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HIGHLIGHTS 

• Near infrared hyperspecn-al imaging
(NIR-HSI) to detect microplastics down 
to 50 µm. 

• Polypropylene, polystyrene and poly­
amide detected in seawater and mussel 
digestate. 

• Automated data processing strategy
based on norma!ised difference image 
(NDI). 

• NIR-HSI applied directly on filters 
without particles pre-sorting or
purificati on. 

• Useful tool for assessing the ecologica! 
risk related to microplastic
contamination.
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Contamination by microplastics (MP) represents a critica! environmental challenge with potential consequences 
at ecosystem, economie and societal levels. As the marine system is the final sink for MP, there is an urgent need 
to develop methods for the monitoring of synthetic particles in different marine compartmenrs and sample 
matrices. Extensive evaluations are hindered by time and costs associated with ro conventional MP spectroscopic 
analyses. The potential of near infrared hyperspectral imaging (NIR-HSI) has been recently evaluated. However, 
NIR-HSI has been poorly studied so far, limitedly to the detection of large particles (>300 µm), and its capability 
for direct charactelization of MP in real marine matrices has nor been considered yet. In the present study, a 
rapid near infrared hyperspectral imaging (NIR-HSI) method, coupled with a customised normalised difference 
image (NDI) strategy for data processing, is presented and used to detect MP down to 50 µm in environmental 
man'ices. The proposed method is largely automated, without the need for extensive data processing, and 
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fenabled a successful identification of different polymers, both in smace water and mussel soft tissue samples, 
as well as on real field samples with environmentally occuning MP. NIR-HSI is applied directly on filters, 
without the need for particles pre-sorting or multiple sample purifications, avoiding time consuming 
procedures, airborne contaminations, particle degradation and loss. Thanks to the time and cost effectiveness, 
a large-scale imple­mentation of this method would enable to extensively monitor the MP presence in 
natural environments for assessing the ecologica! lisk related to MP contamination. 

1. Introduction

Due to the enormous production and mismanagement, the issue of 

plastic waste represents a criticai and urgent socia!, economie and 

environmental challenge (He et al., 2018) and it was also included as 

one of the good environmental status (GES) descriptors in the Maritime 

Strategie Framework Directive (MSFD) Galgani et al., 2013. 

Once in the environment, plastic wastes can be degraded by physical, 

chemical and biologica! factors (e.g., ultraviolet radiation, wind or 

water erosion, microorganisms) becoming small plastic debris 

charac­terized by reduced dimensions (between 1 µm and 5 mm) and 

commonly referred to as microplastics (MP). MP also include precursors 

of plastic products manufactured as virgin industriai pellets or 

synthetic micro­spheres found in detergents and cosmetics (i.e., 

exfoliates). Moreover, also rayon and synthetic cellulose microfibers 

represent a growing environmental concern (Cincinelli et al., 2021). 

In the last years, MP presence has been reported in water and 

sedi­ments of numerous marine (Carbery et al., 2018), freshwater 

(Wagner et al., 2014) and terrestrial ecosystems (de Souza Machado et 

al., 2018) worldwide. Over 220 species were found as capable to uptake 

MP under natural environmental conditions with potential adverse 

consequences at toxicological leve! (Lusher et al., 2017). 

To date, one of the major constrains and challenges in MP research is 

to conduct extensive environmental monitoring using an adeguate 

number of replicated samples to detect relevant spatial and tempora! 

variations in MP abundance and distribution patterns (Underwood et al., 

2017). Further, the Jack of methodological harmonisation in traditional 

analytical procedures, applied for MP detection, does not allow 

comparability among data from different studies and research 

labora­tories (O'Connor et al., 2020). 

So far, different analytical methods with different degrees of 

preci­sion and resolution have been proposed to detect MP in field 

samples (for an updated systematic review the reader is referred to 

Lu et al., 2021). The most used methods are based on the visual 

sorting of MP followed by spectroscopic single-point techniques, such 

as the attenu­ateci tota! reflectance-Fourier transform infrared 

(ATR-FfIR) or Raman microspectroscopy (e.g. Piarnlli et al., 2019). 

