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and nanoplastics with Raman spectroscopy and
nano-FTIR†
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Saskia Finckh ‡a and Gunnar Gerdts *a

Visualization of small micro-(20–1 mm) and nanoplastics (<1 mm) combined with chemical identification is

still a challenge. To address this, we designed and manufactured easy-to-handle silicon membrane filters

with a standard round filter geometry of 25 mm in diameter and a 10 mm diameter filtration area,

holding hexagonal sections with periodically arranged pores of either 250 nm or 1 mm. Due to their flat

and reflective surface, the filters serve as a versatile substrate for spectroscopic identification of particles.

Optical markers at different levels of magnification, including the bare eye, allow for an easy transfer and

repositioning of samples between instruments and methods as well as for a re-measurement of

nanoscale particles. We demonstrate how nanoscale particles of weakly absorbing polymers such as

polyethylene and polystyrene are analyzed on these filters by nano-FTIR, a combination of atomic force

microscopy and Fourier transform infrared spectroscopy. By sequential filtration we separated the

fractions of small micro and nanoplastics from a degraded polylactic acid coffee cup lid and achieved

subsequent identification by Raman and nano-FTIR spectroscopy. The applications presented in this

study will enable future research regarding the identification of small polymer particles difficult to access

by other methods.
Introduction

Small micro- (SMPs, 20–1 mm) and nanoplastics (NPs, <1 mm)1,2

with their impact on ecosystems and toxicological effects on
organisms are currently subjects of concern and intense
research. However, complex challenges still exist for qualitative
and quantitative analysis of these particles in the environ-
ment.3,4 To advance in this direction, several analytical chal-
lenges need to be addressed from sample preparation to
reliable identication and sizing of SMPs and NPs. For extended
tre for Polar and Marine Research,
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reviews on the growing eld of SMP and NP analysis, we would
like to point to ref. 3–5.

A key technique for identifying microplastic (MP) particles is
microspectroscopy based on infrared (IR) or Raman radiation.4

At the macroscopic scale, IR- and Raman spectroscopy are oen
seen as complementary in their results. Molecular vibrations
may be active towards one but not the other, as the underlying
physical processes differ. Towards smaller sample sizes, Fourier
transform infrared microspectroscopy (m-FTIR) is capable of
identifying MPs down to 11 mm in size when combined with an
FPA detector.6 Raman microspectroscopy, Raman imaging and
surface enhanced resonance spectroscopy have reached the
nanoscale in terms of particle size, with 50 to 200 nm particles
detected in liquids7,8 and 30 nm to 1 mm particles, bare or
aggregated with plasmonic Ag particles on a dry substrate.9–15

Correlative application of scanning electron microscopy (SEM)
and Raman is among the candidates for conjugated methods
that may provide more holistic data for samples containing
SMPs and NPs with nanoscale resolution.3,4,11,17,18 Nevertheless,
the laser excitation, for example, at 532 nm applied in Raman
spectroscopy can bring along problems such as burning of
particles and uorescence.11,19 IR-spectroscopy requires longer,
less energetic IR excitation wavelengths and is thus not affected
by uorescence and more benign towards the sample integrity.
This journal is © The Royal Society of Chemistry 2023
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The latter is a desired feature for fundamental and analytical
studies as it allows for re-analysis of specic particles with the
same or other analytical methods aerwards. To reach a reso-
lution in the range of SMPs and NPs, IR-spectroscopy can be
combined with scanning probe techniques to offer an alterna-
tive to current methods.

Nano-FTIR is an s-SNOM (scanning near-eld optical
microscopy) derived method combining the resolution of
atomic force microscopy with chemical analysis by IR-
spectroscopy. It is based on light scattering from a tip oper-
ated in tapping mode (unlike AFM-IR, which is conducted in
contact mode). The lateral resolution in spectroscopy depends
on the diameter of the needle-like cantilever probe and reaches
down to approximately 20 nm.20 Spectroscopic IR-features have
already been recorded for polymethylmethacrylate (PMMA)
particles down to 37 nm in diameter.21 Due to its high resolu-
tion as well as the possibility of destruction- and label-free
analysis, themethod has been applied in a wide range of studies
related to polymers and sensitive biological materials. Examples
are the characterization of thin lms and blends,22,23 single type
and core–shell polymer nanoparticles,21,24 multilayer struc-
tures,25 phospholipid membranes and the distribution of
cholesterol within them as well as viruses.21,26–28 Nano-FTIR
spectra comply well with references from macroscopic IR-
techniques and are thus suited for library-based
identication.20,23,27,29

