these signals. This function indeed holds
promise for great advantages in the examination of large amounts of FLIM images based on the pre-set colored
marks in the phasor plot.

Figure 3. Comparison of phasor positions from reference samples in a variety of independent images, here using
PET bottles from Germany and USA. The images were taken with a 20x dry objective and have a dimension of
775µm x 775 µm in XY. A: FLIM images with the average photon arrival times and B: Corresponding phasor
plots of the PET norm from Germany (left), PET norm from the USA (middle) and the PA6 temp (right). C:
Integration of the single images from (A) into a common phasor plot with the corresponding phasor markings. D:
Possibility to load different images and thus check the positions or markings from (C), the corresponding markings
are displayed as an overlay in the images if these fluorescence lifetimes are present. This allows a quick check of
many images for certain reference fluorescence lifetimes (phasor positions). The scale bars represent 100 µm in
length.
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3.1.3 Differentiation of Mixture of plastics and reduction of contaminants.
The separation of different types of plastics and the reduction of ambient signals are very important applications,
which are needed in research on plastics. Figure 4 shows such an application with a mixture of PPE norm and PA6
temp. Both points can now be marked as in Fig. 4B1, such that the selected colors are visualized as an overlay in
the image of the mixture (Fig. 4C1) and can be assigned to a known plastic (reference position). Assuming that
one of the two positions is a contamination, it can be marked as a black circle as in Fig. 4B2 and removed from
the figure (Fig. 4C2) based on the overlay. This option can be very useful for generating images for further image
processing or analysis. One of the greatest challenges in this research area is to differentiate plastics in a mixture
of several plastics or more complex composite samples. Using a simpler example (Fig. 4), we were able to
demonstrate the applicability of a mixture of two plastics, which can be color-coded according to their position in
the plot by means of the phasor overlay. In addition, a further potential of the method could be shown, which can
reduce unwanted contamination or fluorescence lifetime populations by the interactive function of the phasor plot
in the image. The latter approach, as an example, could potentially be applied to extracted or filtered environmental
samples and to samples from plastics exposure experiments in microbiology or cell biology, thereby reducing
autofluorescence properties of the individual samples and thus improving sensitivity of detection above
background. However, for these special applications, additional experiments need be carried out to show the
limitations of such functions in complex matrices and environmental samples.

Figure 4. Differentiation of individual components of a mixture or removal of unwanted contaminations for
further analysis using the phasor plot. The images were taken with a 20x dry objective and have a dimension of
775µm x 775 µm in XY. A: FLIM image of a mixture of PPE norm and PA6 temp. B: Phasor plots of the mixture,
in (B1) to differentiate the particles PPE (pink) PA6 (red) by phasor position and the result in (C1). B2: Removal
of contamination or unwanted components, by black phasor marking. The result (C2) can be generated, which can
be used for further and easier analysis without contamination. The Scale Bar represent 100µm in length.
3.1.4 Phasor analysis and the influence of heat treatment.
Figure 5 shows all plastics measured in this study in combined phasor plots, whereby an adjusted plot is shown
excluding the two plastics ABS temp (2.841 ns) and PET temp (2.683 ns & 2.740 ns), which were subjected to
heat treatment (Fig. 6). The latter shows that most of the plastics with the corresponding treatments reside in the
right half (shorter fluorescence lifetimes) of the phaser plot (Fig. 5 and 6). The corresponding fluorescence
lifetimes for the corresponding phasor plot positions of Figures 5 and 6 are listed in Table 1 for comparison.
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Although the plastics phasor plots are partly in the immediate vicinity of one another, a distinction can still be
made. A closer look at the plastics PA6 temp (3.235 ns) and PU norm (2.955 ns) in Figure 5 shows a stronger
fusion of the clusters of the data points in the phasor plot. We suspect that this fusion could be caused by the
variation of fluorescence lifetimes by the components of the PU, since these are commercially available
construction foams with the corresponding additives. To further refine distinction, additional options e.g. a
threshold and filter are available to adapt the analysis to the phasor application, largely depending on the discrete
positions of the different plastics in the phasor plot. The basic requirement being that they can be marked
independently and are easily separated from other plastics. Compared to the study of Sancataldo et al., the
technology and approach presented here stands out due to the direct measurement of autofluorescence at the site
of interest 217, thereby avoiding additional sample manipulation e.g. introduction of handling bias via the
exogenous addition of dyes and complicated processing steps caused by staining (especially for more complex
biological matrices).

