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ABSTRACT

Microplastic pollution has been under the magnifying glass for several years now.
Existing data relating to microplastics on surface waters suggest that they are glob-
ally widespread, but there are several gaps of knowledge in relation to understand
how many there are in different locations, what is their composition, where do they
come from and where they are going. What we need is a global collaborative effort
to collect this information on a large scale. To date, standardized methodologies for
the sampling and analysis of microplastics are still lacking, which therefore hinders
the comparison of the reported data. This review summarizes the currently used
methodologies for sampling and identifying microplastics in surface water, with the
intention of contributing to the establishment of standardized and harmonized pro-
tocols. In addition, we focus our attention on the great potential that environmental
forensic sciences have to face the delicate and insidious challenge of microplastic
pollution, urging future research to go in this direction, in order to develop a rigorous

1. INTRODUCTION

Plastic pollution is undoubtedly one of the greatest
global concerns of the 21st century. Nowadays, it is recog-
nized as a complex, multidimensional and multi-sectorial
problem with economic, environmental, public health, food
safety and even cultural implications (Llorca et al., 2020).
Complying with the ever-increasing demand, world plas-
tic production has grown dramatically from year to year,
reaching as much as 370 million tons in 2019 (Plastics Eu-
rope, 2019). This massive production of plastic materials
seems destined not to stop, in fact this value is estimated
to quadruple within the next 30 years, accounting for 20%
of the global oil consumption and 15% of the annual car-
bon emissions by 2050 (MacArthur & Waughray, 2016). As
if that weren’t enough, such predictions will likely be aggra-
vated by the excessive use and consumption of single-use
plastics (including personal protective equipment such as
masks and gloves) due to the outbreak of COVID-19 pan-
demic. In a business as-usual scenario, this projected in-
crease in plastic production will be accompanied by the
resulting mismanagement of waste, which often ends up
in the environment through a variety of pathways. Currently,
it is estimated that at least 8 million tons of plastic end up
in the oceans every year, so without significant action and
continuing to business as usual, by 2050 we will have more
plastic than fish (by weight) in the world oceans (Jambeck

and robust forensic method for microplastics study.

etal, 2015). Plastics can remain in the ocean for hundreds
of years in their original form and even longer in small
particles (MacArthur & Waughray, 2016). Although many
plastics are remarkably persistent, they are not immune
to degradation (by photochemical reaction or mechanical
actions), which can lead to the formation of plastic parti-
cles smaller than 5 mm generally known as microplastics
(MPs). These small plastic particles may either result from
the breakdown of larger objects, or they can intentionally
produced in small sizes. At present, almost all of the world’s
oceans and seas are contaminated with MPs. Substantial
quantities of MPs have been found in the global marine
ecosystem (Shahul Hamid et al., 2018; Suaria, Achtypi, et
al., 2020), from the tropics to the poles, including Arctic and
Antarctic sea (Ross et al., 2021; Suaria, Perold, et al., 2020;
Waller et al., 2017). The recognition of the magnitude of
the problem has given rise to a series of initiatives by dif-
ferent institutions and the scientific community, which has
shown an ever increasing interest in this problem and con-
sequently, the number of published studies on surface MPs
in the marine environment has significantly increased, but
the result is a wide range of sampling, sample processing,
sample analysis, data analysis, and reporting methodolo-
gies, which complicate cross-study comparability and larg-
er scale synthesis. We currently have the awareness that
MPs are everywhere, but knowledge about the polymeric
composition, the spatial and temporal distribution of these
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floating particles is still largely unknown. Environmental fo-
rensic approaches have the potential to tackle this ubiqui-
tous challenge. Environmental forensics has emerged as an
important growing area, which concerns the investigation
of a diverse range of pollutants that have been, accidentally
or deliberately, released into the environment (Philp, 2014).
Environmental forensic analysis involves the application of
defensible scientific methods to address questions relat-
ed to understanding the extent, duration, and responsibility
for environmental contamination sites in a regulatory and/
or legal context. It generally involves the reconstruction of
past environmental events, determining the timing, types,
amounts and sources of chemical releases into the envi-
ronment. Over the past decades, pollutants such as oil and
heavy metals, have been the focus of investigation, howev-
er recently, emerging pollutants such as plastic waste have
become of interest to environmental forensic scientists
(S. K & Varghese, 2020). Although MPs are not a standard
contaminant within the remit of an environmental forensic
expert, the identification and characterization of pollutants
and the consequent achievement of the pollution source
is an integral part of any environmental forensic analysis.
An effective forensic analysis involves the systematic and
scientific evaluation of data obtained from field measure-
ments or laboratory analysis, and historical information of
the contaminated sites, in order to develop defensible sci-
entific and legal conclusions regarding the release histo-
ries, age and source of a contaminant into the environment.
In some cases, therefore, the forensic puzzle is resolved
through such file review, while in others this guides the fo-
rensic strategy for testing and helps establish the most ap-
propriate forensic tools. In the MPs case, for example, due
to to the absence of standardized methodologies for the
sampling and analysis of MPs, the comparison of the re-
ported data may not provide any forensic answers. In order

