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a b s t r a c t

Microfibers are reported as the most abundant microparticle type in the environment. Their small size
and light weight allow easy and fast distribution, but also make it challenging to determine their
chemical composition. Vibrational microspectroscopy methods as infrared and spontaneous Raman
microscopy have been widely used for the identification of environmental microparticles. However, only
few studies report on the identification of microfibers, mainly due to difficulties caused by their small
diameter. Here we present the use of Stimulated Raman Scattering (SRS) microscopy for fast and reliable
classification of microfibers from environmental samples. SRS microscopy features high sensitivity and
has the potential to be faster than other vibrational microspectroscopy methods. As a proof of principle,
we analyzed fibers extracted from the fish gastrointestinal (GIT) tract, deep-sea and coastal sediments,
surface seawater and drinking water. Challenges were faced while measuring fibers from the fish GIT, due
to the acidic degradation they undergo. However, the main vibrational peaks were still recognizable and
sufficient to determine the natural or synthetic origin of the fibers. Notably, our results are in accordance
to other recent studies showing that the majority of the analyzed environmental fibers has a natural
origin. Our findings suggest that advanced spectroscopic methods must be used for estimation of the
plastic fibers concentration in the environment.
© 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Exponential growth in the use of synthetic polymers (Geyer
et al., 2017) has raised concerns due to exposure of marine life
and humans to these prevalent plastic particles in the environment
(Bellingeri et al., 2020; Law, 2017; Levermore et al., 2020; Lv et al.,
2019; Pauly et al., 1998; Rochman et al., 2015; Schwabl et al., 2019).
In the marine environment, plastic particles occur in a range of
sizes, with large particles fragmenting into microplastics (<5 mm),
which are the most abundant size class in the ocean (Cozar et al.,
2014; Eriksen et al., 2014). In addition to microplastic particles,
synthetic fibers represent a very abundant class of polymers in the
environment. Fibers typically outnumber microplastic particles by
a factor of 10 across habitats, from freshwater to marine (Anderson

et al., 2017; Barrows et al., 2018; Horton et al., 2017). Fibers are
prevalent in the environment, reported in drinking water, indus-
trial drinks, table salt, honey, sugar, wastewater effluents, rivers,
and the ocean (Browne et al., 2011; Hernandez et al., 2017; Kosuth
et al., 2018; Liebezeit and Liebezeit, 2014, 2013; Taylor et al., 2016;
Yang et al., 2015). Environmental fibers are typically small, with
characteristic dimensions of up to a fewmm in length and <50 mm,
often <15 mm, in diameter (Carr, 2017; Liu et al., 2019; Mishra et al.,
2019). Their small size allows for easy transport, including Aeolian
transport (Dris et al., 2017, 2016), but makes it hard to characterize
the fibers, compared to other microplastic particles. The synthetic
nature of particles classified as putative synthetic polymers is
typically confirmed using FT-IR and Raman spectroscopy (K€appler
et al., 2016; L€oder and Gerdts, 2015; Shim et al., 2017). This
routine verification should be applied also to environmental fibers,
as fibers within the this size range can also be of natural origin
(L€oder and Gerdts, 2015; Remy et al., 2015). For instance, produc-
tion and processing of timber, plant waste, paper, and building
materials are sources of plant-derived fibers to the environment
(Elanthikkal et al., 2010; Galaska et al., 2017; Kvavadze et al., 2009;
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Lacorte et al., 2003; Reichert et al., 2015), along with
manufacturing, processing, and washing of textiles of vegetal and
animal origin (e.g., cotton, linen, wool, silk) (Galaska et al., 2017).
However, whereas the classification of microplastic particles is
becoming straight-forward using commercial FT-IR and sponta-
neous Raman spectroscopy systems, the analysis of environmental
fibers remains challenging mainly due to their small diameter
(Araujo et al., 2018). In particular, while the classification of envi-
ronmental fibers has been demonstrated with FT-IR micro-
spectroscopy, mostly in ATR (Attenuated Total Reflectance) mode
(Dris et al., 2016; Obbard et al., 2014), this method has a challenging
application to the case of individual fibers with small sizes (Araujo
et al., 2018; Levermore et al., 2020; Stanton et al., 2019). Sponta-
neous Raman microspectroscopy is superior to FT-IR in the iden-
tification of very small particles (Araujo et al., 2018; K€appler et al.,
2016; Renner et al., 2018). More recently, detection methods based
on optical tweezers and plasmonic enhancement of the Raman
signal have been shown to detect plastic particles with size below
1 mm (Gillibert et al., 2019; Lv et al., 2020). However, conventional
Spontaneous Raman microspectroscopy suffers from limitations
due to long integration times and to its susceptibility to auto-
fluorescence, and only a few studies have used this technique to
classify fibers (Ghosal et al., 2018; Zobkov et al., 2019). As a
consequence of these limitations, only a fraction of studies
reporting on environmental fibers presents a verification of their
synthetic nature (Cincinelli et al., 2017; Hernandez et al., 2019; Le
Guen et al., 2020; Miller et al., 2017; Song et al., 2015; Yang et al.,
2015). This may lead to an overestimation of the abundance of
synthetic fibers present in the environment, because a fraction of
fibers found in the environmental samples may be instead of nat-
ural origin. Here we show that a Coherent Raman technique,
Stimulated Raman Scattering (SRS) microscopy (Laptenok et al.,
2019), is a highly sensitive vibrational spectroscopy method that
allows the fast and reliable identification of the nature, synthetic or
otherwise, of individual microfibers from environmental samples.
The intrinsic 3D optical sectioning capability of the multiphoton
SRS process allows to analyze small fibers on conventional sub-
strates, like glass slides, without collecting the spurious back-
ground signal generated by the substrate itself. As a comparison, in
spontaneous Raman microscopes the signal from the substrate can
only be minimized using a confocal configuration, but at the cost of
longer integration times that sensibly slow down the acquisitions.
Moreover, opposite to Spontaneous Raman, the SRS signal has the
advantage of being intrinsically insensitive to parasitic auto-
fluorescence from the sample.