Micro-Fourier transform infrared spectroscopy (µ-FTIR) imaging 

systems, coupled with a foca! piane array detector (FPA), have been 

also developed and applied on different types of samples and 

heterogeneous environmental matrices (Cincinelli et al., 2021; Lorenz 

et al., 2019). In particular, FTIR FPA imaging systems penuit the scan 

of the sample, with a very high spatial resolution (e.g. 5.5 µm pixel size 

as shown in Cincinelli et al. (2021) and Morais et al. (2020)), allowing 

the detection ofMP characterized by very small dimension (ca. 11 µm). 

However, ali the traditional spectroscopic present common 

limita­tions: they are usually time and/or cost consuming, may 

require extensive sample manipulations and their sensitivity and 

selectivity strongly depend either on the initial visual pre-sorting of MP 

(for ATR­FTIR) or on the number of samples that can be analysed (for 

µ-FTIR­FPA). These limitations can prevent the applicability of these 

techniques for extensive monitoring programmes that require an 

adeguate number of replicateci samples to ensure the ecologica! 

relevance of the results (Underwood et al., 2017). As the marine system 

is considered as the film! accumulation environment for MP, the 

development and use of 

cost-effective and easy applicable techniques to detect MP in different 

compartments is currently considered a research priority for assessing 

the risk posed by MP contamination (Gallo et al., 2018). 

Near infrared hyperspectral imaging (NIR-HSI), was firstly described 

in Piarulli et al. (2020a) as a potential cost and time effective method, 

enabling a direct and fast (few minutes for the analysis of an entire filter 

of 5 cm diameter) detection of MP without heavy sample purification 

and manipulations, thus avoiding potential procedura! bias relateci to 

particle pre-sorting steps. Further, Vidal and Pasquini (2021) showed 

the applicability of NIR-HSI to detect MP (ranging between 300 and 150 

µm) in beach sediments samples. 

However, the potentialities of NIR-HSI systems are stili poorly 

investigateci and limitedly used to properly address real ecologica! and 

analytical issues relateci to the detection of MP, including the effect of 

MP dimensions and the polymeric typologies. 

Within this scenario, the present research is aimed at assessing and 

boosting the capabilities and the analytical robustness of NIR-HSI for the 

detection of MP in complex marine environmental matrices. 

In the present study, NIR-HSI in the range of 1100-2500 nm was 

tested and successfully applied to detect MP, down to 50 µm in size 

(according to the pixel size of the hyperspectral images recorded), of 

different polymers in surface water and mussels' soft tissue samples. 

Additionally, a new and automated normalised difference image (NOI) 

strategy for data processing was here introduced, also significantly 

reducing the time required for data processing and evaluation. 

To establish the methodological potentialities of NIR-HIS in envi­

ronmental monitoring, the set of seawater and biota samples included 

both spiked (with different commercially available MP) and field 

collected samples (without any plastic addition, potentially containing 

environmental MP). 

2. Materials and methods 

2.1. Sample collectio11 

Mussels and surface water samples were collected in Marina in 

Ravenna, North Adria tic Sea, Italy ( 44_29032.600 N, 12_17015.200 E), a 

coastal semi-enclosed area characterised by numerous anthropogenic 

activities and, thereby, a potential hot-spot for MP contamination (the 

interest reader is referred to Airoldi et al., 2016 for a detailed 

description of the sampling area). 

In July 2020, naturally occurring specimens of the mussel 

M. galloprovi11cialis ( 4-7 cm in length) were collected with a stainless 

steel wall-scraper from the artificialjetties, seawalls, while surface water 

samples were collected, approx. 50 cm below the surface, within 5 L 

standard-samplingjars secured into the box of the stainless-steel scraper, 

to allow water collection to be performed at the same depth, without 

significane oscillations. Mussels, were chosen as model organisms as 

they typically filter large quantities of water and capture suspended 

natural and anthropogenic particles of a wide range of sizes, including 

MP (Ward and Shumway, 2004). Further, recent research highlighted a 

quantitative and qualitative correlation between MP in mussels and in 

surrounding waters and, therefore, pointing these organisms as potential 

bioindicator species for monitoring MP contamination in natural coastal 

habitats (Brate et al., 2018; Li et al., 2019).



2.2. Samples preparatio11 and processing 

After collection, both mussels and water samples were brought, as 

rapidly as possible, to the laboratory and processed. 

Each mussel was, then, scrubbed and rinsed to remove any adhering 

materiai (including epibiota and environmental MP) and depurated far 

24 h in aerated aquaria filled with pre-filtered (0.7 µm, Whatman ® 

glass microfibre filters) artificial seawater without adding any 

source of nutrition. This was done to allow mussels to egest any of 

previously ingested MP. 