Figure 5. Phasor plot with laser pulse repetition frequency of 40 MHz for all plastic particles integrated in the
study in one overview. The three strongly heat-treated plastics ABS temp, and PET temp from Germany and PET
from USA were excluded, which appreciably increases the clarity (discussed in detail in Figure 6).

Table 1. Values of fluorescence lifetime based on the corresponding phasor plot positions at a laser pulse
repetition frequency of 40 MHz for all measured plastics.
Polymeric material
ABS norm
ABS temp
PA6 temp
PET Germany norm
PET Germany temp
PET USA norm
PET USA temp
PLA temp
PU norm
PPE norm
PPE temp

Fluorescence lifetime of the phasor plot position
in ns
3.019
2.841
3.235
2.703
2.683
2.711
2.740
2.175
2.955
6.239
2.618

71

Cumulative part

Integration of thermally treated plastics (Fig. 6) appears to increase difficulty of plastics separation, suggesting
that general thermal treatment is not advisable. Despite that environmental plastics are less likely to be exposed to
such high temperatures in the environment as those applied in the study presented here, the influence of lower and
environmentally relevant temperatures on the fluorescence lifetime or position in the phasor plot should be
investigated. In the study presented here, three plastics can concurrently be tested for their behavior in the phasor
plot after heat treatment, including ABS, PPE and PET. The changes in position in the phasor plot are shown in
Figure 6A and the variations in the Fluorescence lifetime in Table 1. The most dominant effect is observed within
PPE, which is represented by a large shift from the right side (long fluorescence Lifetimes) of the phasor plot to
the shorter fluorescence lifetimes (compare PPE-n 6.239 ns to PPE-t 2.618 ns). In contrast, the influence of heat
treatment is less pronounced for ABS and PET. For ABS norm at 3.019 ns (Fig. 5A), heat treatment resulted in a
shift toward the direction of the lower right, i.e. towards the shorter fluorescence lifetimes (ABS temp 2.841), and
in the target direction towards the phasor position of the combined cluster from the untreated PET (2.707 ns) from
Germany and USA (Fig. 6B). The two plastics ABS temp and PPE temp each exhibited a shift to the right and
shorter lifetimes, whereas the shift in PET is characterized by a downward left orientation (Figure 6B 1-3). These
shifts can lead to overlapping of signals or phasor markings and result in a larger merged cluster in the combined
plot (Fig. 6B). The PET samples originating from two different origins also showed a variation in position (i.e.
fluorescence lifetime) after heat treatment. PET norm from Germany (2.703 ns) shifted after heat treatment to
shorter fluorescence lifetime PET temp 2.683 ns (Fig. 6B2). In contrast, PET temp from the USA (2.740 ns)
showed a slightly stronger shift to the left and higher fluorescence lifetimes after heat treatment (Fig. 6B3). The
observed differences in fluorescence lifetimes could have resulted from differences in PET composition (incl.
additives) and/or production as well as sample preparations. A follow-up analyses of the type as well as
concentration and proportions of additives in the individual plastics could provide information on this.
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Figure 6. Phasor plot of untreated and heat-treated samples of the plastics PPE, ABS and PET from Germany
and USA for the visualization of fluorescence lifetime variations resulting from heat treatment. White arrows in
the figures depict the direction of the position-shift or change in fluorescence lifetime (untreated to heat-treated
plastic). A: PPE norm (6.239 ns) with a very strong shift to PPE temp (2.618 ns) with much shorter fluorescence
lifetimes on the right side of the plot. In contrast, heat treatment of ABS norm (3.019 ns) resulted in only a small
shift to ABS temp (2.841 ns) in the lower right direction at the shorter fluorescence lifetimes. B: Shows the image
from (A) additionally incorporating PET norm and PET temp from Germany and USA. For a better overview, the
