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b Faculty of Mechanical Engineering, Brno University of Technology, Technická 2896/2, 61669, Brno, Czech Republic 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Microplastics were aged in freshwater 
and wastewater. 

• Advanced laser-based techniques were 
tested for the detection of aged 
microplastics. 

• Raman spectroscopy detected and clas-
sified aged microplastics. 

• LIBS detected microplastics and biotic 
elements in the developed biofilm. 

• LA-ICP-MS detected metals in micro-
plastics and in the developed biofilm.  
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A B S T R A C T   

Microplastics found in the environment are often covered with a biofilm, which makes their analysis difficult. 
Therefore, the biofilm is usually removed before analysis, which may affect the microplastic particles or lead to 
their loss during the procedure. In this work, we used laser-based analytical techniques and evaluated their 
performance in detecting, characterizing, and classifying pristine and aged microplastics with a developed 
biofilm. Five types of microplastics from different polymers were selected (polyamide, polyethylene, poly-
ethylene terephthalate, polypropylene, and polyvinyl chloride) and aged under controlled conditions in fresh-
water and wastewater. The development of biofilm and the changes in the properties of the microplastic were 
evaluated. The pristine and aged microplastics were characterized by standard methods (e.g., optical and 
scanning electron microscopy, and Raman spectroscopy), and then laser-induced breakdown spectroscopy (LIBS) 
and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) were used. The results show that 
LIBS could identify different types of plastics regardless of the ageing and major biotic elements of the biofilm 
layer. LA-ICP-MS showed a high sensitivity to metals, which can be used as markers for various plastics. In 
addition, LA-ICP-MS can be employed in studies to monitor the adsorption and desorption (leaching) of metals 
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during the ageing of microplastics. The use of these laser-based analytical techniques was found to be beneficial 
in the study of environmentally relevant microplastics.   

1. Introduction 

Plastic pollution is an omnipresent problem, and small pieces of 
plastic, called microplastics (MPs), are currently a focus of scientists and 
society (SAPEA, 2019). The diversity of MP sources leads to high vari-
ability in MP types; they are made of different polymers and they vary in 
size and shape (Rozman and Kalčíková, 2022). In addition, their prop-
erties may be significantly altered by the surrounding environment, 
because in wastewater and freshwater, MPs are rapidly colonized by 
various microorganisms that form a biofilm. The developed biofilm 
changes the properties of MPs (e.g., size, density), and thus, their fate in 
the environment (Kalčíková et al., 2020; He et al., 2022). Moreover, 
biofilm also camouflages the MPs, which limits their reliable detection 
and analysis. 

Traditionally, the detection of MPs in environmental samples is 
carried out by microscopy, with their identification based on their 
physical appearance. However, MPs can be confused with natural fibres 
or other particles (Song et al., 2015). Therefore, visual identification is 
often coupled with spectroscopic methods, such as Fourier-transform 
infrared spectroscopy (FTIR) or Raman spectroscopy, to confirm the 
composition of the investigated particles (Mariano et al., 2021). Prior to 
the spectroscopic analysis, MPs are pre-treated to remove adsorbed 
organic and inorganic matter or developed biofilm by acidic, alkaline, or 
enzymatic digestion (Hermsen et al., 2018). However, these methods 
lack the ability to localise MPs directly in the environmental matrix (e. 
g., adhered to tissues, present in organs) and suffer from the potential 
destruction and loss of particles. Therefore, there is an urgent need for 
new analytical methods and approaches that allow for the direct 
detection of aged MPs in the environmental matrices and biota. 

In this context, the use of advanced laser-based analytical tech-
niques, namely laser-induced breakdown spectroscopy (LIBS) and laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), 
could be a promising approach for the direct analysis of MPs. LIBS can 
detect different types of plastic due to its unique spectral response to 
specific polymers (Anzano et al., 2014; Liu et al., 2019; Gajarska et al., 
2021), and it showed a good performance in polymer classification 
based namely on variations in CN and C2 band intensities (Chamradová 
et al., 2021). LA-ICP-MS, on the other hand, can detect marker metals in 
polymers (Stehrer et al., 2010; Bonta et al., 2016) and indicate polymer 
alterations (Brunnbauer et al., 2020). To date, LIBS and LA-ICP-MS have 
been used to a limited extent for the direct detection of MPs, and both 
have been used mainly for monitoring trace metals adsorbed on MPs 
(Chen et al., 2020; El Hadri et al., 2020, respectively). Sommer et al. 
(2021) successfully used LIBS to identify MPs extracted from sediment 
samples. However, prior to the analysis, the samples were pre-treated by 
Fenton oxidation to remove organic and inorganic matter, so the per-
formance of the method for direct analysis was not tested. Similarly, 
Michel et al. (2020) compared different spectroscopy techniques 
(attenuated total reflectance – Fourier-transform infrared spectroscopy 
(ATR-FTIR), X-ray fluorescence (XRF), near-infrared (NIR) reflectance 
spectroscopy, and LIBS) for the detection of MPs sampled in the marine 
environment, but again, the MPs were pre-treated and the organic and 
inorganic matter was removed before the analysis. To the best of our 
knowledge, a thorough study of pristine and aged MPs has never been 
conducted using either individual laser-based techniques or their 
combination. 