Methodological and theoretical details of scattering-type
scanning near eld optical microscopy (s-SNOM) and nano-
FTIR are explained in ref. 20 and 30–32. Parameters relevant
for this study are the following. With the probe in tapping mode
at frequency U, the IR-beam generated for example from
a broadbandmid-IR laser is focused on the tip of the probe. The
tip and the sample interact relative to their distance d, with
near-eld effects occurring at a closer distance to the surface.
The interaction is controlled by the wavenumber-dependent
dielectric function 3(u) of the materials, which also deter-
mines local absorption and reection properties.20,31,33 The ratio
of incoming and scattered light at the tip is given by the
complex valued scattering coefficient s(u)= sn(u)e

i4n(u) with NF-
amplitude sn (OnA) and NF-phase 4n (OnP). Scattered light is
recorded using an asymmetric Michelson interferometer and
a mid-IR detector. To obtain the nano-FTIR absorption an (u) of
the sample, the data are normalized to a reference, typically
recorded on a clean reective surface such as a silicon (Si) wafer.
It is given by the imaginary part (Imag.) of the Fourier trans-
formed, complex valued and normalized near-eld spectrum
an(u) = Im[s(u)] = s(u)sin[4n(u)].20,27,29

A correlation of absorption and tapping distance is taken
into account by demodulating the detector signal at different
harmonic orders n of the tapping frequency U. With higher
orders, there is less background signal and more inuence of
near-eld interactions, while the penetration depth decreases.34

A unique feature of this technique is thus its ability to provide
data from different probing depths within one measurement
due to simultaneous demodulation of the detector signal at
different n. For nano-FTIR and s-SNOM, both surface-sensitive
This journal is © The Royal Society of Chemistry 2023
techniques, probing depths of up to 100 nm below the surface
were reported.25,35,36

Apart from spectroscopic analysis, probe-based methods
provide topographic scans with three dimensional particle sizes
and data derived from the interaction between the tips and the
surface, such as mechanical phase scans. In total, nano-FTIR
and s-SNOM offer the possibility of nanoscale particle-based
microscopy and identication on the one hand and additional
characterization for understanding fundamental properties
such as depth-related surface modications on the other. In
order to take full advantage of these options, the substrate on
which the samples are dried before analysis must fulll certain
requirements.

The rst one concerns the visibility and delicacy of the
sample. SMPs and NPs are not visible to the eye. To spot them
and possibly be able to re-locate them on a substrate, they must
stick out from the background and some type of visual orien-
tation is necessary. This requires regular structures on a at
substrate and optical guides at different levels of magnication.
Due to their size, they also exhibit altered properties for
example in terms of density-related behaviour and are especially
intricate analytes. They require even stronger contamination
control than microplastics. As they should be transferred and
disturbed as little as possible once dried, it is important to work
with easy-to-handle but highly dened lters that can be inte-
grated into standard sequential ltration and purication
processes and that may also act as substrates during analytical
measurements. Second, the substrate itself should not exhibit
a strong absorption pattern in the relevant spectral region (here
1800–1070 cm−1) and must be reective for nano-FTIR
measurements.37 Third, being a scanning probe method in
tapping mode at a constant tip–sample distance, nano-FTIR
requires a clean, well-distributed and not too polydisperse
sample. Dried organic residues or salts may affect the attraction
between the tip and the sample, reduce reection or in the worst
case contaminate the tip. The possibility to thoroughly rinse
a sample without losing particles is thus of utmost advantage.
Particles larger than 1 mm in between nanoscale particles may
induce crashes, as the feedback loop controlling the distance
between the tip and the sample may not respond quickly
enough. Such a problemmay be omitted by collecting the larger
fraction on a prior lter and analysing it separately.

Ideal lters thus combine a at surface, dened and ordered
pores and optical neutrality in the IR-region with mechanical
and chemical resistance.

In recent literature on SMP and NP particle identication,
several basic types of substrates other than at surfaces are
applied. Metal, mostly gold, coated membrane lters are
commercially available with typical pore diameters of 0.4 or 0.2
mm from several providers, while alumina-coated membranes
are rather custom made.38 Both types lack ordered pore distri-
bution and orientation marks. The same is true for lter
substrates prepared by deposition of SERS-active silver nano-
wires on lter paper.16

Substrates with ordered micro- and nanoscale cavities are
intended to both x the particles in position and increase
recorded Raman signals by formation of hot spots.9,39 The
Anal. Methods, 2023, 15, 606–617 | 607
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impermeability of such structures as well as a tendency of
aggregate formation between several particles smaller than the
cavity were seen as problematic for our purpose.