PPE and ABS norm and temp were removed in magnification images 1-3. The cluster for the untreated PET from
Germany and the USA (2.707 ns), as well as the marking circles for the three PET clusters is depicted in
magnification image 1. Magnification 2 demonstrates the small shift from PET norm to PET temp from Germany
(2.683ns). Magnification 3 depicts the strong shift to the left from PET norm with a slight increase of fluorescence
lifetime to PET temp from the USA (2.740ns).
3.1.4. Comparison of Phasor FLIM to other methods
Compared to TDS-GC-MS169 and Py-GC-MS169, which rely on the destruction of the samples and therefore do not
allow the size or morphology of plastics to be determined without the help of an additional method, FLIM is a
non-destructive approach and provides information on size and morphology. However, while TDS-GC-MS and
Py-GC-MS can also co-determine additives due to the destruction 169, the detection of additives via FLIM is still
an area for future development. When compared to fluorescence intensity measurements 219 with additional
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fluorophores and the methods with Nile Red 93, the self-referenced FLIM appears advantageous (higher
reproducibility and comparability) as it does not require prior labelling of the plastics, thus avoiding technical
sources of error such as labelling efficiency, restrictions in the type of labelling, shows low susceptibility to internal
filter effects like scattering events and absorption, and allows for mapping of dynamic processes. 219 FLIM is
therefore more reproducible and less work intensive.
Furthermore, the FTIR is strongly disturbed by biological contaminations, which would make direct analysis of
biological or environmental samples impossible. During the measurement of spontaneous Raman scattering, the
autofluorescence of molecules can cause an interfering signal which appears as a spectral broadband background
signal and thus covers the weaker Raman signals. For fluorescence, the cross section is 𝜎 = 10-16 cm2 per molecule,
compared to spontaneous Raman scattering, which is only between 10-26 and 10-30 cm2 per molecule and therefore
weaker.202
Interfering contaminations and particle size distribution are the limitations of microspectroscopic methods. In
direct comparison to FTIR, FLIM already shows a higher sensitivity for particles >5µm and is less susceptible to
biological contamination (especially water) 116,220 when there is no overlap of fluorescence lifetimes. An advantage
of Raman over IR absorption spectrometry is the low limitation in applicability in the presence of water 116.Like
FLIM, Raman is also better suited for biological samples, although Raman is negatively influenced by the strong
fluorescence50, whereas in FLIM this fluorescence is useful. Raman is considered preferable to FTIR for smaller
particles (<10µm). Indeed, Sobhani et al. could show that by pixel analysis of Raman imaging, nanoplastics can
be identified even in the range ≥ 100 nm.221 As with Raman, FLIM can also be used for pixel analysis and thus
also shows the potential to reach these size ranges in the near future.
Depending on the application and equipment of the microscope, you can choose between one-photon (UV
spectrum) or multi-photon (near-infrared) excitation. The multi-photon FLIM can compensate for the main
disadvantage of the low penetration depth of the short-wave one-photon excitation and thus enables penetration
into deeper tissue (tissue sections). The applicability of multi-photon FLIM needs further investigation at present
but could be a great opportunity to study the plastic distribution in biological samples such as organisms and
tissues. The advantages of using FLIM to study changes in the microenvironment of biological samples, could be
additional benefits in assessing the effects of particle exposure. Further research is needed to determine to what
extent the biological sample and its microenvironment could have an influence on the fluorescence lifetimes of
plastics.