to manage environmental data and forensically interpret
the results, specific approaches, commonly referred to as
fingerprinting methods, should be carried out. “Fingerprint-
ing” is a broad term that includes a variety of methods and
techniques aimed to establish correlation and patterns of
contamination that may be related to specific sources and/
or time frames of contaminant release (I. Petrisor, 2005).
Several main fingerprinting techniques are well established
and their applicability proved (e.g., chemical fingerprinting,
isotopic analysis, statistical methods). Methods and tech-
niques for the study of MPs are continuously evolving with
increased research in this field (Miller et al., 2021). Never-
theless, to date, the questions concerned with the level of
MPs, the transport, eventual fate, and source identification
are still to a large extent unanswered, mainly due to the fact
that the forensic investigation of MPs is still in the infancy
stages and the standards are not evolved enough.

The present review evaluates the current knowledge on
the occurrence and abundance of floating MPs in the ma-
rine environment, providing a snapshot of the global MP
contamination of surface waters and underlining the meth-
odological differences of the various studies present in the
literature. In addition, we focus our attention on the great
potential that environmental forensic sciences have to face
the delicate and insidious challenge of MP pollution, urging
future research to go in this direction, in order to develop a
rigorous and robust forensic method for MPs study.

2. ANALYSIS OF MICROPLASTICS IN SUR-
FACE WATER

During the last years, several studies have evaluated
the abundance, distribution and composition of floating
MPs in marine environment. Table 1 summarizes some of
the most recent works reporting MP concentrations found
together with investigated areas, year of sampling, sam-

TABLE 1: Microplastics concentrations and methods used in some recent and representative works.

Study Area Year of sampling Sampling nets  Net mesh (pm) Mean density Analysis tool Reference
Whole . . .

. 2013 Neuston net 200 0.243 items/m? Stereomicroscope (Cdzar et al., 2015)
Mediterranean
Western 2013 Neuston net 200 0.40 £ 0.74 items/mz | SLerEOMICIOSCOPE/ (g iz et al, 2016)
Mediterranean T FTIR v
&ent‘ral—Western 2011-13 Manta trawl 333 0.147 items/m? Optical microscope : (Ruiz-Orejon et al., 2016)

editerranean
Central . 5 Stereomicroscope/ (Marrone, La Russa, et
Mediterranen 2020 Manta trawl 333 0.13 £ 0.194 items/m FTIR al, 2021)
Eastgrn 2018 Manta trawl 52 4.3 +2.2 items/m? Stereomicroscope/ (Kazour et al., 2019)
Mediterranean Raman
Eastern 201315 Manta trawl 333 7.68+2.38 items/m® | SLereOMICIOSCOPE/ (o dor Hal et al,, 2017)
Mediterranean FTIR
Mid-west Pacific 2017 Manta trawl 333 34,04 + 25,1 items/kmz | SLeTEOMICIOSCOPE/ (g \yano et al, 2020)
Ocean PRaman
Eastern Indian . ) Stereomicroscope/ .
2019 Manta trawl 330 0.34 +0.80 items/m (C. Lietal., 2021)

Ocean UFTIR
Northwest . ) Stereomicroscope/
Pacific Ocean 2017 Manta trawl 330 10*items/km URaman/SEM (Pan et al., 2019)
Southern Ocean 201617 Neuston net 200 188 + 580 items/km? WFTIR (S“a”a'zzezrg)'d' etal,
Arctic Ocean 2016 / 63 40.5 t 4.4 items/md. WFTIR (Ross et al., 2021)
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pling net and instrumental methods used for detection of
MPs. Clearly the comparison between the different stud-
ies is very difficult due to the absence of a standardized
sampling protocol and the lack of homogeneity both in the
identification methods and in the expression of the results.
In the following sections we summarize the sampling and
analysis methods used so far aiming to promote homoge-
neous monitoring programs for MPs in aquatic environ-
ments.