Silicon (Si) lters prepared by lithographic methods on the
other hand are obvious candidates. Some examples with
ordered pores of 10 mm were already applied in the analysis of
MPs.19,40 However, lters with smaller pore sizes than 1 mm and
standard round lter dimensions are currently not commer-
cially available. Using a silicone seal as an adapter that also
tapers the glass ltration funnel on the top side of the lter as in
ref. 40 is not an option with nano-FTIR, as silicones may release
compounds such as polydimethylsiloxane (PDMS), which we
observed to interfere with measurements in another context.

For this reason, we developed Si membrane round lters
with two pore sizes (250 nm and 1 mm) and multiple features
that facilitate analysis and intermethod transfer for small
particle fractions with minimum disturbance of the delicate
samples. In the following examples, we are thus able to take full
advantage of advanced microscopy methods such as nano-FTIR
for detection and identication of SMPs and NPs.
Experimental
Particles

“Non-functionalized” PS spheres with 194 nm diameter and
plum purple stained PS spheres (360, 420) with an average
diameter of 530 nm in aqueous solution (2% solids content)
were purchased from Bangs Laboratories. PE spheres of 200 to
9900 nm were obtained as a powder from Cospheric and used
without further purication. PMMA particles with 189 nm in
diameter and a PDI of 0.124 in water were provided by Agnes
Weimer, Universität Hamburg. PS and PMMA particles were
puried by ultracentrifugation prior to sample preparation and
nally dispersed in pure ethanol (ROTISOLV HPLC Gradient
Grade 99.9%, Carl Roth). For further details, see the ESI.† In the
case of a mixed PS and PMMA sample, 125 mL of puried PS and
150 mL of puried PMMA dispersions in ethanol were mixed and
diluted to 2 mL with pure ethanol. A small pipette tip of PE was
dispersed in pure ethanol by ve two-second intervals of
dipping into a Bandelin Sonorex Rk100, 35 kHz, 80/320 W
ultrasound bath (see Fig. S1†). The dispersion was diluted until
it was almost optically clear.

For PLA coffee lid degradation, four 1 cm2 pieces were cut
out of the coffee cup lid, put into a Duran glass bottle of 50 mL
capacity and le in 75% ethanol (pure ethanol diluted with
ultrapure water, Milli-Q, 18 MU) for two minutes for steriliza-
tion. Aer removing the ethanol and rinsing with freshly poured
ultrapure water, the pieces were covered with 20 mL ultrapure
water. The bottle was closed with alumina foil and heated to 70 °
C in a water bath for four days,41 aerwards the solution was le
to stand in the dark at room temperature for further 78 days.

Sample preparation. All samples were prepared inside
a clean bench. For PS, PE andmixed PS and PMMA samples−25
mbar was applied to Si membrane lters on a stainless steel
holder in a vacuum bottle and dripping 20 mL of the puried
samples onto the ltration area with 250 nm pores. The lters
608 | Anal. Methods, 2023, 15, 606–617
were dried at least 12 hours in glass petri dishes inside
a desiccator with silica gel, where they were also stored.

Single and sequential ltration: for trials with natural
samples such as Arctic snow and ice from sets earlier analysed
for MPs,42,43 2 to 5 mL of untreated samples were ltered with
250 nm pore diameter Si membrane lters aer passing 2 mL of
freshly poured ultrapure water through the ltration set-up with
a glass funnel. An under pressure of less than −10 mbar was
applied with a membrane pump. For sterilization, 5 mL of 75%
ethanol, diluted from pure ethanol, was added without letting
the funnel run dry. In the case of PLA lid particles, two lters
with 1000 and 250 nm pores were stacked in the ltration set-up
visible in Fig. 4 and S2,† separated by 5 mm with a Teon ring.
The sample solution was sonicated for 30 s in 2 s intervals. At
−50 mbar, 2 mL of ultrapure water was added before 5 mL of
sample solution was ltered. The residual sample was removed
from the space between lters by slowly increasing the under
pressure to −200 mbar.