2. Materials and methods

2.1. Environmental sample collection and preparation

Environmental fibers to be analyzed at the SRS microscope have
been randomly subsampled from a pool of fibers obtained from
surface seawater, coastal and deep-sea sediments, the gastroin-
testinal tract (GIT) of fish and drinking water samples (Fig. S1).

Surface seawater samples were collected using manta trawls as
described in Martí et al. (2017). In summary, a manta net with a
150-mmmesh size was towed for 15e30 min in the surface of Saudi
Arabian Red Sea waters at a speed of 2e3 knots. All the material
congregated in the cod-end was collected and resuspended using
150-mm filtered seawater obtained from the same sampling station.
The whole sample from each station was carefully screened at a
stereomicroscope and fibers were picked and washed with distilled
water. All material used was previously rinsed three times with
distilled water and kept in aluminum foil until usage. Controls,
consisting of Petri dishes with a thin layer of distilled water, were

set alongside during the sample processing to account for
contamination. Only 0 to 3 fibers were found in each control, rep-
resenting only 4.2 ± 1.6% of the fibers found in each sample.

Sediment samples were collected using cores as described in
Saderne et al. (2018). In summary, 1-m long PVC corers of 70 mm
diameter were hammered into the soil of vegetated coastal habitats
(mangroves and seagrasses) of the Saudi Arabian coast of the Red
Sea. Cores were opened and sliced, using a ceramic knife, in 1-cm
thick sediment samples that were oven-dried at 60 �C. Fibers
extraction from the sediment sample (<60 g) occurred via density
separation using 1.5 g cm�3 solution of Zinc Chloride into a
Sediment-Microplastic Isolation unit as described in Coppock et al.
(2017). The supernatant was vacuum-filtered through a 25-mm
nylon mesh and carefully screened at the stereomicroscope to pick
fibers, later rinsed with distilled water. During the extraction of
fibers from sediments, all the material used was rinsed three times
with distilled water and kept in aluminum foil until usage and
controls were set alongside as described before. Only 0 to 2 fibers
were found in each control Petri dish, accounting for 6.5 ± 3.2% of
the fibers extracted from each sample.

