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Abstract

Small polymeric particles termed microplastics have become ubiquitous in the environment. They are found in
various shapes, among which microfibers are emerging as the most abundant type. Assessing the contamination
of agueous ecosystems with synthetic microfibers requires a clear distinction from natural ones. Here, we
introduce femtosecond stimulated Raman microscopy (FSRM) for fast analysis of microplastics in water, particularly
microfibers. Utilizing FSRM, fabric samples of both synthetic and natural origin were analyzed. Spatial and nearly
complete (1000-3500 cm™") spectral information on the particles is obtained. Raman images consisting of 40,000
spatial pixels and covering an area of 200 x 200 pm? are obtained within seven minutes.

Keywords Microfibers, Microplastics monitoring, Non-linear Raman microscopy

Introduction

Plastics have been part of our daily lives for many decades
and their usage keeps increasing [1]. A recent OECD
report estimates its use to triple until 2060 compared to
2019 if no policy changes are implemented [2]. Among
other characteristics, plastics are cheap to produce, dura-
ble, and lightweight, making them accessible for different
usages in various industries, e.g., reducing energy con-
sumption in transport by replacing materials with higher
density [3]. However, plastics are currently being criti-
cized due to harmful impacts both on the environment
and human well-being. Special emphasis has been laid on
the issue of microplastics (MP), which are small pieces
of synthetic polymers with a suggested upper size limit
of 5 mm [4]. They were first explicitly mentioned and
termed in 2004 [5], although earlier reports of such small
particles exist [6]. Microplastics have become ubiquitous

*Correspondence:

Peter Gilch

gilch@hhu.de

UInstitut fur Physikalische Chemie, Heinrich-Heine-Universitit Diisseldorf,
Universitatsstr. 1,40225 Dusseldorf, Germany

@ Springer Open

and have been documented across various environmental
settings [5, 7-10].

In a 2014 study, it was modeled that more than 250,000
tons of plastic float in the oceans of the world, among
which approximately 35,500 tons are due to particles
below 5 mm [11]. There is evidence for an upward trans-
fer along the food chain, with documented instances of
microplastics in aliments such as beer [12] and drink-
ing water [13] as well as condiments, honey, vegetables,
meat, and seafood [14]. By ingestion they can be admit-
ted into the body and were detected in various human
specimen, including human blood [15], placenta [16, 17],
breast milk [18], meconium [17], and lung tissue [19, 20].
The implications of microplastic exposure on health are
only partially known, however a recent study suggests a
change in the behavior of mice upon exposure to micro-
plastics [21].

Fibers are the most abundant shape of MP particles
found in the environment, followed by fragments and
others, for example beads or foams [22]. A major source
for these particles in the environment is laundry of syn-
thetic textiles [23]. In 2022, synthetic fibers made up 65%
of the global fiber production [24]. Polyester is the most
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common material used in the production of fibers world-
wide, followed by cotton, polyamide, and viscose, a man-
made cellulosic fiber [24]. Chemical and physical stress
on the fabric during the washing cycle results in the
release of microfibers which often cannot be extracted
during the treatment of wastewater. They are therefore
released into the environment. During the washing cycle,
more than 100 fibers are released per liter of effluent
water [9].

However, recent reports suggest that the number of
MP fibers reported in environmental samples is over-
estimated and that only 22% of fibers found are actually
of synthetic origin [25], pointing out the importance of
both quantitative and qualitative analytics. Further over-
estimates were reported in the case of beverages: As
mentioned above, synthetic particles were found in beer
[12] and drinking water [13], but when specifically inves-
tigating fibers in beverages, no synthetic particles were
detected [26]. Here, mostly cellulose fibers were found.
Furthermore, blank samples displayed a comparable
number of particles present as in samples. This empha-
sized not only the omnipresence of microfibers but also
the need for sample preparation protocols and adequate
qualitative analysis of samples.

Visual identification is often applied as a means of
quantitative MP identification or pre-selection for fur-
ther analytics but can only be applied sufficiently accu-
rate for particles larger than ~1 mm [27]. One important
tool for qualitative evaluation of particles often applied in
microplastics analysis is vibrational spectroscopy (Raman
or IR). It delivers information on the chemical compo-
sition of a sample and the methods are often combined
with microscopy to acquire qualitative and quantitative
information simultaneously. Spectra for several positions
in a sample region are recorded. The position dependent
spectra can be transformed into “chemical maps” using
various algorithms to describe shape and composition of
microparticles. From here on, only chemical maps result-
ing from Raman spectral information will be discussed
and therefore termed Raman maps for the sake of clarity.

Both Raman- and IR-micro-spectroscopy have been
applied in the analysis of MP particles and both show
relevant advantages and disadvantages depending on
the application [28]. For linear techniques of vibrational
spectroscopy, IR spectroscopy is generally faster than
Raman spectroscopy due to higher cross sections [29].
Furthermore, the (laser) light employed to induce Raman
scattering may also trigger fluorescence emission which
can surmount the Raman signals [28]. As mostly aqueous
samples are investigated for MP contamination, strong IR
cross sections of water may be a challenge [30]. In con-
trast, water is a weak Raman scatterer [31]. Furthermore,
due to the higher lateral resolution of Raman spectros-
copy of ~1 um compared to that of IR spectroscopy of
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~10 pm [32], smaller particles can be identified. These
values are based on the Abbe diffraction limit [33]
assuming large aperture objectives (4,,,,, ~ 1) and typical
wavelengths for the two techniques. The higher resolu-
tion of Raman spectroscopy proves especially helpful in
micro-spectroscopy. Unfortunately, the aforementioned
low scattering cross sections of Raman scattering lead
to long measurement times for the generation of Raman
maps of samples at hand.