In this work, laser-based techniques were used as alternative tech-
niques to characterize pristine and aged (in freshwater and wastewater) 
MPs. First, Raman spectroscopy was used to test its ability to classify 
MPs regardless of ageing and to demonstrate its established position in 
polymer analysis. Second, laser-based techniques (LIBS and LA-ICP-MS) 

were used to characterize MPs based on their elemental fingerprints. 
LIBS was used for the direct classification of MPs based on their major 
element signature, while LA-ICP-MS targeted the marker metals within 
the cores of the MPs. 

2. Materials and methods 

This study was divided into three main parts: (i) different types of 
MPs were aged in freshwater and wastewater to obtain particles highly 
covered with biofilm, (ii) standard microscopy and Raman spectroscopy 
characterizations of MPs were provided as conventional methods, (iii) 
and finally, we studied LIBS and LA-ICP-MS for a complementary 
characterization and identification of pristine and aged MPs. 

2.1. Microplastics characterization 

Five different MPs, made of polyamide (PA), polyethylene (PE), 
polyethylene terephthalate (PET), polypropylene (PP), and polyvinyl 
chloride (PVC), were prepared from larger pieces of plastic by grinding 
in a centrifugal mill (ZM 200, Retsch, Germany). The PA, PE, and PP 
were pellets about 5 cm in size, while the PET and PVC were larger 
pieces of a plastic bottle and plastic pipes, respectively. During grinding, 
the blades were cooled with dry ice, so the mill was fed alternating 
pieces of plastic and dry ice. The mill had 12 blades, and the grinding 
speed was 15,000 rpm. The mesh size of the screens used to separate the 
smaller particles (already ground) from the larger particles was 500 μm 
when grinding PA, PE, and PP and 250 μm when grinding PVC and PET. 
Raman spectroscopy was used to confirm the material composition 
(Section 2.4). 

Surface analysis of the MPs was performed using an optical micro-
scope (Imager.Z2m, Zeiss, Germany) and field emission scanning elec-
tron microscopy (FE-SEM, Ultra plus, Zeiss, Germany) under different 
magnifications. 

The particle size of the pristine MPs was measured using a laser 
diffraction analyser (S3500 Bluewave, Microtrac, Germany). Approxi-
mately 0.5 g of MPs was placed in the dry unit, and the measurement 
was repeated three times. The results were expressed as the number 
particle size distribution. 

The density of the MPs was determined according to ISO 1183-1 
(2019). A dried pycnometer was weighed before and after the addi-
tion of approximately 50 mg of MPs. Then, ethanol (96%) was added to 
the pycnometer, and it was weighed again. This was repeated for ethanol 
only. The density was calculated as follows: 

ρMPs =
m2 − m1

m2 − m1 − m3 + m4
⋅ρET  

where ρMPs (g/cm3) is the density of the MPs, m1 (g) is the mass of the 
empty pycnometer, m2 (g) is the mass of the pycnometer and MPs, m3 (g) 
is the mass of the pycnometer with MPs and ethanol, m4 (g) is the mass of 
the pycnometer and ethanol, and ρET (g/cm3) is the density of the 
ethanol. The measurement was repeated three times. 

2.2. Ageing of microplastics 

MPs were incubated in freshwater and wastewater to simulate their 
ageing and the development of a natural biofilm. Each type of MP was 
aged separately. Freshwater was collected from the Glinščica stream 
(Slovenia), while wastewater came from a municipal wastewater treat-
ment plant and was collected with an automatic water sampler as a 24 h 
combined sample after mechanical treatment. The ageing procedure 
largely followed the method described by Jemec Kokalj et al. (2019). 
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Briefly, the ageing of MPs was performed in 500 mL Erlenmeyer flasks; 
two flasks were prepared per MP and water type. The concentration of 
MPs was 5 g/L to ensure sufficient material for further analysis. All flasks 
were shaken throughout the ageing experiment (four weeks). Flasks 
containing MPs aged in freshwater were incubated at room temperature 
(22 ± 2 ◦C) under daylight fluorescent lamps (1200–1500 lx) with 16/8 
h photoperiod (light/dark) at 125 rpm. Flasks containing MPs aged in 
wastewater were also incubated at room temperature (22 ± 2 ◦C) and 
125 rpm, but they were kept in the dark to simulate the ageing of MPs in 
wastewater in the sewer system. At the beginning of each week, the MPs 
were filtered from all flasks (4–12 μm pores, Whatman®), and the 
recovered MPs were added to a new fresh sample of freshwater and 
wastewater. After a four-week ageing period, all MPs were filtered and 
stored at − 18 ± 2 ◦C for further analysis. 