4. Conclusion
The well-established and wide range of applications of FLIM microscopes and its increasing use in medical and
biological research push these technologies forward to generating new and better effective detectors, new software
and analysis algorithms that simplify the applicability and improve the quality of the FLIM results obtained.
However, it still needs to established whether FLIM maintains these advantages when plastics are to be identified,
characterized, and quantified in biological matrices or complex environmental samples. Indeed, the fit-free fast
evaluation of raw data of FLIM measurements via phasor analysis brought about advantages for the analysis of
plastics. This study could demonstrated that improved plastics particle distinction can be achieved via the phasor
plot, thus not only increasing detection and speed of analysis but also decreasing bias via avoidance of fitting
algorithms and exogenous dyes. Moreover, the phasor plot offers a variety of functions to reduce the influence of
contamination by black masking, to quickly differentiate between plastics based on their fluorescence lifetime
populations, to control large data sets, and to visualize significant variations in fluorescence lifetime due to
treatments or substance binding. Thus, future work will need to expand on this technology to determine the
advantages and disadvantages of phasor analysis with additional wavelengths, in more complex matrices, in 3D
images, as well as the applicability of the multiphoton FLIM and STED-FLIM for microplastics research.
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and the depending phasor plots of each sample. C: Combination of both phasor plots from (B).
Figure S10. Measurement of PU. A: Microscopic FLIM image of two measurements and the depending
phasor plots of each sample. C: Combination of both phasor plots from (B).
Figure S11. Measurement of PLA. A: Microscopic FLIM image of two measurements and the depending
phasor plots of each sample. C: Combination of both phasor plots from (B).
Figure S12. Measurement of PPE with heat treatment. A: Microscopic FLIM image of two measurements
and the depending Phasor plots of each sample. C: Combination of both phasor plots from (B).
Figure S13. Measurement of PET from USA without heat treatment. A: Microscopic FLIM image of two
measurements and the depending phasor plots of each sample. C: Combination of both phasor plots from
(B).
Figure S14. Measurement of PET from Germany without heat treatment. A: Microscopic FLIM image of
two measurements and the depending phasor plots of each sample. C: Combination of both phasor plots
from (B).
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Supporting tables

Table S1. General settings of the cryogen mill for crushing the different types of plastics.
Duration t / s

Frequency Hz

Number of cycles n

Pre-cooling

90

5

1

Crushing

300

30

2

Intercooling

30

5

1

Table S2. The different parameters of the thermal treatment of the polymeric material.
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Polymeric material

Temperature

Incubation Time

Acrylonitrile-butadiene-styrene
copolymer (ABS)

140 °C

12 h

Poly(p-phenylene oxide) (PPE/PPO)

160 °C

12 h

Polyamide 6 (PA)

160 °C

12 h

Polyethylene terephthalate (PET)

210 - 220 °C

12 h

Polylactide (PLA)

140 °C

12 h

Polyurethane (PU)

160 °C

12 h

Cumulative part

Supporting figures

Figure S1. Characterization of ABS with ATR-FTIR in absorption mode and double determination.
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Figure S2. Characterization of PU with ATR-FTIR in absorption mode and double determination.
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Figure S3. Characterization of PA6 with ATR-FTIR in absorption mode and double determination.
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Figure S4. Characterization of PPE (PPO) with ATR-FTIR in absorption mode and double determination.

Figure S5. Characterization of PLA with ATR-FTIR in absorption mode and double determination.
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Figure S6. Characterization of PET from USA with ATR-FTIR in transmission mode.

Figure S7. Characterization of PET from Germany with ATR-FTIR in transmission mode.
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Figure S8. Measurement of ABS without heat treatment. A: Microscopic FLIM image of two measurements and
the depending phasor plots of each sample. C: Combination of both phasor plots from (B).
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Figure S9. Measurement of ABS with heat treatment. A: Microscopic FLIM image of two measurements and the
depending phasor plots of each sample. C: Combination of both phasor plots from (B).