Non-linear approaches like stimulated Raman scatter-
ing (SRS) aim to increase the speed of vibrational Raman
(micro-)spectroscopy. As shown schematically in Fig. 1,
in the most common implementation of SRS [34-36],
a Raman vibration is stimulated by two narrowband
pulses of different wavenumbers [35, 37]. Traditionally,
in SRS, these beams are referred to as Stokes and pump,
corresponding to the laser light with lower and higher
energies, respectively. In the context of this study the
standard notation for femtosecond stimulated Raman
scattering (FSRS) will be employed [38]. In FSRS, one uti-
lizes a weak broadband pulse termed Raman probe and
an intense narrow bandwidth one termed Raman pump.
In our implementation, the probe pulse is on the high fre-
quency side with respect to the pump. When in SRS the
Raman condition is met, i.e. the wavenumber difference
between the pump and probe beams matches the wave-
number of a Raman transition, photons of the higher
energy beam are annihilated (stimulated Raman loss,
SRL), while photons of the lower energy beam are gener-
ated (stimulated Raman gain, SRG) [35]. These changes
in power can subsequently be detected. In “traditional”
SRS, for each Raman active mode to be addressed, the
wavenumber difference between the two lasers needs
to be adjusted. Acquisition of a complete Raman spec-
trum, thus, requires tuning the wavenumbers of Raman
pump or probe. The stimulated Raman effect has a much
larger effective cross section than the spontaneous one
[29], thus decreasing the acquisition time necessary for
a sufficiently high signal-to-noise ratio. In addition to
the reduction in acquisition time, the issue of disturbing
fluorescence background is mitigated [39]. Fluorescence
occurs at lower energies than used for the excitation. If
Raman loss of the higher energy laser is recorded for gen-
eration of the SRS spectra, fluorescence effects are thus
rendered irrelevant.

SRS microscopy was already successfully applied to MP
characterization [40, 41]. At pre-selected Raman shifts,
signals at several positions of a sample were recorded,
yielding a Raman map of the MP distribution. For a
given sample size, a full spatial map can be recorded. If
full spectral information is to be obtained as well, several
successive measurements need to be performed, always
probing different wavenumbers of the Raman spectrum.
Only few characteristic Raman bands were probed in the
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Fig. 1 Two modalities of SRS. In the most common implementation of SRS (left) two narrow bandwidth laser pulses are employed. Their wavenumber
difference (Raman shift) is tuned to meet the Raman conditions (schematic Raman spectrum in black). The high frequency pulse (green to blue colors) will
decrease in intensity due to the SRS process. From this decrease the Raman signal can be evaluated. Addressing different Raman bands requires tuning of
the wavenumber difference. In FSRS (right) a narrow bandwidth Raman pump pulse (red) and broadband probe (rainbow color gradient) are employed.
Raman resonances show up as small dips in the probe spectrum. From these dips the Raman spectrum is obtained. The depicted shape and Raman shifts
of the probe pulse represent the properties of the pulse in the present experiments

study. SRS was also applied specifically for microfibers
[25, 42]. In that example, microscopical images of fibers
were recorded and a full SRS spectrum within a spectral
range of 800-3200 cm™! was obtained for one selected
point of interest by scanning the wavenumber differ-
ence. Thus, when employing SRS microscopy, one com-
monly compromises concerning spatial and/or spectral
coverage. FSRS [37, 43] is based on the same non-linear
process. However, a broadband Raman probe pulse is
employed (Fig. 1). Its spectral width equals approximately
the largest Raman shift of common molecules [44]. This
enables the simultaneous detection of all Raman signals
by recording the changes in the probe spectrum induced
by SRS.

We here introduce femtosecond stimulated Raman
microscopy (FSRM) as a fast, broadband tool for simul-
taneously acquiring quantitative and qualitative infor-
mation about samples containing microfibers. FSRM
was invented by our group in 2007 [36]. In its present
implementation, acquisition times per spectrum as short
as 0.1 ms are possible [45, 46]. The technique is based
on FSRS [37, 43]. In our setup, the Raman probe has a
higher wavenumber than the narrow-band Raman pump
and will therefore experience stimulated Raman loss

for all wavenumbers where the difference in wavenum-
ber between pump and probe matches that of a Raman
active mode (see Fig. 1). The setup provides complete
Raman spectra. Thus, prior knowledge of the sample
and its expected Raman active modes is not necessary.
Notably, the technique does not require high laser pow-
ers, ensuring a destruction-free and fast acquisition of
Raman maps even for sensitive samples [45]. In addition
to Raman signatures, also transmission information with-
out the need for additional scanning is obtained.