After the depuration time, each nmssel was rinsed with ultrapure 

(0.2 µm)-filtered water and separated from the shell. Ali isolated tissue 

samples were pre-weighed and processed with 1 M potassium 

hydroxide (KOH; 40 mL per sample) following the alkaline 

digestion protocol described in (Piarulli et al., 2019). After the 

KOH addition to each mussel tissue, pre-weight MP particles of 

different polymers (poly­propylene = PP; polystyrene = PS and 

polyamide = PA), and at high (� 1.5 mg), medium (� 1 mg) and low 

(� 0.5 mg) content, were added separately to 3 replicated individuai 

mussel (tota! samples n = 27) samples and incubated far 48 h at 

40 °c. Three individuai mussel digestates were kept without any MP 

addition to be used as procedura! contro! treatments. Concerning the 

see water samples, no digestion pre-treatment was applied and MP 

were added before the filtration. Similarly to mussel samples, the 

three types of MP at the three quantity levels (high, medium and low) 

were individually added to 3 replicated water samples (1 L each, tota! 

samples n = 27). Three water samples were left without any MP 

addition as controls. 

Commercially available PP and PS cryogenically grinded fragments 

(100-200 µm as median grain size) from pristine pellets (REF.no 

CTR200.00V0.0 and CTR300.00V0.0 far PP and PS reference materials) 

were provided by CARAT GmbH (Harderhook 20, 46395 Bocholt, 

Ger­many; www.carat-lab.com), while PA fragments of a median grain 

size of 41 µm were provided by Environmental Tracing Systems 

(Bannachra, Helensburg, G84 9 EF U.K.). 

Fragments were chosen to 11111111c as much as possible 

environmentally-relevant MP typologies, and PP, PS and PA were cho­

sen as three of the most common MP polymers faund in Mediterranean 

waters and in biota, including M. galloprovi11cialis, in our sampling area 

(Piarulli et al., 2020b; Suaria et al., 2016). 

Both mussel and water MP-spiked samples and controls after their 

respective processing were filtered through cellulose filters (d = 5 cm; 

pare size = 11 µm; Whatman®) and, then, dried in closed glass petri 

dishes at room temperature. The cl10ice of using a cellulose filrer was 

performed according ro Piarulli et al. (2020a), reporting that due to 

hydrophilicity and porosity of cellulose filters, the efficiency of filtrati 

on of water-based suspensions is enhanced and the risk of MP 

aggregation during the filtration is reduced compared to other filters. 

Also, these filters are relatively cheap and easily commercially 

available. However, as has been demonstrated in the previous 

research, different type of filters ca be also used (such as the Nylon© 

filter). 

To evaluate the applicability of the NIR-HSI method to real samples 

at environmentally relevant MP amounts, the same processing without 

the addition of external MP was applied to 3 real samples of mussels 

not subjected to prior depuration. Given that the MP content per 

mussel, in this dose coastal area, was estimated to be lower than 1 MP 

particle per individuai (Piarulli et al., 2020b), a pool of soft tissue 

from 5 mussels was analysed fallowing the same protocol of the 

spiked samples, but using 100 mL of 1 M KOH, as the quantity of 

tissue to be digested was higher. Additionally, to allow 

methodological comparability with the spiked test samples, the tota! 

amount of digestate to be analysed with 

NIR-HSI was split onta 5 filters, which. Similarly, 3 seawater san1ples e� 

5 L each) without any plastic addition were analysed far environmental 

MP detection. 

Overall, a tota! number of 66 samples were analysed. Far the sake of 

conciseness, only a selected number of representative results will be 

shown. 