All glassware and tweezers were thoroughly rinsed with water
and ethanol aer use and wiped with ethanol-drenched cotton
wool where applicable to remove particulate contaminants prior
to overnight soaking in an Edisonite super bath (Schülke). Aer
rinsing with ltered tap water and fresh ultrapure water (Milli-
Q), the pieces were le to dry inside the clean bench.

Si membrane lters

Si membrane lters were produced from 725 mm thick, 3
ohm cm−1 Boron p-doped 8′′ Si wafers, semi-standard,
purchased from Active Business GmbH. For details of the
process, see Fig. 1e and the ESI.†

Sample analysis and data treatment

Scanning electron microscopy (SEM) analysis of Si membrane
lters was carried out on a Zeiss CB 1540EsB. Dimensions on
the wafers were measured with a Hitachi 9260A critical
dimension SEM. The bow over the wafer was measured using
a Bruker Prolometer Dektak XT.

Atomic force microscopy and nano-FTIR spectroscopy were
carried out on a NeaSNOM by neaspec. The spectroscopy unit
was equipped with a mid-IR super continuum laser with ve
excitation ranges between 2200 and 610 cm−1 and an asym-
metric Michelson Interferometer with a total interferometer
distance of 800 mm. The laser provides an output of around 1
mW for the nal spectra between 2000 and 670 cm−1 and
bandwidths of 700–800 cm−1. Standard settings for spectros-
copy were an interferometer distance of 500 mm, an optical
resolution of 10 cm−1, 1024 pixels per interferogram, an inte-
gration time of 15 ms per pixel and an average of 32 scans or 4
separate measurements with 8 scans. The set point was 80%,
and the tapping amplitude was between 70 and 80 nm in the
approached state. The interferometer was set to the white light
position and the spectral range was 2000–1000 cm−1 for scans
including optical data. The probes were metal-coated, arrow-
shaped neaspec spectroscopy tips with resonance frequencies
of 244–266 kHz and tip diameters of approximately 20 nm for
particle spectroscopy. A NanoWorld Arrow-NCPt, with
This journal is © The Royal Society of Chemistry 2023
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a resonance frequency of 285 kHz was applied in scans of
substrates without the sample. Aer each measurement, the
obtained spectra were normalized to a reference measured on
an empty spot on the lter, preferably next to the respective
particle.

Standard nano-FTIR data treatment involved phase-
offsetting and averaging of four scans with eight runs (in total
32 scans averaged) with neaPLOT soware and smoothing by
a 9-point moving average. Where necessary, a phase tilt
correction was applied in combination with phase offsetting.
Baseline subtraction as for the PE spectrum in Fig. 3 was con-
ducted with the asymmetric least squares method for data
between 1800 and 1300 cm−1 and thresholds set to 0.05 for PS
and 0.02 for PMMA. In the case of plum purple PS beads spectra
of two ranges were combined manually, phase corrected and
smoothed by a 9-point moving averaging. Scan data were lev-
elled, shied and plotted with Gwyddion 2.50, which was also
employed to determine particle heights from proles.

ATR-IR reference spectra of puried particle samples
measured in bulk and the initial PLA lid were recorded on
a Bruker Tensor spectrometer with an ATR unit in the wave-
number range of 4000–400 cm−1 with an aperture of 6 mm,
a resolution of 4 cm−1 and 32 scans.

Raman spectra were obtained on a rap. i.d. Bioparticle
Explorer equipped with a 100× objective. Laser excitation was
set to 532 nm, at an exposure time of 15 seconds, 13% laser
power (2.6 mW) and an optical resolution of 8 cm−1. A reference
Fig. 1 (a) Si membrane filters with optical guides for manual alignment (in
for automated positioning for Raman micro- and nano-FTIR spectrosco
center hexagons with coordinates (x, y: 19, 1). Numbers surrounding th
sample and manual re-location of specific spots. White numbers in (a) an
Scanning electron micrograph of different filter devices with pore areas
pore geometry with 250 nm diameter pores. (e) Scheme of steps and ke
etching. (f) Comparison of the topographical scan (height z), n = 2 decon
radiation in the range 2000–1000 cm−1, the mechanical phase signal (M

This journal is © The Royal Society of Chemistry 2023
of the PLA lid was measured on a Witec Alpha 300R microscope
with an excitation wavelength of 532 nm, laser power of 24 mW
and a G2 grating with 600 g mm−1 and BLZ = 500 nm.