To demonstrate the capabilities of FSRM with respect
to microfiber analytics, we selected samples for preva-
lent types of fabrics produced worldwide [47] of both
synthetic and natural origin. We will prove that a direct
determination of the type of fiber found in a sample is
possible without any necessary pre-selection or pre-
evaluation. Polyester, commonly found in the form of
polyethylene terephthalate (PET), is the fabric with
the highest production volume in 2022 [24]. Nylon was
included as an additional example of a synthetic fiber.
Linen was chosen to represent common cellulosic fibers.
Finally, despite its relatively low global production per-
centage, wool serves as an example of a fabric of ani-
mal origin. For all samples, a preparation protocol was
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developed to mimic handling samples from aqueous
environments. FSRM enables an immediate distinction
between the fabric types. The method chosen for data
evaluation here was a fuzzy c-means clustering algo-
rithm (FCM). As full spectral coverage is achieved, other
methods like k-means clustering, hierarchical cluster-
ing, or principal component analysis (PCA) [48] could be
applied as well but lie outside of the scope of this report.
To conclude our analysis, a denim fabric primarily com-
posed of cotton and polyester underwent examination
with FSRM. In this case, a bleaching step was introduced
to enable adequate transmission and mitigate non-linear
effects other than SRS, for example transient absorption,
arising from the blue dye.

Materials and methods

FSRM microscope

The most important current features of the FSRM setup
will be given here. More detailed information can be
found in the references [45, 49]. A Ti:Sa laser (Femtola-
sers, Fusion BB 400) is used for the generation of both
Raman pump and Raman probe pulses. Its output is cen-
tered around 810 nm with a spectral width of approxi-
mately 120 nm (FWHM), an average light power of
approximately 440 mW, and a repetition rate of 75 MHz.
The laser light can be directly used as the Raman probe
pulse, it will only pass two sets of chirped mirrors to
pre-compensate the temporal chirp which will be added
by the microscope objectives. Due to the broad spec-
tra of the fs-laser, Raman signals in the range 850 to
4000 cm™ can be recorded. This is possible because its
spectrum deviates from a Gaussian profile, maintaining
sufficient spectral intensity not only within the FWHM
range (~1260 cm™ to 3100 cm™) but also beyond it [49].
Fig. 1 provides a schematic representation of the probe
spectrum. Before focusing on the sample, the power is
reduced to around 2 mW, mostly to avoid saturation of
the detector.

The Raman pump pulse is generated by coupling a
portion of the laser light (wavelengths>950 nm) into
a customized fiber amplifier. Even around 950 nm, the
laser light has sufficient spectral power to seed the fiber
amplifier (200 pW). The amplifier is based on Yb3*
doped fibers and leads to an amplification of the pulsed
seed light at 977 nm. The amplified light exhibits an
average power of 32 mW with a FWHM of ~30 cm™ L,
which determines the spectral resolution. An accousto-
optic modulator integrated in the amplifier switches the
train of pump pulses on and off at a frequency half the
readout rate of the detector. A modulation of the pump
power is included preventing damage to samples [45].
Raman pump and probe are recombined and guided into
a microscope objective (Zeiss, Fluar, 20x NA 0.75) to be
focused onto the sample which is placed on a movable

Page 4 of 15

xy-stage for scanning. The transmitted light is collected
by a second objective (Zeiss, Achroplan, 100x NA 1.25),
and the pump light is filtered out using a shortpass-filter.
The probe light is guided into a polychromator where it
is spectrally dispersed and detected by a multi-channel
detector with 512 pixels and a readout rate of 20 kHz
(Quantum Detectors, ULTRA).

The detector provides signals as a function of probe
wavelength A, alternately in presence SprobetPump and
absence Sprobe Of the Raman pump light. The probe
wavelength is converted into Raman shift v via Eq. (1),

1 1

V= — .
A Probe A Pump

(1)

Here, Apyy,, =977 nm is the central wavelength of the
pump light. The Raman spectra R (17 ) are computed

from the detector signals by referencing the signals via
Eq. (2),

" (N) L SProbe+Pump <;> |

SProbe (J)

For the generation of the spatial map, the xy-stage on
which the sample is mounted is moved in a zigzag pat-
tern with steps of a given length. The movement of the
stage is continuous and its speed is adjusted according
to the number of total spectra which are to be averaged
for the measurement. Finally, separate Raman spectra are
computed for each sample position, with each spectrum
representing one “step” of the microscope stage. For the
measurements shown here, 100 Raman spectra (equal to
200 probe spectra) were averaged for each pixel position
with each step being 1 um. A total range of 200 um was
covered in both directions.

The probe spectra recorded for the generation of the
Raman spectral map can also be used for the calculation
of a transmission map. The probe spectra recorded at
each position Sprobe, sample Were averaged and the trans-
mission for each position is calculated based on an initial
spectrum of water Sprobe, water recorded before starting
a scan. In the respective transmission maps, the averaged
transmission for the whole spectrum (512 pixels) was
plotted (Eq. (3)),

(2)

1 512 Sl:’robe7 sample (V z)

912 =1 SProbe,water (;7)

(3)

Here, v; are wavenumbers assigned to the 512 elements
of the array detector.
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Sample preparation

Undyed fabric samples were chosen for this study as
measurements with FSRM are conducted in transmis-
sion and absorption of light by dyes or pigments should
be avoided. The chosen samples were nylon, polyester,
and linen acquired from Stoffe Wolle Kurzwaren Wein-
reich, Diisseldorf, Germany. A sample of wool fabric was
acquired from Awxel Suijker Textil, Quakenbriick, Ger-
many. A sample of denim fabric was acquired from a
used pair of jeans consisting of 69% cotton, 26% polyes-
ter, 4% viscose, and 1% elastane.