Deep-sea sediment samples were collected in the Atacama
Trench (23� 210 S 71� 20’ W, at < 5500 m of depth) using a multi
corer. Sediments inside the cores were extruded using a metal
piston, sliced in 1-cm thick sediment samples and oven-dried at
40 �C. Given the small volume of the sample (10 g wet weight, < 5 g
dry weight), the whole sample was visually screened at the ste-
reomicroscope and fibers picked. To avoid contamination, the vi-
sual screening occurred inside a laminar fume hood, which bench
was previously cleaned using distilled water. All the material used
was previously rinsed three times with distilled water and kept in
aluminum foil until usage. No fibers were encountered in the
controls set alongside while processing the sample.

Fish were obtained from commercial fishermen along the Saudi
Arabian coast of the Arabian Gulf. The analyzed species include
Siganus canaliculatus, Rastrelliger kanagurta, Lethrinus nebulosus,
Gerres acinaces. Samples from the fish gut intestinal tract (GIT) were
obtained as described in Baalkhuyur et al. (2020). In summary, the
GIT was extracted through dissection of the fish, placed in a 50 mL
falcon tube, and oven-dried at 60 �C for 1 h. A 30-mL solution of
NaOH (10 M) was added for tissue digestion, that occurred for
3 day at room temperature, followed by filtration through a 200-mm
stainless steel sieve. The sample was rinsed out of the sieve using
distilled water and collected in a Petri dish where it was visually
inspected by use of a stereomicroscope. Fibers were picked and
washed with distilled water. All materials used were previously
washed with distilled water and kept in aluminum foil until usage
and only 1 fiber every 3 samples were found in the controls
set alongside. To assess the impact of the tissue digestion proced-
ure, we subjected test fibers of synthetic (i.e. nylon, polyester) and
natural origin (i.e. paper, cotton and fibers from a banana leaf) to
NaOH (10M) for 3 day at room temperature. Moreover, we exposed
test fibers of the same type to 0.1 M HCl (from 1 day to two weeks)
to mimic the acidic environment in the fish stomach and verify if
fibers are affected while in the fish GIT.

Drinking water samples were obtained from Elkay ezH2O bottle
filling stations, itself connected to a desalinated drinking water
supply installed at King Abdullah University of Science and Tech-
nology (Thuwal, Saudi Arabia). For each sample, two 1-L glass
bottles were previously rinsed with distilled water, by filling, to the
point of overflowing, and emptying the bottle three times. The third
time, water was let overflow for 1 min. Cleaned glass bottles were
immediately capped. Caps were also rinsed three times with
distilled water. The faucet of the refilling station was rinsed thor-
oughly with distilled water and 1 L of drinking water was let flown
before filling the two glass bottles. After shaking vigorously,
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drinking water from the two glass bottles was filtered through a
1.2-mmpolycarbonate filter. The two bottles were repeatedly rinsed
with distilled water to ensure collection of all the fibers. The filter
was inspected at the stereomicroscope and fibers picked. To pre-
vent contamination, all procedures from filtering to visual inspec-
tion occurred inside a laminar fume hood, which bench was
cleaned using distilled water. Additionally, a Petri dish with
distilled water was set inside the fume hood as a control to verify
occurrence of contamination. No fibers were encountered in the
Petri dish. All material used was previously rinsed three times with
distilled water and kept in aluminum foil until usage. As a control,
we repeated the same procedure three times using distilled water
instead of drinking water to account for potential contamination
during the sample processing. No fibers were found in the proce-
dural controls.

To analyze the samples at the SRS microscope, fibers were
carefully picked and compressed between two clean glass cover-
slips, which were then sealed. This step is particularly important in
the study of microfibers since they are easily moved by the airflow
and lost, an issue not typically present with non-fiber types of
microparticles. This operation occurred inside the laminar fume
hood to avoid contamination. Remarkably, SRSmicroscopy does not
require special and expensive substrates as instead needed for
infrared and spontaneous Raman microscopy (Levermore et al.,
2020).