Aged MPs were analysed for density again (as described above), and 
the biofilm mass and chlorophyll content were determined. To deter-
mine the mass of the biofilm, MPs with a developed biofilm (three 
replicates) were dried to constant weight at room temperature (22 ±
2 ◦C), and then the biofilm on the MPs was digested by Fenton oxidation 
(Prata et al., 2019). In Fenton oxidation, iron ions (Fe2+) catalyse the 
decomposition of hydrogen peroxide (H2O2) into hydroxyl radicals 
(•OH) (Shokri and Fard, 2022), which oxidise the biofilm. After Fenton 
oxidation, the MPs were reweighed, and the results were expressed as 
mg of biofilm per g of MPs. The content of chlorophyll a in the biofilm 
developed on the MPs was determined using a method described by 
Kalčíková et al. (2016) with some modifications. Approximately 50 mg 
of MPs with a developed biofilm (three replicates) was homogenized 
with 1.8 mL of cold 95% (v/v) ethanol (− 18 ± 2 ◦C) in a mortar with 
pestle. The absorbance of the supernatant was measured at 664 nm and 
648 nm (Synergy LX, Biotek, USA). The concentration of chlorophyll a 
was calculated according to Lichtenthaler (1987) and expressed as mg of 
chlorophyll a per g of biofilm. The same procedure was applied to MPs 
(without biofilm) and the absorbance values were similar to the blank 
sample (ethanol only), indicating that the MPs themselves did not 
interfere with the measurement. 

2.3. Reference analysis of elemental composition 

Various metals used as additives in plastics (i.e. compounds of Ti, Zn, 
Co, Pb, Sb, Al, Ba, Cd (Hahladakis et al., 2018)) were determined. 
Pristine and aged MPs were digested using microwave-assisted diges-
tion. Approximately 30 mg of dried sample was placed in a Teflon vessel 
with 4.5 mL HNO3 (65%) and 0.5 mL 30% H2O2. The mixture was 
heated to 220 ◦C for 20 min in a microwave oven (Ethos Up, Milestone, 
Italy), and the temperature was maintained at 220 ◦C for the next 15 
min. Fully digested samples were quantitatively transferred into 50-mL 
flasks and diluted with 1% HNO3. The metal concentrations (measured 
as isotopes: 47Ti, 66Zn, 59Co, 208Pb, 121Sb, 27Al, 137Ba, 111Cd) were 
determined by ICP-MS (Agilent 7900ce, Agilent Technologies, USA) 
using an internal standard. The results were calculated as μg of metal per 
mg of MPs. 

2.4. Raman spectroscopy 

All Raman measurements were conducted on a Raman spectrometer 
(inVia, Renishaw, UK). The experiments were performed with a laser 
wavelength of 785 nm at 100% power (140 mW). There is an option to 
use a 532 nm laser as well, but the Raman spectra were covered with 
overwhelming fluorescence at this laser wavelength. The spectrometer 
was set to a 1200 cm− 1 central Raman shift to detect all the important 
polymer peaks. An objective with 20× magnification (Leica, Germany) 
was used to focus the laser beam on the sample. Five different locations 
of each sample were measured by 10× accumulated 1 s expositions. 

The resulting spectra were processed using a custom script in Python. 
The spectra were background-corrected by polynomial fitting (order 5) 
and rescaled to [0,1] (i.e., the minimal value was set to 0 and the 

maximal to 1). The mean of all 5 acquired spectra was used to compare 
the results. In the end, to highlight the differences among the various 
sample types, the spectra were compared in a raw (untreated) state. 

The processed Raman spectra were then submitted to principal 
component analysis (PCA). The PCA algorithm provides dimensionality 
reduction of the data set, which is useful in the spectroscopic field as a 
tool to overlook the acquired data set. The PCA algorithm used in this 
work is part of the sklearn library (Pedregosa et al., 2011) in the Python 
programming language. In order to get the best possible PCA results, the 
data were mean-centred and scaled to the whole spectral range. The data 
set used for PCA in this section included all measured spectra. 