Approximately 0.6 mg of the respective fabric was cut
into pieces as small as possible using scissors. The pieces
were further dissected into smaller particles by placing
them in distilled water and tearing them apart using two
spatulas. The liquid including the particles was trans-
ferred to a volumetric flask and shaken for 3 min. Then,
it was filtrated over an aluminum oxide filter (0.2 um,
Whatman®, Anodisc®, 25 mm ). This filter was chosen
for being transmissive when wet and it does not feature
disturbing Raman signals in the relevant wavenumber
regions [50]. The wet filter was then placed on an object
slide (40 x 60 mm, #1 thickness) and covered with a round
cover slip (25 mm ©). As the filter needs to be thoroughly
wet for the measurement, some water was added between
the cover slips with an Eppendorf® pipette. Afterwards,
the sides of the top cover slip were sealed using clear nail
polish to prevent evaporation of water.

For the measurements of the bleached denim fabric,
sodium hypochlorite was chosen as a bleaching agent.
This is a possible step in a procedure to extract micro-
plastic from soil organic matter without substantial dam-
age to the plastic [51]. The fabric was soaked in distilled
water for 30 min and then transferred to a 6.5% NaOCl
solution based on the sample preparation described in
ref. [52]. The fabric was found to be visibly discolored
after 2 h of bleaching. The fabric was then washed with
distilled water over a filter and finally a sample was pre-
pared as described above.

Data analysis

Visualizations of different aspects of the spectral data
were performed using the commercially available soft-
ware [mageLab®. In this study, spectral descriptors were
defined. To this end, the Raman spectrum was inspected
and baseline corrected integrals covering representa-
tive Raman bands computed. These integrals serve as
descriptors. The following evaluations by means of clus-
tering algorithms were based on these manually defined
descriptors. For a list of the descriptors used and their
assigned Raman vibrational modes, see Supporting Infor-
mation (Table S1). Employing the complete Raman spec-
tral information proved problematic. For the samples
investigated, Raman bands are sparsely distributed over
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the relevant spectral range. Thus, the spectral data is
dominated by baseline contributions and their fluctua-
tions. Such an analysis mostly recovers these fluctuations
and was therefore not performed here.

The approach used for clustering of the spectra within
a map shown here was the fuzzy c-means clustering
algorithm. This algorithm assigns each sample point a
similarity with a cluster. This similarity is expressed as
a function with a value between 0 and 1 [53]. An aver-
aged spectrum for all points assigned to one cluster was
calculated.

The number of clusters was pre-selected before the
analysis. In this case, it was known prior to evaluations
how many different types of fibers were seen in a map.
The number of clusters chosen must be at least the num-
ber of types of fibers present plus one cluster for water.
Selecting an additional cluster to identify regions with
low transmission leading to high noise increased the
quality of the acquired image as well as the averaged
spectra within the clusters. This “distortion” cluster
describes regions of the fiber that lie outside of the focal
plane (cf. Fig. 3).

Results

FSRM Raman spectra of selected white fabrics

First, reference Raman spectra of the selected fabrics
were recorded. In these measurements no scanning
was performed so that the size of these specific fibers
was not quantified. The two laser beams were focused
on a single position in a fiber and the focusing condi-
tions were optimized for maximum Raman signal at
this position. The probe light was maximized until
almost saturation of the detector to decrease noise lev-
els. At the maximum of the probe spectrum (~ 810 nm,
Raman shift of 2140 cm™'), this leads to a detected
number of ~ 6.2 x 107 photons per readout (acquisition
time 50 ps) [49]. Reference spectra averaging a total of
10,000 spectra were recorded within 1 s for the syn-
thetic and natural fibers (Fig. 2), considering that the
acquisition of one Raman spectrum requires two read-
outs. The spectra Sprope+pump and Sprope are averaged
separately. Therefore, the shot noise SN can be calcu-
lated based on a total of N~ 6.2 x 10" photons (Eq. 4),

1
SN = Vil 1.3x107°. (4)

In a spectral region free of Raman bands (1790-
2558 cm™'), on average, a relative standard deviation of
7.4x107% is computed for the four spectra shown. The
~5-fold increase compared to the shot noise limit is pre-
sumably due to optical distortions by the fiber.
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Fig.2 FSRM Raman spectra of synthetic (left) and natural origin (right) fibers recorded with an acquisition time of 1 s/spectrum, corresponding to 10,000
averaged spectra. The descriptors used for the FCM clustering analysis of the maps are marked in the respective colors of the spectra

The averaging time was chosen to acquire spectra with
low noise. The signal to noise ratio of the most prominent
Raman bands allows for shorter acquisition times, for
example 10 ms. This is the chosen setting for each spec-
trum in the Raman maps recorded in this study. To illus-
trate the impact of acquisition times, reference spectra
recorded for polyester averaging over 1 s and 10 ms are
provided in the Supporting Information (Fig. S1).

The nylon and polyester fibers could be measured
directly without addition of water as they are sufficiently
transmissive for the probe light. However, linen and
wool fibers were not transmissive without being soaked
in water. The corresponding FSRM Raman spectra of
the natural fibers therefore show the Raman signature
of water in addition to those of the fibers, ranging from
3100 cm™' to 3600 cm™ " [54].

The typical Raman bands of CH-stretching vibrations
characteristic for many polymers are visible in all spec-
tra around 3000 cm™! [55]. Matching observations from
conventional Raman spectroscopy, these bands are the
strongest in nylon, wool, and linen. The most prominent
Raman bands used as descriptors for cluster analysis are
marked in Fig. 2. These descriptors are summarized and
assigned in Supporting Information Table S1 [55-58].
Additional Raman bands not used as descriptors are
addressed here.