2.3. NIR-HSI a11alyses and data processi11g 

Ali the filters were subjected to NIR-HSI analysis. NIR HSI data were 

acquired by a push-broom system composed by a SWIR3 hyperspectral 

camera working in the 1000-2500 11111 spectral range, at 5.6 nm spectral 

resolution (Specim Ltd, Finland). The instrumental setting is charac­

terized by three halogen lamps (35 W, 430 lm, 2900 K, each) as illu­

mination sources and a horizontal line scanner ( 40 x 20 cm moving 

stage) on which samples are laid down. The number of pixels per line is 

equa! to 384. The system is controlled by the Lumo Scanner v. 2.6 

software (Specim Ltd, Finland). Prior to each measurement, dark (closed 

shutter) and white (99 % reflectance Spectralon® rad) images were 

automatically recorded and used to compute the spectral reflectance 

value (R) far each pixel and wavelength. Far rhe acquisition, the scan 

parameters were set as follows: scan rate equa! to 0.7 111111/s, frame rate 

equa! to 50.00 Hz and exposure time equa! to 16.00 ms; manual focus 

was ttmed before the scan. Few minutes were required far the analysis of 

an entire filter of 5 cm diameter. To obtain a high spatial resolution and 

ensure an efficient chemical characterisation of the MP, a macro lens 

(OLES MACRO, 73.3 mm focal length, 10 cm working distance) with a 

nominai pixel size of 21 µm was used. The collected image data were 

organized in a three-dimensional data matrix, often called hypercube or, 

alternatively, spectral cube. The first two dimensions of the 3D array are 

vertical and horizontal spatial coordinates (pixels), while the third 

dimension represents the wavelengths (spectral dimension). To identify 

the diagnostic spectral bands of the selected polymers (PP; PS and PA), 

the MP used far spiking mussels and seawater samples were used as 

reference materiai and analysed. Chemical maps were obtained by 

cakulating the normalised difference image (NOI) (Malegori et al., 

2020), according to the fallowing formula: 

NDI = 
R,1 - R,p 

R,1

where R,1 and R
;.p 

are the reflectance values at wavelengths character­

istic far the filter and the polymer, respectively. To maximise the 

analytical perfarniance in terms of selectivity and detection capability of 

the method, a different band far the cellulose filter was selected far the 

NOI analysis of each MP typology, enhancing differentiation between 

cellulose and the given MP (Table 1). 

NOI were computed on the raw spectra (without any row pre­

processing) because computation of reflectance ratios minimised the 

contribution of baseline deviations, such as shifts and global intensity 

effects. 

Far each pixel, the NOI value was coded by a chromatic scale ranging 

between red (maximum value) and blue (minimum value). A RGB 

chemical map was thus obtained, showing the presence of MP. In more 

detail, pixels corresponding to the detecred MP particles maximised the 

NOI ratio and, therefore, were encoded in red in the map. Regions of 

interest (RO!s) at predominant red colour were automatically selected 

by defining a numerica! selection range of the colour values of the pixels 

in the resulting NOI maps. Namely, an automatic segmentation of the 

background was performed by setting a cut-off that identified as MP ali 

the pixels with value higher than 220 far the red channel, value lower 

than 120 far the green channel, and value lower than 120 far the blue 

channel, simultaneously. 

Table 1 

Wavelengths characteristic for the polymer (!Up) and the cellulose filter (IUO, 

used for the NDI analysis. 

Polymers (RÀp) Cellulose (IU.f) 

nm cm-
1 nm cm-

1 

pp 2321 4308 2110 4739 

PS 1692 5910 1636 6112 

PA 1697 5892 2110 4739 



2.4. QA/QC procedures 

Specific precaution procedures were applied at ali the experimental 

phases, from the field set-up and sampling to the sample processing and 

MP analyses, by following the protocol described in (Piarulli et al., 

2019), to avoid airborne contamination from external plastics. Briefly, 

when possible, ali the equipment was made of metal or glass and, if 

plastic was necessary few polymers were used (polyethylene, polyvinyl 

chloride or polytetrafluorethylene). The use and properties of any 

plastic equipment was annotated to be, in case of necessity, eventually 

tracked in the samples. 

Ali the processes involving the direct exposure and handling of the 

samples were performed in a clean laboratory, where the use of a cotton 

laboratory coat was mandatory, and with minimised external air 

circulation. 

Ali the field and laboratory equipment were rinsed with ultrapure 

filtered water (0.2 µm) before che use and all laboratory surfaces were 

regularly decontaminated from airborne synthetic fibres. 

Contact with air and plastic surfaces during ali the laboratory pro­

cedures was minimised for samples and instruments by covering chem 

with aluminium foils before and after use. After filtrations, filters were 

kept covered in glass petri dishes, minimising exposure to air, tmtil 

analysis. 

To validate the effectiveness of the contamination prevention 

approach, 4 air filters for each batch of samples were processed and 

chen inspected at the microscope to monitor che presence of 

particles, particularly airborne fibres. Only white fibres from !ab coats 

were found on the air filters, while none of the polymers used for the 

sampling or laboratory processing was found in the real samples. 