2.1 Sample collection and preparation

The selection of sample collection methods is critical
and will dramatically influence the study results (Miller
et al., 2021). Most of the studies carried out so far used
different versions of the Neuston and Manta trawl nets
to sample sea surface MPs. Although either of these two
trawling devices are recommended, a limiting factor is the
net mesh sizes that can vary widely, strongly influencing
the size spectrum and the abundance of collected particles
(Gago et al., 2019; Lindeque et al., 2020). For instance, MP
concentration using a 100 pm net is 10-fold greater than a
500 um net. A nylon net (100 pm) revealed concentrations
almost a hundred times higher than a manta net (333 pm)
(Vermaire et al., 2017). Another study showed that an 80
pm mesh could retain up to 250 times higher concentra-
tion of plastic fibers than that of a 330 pm mesh (Dris et
al., 2018). Despite these evidences, it should be noted that
most of the currently used sampling techniques are only
applicable to collection of MPs with certain size ranges.
The Marine Strategy Framework Directive (MSFD) guide-
lines recommends a mesh size of 333 um, and as can be
seen from the table, the most usual mesh size ranging from
300 to 390 pm, which seems a reasonable cut-off to yield
acceptable and meaningful samples under open net sam-
pling conditions. However, the above examples suggest
underestimation of smaller plastics based on traditional
sampling, thus it remains of fundamental importance to
adequately cover the lower MP size ranges in surveys that
estimate current pollution levels. The quantity of MPs sam-
pled has been expressed in different units, divided by the
towed area (e.g., items/m?) or volume of sampled water
(items/m?®) or weight by sampled area (g dry weight/km?).
It is clear that having three different units of measurement
to express the same quantity does nothing but complicate
or sometimes make it impossible to compare the different
studies. An interesting study showed that of the two most
commonly used methods for calculating MP concentration
(flowmeter and ship’s log), ship’s log provided consistently
smaller abundances, with the exception of one sample,
calling for a standardisation in the techniques and meas-
urements used to quantify floating microplastics (Rivers
et al,, 2019). In addition, it has been proven that the con-
centration of MPs in the sea can be strongly affected by
the presence of wind, therefore recent studies, taking into
account this factor, corrected MPs concentration using a
widely used theoretical model (Kukulka et al., 2012). Once
collected, separation and extraction of MPs from samples
are performed by sieving, density floatation and filtration,
whose effectiveness depends on the particle size and MP
typology (Martellini et al., 2018). Clearly it is important to

adopt the most appropriate strategy based on the starting
sample, also because the subtraction of even a single par-
ticular type of MP to the analysis can be costly, especially in
investigations with forensic purpose (Kumar et al., 2021).

2.2 Microplastics identification and characterization

After field collection and laboratory preparation of the
samples, MPs must be accurately identified from the re-
maining matrix and suitably characterized (W. Wang &
Wang, 2018). Methods for characterizing MPs are rapidly
evolving. Many older publications only visually identified
likely plastic particles, the so called microparticles, while
today the standard has shifted to a more accurate MPs
identification (Miller et al., 2021). Particle analysis, or char-
acterization, involves two steps. Morphological or physical
categorization which take into account sizes, shape and
color of potential MPs, followed by chemical characteriza-
tion for definitive confirmation. This framework is based
on the idea of characterizing samples initially using basic
techniques and then progressively using more complex
techniques in order to obtain a comprehensive picture of
the composition of the basic material and its possible rela-
tionship to the origin source. In addition to identifying the
basic material, tracing back the exact source requires rig-
orous efforts and the use of advanced technologies. There-
fore a standalone method may not provide useful insights,
and it is more useful to adopt several independent meth-
ods which would lead to identical conclusions (Cattle et al.,
2010; Haddad, 2004; I. G. Petrisor, 2014). Analysis of MPs
in environmental samples also requires an experienced
laboratory due to the prevalence of background contami-
nation sources.