For polyester, a second Raman band attributable to aro-
matic CH bonds at 3077 cm™ is observed. The band cen-
tered at 2968 cm™! displays a shoulder, which is caused
by CH stretching of the methylene sequences expected
around 2895 cm™! [58]. Unlike the other specimen, the
CH stretching vibrations are not the strongest Raman
signals. Further vibrational signatures are found here
at 1410 cm™! and 1451 cm™! (CH bending), 1179 cm™!

(CC ring stretching), 1094 cm™' (CO and CC stretching),
990 cm™! (COC bending), and 851 cm™! (CC stretch-
ing) [56, 57]. For the aromatic CC ring stretching band
centered at 1615 cm™!, a negative wing can be observed
on the higher-wavenumber side. This effect can occur
in stimulated Raman if the pump-probe delay is slightly
shifted from perfect temporal overlap [59], which seems
to be the case here.

In the Raman spectrum of linen, which consists of cel-
lulose, weak bands just above the noise level are detected
in this study at 1465 cm™! (CH, bending scissors),
1382 cm™! (CH, and HCO bending), 1159 cm™! (CC and
CO stretching of the glycosidic ring). Additional bands
at 1341 cm™1, 1334 cm™}, and 1297 cm™! as reported in
ref. [56, 57] are not observed here. Raman bands at lower
wavenumbers cannot be observed due to increased noise
levels.

Finally, for wool, which mainly consists of keratin, a
peak expected around 3300 cm™! indicating NH stretch-
ing is likely masked by the broad band of OH vibrations
of water [55, 57, 60]. Further Raman bands roughly at the
noise level of the above measurement are found centered
at 1515 cm™! (CH bending), 1437 cm™' (COO~ bend-
ing), and 1307 cm™! (CH, bending) [57]. Raman bands at
lower wavenumbers cannot be observed here. Note that a
weak baseline shift observed here was not corrected for,
as it does not substantially affect the spectrum.

FSRM imaging of fibers

To obtain FSRM Raman maps, the sample was scanned
while continuously recording Raman spectra. After
focusing, the probe intensity was reduced by ~30% to
avoid saturating the detector, especially while scan-
ning the more transmissive water rich regions. This was
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Fig. 3 FSRM imaging of nylon fibers dispersed in water. The maps are recorded with an acquisition time of 10 ms per pixel (corresponding to 100 aver-
aged spectra per pixel) with a spatial resolution of 1 um. Acquisition of the 200x 200 um? map took~7 min. The transmission map (a) was generated
employing the FSRM data. The average transmission of the whole probe spectral range is shown in relation to a reference spectrum recorded in the water
region of the sample. Darker shades indicate lower transmission. The assignments to the FCM clusters for nylon (b), water (c) and distortion (d) are color-
coded for values between 0 (white) and 1 (full saturation). Regions with low transmission result in a higher distortion and the spectra in these regions are

less likely to be assigned to a cluster of nylon or water

Laser light

Water

Focal region

Fig. 4 Sectioning capabilities of FSRM and its impact on fiber imaging.
Due to its non-linear nature, SRS generates Raman signals mostly for ob-
jects in the focal plane or slightly above or below it. Fibers or parts of fibers
outside this region will essentially not contribute to the Raman signal

necessary as usually more light is transmitted in the
watery regions of the sample, resulting in more probe
light arriving at the detector compared to focusing on the
fiber. Unfortunately, this resulted in higher noise levels,
especially in regions of lower transmission. An area of
200 x 200 pm?* was scanned with steps of 1 um. As scan-
ning here involves the motion of the samples and not the
laser spot, scanning speeds had to be limited to avoid dis-
placements of the fibers in the sample. Pixel acquisition
time was set to 10 ms/pixel, resulting in a total acquisi-
tion time per image of approximately 7 min.

A transmission map (Fig. 3(a)) computed from the
FSRM data resembles a conventional micrograph. An
approximately horizontally aligned fiber is clearly dis-
cernible. To visualize the fiber according to its Raman
characteristics, the FCM clustering algorithm was used.
The respective spectral descriptors can be found in

the Supporting Information (Table S1). Based on the
composition of the samples at least two clusters ought
to be involved— one for nylon and one for water. For
the description of the data, it proved beneficial to add
another FCM cluster referred to as distortion cluster.
This cluster accounts for regions with low transmission
due to strong scattering, as described in the Materials
and Methods section. (We note here that the number of
clusters necessary could also be determined by principal
component analysis.)

The region assigned to the FCM cluster for nylon
(Fig. 3(b)) and thereby to the fiber is smaller than
expected based on the transmission map (Fig. 3 (a)). This
can be attributed to the sectioning capabilities of the SRS
process [61]. SRS is mostly sensitive for material close
to or within the focal plane of the microscope (Fig. 4).
Assuming Gaussian optics [33], the depth of field is cal-
culated to be approximately 4 pm. While this value was
not experimentally verified, it aligns with the sectioning
capabilities observed in this study. Thus, the part of the
nylon fiber on the left is within the focal region, the right
part not. The FCM cluster for water confirms this (Fig. 3
(c)). Trivially, water is mostly at positions where there
are no fibers. Thus, the water map is the “negative” of the
nylon map. On the right part of the nylon fiber (accord-
ing to the transmission) water is observed, indicating that
here the fiber is not in the focal region.