3. Results and discussion 

A representative set of samples (three replicates for each type of 

sample, characterised by a different MP polymeric typology, quantity 

and sample matrix) was analysed wich NIR-HSI to assess che repeat­

ability and robustness of che mechod. Each chemical map was acquired 

in few seconds, guaranteeing an affordable application of the method 

for a routine characterisation of a high number of samples. 

To investigate che potential of the HSI mechod, 3 different amounts of 

MP for each type of polymers (Figure S11), were considered and added 
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to the two different matrices (marine surface water and mussel soft 

tissue). In this section, only che resulcs obtained from filters with the 

lowest quantity of MP are presented, while results on samples with a 

higher MP amount are reported in SI (Figure S2-Sll), showing the high 

efficiency of the proposed approach in the detection of higher MP 

amounts .. 

Figs. la and 2a report the NOI false colour chemical maps obtained 

on the filter related to the two matrices added with the lowest amount 

of PP. A red (high NOI values) to blue colour scale (]ow NOI values) 

was used to represent che MP disn-ibution (Fig. la). Thanks to che 

automatic segmentation of the background, performed by setting a 

cut-off on the RGB channels, as detailed in the Materials and Methods 

section, Fig. lb shows only the MP particles (red pixels) detected by 

the algorithm, against a black background. In attempt to make data 

evaluation efficient and fast, a targeted approach based on the 

use of an automated extraction of the most relevant spatial and 

spectral information embedded in the complex datacube, was 

proposed. Specifically, the method provides a direct visualisation of 

che MP particles detecced (as red pixels in Figs. lb and 2b) as well as an 

automatic extraction of the associated average NIR speccrum (Figs. le 

and 2c). Evaluation of the spectral profile is highly functional to a 

proper characterisation of MP polymers, achievable through the 

visual inspection of the diagnostic absorption bands by comparison 

with reference spectra. As an example, the NIR spectrum extracted from 

the filter with marine water (Fig. le) showed PP distinct bands at 2321 

nm (CH bend (36) 2nd overtone) and 2360 11111 (CH and CC scretch 

co111bination). Addicionally, the spectrum presented a band at 2282 11111 

(CH stretch + CH2 defor111ation + CH bend (36) 2nd overtone) and a 

broad and weak band at 1742 nm (antisy111- 111etric 111ethylene CH 

strecch (2v) 1st overtone) (Salzer, 2008). Inter­estingly, the 

above-111entioned bands of PS resulted to be clearly differentiated 

fro111 the cellulose NIR bands that, in turn, are visible in the extracted 

spectru111 at 2121 nm (OH scretch + OH bend combination) and at 1948 

nm (OH combination band of water) (Popescu and Popescu, 2013; 

Schwanninger et al., 2011).

Co111parable resulcs were obtained in the filters of the MP-spiked 

111ussel tissues (Fig. 2c), even though chis 111atrix 111ay potentially pre­

sent a higher variability of interferences due to the presence of undi­

gested inorganic and organic residues of mussel shells and cissues, such 

as calcium carbonate, lipidic and proteinaceous 111aterials. Indeed, chese 

111aterials do not present significant interfering absorpcion bands in the 
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NIR regions selected for NOI computation, as it is evident from the 

spectral profiles reported in (Bartlett et al., 2018; Sciutto et al., 2014). 

These outcomes demonstrated that NIR-HSI coupled with the NOI 

strategy can be successfully applied also on heterogenous sample 

matrices and it does not require strong or multiple sample purifications, 

which are usually time consuming as well as a potential source of 

degradation and/or loss of particles. 

Figs. 3a and 4a show the NOI chemical maps obtained from filters of 

marine water and digested mussel tissue, respectively spiked with PSMP 

particles are highlighted as red pixels, clearly identifiable in the 

extracted map (Figs. 3b and 4b). In the corresponding averaged NIR 

spectra (Figs. 3c and 4c) the diagnostic bands, ascribable to PS at 1692 

11111 (aromatic CH stretch (2v) 1st overtone), 2171 11111 (CH bend (3v) 2nd 

overtone) and at 2355 (CH stretch + CH2 deformation combination), 

were easily identified and differentiated from those of the cellulose filter 
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(Salzer, 2008). 