2.2.1 Morphological characterization

In order to describe the morphological and physical
properties that characterize MPs, the most common meth-
od involves the visual inspection of suspected MPs on op-
tical microscope (typically a stereomicroscope). Magnified
images using microscopy provide detailed surface texture
and structural information of objects, which is essential for
identifying ambiguous, plastic-like particles (Shim et al.,
2017). To improve the accuracy of identification results,
a series of previously established criteria must be taken
into consideration during MPs visual inspection: absence
of cellular or organic structures; fibers should have con-
sistent thickness and color along the entire length and
particles should be uniformly colored (Hidalgo-Ruz et al.,
2012). Transparent and white particles should be further
confirmed under a high-magnification microscope or a flu-
orescence microscope after Nile Red staining (Hidalgo-Ruz
et al,, 2012). Although high magnification optical micros-
copy, with optimized illumination methods, allows high
resolution visual inspection, previous studies have shown
that false identification of plastic-like particles using mi-
croscopy was often over 20%, and over 70% for transparent
particles (Hidalgo-Ruz et al., 2012); highlighting the limits
of visual characterization, which is subjective and prone to
errors. In addition, this procedure, although it is the most
widely used, is strongly influenced by several factors such
as the sensitivity of the examiner, the particle shape and
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size, the sample matrix and the microscope used, which
could introduce potential bias affecting the final results
(W. Wang & Wang, 2018). Moreover, visual inspection be-
comes more challenging as the size of the particles under
consideration decreases, greatly increasing the possibility
of misidentification and underestimation of these smaller
elements, which are the most dangerous, since it has been
suggested that smaller the particle size is, the higher are
the chance of ingestion and retention rate by organisms
(Gray & Weinstein, 2017; Kogel et al., 2020). For all these
reasons, performing spectroscopic and chemical analysis
to confirm the polymeric nature of the suspected MPs and
to allow the specific identification of the different plastic
types, avoiding MPs overestimation due to the presence
of non-plastic items, isessential, especially for the smaller
items (de Haan et al., 2019). Various techniques are feasi-
ble for MPs identification, such as scanning electron micro-
scope (SEM) which allow to obtain high resolution images
of a sample by firing a high-intensity electron beam at the
sample surface and scanning it in a raster scan pattern
(Crawford & Quinn, 2017). Surface details (<0.5 nm reso-
lution) of the sample are imaged by the electrons at very
high magnifications, thus differentiating the MPs from oth-
er organic or inorganic residues (Crawford & Quinn, 2017).
Moreover, the combined use of SEM and energy dispersive
X-ray spectroscopy (SEM-EDS) is able to provide detailed
information about the MPs elemental composition and the
inorganic additives they contain (Crawford & Quinn, 2017,
Fries et al., 2013). SEM-EDS helps to further differentiate
MPs from natural materials, but this technique requires
considerable time and effort for sample preparation and
therefore is hardly applicable for routine analysis of large
numbers of samples.

2.2.2 Chemical characterization

Chemical characterizationis a final step to confirm the
polymeric nature of MPs and distinguish them from other
natural materials, when visual and microscopic observa-
tion is not enough to confirm particle nature. Additional-
ly, this step allows for specific identification of different
plastic types, which can be helpful in better understanding
their parent materials, possible sources and input path-
ways, as well as the toxic chemicals associated with plas-
tics with further instrumental analysis. The most common
method in the chemical characterization of MP particles is
spectroscopy, both Fourier-Transform Infrared (FTIR) and
Raman. FTIR spectroscopy provides information on the
specific chemical bonds and functional groups of each
plastic polymer. The different chemical compositions of
each materials produce unique infrared spectra, making it
possible to identify an unknown substance by comparing
its spectrum with the spectra of known materials. Raman
spectroscopy, on the other hand, involves irradiating a sus-
pected sample with a monochromatic laser beam, which
results in a varying wave length of a backscattered light
due to absorption, reflection, or scattering of the specific
molecular structure and atomic composition (Crawford
& Quinn, 2017). This so-called Raman shift can produce
a unique spectrum for each polymer (Huppertsberg &
Knepper, 2018). Thanks to their extreme efficacy and