The diameter of the nylon fiber can be determined
using the transmission map (Fig. 3(a)) or the Raman map
(Fig. 3 (b)). As the transmission is lower on the edges of
the fiber and, consequently, the Raman signal, the values
slightly differ depending on which measurement is used.
From the transmission map, a diameter of about 56 pm
can be determined. For the Raman map, the diameter
is slightly lower with 51 um. These results were verified
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by determining the diameter of a single nylon thread
extracted from the fabric to be 50 pm using a sliding cali-
per. The results lie within the same range, which is to be
expected as the nylon fibers did not disintegrate further
during the sample preparation.

Raman spectra for positions assigned to each cluster
were averaged and are shown in Fig. 5. They depict the
same characteristics as the reference spectra recorded,
however displaying a lower signal-to-noise ratio (SNR).
Different scattering in different sample positions resulted
in changing focusing conditions. As a result, the over-
lap of the pump and probe beams changed and, con-
sequently, less stimulated Raman scattering occurred,
ultimately decreasing the signal level of the averaged
spectra.

Raman maps of all other reference fibers were recorded
and evaluated in the same manner as for nylon (Fig. 6).
The averaged cluster spectra show the same characteris-
tic Raman bands as expected from the recorded reference
spectra, enabling a distinction between different types of
fibers. Water and “distortion” cluster images and spec-
tra for these samples are not shown here (see Support-
ing Information Fig. S2 — S4)). Regarding the spectra it
is important to note that a distortion cluster was added
for all evaluations for the sake of comparability. The algo-
rithm assigns spectra to the clusters automatically. In
the case of measurements with generally high transmis-
sion, mostly pixels in the watery region are assigned to
the “distortion” cluster, thus leading to a high similarity
between the averaged spectra of the two clusters. For
the images here, the diameters which can be determined
also differ depending on the evaluation method. The
diameter of the polyester fiber can be determined to be
21 pm using the transmission map and 15 pm using the
FCM cluster map. For linen, those are 23 pm and 17 pm,
and for wool 40 um and 28 pm. The diameters of single
threads of fabric were not cross-checked using a caliper
here. The sample preparation results in further disin-
tegration of the threads, therefore the diameters of the

20E-4 20E4
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microfibers are not expected to be in the same range as
those of single threads.

Raman maps for a mixture of two fibers— polyester
and nylon— are shown in Fig. 7. It is important to note
that, as the nylon fibers used here have a much larger
diameter than the polyester ones and the fibers are posi-
tioned on top of each other, there is no focal plane yield-
ing good signal for both fibers simultaneously. Similar to
the case described above with one fiber positioned only
partially in the focal plane (cf. Fig. 4), here a second fiber
lies within the scanned region, partially or mostly outside
of the focal plane. Therefore, measurements of the same
sample region for two focal planes are shown. For one
Raman map shown (Fig. 7 (a)), the nylon fiber appears
less defined due to the lower signal. Not all sample posi-
tions lie in the focal plane, resulting in lower signal lev-
els and a lower likelihood of the respective spectra to be
grouped in that cluster. A lower intensity of the color
is the consequence as well as low signal levels for the
averaged cluster spectrum. A distinction between two
types of fibers is still possible within one focal plane by
the FCM cluster. The FSRM images for the same sample
region but recorded on a different focal plane (Fig. 7(b))
yield a different result; there, the nylon fiber is better vis-
ible than the polyester fiber. However, in both FCM clus-
ter images displayed on the right side of Fig. 7, the edges
of the fibers within the focal plane seem to be classified as
belonging to the other fiber. This occurs because reduced
transmission at the fiber edges increases noise levels. For
out-of-focus fibers, the Raman spectra are dominated
by noise, which is also reflected in the spectral descrip-
tors. Consequently, the FCM algorithm groups the out-
of-focus fiber and the out-of-focus edges of the focused
fiber into the same cluster. Corresponding averaged clus-
ter spectra can be found in the Supporting Information
Fig. S5.
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Fig. 6 FSRM imaging of reference fibers polyester (a), linen (b), and wool (c) dispersed in water. Acquisition of the 200x 200 um maps with a spatial
resolution of 1 um and acquisition times of 10 ms/spectrum (corresponding to 100 averaged spectra per pixel) took~7 min. Transmission maps (left)
show the average transmission of the whole probe spectral range, with darker colors indicating lower transmission. In the false-color images (center), the
likelihood of the spectra of each pixel to be assigned to the respective cluster is color-coded. The corresponding averaged Raman spectra of the reference
fiber clusters (right) were smoothened using a Savitzky-Golay filter with a window size of 10 spectral pixels