The filter of digested mussels (Fig. 4c) shows a higher accumulation 

of MP in the area subjected to HSI analysis, possibly due to an aggre­

gation effect carried out by the biologica! materials present in the 

sample. 

Differently from what observed for PP and PS samples, it was nor 

possible to detect PA particles in samples containing the lowest amount 

of MP (data 1wt slwwll). The evident difficulties encountered in 

detecting PA in ali samples examined may be tentatively justified 

both by the smaller size of these particles, which were of the same 

magnitude of the porosity of the filter, and by the relatively lower 

intensity of the NIR absorption bands of PA, when compared with 

the bands of cellulose (Lipik and Yang, 2018; Piamlli et al., 2020a). 

Nevertheless, NOI results revealed the possibility to detect PA in 

samples with higher amounts of MP added (high � 1.5 mg, medium � 
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1 mg). Results from marine water samples with 1 mg of PA (Fig. 5), 
showed the presence of very small and isolated red spots, ascribable to 
the MP particles, as confirmed by the presence of the weak bands of PA 
at 1697 nm (aromatic CH stretch (2v) 1st overtone), at 2149 nm, 2180 
nm (CONH2 as combination of amide modes) and bands at 2316 nm and 
2377 11111 (CH antisymmetric/symmetric stretch + CH bend 
combination). The same bands were also identified in the samples with 
mussels and medium content of MP added, despite their very low 
intensity (Fig. 6). Interestingly, the method provided an effective 
identification of PA and their differentiation from the mussel spurious 
residues, as shown in Fig. 6b, in which, thanks to automatic background 
segmentation, it was possible to visualize polymer particles with 
dimensions starting from 50 µm. 

Finally, che NIR-HSI method was applied on real seawater samples 
with a potential content of MP environmentally occurring, without any 
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artificial addition. 
In one of the 3 replicas, obtained by filtering 5 L of water for each 

filter, it was possible to identify a single MP (Fig. 7). The particle was 
well localised in the hyperspectral image of che filter, presenting a 
peculiar filament shape with the approximate dimension of 1 111111 x 0.1 
111111. Fibres and filaments are one the most frequent particles type 
detected in samples from the coastal area of Ravenna possibly deriving 
from urban wastewater effluents or from the degradation of nets and 
ropes used for fishing purposes (Piarnlli et al, 2019, 2020b). 

Sin ce the polymeric nature of the MP fibre detected was unknown, ali 
che combinations of absorption bands (for PS, PP, and PA) reported in 
materials and methods section were tested for the creation of the NOI. 
However, it is worth to tmderline chat different polymeric materials may 
present analogous bands in the NIR region, such as those associated wich 
CH stretching and bending combination bands (between 2300 and 2400 

-, 

---- .... -�----- .. 
, 

1400 

' 
, ...

...
.. 

, .. _ , 
', 
' 

' ,

:'} ' 

1600 

' ' ',. 
,, " 

1800 2000 
Wavelength (nm) 

' 

o 
.... 

' '

['-\ ' ' 
' : � 
1\ I I ,,,� ' 
� I I I ,, 

•: 

2200 

e 

,, 

: ' 

2400 

Fig. 5. Cellulose filter after the filtering of polyamide MP at the lowest quantity detected (1 mg) in seawater (1 L). a) NDI; b) segmented NDI; e) comparison between 
the average NIR specmtm of the NDI red pixels (red full line) and the NIR specmtm of standard polyamide (black dashed line). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 



0.2 

b a 1.15 ,-------',_,-,_,,----,_ 
e 

o 

-0.2 

-0.4 

-0.6 

-0.8 

8mm 

1.1

1.05 

o:: 0.95

0.9

0.85

0.8
0.75

1200 1400 1600 1800 2000
Wavelength (nm) 

2200 2400

Fig. 6. Cellulose filter after the filtering of polyamide MP at the lowest quantity detected (1 mg) in a mussel digestate. a) NDI; b) segmented NDI; e) comparison
between the average NIR spectrum of the NDI red pixels (red full line) and the NIR spectn.1111 of standard polyamide (black dashed line). (For interpretation of the
references to colour in tltis figure legend, tl1e reader is referred to the Web version of this arride.)