2.2. SRS microscope

The broadband SRS microscope used in this work was previ-
ously described by Laptenok et al. (2019). In short, it is based on a
dual-beam femtosecond laser system with an 80 MHz repetition
rate (Chameleon Discovery, Coherent Inc., Santa Clara, CA). One of
the two output beams has a fixedwavelength (1040 nm) and acts as
Stokes beam. This beam is spectrally filtered down to a 0.9 nm
bandwidth and modulated at 5 MHz with an acousto-optical
modulator. A second, tunable, output of the laser is filtered with
an acousto-optical tunable filter down to a 0.5 nm bandwidth and
used as a pump beam. The two beams are spatially and temporally
overlapped, using a dichroic mirror and a mechanical delay line,
and guided to an inverted laser scanningmicroscope (Nikon Eclipse
Ti-E). The combined laser beams are focused to a ca. 350 nm
diffraction limited spot on the sample by a water-immersion high
numerical aperture objective (Nikon CFI Plan Apo IR SR 60XWI,
NA ¼ 1.27). The signal is collected in the forward direction by a
second microscope objective (Nikon CFI Apo LWD Lambda S 40XC
WI, NA ¼ 1.15). The total power of the excitation was measured at
the sample plane and set according to the requirements of the
sample. The maximum power of the Stokes beamwas set to 45mW
on the sample plane (corresponding to 47 MW/cm^2 intensity) for
the samples that could be measured with high power, and
5e15 mW on the sample plane (corresponding to 5e16 MW/cm^2
intensity) for more fragile samples. The pump beam was set at
5e10 mW on the sample plane (corresponding to 5e10 MW/cm^2
intensity). Our SRS microscope features a continuous, rapidly
tunable and high-spectral-resolution broadband operation in the
vibrational range 800e3600 cm�1 that is critical for the capability
to identify materials of unknown chemical composition. The
broadband SRS spectra were collected from a single point on each
fiber sample. The measurement point was manually selected from
an SRS image of the sample, obtained using a singlewavenumber in
the CH-stretch spectral range (2900 cm�1).

2.3. Data analysis

We first obtained a library of reference Raman spectra from

textiles or materials made out entirely (100%) of a single polymer
type, including synthetic polymers e namely polyethylene (PE),
polypropylene (PP), polystyrene (PS), polyester (PET), poly-
acrylonitrile (PAN), polycarbonate (PC), polymethylmethacrylate
(PMMA), nylon e and natural fibers (i.e. cotton, linen, silk, and
wool). Additionally, paper, wood from a pencil and fibers from
banana leaf were also included as additional reference materials for
fibers of vegetal origin. The SRS reference spectra were cross vali-
dated using a commercial spontaneous Raman system (XploRA Plus
confocal Raman microscope, Horiba).

The SRS spectra were collected in a Raman shift range spanning
from 800 to 3200 cm�1 with 7 cm�1 resolution. The total acquisi-
tion time for a single spectrum, with an integration time of 5ms per
wavenumber, was about 100 s. After acquisition, the raw over-
sampled SRS spectra were smoothed using a running average
routine with a window size of 3. Thanks to the absence of contri-
butions to the SRS signal from the substrate e a serious problem in
spontaneous Raman acquisitions of very small fibers (see Fig. S7) e
and from sample auto-fluorescence, there was no need to apply a
background subtraction. The identification of the fiber composition
was done by manually comparing the position of the main peaks in
the measured SRS spectra against the library of the measured
reference substances.

We implemented discriminant analysis for the statistical clas-
sification of the measured fibers. First, we performed Principal
Component Analysis (PCA) of spectra obtained from both the
reference materials and the environmental samples using the
whole measured spectral range (800-3200 cm�1). Then we per-
formed cluster analysis based on the k-means clustering algorithm
using squared Euclidean distance to calculate distance between
centroids in multidimensional space; we tested the results of the
clustering for significance using the Multivariate analysis of vari-
ance (MANOVA) test. Finally, we used sparse partial least squares
discriminant analysis, as described byMonteiro et al. (2016), to find
the most discriminating wavenumbers. This set of wavenumbers
could allow the high-throughput classification of microfibers in
large-area SRS imaging experiments, in a similar way as done with
microparticles by Zada et al. (2018). All data manipulations were
done using Matlab 2019a (The MathWorks).

3. Results and discussion

The SRS spectra obtained for reference synthetic and natural
materials measured allowed the creation of a custom library,
including eight natural (Fig. 1A and Fig. S2A) and eight synthetic
polymers (Fig. 1B and Fig. S2B), comprising themost common types
of fibers in the environment.