83

Cumulative part

Figure S10. Measurement of PU. A: Microscopic FLIM image of two measurements and the depending phasor
plots of each sample. C: Combination of both phasor plots from (B).
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Figure S11. Measurement of PLA. A: Microscopic FLIM image of two measurements and the depending phasor
plots of each sample. C: Combination of both phasor plots from (B).
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Figure S12. Measurement of PPE with heat treatment. A: Microscopic FLIM image of two measurements and the
depending phasor plots of each sample. C: Combination of both phasor plots from (B).
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Figure S13. Measurement of PET from USA without heat treatment. A: Microscopic FLIM image of two
measurements and the depending phasor plots of each sample. C: Combination of both phasor plots from (B).
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Figure S14. Measurement of PET from Germany without heat treatment. A: Microscopic FLIM image of two
measurements and the depending phasor plots of each sample. C: Combination of both phasor plots from (B).
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3. General Discussion
In this thesis, a review of the currently most widespread methods (chapter 1.2) in micro- and nanoplastic research,
as well as their relevance and limitations for biological materials and matrices is given as an introduction.
Afterwards, a connection is made to the own research results, which dealt with the photophysical properties and
the development of a method for the identification, characterization, and differentiation (chapter 2.2 - 2.4) of
micro- and nanoplastic. Here, the autofluorescence of the plastics was used as a mechanism for detection, using
the temporal resolution of these fluorescence processes for characterization and differentiation. These performed
experiments showed that the plastics show a temporally stable increase in fluorescence intensity by incubation
with an elevated temperature, this fact is rather unexplored compared to the fluorescence at deep temperatures 222.
Furthermore, this work could support some hypotheses of the working group, which could substantiate an increase
of the fluorescence or its quenching by additives (chapter 2.2). Based on the findings, the pure detection method
(chapter 2.2) was extended with the analysis of the temporal resolution of the fluorescence processes (chapter 2.3)
to develop a complete method for microplastic analysis.
This method allowed our working group to significantly distinguish between six different types of plastics (ABS,
PA6, PET, PLA, PPE, PU) based on their specific fluorescence lifetimes (Chapter 2.3). The work of Langhals et
al. also shows the potential for the plastics LDPE (low-density polyethylene), HDPE (high-density polyethylene),
UHDPE (ultrahigh-density polyethylene), POM, PC and PS204 which were investigated with fluorescence lifetime
spectroscopy at 365 and 403nm and could not yet be considered in the publication (chapter 2.3 & 2.4)). Here also
the different influence of incubation under elevated temperature on the fluorescence lifetimes of the plastics could
be observed, which allowed a better understanding of possible difficulties of certain environmental influences on
the analysis. In the context of environmental influences, not only difficulties but also potentials for certain
applications in the analysis of environmental parameters could be predicted.
Due to the fluorescence lifetimes generated via curve fitting, there is a certain risk of systematic errors caused by
the choice of fitting method. To address this issue, as well as to add a visual component for quick and easy
differentiation, the fitting-free method of phasor analysis was explored as an optimization step (Section 2.4). This
new method for plastics analysis allows for high-throughput analysis of previously acquired microscopic image
data, also with reference signals, allowing the potential for a comparative database. In contrast to the work of
Sancataldo et al. which used an additional fluorescent dye (Nile Red) on 4 plastic species in phasor analysis217,
the study shown here used autofluorescence without additional preparation with fluorophores. This derives a more
time-saving and reduced sample preparation for the future.
Regarding the objectives of this thesis, as well as the doctorate carried out, not all defined objectives (chapter 1.3)
could be achieved. This thesis and the corresponding PhD end with the elaboration and fulfillment of the objectives
1 and 2. The third objective of an investigation in biological tissue and deep tissue sections could not be fulfilled
due to the time limitation of the PhD and the aggravated circumstances of the COVID-19 pandemic. The following
open questions and knowledge gaps remain and will allow further exciting experiments on the various interactions
in the future.