a 
0.3 b 

0.9 
0.2 0.8 

0.7 
0.1 

0.6 
o o:: 0.5 

-0.1 
0.4 

0.3 
-0.2 

0.2

-0.3 0.1 

8mm 

---\ ' ' ' ' ' ' '
I I I / 

I ,' \ / 
I I \I 

�-/ 
I 

d 

,/ 

1mm 

1200 1400

-, ' ' ' ' ' ' ' ' ' ' '' ,
\ ,- ... , ' ' ' ' 
\j 

.,. __ ,,-\ 

_,,,.,,- .. , '
' ' ' ' ' '

e 

' '
,,, j 

V� .. ,,.-\: 

\/\,/ V 

1600 1800 2000 2200 2400
Wavelength (nm) 

Fig. 7. Cellulose filter with polypropylene MP identified after the filtering 5 L of seawater. a) NDI; b) segmented NDI; e) comparison between the average NIR
spectrum of the NDI red pixels (red full line) and the NIR spectrum of standard polypropylene (black dashed line); d) magnification of the NDI ponion containing the
MP fiber detected. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of tl1is arride.)

11111). The similarity in rhe spectral profile may support rhe identification 
of an unknown MP by direct application of the NOI strategy, simply by 
considering the common bands for polymers. Indeed, once extracted, rhe 
averaged NIR spectrum associated to the particles detected, can be 
examined entirely and compared with spectra of reference standards, for 
a more robust identification of rhe polymer. Applying this procedure, PP 
was identified in the extracted sea water sample (Fig. Se). This is in line 
with previous findings from the same study area, where PP has been 
recognised as the most abundant MP in seawater samples, mussel soft 
tissue and mussel biodeposits (Piarulli et al., in prep). PP is, indeed, 
widely used as a constituent polymer for nets and ropes (Frère et al., 
2017), and thereby is not surprising its presence in a harbour area such 
as the one where the sampling was performed. No MP were identified in 
real mussels' tissue samples, although this should not be considered as a 
methodological issue but as a common trend in MP distribution in biota.

In fact, MP content in soft tissue of organisms can be very variable 
be­tween different species and even between single individuals of the 
same species (Piarulli et al., 2010b, 2019). Particularly, MP 
quantification in suspension-feeding bivalves can be very challenging as 
these organisms can egest synthetic particles > 1 O µm (MP 
dimensionai range often detectable in field samples) in few hours 
(Piamlli and Airoldi, 2020; Ward et al., 2019). Further, previous 
findings shown in Piartùli et al. (2020b) reported an average value of 
0.03 MP per organism in mussels from the same area. 

The results presented in this work, together with the complementary 
findings highlighted in Pianùli et al. (2020a) and Vidal and Pasquini 
(2021) for other polymer typologies and sample matrices, demonstrate 
and empirically strength the potentialities of NIR-HSI- based methods 
as cose and time effective techniques for the MP detection in various and 
heterogeneous environmental samples.



4. Conclusions

The present study demonstrates the wide applicability and 

efficiency of the NIR-HSI method for the qualitative detection of MP 

in complex environmental matrices, addressing the stili open research 

issues related to the identificati on of MP in aquatic systems. 

The successful spectral identification of the MP in real samples, 

boosted by information obtained on particle morphology and shape, 

demonstrates the suitability of the method for the monitoring of 

envi­ronmentally occurring MP. 

lt is worth noticing that ù1e spatial resolution of the NIR HSI system 

is not as high as ù1ose of other spectroscopic techniques implemented at 

the microscopie scale, which are able to detect very small MP down to 

11 µm. Nevertheless, the fast and largely automatable NIR-HSI analyt­

ical procedure provides an efficient and cost-effective method for the 

analysis of a large number of environmental samples, with complex and 

heterogeneous matrices, directly on filters and without any extensive 

sample manipulations. Further, the NDI procedure, coupled with the 

automatic background segmentation, permits to sensibly reduce the 

time needed for the processing and the evaluation of data, boosting the 

potentialities of the HSI method. Future methodological implementa­

tions will be required to conduct qualitative and quantitative analyses 

on large and diverse sets of samples and environmental matrices, as 

well as to test the performance of NIR-HSI on a wider range of MP 

shapes, including microfibres, and different polymers. The benefits of 

a large­scale implementation of the method include the possibility to 

conduct extensive, and rather fast, monitoring of spatial and tempora! 

distribu­tion of MP in ù1e aquatic environment and biota which are 

essential knowledge for assessing the environmental risks 

associated to MP contamination in natural marine systems. 
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