The natural fibers in the reference set can be divided in two
groups, namely cellulosic fibers, which are fibers that derive from
cellulose and structurally are polysaccharides, and animal fibers,
like silk and wool, which are made of proteins. The SRS spectra of
cellulosic fibers were highly variable (Fig. 1A and Fig. S2A) due to
changes that can occur in the cellulose conformation and to
different interactions with the water content (Agarwal, 2014).
However, there are some characteristic features that can be used to
identify cellulosic fibers, such as peaks around 1100 cm�1, a group
of peaks between 1200 cm�1 and 1500 cm�1, and the main peak at
2900 cm�1 (Agarwal, 2019) (Fig. 1A and Fig. S2A). Other peaks
around 1600 cm�1, 2950 cm�1 and 3010 cm�1 can be observed in
woody fibers and are associated with the presence of lignin
(Fig. 1A). These peaks can also vary between samples due to the
high variability of lignins in different plants and lignins composi-
tions (Agarwal, 2019). The SRS spectra of the animal fibers have the
main spectroscopic features of the vibrational spectrum of proteins,
namely the Amide 1 peak at around 1650 cm�1, the CH deformation
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peak at 1450 cm�1, and multiple peaks in the CH stretching region
with a maximum at 2930 cm�1 (Edwards and Farwell, 1995; Hogg
et al., 1994). Despite similarities, the animal fibers can be clearly
distinguished from the cellulosic fibers (Fig. 1 A).

The SRS spectra of the synthetic fibers, differently from those of
natural fibers, are characterized by sharper peaks distributed over
the fingerprint (800 cm�1 e1800 cm�1) and CH stretch (2700 cm�1

e 3200 cm�1) regions. Moreover, polyacrylonitrile has a unique
peak at 2245 cm�1, which is related to a CN vibration (Fig. 1B, light
green spectrum). Each of the plastic samples is characterized by a
specific set of vibrational frequencies and can be easily identified.
Remarkably, the spectra of both types of fibers (natural and syn-
thetic) show an overlap of multiple peaks in fingerprint and CH
regions. Therefore, the access to wavenumbers across the whole
fingerprint-to-CH-stretch spectral range (800 cm�1e3200 cm�1) is
crucial for a reliable classification, especially for implementation of
partial least squares discriminant analysis, where measurements
on sparse wavenumbers has the potential to provide a fast semi-
automated method for fiber classification (Zada et al., 2018).

All fibers retrieved from environmental samples had similar
dimensions, with a diameter of 10e20 mm and different lengths,
ranging from 100 mm to a few millimeters, regardless of source and
type. In Fig. 2 and Fig. S3 we show the optical images and the SRS
spectra collected on the fibers retrieved from environmental sam-
ples. Most of the fibers that could be classified can be attributed to
natural origin materials, with fibers of natural origin accounting on
average (±SE) for 71.8 ± 12.0% of the fibers that could be success-
fully analyzed across sample types (¼natural fibers/

(natural þ synthetic fibers), Table 1, Fig. S3). We identified three
different synthetic fibers (PP, PAN, PET) in the environmental
samples and drinking water. Remarkably, for the smallest fiber
found (8 mm diameter, cotton fiber, Fig. 2 E), we also performed a
spontaneous Raman measurement and compared it to the SRS
spectral acquisition (see SI, Fig. S7). This comparison was done to
demonstrate the advantages of SRS when used to identify the
smallest fibers, particularly if made of materials with a Raman cross
section not as large as that of plastic fibers. It should be noted that
in this methodological proof-of-principle study we analyzed only a
small and representative subset from the total number of the
extracted fibers from environmental samples.