2.5. Laser-induced breakdown spectroscopy (LIBS) 

For all LIBS measurements, the FireFly LIBS system (Lightigo, Czech 
Republic) was employed. In the experiment, the system was equipped 
with a 532 nm laser that operated at 5 mJ. The pulse duration was 7 ns, 
and the spot size was approximately 150 μm, resulting in a fluence of 
approx. 120 GW/cm2. The plasma emission was collected by an optical 
system and transported by optical fibre to a broad-range echelle-type 
spectrometer (resolution λ/Δλ 6000) with a range of 200–900 nm and 
equipped with an EMCCD camera, which was set to a gate delay of 
500 μs and a gate width of 50 μs The interaction area was purged by air 
during the experiment, which was found to be beneficial for the laser 
ablation of polymers in our previous work (Chamradová et al., 2021). 

Prior to the LIBS analysis, the MPs were fixed onto epoxy resin; note 
that the experimental settings were based on previous experience with 
the ablation of the bulk plastic matrix. In this methodology, the MPs 
were located individually on the epoxy surface and ablated in a single- 
pulse regime. Each type of MP was measured on 10 distinct spots 
when two pulses per spot were used to diminish the influence of possible 
contamination. The collected data were then processed by a custom 
Python script and averaged to obtain the characteristic spectra of each 
MP type. The data treatment included outlier filtering using a normal 
distribution of total spectrum emissivity. The outlying 25% spectra per 
sample were omitted based on the total emissivity distribution. 

The data set was handled similarly to the Raman spectroscopy data 
set (section 2.4.) and mean-centred and scaled to the whole spectral 
range. No additional filtering of the spectra or spectral ranges was car-
ried out before the PCA analysis. The PCA was used according to the 
good LIBS practices described in previous works (Pořízka et al., 2018; 
Chamradová et al., 2021). 

2.6. Laser ablation inductively coupled plasma mass spectrometry (LA- 
ICP-MS) 

To investigate the possibility of distinguishing different MPs based 
on different inorganic additives present, a mixture of freshwater-aged 
PP, PET, and PVC particles was mounted in epoxy resin (Struers, 
Denmark). Individual samples of pristine and aged particles of all 5 
polymer types were mounted in epoxy resin as well in order to investi-
gate the lateral distribution of elements measured in the digested MPs 
(Section 2.3.) after freshwater/wastewater ageing. Cross-sections of 
these embedded samples were prepared by manual sanding using 
abrasive paper down to a grain size of 5 μm, and then LA-ICP-MS im-
aging experiments were carried out. 

LA-ICP-MS analysis was carried out using an imageGEO193 laser 
ablation system (ESL, USA) operating at a wavelength of 193 nm and 
equipped with a TwoVol3 ablation chamber. The LA system was coupled 
to an iCAP Qc ICP-MS system (ThermoFisher Scientific, Germany) using 
Tygon® tubing with an inner diameter of 1.6 mm. Samples were ablated 
under a constant stream of helium (0.8 L/min). Argon was used as a 
make-up gas (0.8 L/min) and mixed with the sample aerosol using a dual 
concentric injector (DCI) (ESL, USA) right before the ICP. LA-ICP-MS 
data evaluation was carried out using Iolite 4.5.7.1. Additional mea-
surement parameters are provided in Table S1. 
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3. Results and discussion 

3.1. Ageing and conventional characterization of microplastics 

All MPs used in this study were in the form of white powder. SEM 
imaging showed all MPs had irregular shapes and low porosity (Fig. S1), 
typical of pristine MPs (Rozman et al., 2021). The PE MPs had a struc-
turally more complex surface morphology in comparison to the other 
MPs (Fig. S1A). The polymer type of each pristine MP was confirmed by 
Raman spectroscopy (Section 3.2., Figs. S3–S7). The mean particle sizes 
(mean ± SD, n = 3) of the PE, PP, PA, PET, and PVC were 116.3 ± 68.0 
μm, 357.0 ± 46.7 μm, 455.0 ± 49.1 μm, 23.1 ± 7.2 μm, and 157.4 ±
127.7 μm, respectively, which are the size ranges of MPs commonly 
found in freshwaters (Kameda et al., 2021; Lu et al., 2021). The mean 
particle size of the PET MPs was much smaller than that of the other 
MPs, and several very small MPs were also shown in the SEM images 
(Fig. S1D). 