high degree of reliability, both of these are the most wide-
ly employed techniques in the chemical characterization
of MPs from different environmental samples (Araujo et
al.,, 2018; Shim et al., 2017; Silva et al., 2018). FTIR and
Raman spectroscopy are both non-destructive methods
that allow high throughput screening, requiring low sam-
ple quantities and respecting the environment (Araujo et
al., 2018). In addition to the advantages, these two meth-
ods also share some disadvantages, in fact both require
expensive instrumentation and are time-consuming when
a large number of MPs need to be analyzed. FTIR, unlike
Raman spectroscopy, can not only accurately identify the
polymeric composition of MPs, but also provide further
information about their physiochemical weathering by
analyzing their oxidation intensity (Corcoran et al., 2009).
Raman spectroscopy, on the other hand, is advantageous
in terms of higher spatial resolution, wider spectral range,
tighter spectral bonds and lower sensitivity to water inter-
ference than FTIR techniques (Kappler et al., 2016). At the
same time, the main drawback of Raman spectroscopy is
that it can be easily interfered by the presence of pigments,
additives, or chemicals associated with MPs, which may
adversely affect the accuracy of identification (Hupperts-
berg & Knepper, 2018). The application power of both of
these methods is significantly increased in combination
with microscopy. Micro-FTIR (UFTIR) and micro-Raman
(MRaman) in fact allow the detection and identification
of MPs with dimensions in the range between 10 and 20
um (Lenz et al., 2015). All this is possible through the use
of a single tool, by switching between the object lens and
beam, whether it be IR or laser, thus allowing the chemical
and physical characterization of the analyzed particles si-
multaneously (Elert et al., 2017).

2.3 Quality assurance and quality control (QA/QC)

It is standard practice in forensic investigations to ap-
ply strict anti-contamination protocols (Kumar et al., 2021).
Forensic examinations are under scrutiny by the criminal
justice system, therefore rigor and validity of approach are
critical to their design (Woodall et al., 2015). The same prin-
ciples should be applied when conducting monitoring pro-
grams on MPs, during which it is essential and crucial to
adopt strict quality assurance and quality control (QA/QC)
measures throughout the methodological process, in order
to improve data quality (W. Wang & Wang, 2018). Back-
ground contamination can in fact cause a significant over-
estimation, negatively affecting the accurate assessment
of MP abundance in the studied area. Despite the high
potential for sample contamination, many studies still only
report crude or limited procedures far less comprehensive
than those that would be used in criminal investigations
(Kumar et al., 2021). A recent study analyzed the problem
of contamination in the analysis of MPs, proposing a pro-
tocol to be adopted during all analytical phases, from field
sampling to the laboratory analysis (Prata et al., 2021).
First of all, to check for background contamination, during
sampling and laboratory handling process, a series of pro-
cedural blank tests should be conducted and processed in
the same way as the real samples. During laboratory ana-
lyzes, as general control rules, some preventive measures
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should be adopted, such as wearing 100% cotton laborato-
ry coats (avoiding synthetic clothing) and nitrile gloves. In
addition, all work surfaces should be thoroughly cleaned
and all laboratory equipment (such as sieves, tweezers
and glassware) should be rinsed with bi-distilled water. Be-
sides, a special mention goes to the potential airborne con-
tamination by fibers. The presence of high background lev-
els of fibers in a working laboratory was demonstrated by
Nuelle and coworkers (Nuelle et al., 2014) and confirmed
by Woodall and coworkers (Woodall et al., 2015), which
in their study developed a protocol based on the recom-
mendations and procedures made for the forensic inves-
tigation of fibers, therefore it follows that are likely to be
the most effective as they must stand up to the scrutiny of
the courts. However, a very recent study has verified that,
despite the application of the most rigid and severe an-
ti-contamination protocols of a forensic nature, fiber con-
tamination can be reduced (in this specific case by 36.9%),
but cannot be completely avoided (Kumar et al., 2021). To
overcome these problems, the authors therefore suggest
protocols which, in addition to minimizing contamination,
also allow monitoring it, for example outfitting the whole
team in the same thin garments in unusual colors, ideally
also with unusual fiber morphology. The authors therefore
state that using forensic analysis techniques, which aim to
completely profile a particle, including its morphological,
optical and chemical characteristics, enable to obtain in-
formation that allows much more confident conclusions to
be drawn as to whether it comes from the environment or
procedural contamination.