FSRM measurements of denim fabric

Denim is a fabric woven with blue as well as white
threads. As described above, separate spectra were
recorded in a single position as a reference. Accord-
ing to the label, it was expected to find spectra of cotton
and polyester. The spectrum recorded of a white thread
depicted in Fig. 8 (a) shows the Raman bands expected

for cotton, which consists of cellulose like linen. For
transmissive samples displaying only SRS, de-focusing
solely leads to an increase in noise and decrease in signal.
However, for the blue threads, strong non-linear effects
were observed in form of baseline shifts depending on
the focusing conditions (Fig. 8 (b)). This effect might
be attributed for example to transient absorption or
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Fig. 7 FSRM imaging of nylon (green) and polyester (blue) fibers for different focal planes. Acquisition of the 200x 200 um maps with a spatial resolution
of 1 um and acquisition times of 10 ms/spectrum (corresponding to 100 averaged spectra per pixel) took ~7 min. For both images, the transmission (left)
and false-color FCM cluster image (right) display two fibers visible in the scanned region. In the top images (a), the smaller fiber (polyester) is within the
focal plane, in the bottom images (b) the bigger fiber (nylon) is focused on. The two fibers can be attributed to polyester and nylon, as can be seen from
the clusters'respective averaged Raman spectra provided in Supporting Information (Fig. S5)

cross-phase modulation due to higher non-linear refrac-
tive index of the blue dye molecules. For one focus condi-
tion (focus 4), two distinct bands can be discerned. These
bands may correspond to the aromatic CC and C=0
stretching Raman bands characteristic of polyester, albeit
shifted to lower wavenumbers. This shift may result from
incorrect focusing conditions. This could indicate that
the blue denim fibers are composed of polyester but a
correct assignment is not possible due to the distorted
spectra.

Pieces of fabric were therefore bleached with NaOCl as
described above until the fabric was visually discolored.
For the following measurements of the bleached fibers,
no such baseline distortions were observed. The Raman
spectrum which can be attributed to cotton is not consid-
erably altered by the bleaching. More important, Raman
spectra and Raman maps of polyester without a perceived
baseline shift due to non-linear effects added by the blue

dye could be recorded, as shown in Figs. 9 and 10, respec-
tively. Additionally, the previously observed spectral shift
in the Raman bands is no longer evident. Thus, the two
main components of the denim fabric, cotton and poly-
ester, can be clearly distinguished in Raman maps after
bleaching.

For both measurements shown, two fibers can be dis-
cerned by the transmission image, whereas one can be
discerned by the false-color FCM Raman image. The
corresponding averaged cluster spectra on the right side
can be attributed to polyester and cotton. For evalua-
tion of the polyester map (Fig. 10(a)), four clusters were
selected as the out-of-focus fiber yielded a distortion
cluster which is distinguishable from other regions with
lower transmission. This resulted in better visualization.
Evaluation of the map containing cotton (Fig. 10(b)) was
performed as described for samples before using three
clusters for the FCM algorithm as the out-of-focus fiber



Borbeck et al. Microplastics and Nanoplastics (2025) 5:14 Page 11 of 15

(a) (b)

Denim white fiber, untreated Denim blue fiber, untreated

4.0E-4 T T T T T 5.0E-3 T T T T T
focus 1
4.0E-3 p—focus 2 4
3.0E-4 |- T focus 3
3.0E-3 focus 4 4
2.0E-4
[ [
"] v 2.0E-3
o o
€ 1.0E-4 c
] < _
£ £ 1.0E-3
(3] 3]
24 (14
0.0E+0 0.0E+0 F
-1.0E-3
-1.0E-4
-2.0E-3
_Z.OE_4 L L L L L
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500

Raman shift / cm™ Raman shift / cm™

Fig. 8 FSRM Raman spectra of white (left) and blue (right) denim fibers without bleaching. Acquisition time: 1 s/spectrum (corresponding to 10,000
averaged spectra). For the blue fiber, different focusing conditions at the same sample position led to different baseline shifts, which can be attributed to
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Fig. 9 FSRM Raman spectra of cotton and polyester fibers of bleached
denim fabric. Acquisition time: 1 s/spectrum (corresponding to 10,000 av-
eraged spectra)

was not found to affect calculation of the distortion clus-
ter. Corresponding averaged cluster spectra for water and
distortion for both images can be found in Supporting
Information (Fig. S6).

Discussion

FSRM was employed for the characterization of micro-
fibers in water. With the current modalities and sample
preparation, a spectral coverage of 1250-3500 cm™'
is achieved with a 10 ms/pixel acquisition time and an
average spectral resolution of ~30 cm™! in that region.
At present, for wavenumbers smaller than ~ 1250 cm™ L
the noise exceeds the signal due to a low probe light flux.

A Raman map of 200x 200 pm with 1 pm step size (i.e.

40,000 spectra) is recorded within ~7 min. This cor-
responds to an average acquisition time of 10.5 ms/
pixel when also accounting for the time needed to scan
the sample. For each spectrum, 512 spectral pixels are
recorded. Transmission images can be computed from
the same data recorded for acquisition of a Raman map
without the need of an additional measurement. The
spatial resolution of FSRM is ~1 pm. Under the cho-
sen conditions, particles in a size range of ~10-200 pm
can be characterized within one measurement. For par-
ticles smaller than 10 pm, distortions caused by refrac-
tive index mismatches between particle and matrix [62]
render a precise size determination and characteriza-
tion challenging. Minimum particle sizes for full Raman
spectral maps reported before were around 5 um [13, 28,
30], thus comparable to the minimal size reported in this
study.

Recording times in Raman microscopy mostly depend
on pixel acquisition times. Those of FSRM imaging
reported here will now be compared with other Raman
studies on microplastics. Like FSRM, conventional
Raman microscopy offers complete spectral coverage.
Typical acquisition times for microplastic analysis with
the conventional approach were compiled by Araujo et
al. [30] and are of the order of 1 s. A study of Elert et al.
[63] stands out from the others with a reported acquisi-
tion time as short as 20 ms, i.e. twice the time required
for presented images here. However, Raman spectra
shown were recorded in chosen sample positions with
acquisition times of the order of 10 s. Furthermore, scans
of the area of 200 x 190 um with 1 pm steps required a
total acquisition time of ~35 min. This equals an average
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acquisition time of 55 ms/pixel when considering the
scanning speed.