After ageing in freshwater and wastewater, the development of a 
biofilm on all MPs was confirmed (Table 1, Fig. S2). The MPs aged in 
wastewater formed heteroaggregates with present microorganisms 
(Fig. S2, e.g., PET FW, PE WW). The amount of developed biofilm was 
the highest on PE, while on the other MPs, it was comparable regardless 
of the MP polymer. This is in agreement with other studies where the 
morphology of the particles (i.e., surface roughness) played an impor-
tant role in the biofilm development rather than the polymer composi-
tion or size of MPs (Parrish and Fahrenfeld, 2019; Miao et al., 2020). 
Microorganisms prefer to create a biofilm on various MPs (in compari-
son to natural substrates), as they tend to metabolize the polymer as a 
carbon source (Miao et al., 2020). 

In the present study, the biofilms that developed on the MPs aged in 
freshwater contained significantly more photosynthetic microorganisms 
(expressed as chlorophyll a content) compared to the biofilms developed 
on the MPs aged in wastewater. The results are comparable for the PE, 
PP, and PET, while the chlorophyll a content was the lowest in the 
biofilm developed on the PVC (Table 1). PVC has been previously shown 
to reduce the chlorophyll a content in algal cells (Wang et al., 2020) and 
to affect other aquatic organisms, especially after ageing (Xia et al., 
2022). The increased ecotoxicological risk can be attributed to the 
leaching of additives, such as phthalates (Henkel et al., 2019) and metals 
(Meng et al., 2021). The highest chlorophyll a content was measured in 
biofilms that developed on PA. Similarly, Venable and Podbielski (2019) 
suggested PA (nylon) as a good substrate material for algal growth. 

The presence of a biofilm may alter the overall density of MPs, 
affecting their distribution in water, and thus, significantly influencing 
their fate in the aquatic environment (Li et al., 2018; Jalón-Rojas et al., 
2022). In the case of PE, PP, and PVC, where the density of the pristine 
particles was below 1.2 g/cm3, ageing in freshwater and wastewater 
increased the particle density (Table 1). Similarly, Lagarde et al. (2016) 
and Jalón-Rojas et al. (2022) reported an increase in the density of PP 
particles after incubation with the freshwater alga C. reinhardtii and in 
seawater, respectively. On the other hand, the pristine PA and PET had 
densities of 1.23 and 1.31 g/cm3, respectively, and ageing in freshwater 
resulted in a decrease in the density, whereas the incubation in waste-
water resulted in a decrease in the density of the PA, and the density of 
the PET increased. This could be explained by the variability in the mass 

of the biofilm (Table 1) as well as its composition, which is specific to 
each polymer (Tu et al., 2021). The density of biofilm ranges from 1.1 to 
1.5 g/cm3 (Long et al., 2015; Lagarde et al., 2016), and thus, the biofilm 
that develops on MPs can lead to an increase (in the case of low-density 
polymers) or a decrease (in the case of high-density polymers) in the 
density of aged MPs. The determined densities of the pristine MPs were 
consistent with the results of previous studies (Li et al., 2018; Shams-
khany et al., 2021). 

3.2. Characterization of aged microplastics by Raman spectroscopy 

Although Raman spectroscopy is commonly used to characterize MPs 
sampled from the environment, the MPs are usually pre-treated to 
remove adsorbed organic and inorganic matter or developed biofilm (Xu 
et al., 2019). In this study, we characterized the pristine and aged MPs 
directly without any pre-treatment. All polymer types showed similar 
results with an increased fluorescent background in the case of MPs aged 
in freshwater and wastewater (Figs. S3–S7). The figures show a com-
parison of the spectra acquired from the same MP type that underwent 
different ageing methods, and all major peaks were identified and are 
highlighted at their referenced locations in all figures (Menchaca et al., 
2003). The only difference among the spectra was the level of fluores-
cence, which is apparent in the raw spectra (Figs. S3–S7). In general, the 

Table 1 
Mass of biofilm (mg/g of MPs), chlorophyll a content (mg/g of biofilm) and density (g/cm3) of MPs. All parameters are expressed as mean ± SD (n = 3).  

MPs Mass of biofilm mg/g of MPs Chlorophyll a mg/g of biofilm Density (g/cm3) 

Freshwater Wastewater Freshwater Wastewater Pristine Freshwater Wastewater 

PE 311 ± 60 357 ± 94 0.0770 ± 0.0084 0.0177 ± 0.0059 0.96 ± 0.02 1.04 ± 0.02 0.98 ± 0.00 
PP 206 ± 16 168 ± 5 0.0635 ± 0.0178 0.0120 ± 0.0011 0.93 ± 0.04 1.18 ± 0.06 1.08 ± 0.13 
PA 223 ± 29 219 ± 93 0.1848 ± 0.0341 0.0101 ± 0.0027 1.23 ± 0.03 1.13 ± 0.03 1.04 ± 0.01 
PET 245 ± 23 197 ± 28 0.1085 ± 0.0062 0.0108 ± 0.0036 1.31 ± 0.01 1.18 ± 0.01 1.44 ± 0.06 
PVC 194 ± 55 180 ± 77 0.0575 ± 0.0091 0.0139 ± 0.0005 1.12 ± 0.11 1.15 ± 0.02 1.19 ± 0.13  