While the majority of measured fibers generated clear SRS
spectra (Fig. 2), most of the fibers extracted from the fish GIT were
either destroyed during the SRS measurements, even when low
laser power (<10 mW on the sample plane, corresponding to a
power density of 10 MW/cm2) was applied (Fig. S4), or could not be
measured due to a significantly high background that has transient
absorption behavior (Fu et al., 2007) (Fig. S5). Even with such
background, the main cellulose peaks (1100 cm�1 and 2900 cm�1)
are still recognizable; however, we excluded such fibers from the
classified fibers. The challenge faced in measuring fibers from fish
GIT samples, when compared to other environmental samples,
could be attributed to the effect of the acidic environment typical of
the fish stomach, that would partially digest fibers of natural origin
while maintaining synthetic fibers intact. A digestion test that we
made by exposing reference fibers to Hydrochloric Acid (HCl) was
in agreement with this hypothesis, suggesting that the destroyed
fibers from environmental samples, particularly those from fish GIT,
are likely of natural origin. Indeed, the test fibers of synthetic origin
(nylon, polyester) were still well measured even after long (2
weeks) treatment with concentrated (12 M) HCl (Fig. 3A);
conversely, cellulosic fibers (i.e. cotton, fibers from banana leaves
and paper) became much more fragile after just one day exposure
to 0.1MHCl andwere easily destroyed with very low intensity laser
beam, similarly to what occurred to most of the fibers retrieved
from fish GIT (Fig. 3 B, C). Differently, the digestion in NaOH affected
neither synthetic nor natural fibers (Fig. S6), demonstrating that
the method used to extract them from the fish GIT did not further
affect the likelihood of these sample fibers being destroyed.

Based on these results, assuming the 16 destroyed fibers from
fish GIT to be of natural origin, as supported by the HCl test, then
the average (±SE) proportion of fibers of natural origin retrieved
from environmental samples increases to 83.8 ± 3.0% of charac-
terized fibers (¼natural fibers/(natural þ synthetic fibers), but
considering natural fibers from fish sample to be 17, Table 1).
Despite this being a small subsample, this agrees with other studies
that, characterizing fibers, found that most of the microfibers
extracted from environmental samples were of natural origin. In
the recent study of Le Guen et al. (2020) (fibers from penguin faecal
pellets) and of Wu et al. (2020) (fibers from commercial aquatic
species), the majority of the fibers (up to 88%) were attributed to a
natural origin. In Song et al., 2015, 85% of the fibers from surface
seawater samples, initially considered synthetic after microscopic
identification following Noren (2007) criteria, were found to be
natural, made of cotton or rayon. In the study of Miller et al. (2017),
where 14 fibers were characterized by use of FTIR micro-
spectroscopy, half of them were of natural origin (i.e. cotton and
nitrocellulose). The results we obtained (Table 1), and those re-
ported in the cited studies, which represent the few studies where
the polymers of environmental fibers were characterized, are
consistent in demonstrating that most of the fibers in environ-
mental samples are of natural origin. In light of these findings,
estimates reporting on concentrations of fibers in the environment,
without characterization of their nature, cannot be assumed to

Fig. 1. Library of normalized SRS spectra obtained from the measured reference ma-
terials. (A) Natural fibers. (B) Synthetic polymers. The raw SRS spectra were smoothed
using a running average routine with a window size of 3, and no background
correction was performed.
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represent synthetic fibers without additional verification.
The principal component analysis (PCA) allows separation of the

main plastic fibers from the natural-origin fibers. The results of the
k-means clustering on the PCA components 1, 2 and 4 of the dataset
composed from the reference fibers and the fibers extracted from
the environmental samples is shown in Fig. 4. In order to improve

the stability of the k-means clustering, the starting centroids for the
whole dataset were estimated by doing analysis of the dataset
containing only reference spectra.

PCA analysis shows a clear separation between natural and
synthetic fibers, with only few exceptions (Fig. 4). Particularly, 2
synthetic fibers out of 20 (PAN, Fig. S3, fiber 4 from deep-sea

Fig. 2. Examples of microscopic images of fibers retrieved from environmental samples and their corresponding SRS spectra (in black) overlaid with the best matching spectrum
from the reference library (in red). (A) Cellulosic fiber from drinking water. (B) Polyester fiber from surface seawater. (C) Polypropylene fiber from coastal sediments. (D) Poly-
acrylonitrile fiber from fish GIT. (E) Cellulosic fiber from deep-sea sediment. The raw SRS spectra were smoothed using a running average routine with a window size of 3, and no
background correction was performed. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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sediments, and fiber 1 from fish GIT) clustered with natural-origin
fibers, and 1 natural fiber out of 45 (wool, Fig. S3 fiber 3 from coastal
sediments) clustered with plastic fibers. Moreover, the PCA analysis
shows a separation among the main synthetic polymers (Fig. 4).
TheMANOVA testmade on the estimated clusters shows significant
difference across the means of the groups (for the vector of resulted
P-values see supplementary materials). The main reason for
misclassification is the low dimensionality of the data used for
classification. In fact, only 3 PCA components were used as a
compromise between precision and over-classification.