Open questions and knowledge gaps
In connection with the elaboration of the goals (chapter 1.2) not only achievements were worked out, but also
many important questions and likewise knowledge gaps were uncovered. As already in the quotation of Sir C.V
Raman at the beginning of this work, asking the right questions is of great importance to elicit the secrets of nature
and its phenomena.
From chapters 2.2 - 2.4, several questions and knowledge gaps arose about the size limitations of the method,
composition of plastics (additives, pigments), and surface adsorption of substances, the influence of exogenous
organic and mineral matrices.
The question of the smallest size to be detected plays a decisive role in research on micro- and nanoplastics, here
the focus shifts very strongly to the area of sub-micro- and nanoparticles, since here a larger reactive surface is
available and thus a higher toxicological risk is predicted. For this reason, signal strength or cross section is a
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significant factor in the analysis of molecules. In comparison, spontaneous Raman scattering shows cross section
only between 𝜎 = 10-26 and 10-30 cm2 per molecule, whereas fluorescence captivates with a stronger cross section
signal of 𝜎 = 10-16 cm2 per molecule 202. Despite this smaller cross section, Sobhani et al. were able to achieve
nanoparticle identification in a size range of ≥ 100 nm using pixel analysis of the Raman signals 221. The larger
cross section of fluorescence, as well as the same capability of a pixel analysis, suggests an equally large potential
for the study of particles below the submicron range. This conjecture is supported by currently unpublished results
of a small feasibility study of our working group in which particles of PPE ≥600 nm in size were identified. To
make a significant statement on the possibilities and lower size limitations here, further experiments need to be
performed for confirmation.
Another important issue related to the analysis of micro- and nanoplastic, is their composition, additives or
pigments, and substances adsorbed on the surface of the particles. These aspects are not only relevant for the
analysis with FLIM, but also have a strong relevance for Raman spectroscopy as soon as these additives or
pigments show a strong fluorescence. The reason for this is that the fluorescence can mask the weak Raman bands
in the spectrogram and thus pose great challenges for a sensitive analysis of the plastics 50. FLIM, on the other
hand, makes use of fluorescence and is basically not only an interfering signal, but to what extent the multitude of
existing additives such as plasticizers or the pigments have an influence on the fluorescence lifetimes is currently
unclear. It is also unclear whether the measurements with FLIM are not so sensitive and equipped with functions
that these fluorescent components could be discriminated or could even be used as a discriminating factor. The
aspect of an adsorption of substances on the surface of the particles must also be taken into focus, since the
fluorescence lifetimes of some known substances are sensitive to microenvironmental factors such as pH, ionic
strength, viscosity or even have been developed as intracellular temperature probes186–189. This leads to the question
of whether the fluorescence lifetimes of the most environmentally relevant micro- and nanoparticles are a
significant sensitivity to these factors and thus present as a challenge, or whether a useful application as
microsensors or even nanosensors could be worked out. The potential impact of the microenvironment on
fluorescence lifetimes directs to the next open questions related to more complex biological matrices and
environmental samples.
Fluorescence lifetime method is becoming more and more popular in the fields of (bio-)medical and biotechnical
research and can be used as single and multiphoton FLIM, e.g. in fluorescence-guided surgery 174,175, insights to
the cellular metabolism 176–179, and 3-D optical sectioning 180,181. In these disciplines, this methodology has already
provided some detailed insights into biological matrices, diseases and in deep tissues 223–225. Another aspect that
benefits this method is the different fluorescence lifetimes of the plastics and the endogenous fluorophores.
Fluorescence lifetimes of endogenous fluorophores are usually very short or even quite weak, which should allow
a good differentiation. For this purpose, further functions like filters and thresholds are available and new
algorithms like TauSense technology and image segmentation are developed to improve the instruments and
technique. Technological developments and their potential for the method presented here will be discussed in the
next section (Chapter 4) as perspectives for the future.
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4. Future perspectives