Fig. 1. Principal component analysis of all Raman spectra. The shapes of the 
data points depicts the pristine and aged MPs (in freshwater or wastewater); the 
colour shows the polymer type of MPs (PE, PP, PA, PET, PVC). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 
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highest fluorescence occurred in the case of MPs aged in freshwater, 
most likely due to the presence of algae in the biofilm and the resulting 
increased content of chlorophyll a (Table 1), which naturally emits 
fluorescence (Strasser and Govindjee, 1992). 

The ability of Raman spectroscopy to distinguish among all polymer 
types used in this study is highlighted in the results from PCA (Fig. 1). 
The background-corrected data set was used for PCA. After a standard 
data pre-treatment (scaling and mean-centring), the PC score plot was 
generated. We show the PC1 and PC2 score plots – this accounts for 66% 
of the variance within the data (Fig. S8). From this 2D PC score plot 
(Fig. 1), it is evident that the ageing process was not relevant for the 
classification of the plastic samples based on the Raman spectra. The 
spectra from the same polymer groups clustered together regardless of 
the ageing process. The most secluded data cluster was found for the PP. 

3.3. Characterization of microplastics by laser-based techniques 

3.3.1. Laser-induced breakdown spectroscopy (LIBS) 
Although LIBS has been used previously to identify polymer types of 

plastic items (Junjuri et al., 2019; Chamradová et al., 2021), to the best 
of our knowledge, none of the published work has used LIBS to directly 
identify aged MPs without pre-treatment, and the only evidence for the 
applicability of this technique in MP research comes from Sommer et al. 
(2021) and Michel et al. (2020). However, in both studies, the biofilm 
and organic and inorganic matter were removed prior to analysis. In our 
work, the aged samples were processed directly without removing the 
biofilm, and the results show that even then, MPs can be detected. 

The data collected by the LIBS were averaged and depicted to see the 
most prominent spectral lines. A comparison of the CN transition area of 
all pristine MPs is given in Fig. S9. Fig. 2 shows the results for PE as an 

example; the data for the other MPs (PA, PET, PP, and PVC) are given in 
the Supplementary Materials (Figs. S10–S13). A comparison of the 
pristine and aged MPs spectra showed that other biogenic elements were 
present in the aged MPs, e.g., Na, Ca, and K. On the contrary, the in-
tensities of the H, C, and CN transition signals connected to the polymer 
structure were decreased in the aged MPs. 

In our previous study, we classified bulk polymers based on their 
characteristic LIBS spectra obtained after laser ablation in various at-
mospheres (Chamradová et al., 2021). The CN band area around 388 nm 
had the biggest effect on the classification of polymers. Only two poly-
mer types used in this study have been previously used. However, the 
results for these two polymers (PA and PP) correspond well to our 
former findings, and the CN band of the PA polymer type had a signif-
icantly lower intensity compared to PP. The CN band intensities split the 
polymer types into two groups: PP + PE + PET and PVC + PA. In our 
former work, the CN and C2 transitions were used to classify different 
polymer types. The already known tendencies for the CN transition were 
obvious in the MP spectra here as well. These tendencies show that a 
higher C ratio in the monomer (as in the PET) and an increased 
simplicity of the monomer molecule (as in the PE and PP) resulted in a 
higher intensity of the CN transition. The lower success of the polymer 
type classification may be due to several factors, e.g., a lower number of 
spectra and non-uniform flatness of the ablated sample area. 

To show the ability of LIBS to classify different MP types, we used 
PCA (Fig. 3) comprising reduced spectra by selecting wavelengths con-
taining important information about the sample. The selected wave-
lengths were focused on the following area: the area of the CN transition 
and the Ca II peaks between 385 and 400 nm, the Na II 589 nm peak 
area, the H I 656.28 nm area, and the K I 766.49 nm peak area. These 
four areas should contain necessary information about the differences 

Fig. 2. (A) Comparison of spectra of pristine and aged PE (in freshwater and wastewater); (B) detail of CN transition area; (C) Detail of K I 766.49 nm and 769.89 
nm area. 
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between MPs. We used a data set with the selected wavelengths for PCA 
analysis. The data were also normalized, and the outliers were filtered. 
In this case, the first two PCs constituted 92.6% of the variance within 
the data. In this score plot, we were able to distinguish between the 
pristine MPs and aged MPs in the freshwater and wastewater. This was 
due to the increases in the Ca II, Na II, and K I peaks in the spectra of the 
aged MPs (see PCA loadings plot for truncated LIBS data (Fig. S14)). The 
classification of the aged MPs is problematic due to the high similarities 
of the polymer spectra. 