From the partial least squares discriminant analysis, we found
that the spectra of the eight plastic polymers in our reference
database can be separated by measuring the following wave-
numbers (857 cm�1, 1289 cm�1, 1445 cm�1, 1613 cm�1, 1727 cm�1,
2245 cm�1, 2855 cm�1, 2900 cm�1, 2954 cm�1, 3075 cm�1). Addi-
tional wavenumbers (1094 cm�1, 1118 cm�1, 1241 cm�1, 2873 cm�1,
2930 cm�1, 2963 cm�1) would allow also to separate natural fibers.
The number of thewavenumbers that need to bemeasured in order
to perform the classification depends on the number of species to
be classified, with more classes requiring more spectral informa-
tion. An analysis based on a sparse set of wavenumbers, is crucial to
develop fast automatic classification tools of the fibers for SRS-
based analyses. The sample preparation process can potentially
become easier by using an SRS imaging mode with the direct
scanning of the area of the whole filter (Zada et al., 2018) (on the
order of centimeters), instead of manually picking up individual
fibers and proceeding with a single point measurement of the
whole spectrum. With the current microscope configuration, a
single wavenumber SRS acquisition on a 1 � 1 cm2 area, and with a
2 mm pixel spacing, can be collected in about 40 min. We note that
spontaneous Raman analysis of microfibers directly on filters
would be difficult and time consuming due to the background
signal arising from the filter itself that would reduce sensitivity and
eventually prevent material recognition. The intrinsic optical
sectioning capability of SRS, on the contrary, selectively avoids
signal from the substrate, and potentially allows fast and semi-
automated analysis of microfibers directly on filters. For the filter
to be used at the SRS microscope, it should have the following
characteristics: a pore size on the order of 200 nme1000 nm e as a
compromise betweenminimum size of the particles to be detected,
and force needed to push the solution through the filter e absence
of a strong Raman signal that can overlap with the sample of in-
terest, and it should allow a transmission path in the NIR region
(700 nme1100 nm). Aluminum oxide membranes are an example,
however available filters with 20 nm pores also put some limitation
on the extraction protocol (Zada et al., 2018).

Table 1
Summary of fiber extracted and characterized in the 5 different sample types.

Total number of fibers classified Natural fibers Synthetic fibers Destroyed fibers

Drinking water 10 9 1 0
Surface seawater 13 9 2 2
Coastal sediments 17 10 3 4
Deep-sea sediments 11 8 1 2
Fish GIT 20 1 3 16

“Destroyed fibers” refers to fibers that melted in the laser beam and damaged or partially degraded fibers that did not yield in an analyzable spectrum.

Fig. 3. (A) SRS spectrum of a polyester fiber exposed for 2 weeks to 12 M HCl (in black), compared to the polyester reference spectrum (in red), the raw SRS spectra were smoothed
using a running average routine with a window size of 3, and no background correction was performed. Image of fibers from a banana leaf treated with 0.1 M HCl before (B) and
after (C) attempt to measure it with a total power of the laser on the sample plane (15 mW). (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Fig. 4. Results of the k-means clustering on the PCA components of the combined
dataset (reference spectra and spectra of the environmental fibers). The PCA decom-
position was performed using the whole measured spectral range (800-3200 cm�1).
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4. Conclusions

Here we demonstrate the use of broadband Stimulated Raman
Scattering (SRS) microscopy to analyze and classify fibers retrieved
across a range of environmental samples and provide a reference
library that led to characteristic wavenumbers suitable for diag-
nostic purposes. SRS analysis of microfibers of natural origin is
shown for the first time. Our first finding from a small and repre-
sentative subset of the samples suggests that only one in about five
fibers were of synthetic origin. This finding emphasizes the need to
classify the fibers retrieved from environmental samples using
spectroscopic techniques. It also suggests that the estimate for the
relative abundance of synthetic fibers in environmental samples
probably needs to be revised downwards, as most of these fibers
are likely of natural origin and pose no harm to organisms or the
environment. However, more samples are needed to ultimately
demonstrate that natural fibers outnumber synthetic ones in the
environmental samples.
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