In recent years, various technologies and principles are being developed, which also have an influence on the
advancement of FLIM technology, thus expanding or optimizing its applications in various scientific disciplines.
Among these developments are new sensitive detectors, the use of multi-photon FLIM, and advanced machine
algorithms that improve signal-to-noise ratio, image segmentation and multiparametric analyses.
The aim is the automatization of image analysis, here newly developed programs such as TUM-ParticleTyper 226
could be tested for their applicability in generated FLIM/Phasor imaging. The TUM-ParticleTyper is a novel
program which could enable the automated detection, quantification, and morphological characterization of
fragments, including particles and fibers, in images from optical, fluorescence and electron microscopy (SEM). In
the future a database could be created, which collects and compares the obtained specific fluorescent lifetimes
and/or the positions in the phasor plot from the phasor analysis. In this way, various aspects of the plastics, such
as possible treatments, additives, or environmental influences such as radiation, heat or aging of the plastics, could
be compared with the data in the database.
Applicability of super-resolution optical methods (i.e., Stimulated Emission Depletion (STED) microscopy)
coupled with fluorescence lifetime analysis should also be checked in the identification of micro- and nanoplastic.
Due to the principle of the technique, it must be specifically checked whether the autofluorescence of the plastics
is practicable for this purpose or whether this must be remedied by an external fluorophore. Furthermore, the shift
of the fluorescence lifetime, which is amplified depending on the STED-laser power, must be considered when
determining the plastics. Despite this, there could also be a chance to move the detection limit into the lower
nanometer range, if the distortions caused by the STED laser do not have too strong disadvantages in the analysis.
Fluorescence microscopy comes to its limits in thick samples like biological tissues, because visible light is
strongly scattered in tissue. Therefore, the depth is restricted to an imaging depth of around 100 µm. In contrast,
multiphoton microscopy uses excitation wavelengths in the infrared taking advantage of the reduced scattering of
longer wavelengths. This makes multiphoton imaging the perfect tool for deep tissue imaging in thick sections and
living animals. Multi-photon excitation and 3D sectioning can lead to new insights in the identification and
differentiation of plastics in more complex human or environmental samples. Multicolor in vivo experiments in
deep tissue (ex vivo/in vivo) by increased penetration depths, which by combining with the analysis of fluorescence
lifetimes could show a great potential for differentiation of micro- and nanoplastic in biological matrices.
In particular, the capabilities of the FLIM methodology for dynamic processes like biomolecule binding or
phagocytosis and the sensitivity to changes in the micro-environment around the particle, for example
inflammations in tissues or metals adsorptions in environmental samples should be tested.
Other interesting developments could be methodological couplings, including the combination of FLIM and an
AFM, as well as a coupling of thermal analysis methods such as thermogravimetric analysis with gas
chromatography and mass spectrometry (TGA-GC/MS) and FLIM. Here, correlative AFM and confocal timeresolved fluorescence could provide further insight into the morphology and topography, as well as the chartering
of the material and information about the microenvironment or bound substance of the samples to be analyzed.
Depending on the samples, the fluorescence lifetime can characterize the material (micro- and nanoplastic),
provide information about the viscosity of the sample (e.g., membrane) or show bound autofluorescent/exogenous
stained substances on the surface or visualize them by quenching the fluorescence lifetime (e.g., metals).
The combination of a thermal method and FLIM could be helpful for questions about the presence and influence
of additives in plastics. In this case, the plastics could be heated in the thermal method, whereby the evaporated
substances are collected and analyzed, e.g., via a GC-MS, and the changes in the fluorescence lifetimes of the
plastics are recorded at the same time. From this information, it would be possible to determine and quantify the
additives and record their influence on the fluorescence lifetimes. The changes in fluorescence lifetime can then
be stored in databases, used to train algorithms, or used to develop new models and insights for material
determination via phasor analysis, which could also enable semi-quantitative analysis of the additives by FRET
trajectory in the phasor plot.
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