3.3.2. Laser ablation inductively coupled plasma mass spectrometry (LA- 
ICP-MS) 

3.3.2.1. Identification of MPs based on imaging of inorganic additives. 
Elements typically present as additives in polymers were used as 
markers to distinguish different polymer types. Digestion and liquid ICP- 
MS measurements (Table S2) revealed that significant amounts of Al 
were present in the PP (Al(OH)3, which is typically used as a flame 
retardant (Marturano et al., 2017)). Zn was present in the PVC (ZnO is 
typically used as a biocidal additive (Vikhareva et al., 2021)), and Sb 
was present in the PET (Sb2O3 is typically used as a catalyst in PET 
manufacturing (Welle and Franz, 2011)). Mapping these elements in the 
MPs mounted in epoxy resin not only allowed for identifying the 
different polymer types present but also gives insight into the shapes of 
the individual MPs (Fig. 4). Looking only at the microscope picture of 
the mounted MPs, the identification of the three present polymer types 
(PP, PVC, PET) would not be possible. Comparing the distributions of 
the Al, Zn, and Sb obtained from the LA-ICP-MS imaging with a mi-
croscope picture revealed their identity. This example demonstrates the 
potential of LA-ICP-MS analysis for the localization and identification of 
MPs within solid samples. 

It should be noted that in environmental samples containing more 
than three polymers, polymer types that have the same inorganic ad-
ditives may occur. Thus, detecting one marker element is not specific to 
a particular polymer, which makes the distinction between different 
polymer types more challenging. Using a multielement approach of 
mapping the inorganic fingerprint of each polymer type combined with 
more advanced chemometric data evaluation may circumvent this 
problem. 

3.3.2.2. Investigation of aged microplastics. Various elements (Al, Ba, Cd, 
Co, Pb, Sb, Ti, and Zn) were selected for LA-ICP-MS imaging experiments 
based on previously carried out digestion and liquid ICP-MS analysis of 
the MPs under investigation (Table S2). Mapping the cross-section of 
MPs aged in freshwater and wastewater and comparing the elemental 
distribution with pristine particles reveals whether MPs take up inor-
ganic constituents or release inorganic additives into the environment. 
Moreover, these measurements also provide information about the local 
variations in the uptake of trace elements, particularly if there is an 
accumulation at specific parts of the MPs (e.g., near-surface regions) or if 
the uptake or release is homogeneous. Additionally, the accumulation of 
elements in the biofilm surrounding the particles can be investigated. 

The elemental maps obtained for the individual PE and PET for a 

Fig. 3. Principal component score plot of filtered LIBS data. Shapes of data 
points depict the polymer types of MPs (PE, PP, PA, PET, PVC), whereas colours 
show the pristine and aged MPs (in freshwater or wastewater). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to 
the Web version of this article.) 

Fig. 4. Lateral distribution of marker elements obtained by LA-ICP-MS analysis revealed the distribution and shapes of the PP (Al), PVC (Zn), and PET (Sb) aged 
in freshwater. 
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selection of elements are shown in Fig. 5. The respective data for the 
other investigated polymer types and all analysed elements can be found 
in the Supplementary Materials (Figs. S15–19). The colour scale is the 
same for each element and each polymer type enabling a qualitative 
comparison between the pristine and aged MPs but not among the 
different polymer types. 

The comparison of the elemental map of the pristine and aged PE in 
freshwater and wastewater (Fig. 5) revealed a significant change in the 
elemental distribution. In the pristine particles, no considerable signals 
were observed for the elements Ba, Pb, and Zn, whereas significantly 
increased signals were found after the ageing experiment. This is 
consistent with a number of studies that have investigated the adsorp-
tion of metals on MPs in the natural environment, where a positive 
correlation was found between the adsorbed metals on MPs and the 
amount of biofilm (Liu et al., 2021). As in our study, Ba and Zn have 
predominantly been detected on aged MPs, but Sr, Pb, and Ca have also 
been found adsorbed on MPs sampled in the aquatic environment 
(Richard et al., 2019; Liu et al., 2021). However, the extent to which 
metals are adsorbed onto MPs depends on the physico-chemical prop-
erties of the particles (material, size, age, crystallinity, functional 
groups, and polarity), the composition and mass of the biofilm, and the 
physico-chemical properties of the surrounding environment (pH, ionic 
strength, and temperature) (Gao et al., 2021; Liu et al., 2022). In this 
context, different polymers showed significant differences in the 
adsorption capacity of the metals under different conditions. Moreover, 
the elements accumulated in the formed biofilm covering MPs play a 
crucial role in the overall toxicity of a particle (Kalčíková et al., 2020). In 
comparing the MPs aged in freshwater and wastewater, no obvious 
differences were observed between the two treatments. In both cases, Ba 
and Pb tended to accumulate on the MPs’ surfaces, revealing the shapes 
of individual particles without diffusion into the bulk of the particles. In 
addition, Zn hotspots were detected and correlated with the Ba, Pb, and 
Ti hotspots. 