2.4 Source identification

One of the biggest challenges in environmental foren-
sic investigations is determining the source of the con-
taminant. Identifying the sources of pollutants and the ex-
tent of their contribution is one of the first steps in their
management (Kumar et al., 2021). Before continuing, how-
ever, it is necessary to to keep in mind a concept: it is very
important to make very clear that source refers to the
point of release, not the manufacture of a particular prod-
uct. This is very important since there were papers pub-
lished many years ago that tried to use certain character-
istics of products made by certain manufacturers and use
those properties to determine whether a particular re-
leased product was produced by that particular company
(Philp, 2014). Having made this important premise, we can
continue by saying that establishing provenance is not
easy when the materials are microscopic in nature. Fortu-
nately, as we have seen previously, MPs have tell-tale
chemical fingerprints of their origin that can be recognized
using modern analytical chemistry techniques. The first
step towards the identification of the origin of microplas-
tics starts with their complete and detailed characteriza-
tion. As in any forensic context, the complete labeling of
the samples provides invaluable information. For instance,
fibers may result from washings of textile products, where-
as regular shapes like spheres, cylinders, etc., are indica-
tive of specific sources (i.e. personal hygiene products)
and the detailed labeling cannot be missed when the pur-
pose of analysis is source identification (Farooq et al.,