For a setup based on conventional SRS, recording a
Raman map for one wavenumber over an area of 1 cm?
with 2 pm steps was reported to require 40 min [25, 42],
corresponding to a theoretical acquisition time of ~0.1
ms/pixel. This is equal to the lowest acquisition time
per pixel possible for full coverage with FSRM, albeit
not applied here due to insufficient Raman signal of the
fibers. Raman mapping with a full spectral coverage (512
spectral pixels) reported here took only a factor of 100
longer than this single channel imaging. To obtain com-
plete Raman spectra with a resolution of 3 cm™!, Lapte-
nok et al. [42] and Genchi et al. [25] tuned the frequency
difference of the laser pulses (cf. Fig. 1). Acquiring the
spectra took ~60 s. In comparison, a reference spectrum
for one position is recorded via FSRM within 1 s in the
vibrational range 750—3500 cm™' and with a resolution of
30 cm™ 1. As mentioned above, the SNR would allow for a
much lower acquisition time, e.g. 10 ms (cf. Fig. S1).

Zada et al. reported a measurement time of 4.5 h for
a 1 cm? area scanned in 3 pum steps for 6 separate wave-
numbers using SRS microscopy [40]. This is equal to
a theoretical pixel acquisition time of ~0.15 ms. Here,
the time between separate measurements to tune the

wavenumbers is included. A single wavenumber map
composed of 1024 x 1024 pixels is acquired within 22.45 s
[41], resulting in an average pixel acquisition time of 0.02
ms. The required wavenumber tuning is a limiting factor
not affecting FSRM.

Another essential factor which influences the quality
of vibrational (micro-)spectroscopy is the SNR. The val-
ues of SNR are rarely reported in publications but can be
estimated here by calculating the ratio between the signal
of the strongest Raman band and the approximate noise
level deduced from the fluctuations around the respec-
tive baselines. This estimation enables a rough compari-
son of spectra of the same substances.

For the results discussed above [25, 63], full Raman
spectra have only been reported for single point mea-
surements. Thus, the FSRM spectra shown in Fig. 2,
recorded within an acquisition time of 1 s, are compared
to these results, as they were recorded under similar con-
ditions. Unsmoothed spectra for comparison are avail-
able for polyester, linen and wool. The SNR,  (according
to the above definition and an acquisition time of 1 s) for
polyester is 60. For linen, the value is 7, and for wool it is
15.

In the spontaneous Raman spectrum of the polyester
polyethylene terephthalate [63], the SNR is estimated to
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be 34 for a total acquisition time of 150 s. Assuming SNR
to scale with the acquisition time ¢, according to SNR ~

\/% [64], an SNR, , of ~ 3 results. Thus, the SNR, , for

the polyester spectrum recorded with the FSRM instru-
ment is substantially higher. As a commercial setup was
used for the spontaneous Raman spectrum, the compari-
son should therefore be representative for other sponta-
neous setups as well. For an SRS application, Genchi et
al. [25] reported spectra of several compounds recorded
with a 60 s acquisition time. The estimated SNRs are 76
(SNR, ( ~ 10) for polyester, 39 (SNR, ¢ ~ 5) for an animal
fiber (likely keratin, similar to wool), and 43 (SNR, ; ~ 6)
for cellulose (the main component of linen). Thus, the
SNR, , values for the FSRM setup are higher than those
reported for an SRS instrument.

In terms of disturbing fluorescence, FSRM performs
comparable to other SRS approaches, which are inher-
ently unaffected. These approaches are, thus, advanta-
geous over spontaneous Raman approaches. However, as
FSRM and SRS measurements are carried out in trans-
mission, dark or generally non-transmissive samples
cannot be characterized. Some dyes can also cause non-
linear effects, resulting in a necessity to bleach samples.
Konings et al. reported a deep-UV Raman excitation to
enable measuring samples containing carbon black in
addition to using SRS for particle characterization [41].
Genchi et al. further reported damage to environmental
samples during the scanning caused by high laser pow-
ers [25]. The damaged fibers were partially assigned to be
of natural origin. As FSRM operates at low laser powers,
damage to samples is unlikely [45].

Conclusions

This study introduces FSRM as a fast, broadband
approach for destruction- and label-free analysis of
microfibers. FSRM enables a simultaneous quantita-
tive and qualitative evaluation of particles present in
an aqueous sample without necessary prior knowledge
of its constituents. We have shown that for the samples
employed here, which were selected because they repre-
sent the most common types of fibers, FSRM can distin-
guish between natural and synthetic fibers. As a Raman
map with full spectral coverage for each pixel is recorded
for a chosen sample region, different components can be
distinguished in the same scanned sample region. With
the help of a spectral database, environmental samples
can be evaluated in the future, as no prior measurements
are necessary for evaluation of the chemical constituents
of a sample. In this manner, the fast method of FSRM has
the potential to accelerate measurements of microfibers
as well as their evaluation. Continuing improvements in
the setup and sample preparation process will further
increase these capabilities. We aim to extend FSRM’s
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application in microfiber analysis to the evaluation of
effluent water of washing machines.
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