For the PET, Sb present as an additive revealed the shapes and lo-
cations of individual particles (Fig. 5). Sb signals of the pristine and aged 
PET did not show a significant difference. This indicated that Sb did not 
leach significantly from the MPs during ageing. The pristine PET showed 
no significant signals of Ba, Pb, or Zn compared to the aged samples. 
Interestingly, looking at the Pb distribution, Pb was only found in the 
PET aged in freshwater in near-surface regions of the particles and the 

biofilm covering the particle. Other elements, such as Ba and Zn, were 
also found in the same regions as Pb. In wastewater-aged PET, Ba and Zn 
were also found in the near-surface regions of the particles. 

Similar findings were achieved for the other polymer types, indi-
cating the uptake of trace metals by various MPs during ageing in 
freshwater and wastewater. For example, the elemental maps presented 
for the PA (Fig. S15) show a homogeneous distribution of Ti and Ba in 
the MPs aged in freshwater and wastewater, which were not present in 
the pristine sample. This outcome indicated the diffusion and uptake of 
these elements into the bulk of the particles, whereas the uptake of Co 
and Pb occurred only on the particle surface. The pristine PVC and those 
aged in freshwater show a similar homogeneous distribution of Pb in the 
individual particles (Fig. S19), whereas Pb was not present in the PVC 
aged in wastewater. This indicates Pb contamination in the PVC samples 
during ageing in wastewater. 

It should be noted that comparing qualitative LA-ICP-MS analysis 
with quantitative liquid ICP-MS analysis of digested particles is 
complicated, and various aspects must be considered. LA-ICP-MS data 
show the elemental distribution of a limited number of individual par-
ticles, whereas liquid ICP-MS analysis is the average result of 30 mg of 
sample, and thus, hundreds of particles. This difference in sampling size 
can naturally lead to deviations. In addition to the limited sampling size, 
LA-ICP-MS may offer better sensitivity for some elements than liquid 
ICP-MS analysis since the solid sample is analysed directly, and dilution 
steps necessary for liquid ICP-MS analysis can be avoided. For example, 
LA-ICP-MS analysis revealed Co in the pristine PVC particles, which was 
not detected with liquid ICP-MS (Fig. S19). 

LA-ICP-MS offers significant insight into the fate of MPs when aged in 
freshwater and wastewater. Changes in the elemental composition 
within individual particles, as well as the adsorption and accumulation 
of inorganic constituents in a developed biofilm, can be investigated 
with this technique. 

4. Conclusions 

The reliable detection and monitoring of MPs is currently the 
greatest challenge for microplastic research and is critical for estab-
lishing monitoring campaigns worldwide. It is important to perform MP 
analysis with a minimum number of steps, as the possibility of loss, 
destruction, or contamination of samples is high. Moreover, the direct 

Fig. 5. LA-ICP-MS imaging of cross-sections of pristine and aged PE and PET MPs in freshwater (FW), and wastewater (WW), revealing the lateral distribution of Ba, 
Pb, Zn, and Sb. 
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detection of MPs, especially those largely covered with natural organic 
and inorganic matter or biofilm, remains a major challenge. However, 
the results of the present study show that when using advanced laser- 
based techniques, the identification and characterization of aged MPs 
covered by biofilms is possible. Therefore, these advanced techniques 
can largely complement conventional analytical methods and addi-
tionally provide new insights into the changes in the chemical compo-
sition and properties of aged particles. This preliminary study shows 
high feasibility, but future work needs to focus on the detection limits 
and interference with other (natural) particles. However, the promising 
results obtained here suggest that these techniques could not only be 
used for the detection of MPs in environmental samples but also (sepa-
rately or in tandem) for the detection of MPs in biotic samples, especially 
for the accurate localization of MPs in tissues, which has not been 
possible so far. In addition to the importance of the development of 
analytical approaches to detect environmentally relevant MPs, the re-
sults of this study shed light on the ageing process of MPs and the change 
in MP properties, which are essential for understanding the fate of MPs 
in the aquatic environment. 
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