2022; Kumar et al., 2021). If the MP is secondarily sourced
from a larger plastic product, the debris will be irregularly
fragmented. Observing MPs degradation patterns under
an optical microscope can provide a basic idea on the res-
ident time of MPs in the environment (Kumar & Varghese,
2021). Such observation will help in answering the ques-
tions if the MPs are recently formed or are quite old. Sharp
edges of a fragment indicate freshly formed MP when
compared to a MP with blunt edges. Also, crack formation,
loss of material from the surface, etc. are indications of
longer residence time in the environment (Kumar et al.,
2021). In aquatic environments MPs age can be a deter-
mining factor also in relation to their origin, for example, a
smooth MP suggests a local source, while a worn-out MP
with a biofilm may suggest a distant source (Farooq et al.,
2022). Moreover, studies have also shown that there is a
significant effect for the shape on the MPs transport in the
environment (Harrison et al., 2018; Jahnke et al., 2017).
Unfortunately, many MPs studies limit their observations
to colour, size and classification of the sample set as a
whole rather than fully characterizing each microplastic as
seen in forensic examinations (C. M. B. Gwinnett et al,,
2021). In this regard, much can be learnt from forensic fi-
bre analysis, where polymer fibres are examined for their
colour, width, cross-sectional shape, presence of inclu-
sions and optical properties such as its birefringence and
sign of elongation (Robertson et al., 2017). This is the di-
rection taken by Gwinnet and coworkers, who in a recent
study have proposed a new workflow for the recovery and
analysis of MPs, particularly fibres, which allows greater
differentiation between samples and aids in source identi-
fication (C. M. B. Gwinnett et al., 2021). Obviously, the in-
creased information of spectral techniques allows poly-
mers and sometimes additives to be clearly identified,
which can be utilized for chemical identification and MPs
characterization (Primpke et al., 2020). Moreover, in recent
years the forensic analysis of polymers has been improved
by the application of advanced statistical analysis tech-
niques (Cowger et al., 2020; Fang et al., 2022). In fact, sev-
eral studies have processed the large data sets produced
by the various spectral imaging techniques used, in analy-
sis and identification groups, thanks to principal compo-
nent analysis (PCA) (Fang et al., 2022; V. Li et al., 2020;
Lorenz et al., 2019). PCA is a universal method of static
data analysis which projects high-dimensional data onto a
low-dimensional space, commonly two dimensions. The
basic idea of PCA is to convert a set of correlated varia-
bles into a new set of uncorrelated variables called princi-
pal components (PCs), which are linear combinations of
the raw variables that account for a large proportion of the
total variance of raw data (Jollife & Cadima, 2016). Want-
ing to simplify, PCA allows to manage large datasets by
reducing their dimensionality, increasing the interpretabili-
ty but at the same time minimizing the loss of information
(Jollife & Cadima, 2016). Over the past few years, PCA has
been increasingly used to identify and differentiate parti-
cles, materials or cells in various fields of research, such
as chemistry and biology, but also environmental and fo-
rensic science (Fang et al., 2022). Therefore, PCA is con-
sidered suitable for the analysis of microplastics by de-
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coding their spectrum matrix. It allows differentiation
between the spectra of synthetic and natural origin, result-
ing in the enhanced visual accessibility by creating a
two-dimensional image of the MP (Farooq et al., 2022).
Data of similar spectra are grouped and labelled accord-
ingly by comparing it to the reference spectra. A lot of
studies state the effectiveness of using PCA for the identi-
fication of polymers, nevertheless further research is still
needed to develop the reference library, in order to ensure
the automatic decoding of the spectrum matrix for map-
ping and imaging. Furthermore, advances in analytical and
data exploration techniques in recent years have helped
researchers to evaluate larger patterns of contamination
or “footprints” in the environment. Statistical methods, in-
cluding PCA, provide additional analytical tools to obtain
fingerprints, as they aim to correlate contamination with
sources (I. Petrisor, 2005). Increasing or decreasing con-
tamination trends are established over time and space by
widely available statistical techniques. Therefore, more
research is required to collect forensic information regard-
ing the frequency and distribution patterns for different
shapes, sizes, colours and types of polymers and the pos-
sible entering pathways (Browne et al., 2011). Tracing the
MPs source is in fact extremely challenging, due to the
different use of a single type of polymer, multiple manu-
facturing techniques, use of different additives in the
same type of polymer by different industries, etc. (Kumar
& Varghese, 2021). Only the application of robust environ-
mental forensic approaches and protocols and a correct
interpretation of the information obtained in the previous
phases, starting from those collected during the sampling
(i.e. GPS coordinates, along with local details such as geo-
graphical features, proximity to harbor or wastewater
treatment plants, influence of river, type of beach activi-
ties, etc.) up to the analyzed data, can allow to address
this challenge (C. Gwinnett et al., 2021; Kumar et al., 2021).
Kumar and Varghese (S. K & Varghese, 2020), applying a
framework developed for forensic investigation, were able
to reach some useful conclusions regarding the source of
each type of MP they observed; in some cases it was pos-
sible to identify the exact source, whereas in other cases
only the pathway through which the MP reached the ma-
rine environment could be identified. Clearly, the further
away the source of pollution is, the more difficult it is to
trace it. This, for example, is the case of the Antarctic con-
tinent, the southernmost part of the planet, which despite
its geographical isolation, is not protected from the nega-
tive impact of human activities (Marrone, La Russa, Brunel-
li, et al., 2021). Several contaminants, such as heavy met-
als and MPs, have been detected in this area, even in
significant amounts, despite the pollution sources being
very distant (Cincinelli et al., 2017; Marrone, La Russa,
Brunelli, et al., 2021; Suaria, Perold, et al., 2020). Particular-
ly interesting is a study recently published by Leistensch-
neider and collaborators, which using a forensic approach
were able to discriminate between environmental and ves-
sel-induced MPs, and thus revealing that 45.5% of all MPs
they have sampled in the Weddell Sea (Antarctica), it was
actually due to ship-induced contamination (Leistensch-
neider et al., 2021).

3. CONCLUSIONS AND FUTURE PERSPEC-
TIVES

Plastic pollution has become one of the most press-
ing environmental issues. Existing data relating to MPs on
surface waters suggest that they are globally widespread,
however, there are still some bias that do not allow for a re-
liable and comparable quantitative data analysis between
different studies. Several analytical steps in the study of
MPs have become critical bottlenecks that prevent a glob-
al collaborative effort for large-scale data analysis. There-
fore, the establishment of standardized and harmonized
protocols for sampling, identification and expression of the
results, and so of all operating procedures involved in the
cycle of assessing environmental MPs from field sampling
to laboratory analysis, it is essential to improve the current
knowledge on MPs phenomenon. Furthermore, to try to an-
swer still unresolved questions concerned with the real ex-
tent, source and fate of MPs, the forensic approach applied
to environmental studies represents an added value for
the development of more complete strategies and robust
methods, thus allowing to provide a real and more com-
plete picture of MP pollution in the marine environment.
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