Plum purple stained PS particles were analysed with a Zeiss
Axio Imager at a magnication of 20× in bright eld mode and
with an excitation of 385 nm at 21% intensity from the attached
Calibri LED source for uorescence microscopy. The applied
lter was HECFP/YPF/mcherry. Both images were overlapped to
create the image shown.
Results and discussion
Si membrane lters

Flat and reective surfaces are a prerequisite in microscopy and
especially scattering techniques. For nanoscale particles,
surface roughness and localizability of the particles are another
important factor.

To account for these necessities, we designed and produced
Si membrane lters with two pore sizes of 250 nm and 1 mm
from Si wafers by multiple steps including lithography. Their
design allows handling them in the same way as conventional
membrane lters, in addition to higher mechanical and
chemical stability and low optical interference in the IR-region.
In contrast to rectangular Si lters, no adapters are needed
when utilizing standard glass ltration set-ups.40 With a diam-
eter of 25 mm, a ltration area of 10 mm in diameter and
a maximum thickness of 350 mm (Fig. 1a), these lters t into
side white circles), and a custom-made sample holder with four marks
py. Magnets may be added to keep the sample in place. (b) Top and
e hexagonal pore areas of the outer ring facilitate orientation on the
d (b) indicate (1): Si membrane filter, (2): filtration area, (3): pore area. (c)
containing pores of 250 nm and 1 mm in diameter. (d) Cross section of
y elements in the production process of the filter. HRE: high resolution
volution of the optical amplitude measured with white light settings for
P) and the n = 4 optical amplitude signal.

Anal. Methods, 2023, 15, 606–617 | 609
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typical holders and are mechanically more stable than other
equivalents with nanoscale pores such as polycarbonate
membranes. As the lters are produced within the original
wafer structure, each is held in the framework using the four
remaining Si-bridges (Fig. S3e†). Aer sawing, there are four at
sections at the rims of each lter, where the diameter is reduced
to 24.57 mm. This does not disturb handling or ltration and is
even an advantage for aligning the sample in its holder for
measurements. Two marks top and le on the outside of the
ltration area guide the eye to the correct orientation of the
sample.

The lters are easily handled with tweezers without affecting
the ltration area and do not bend like, for example, poly-
carbonate (PC) membranes. In conventional polymer
membrane lters with nanoscale pores, such as PCmembranes,
pores are distributed irregularly, while porous inorganic silver
or Al2O3 lters (Anodisc) may additionally exhibit a relatively
high surface roughness (Fig. S4 and S5†). Similar to the at
surfaces of Si wafers or gold-coated Si wafers, orientation on
those lters is tricky, even more so for nding small particles.
Revisiting specic nanoscale particles is time-consuming or
impossible. With a regular distribution of pores in a structured
pattern, irregularities are quickly spotted.

Key to reaching small but ordered pores was the design of
the ltration area. A pattern of stabilizing elements supports
a total of 931 hexagonal pore sections in a honeycomb structure
(Fig. 1b). The hexagonal lter areas are easily recognizable at
20× magnication and assigned to a honeycomb coordinate
system with x and y origins on the top le (Fig. S3†). This
facilitates returning to specic spots on the sample, especially
since hexagons in the outmost ring are identied by dotted x-
and solid y-coordinates. Numbering follows practical aspects
evaluated from manual positioning and orientation at 20-fold
magnication, allowing for movement along horizontal and
vertical lines within the coordinate system. During production,
four positioning marks for automated orientation are intro-
duced in a square pattern around the ltration area (Fig. S3†).
Even though automated recognition is not yet available with our
nano-FTIR instrument, these marks may serve such purposes
for other present or future methodologies.

Clogging of lters is a frequent problem with nanoscale
fractions, oen due to adsorption of even smaller compounds.
Additionally, nano-FTIR can be sensitive to IR-active residues
on the surface, while possibly picking up sticky compounds
with the probing tip. To avoid these effects, we chose
a minimum feasible pitch of 400 nm between hexagonally
distributed 250 nm pores (Fig. 1c), leading to a pore area of 12%
inside the ltration area. For the larger 1 mm pores, the pitch
was set to 2 mm, also resulting in a pore area contribution of
12%. This way, no large amounts of contamination can remain
on the surface and particles tend to lock into separated posi-
tions on the holes. This is an advantage with small spheres, as
they may be moved by interaction with the tip on at surfaces or
form large aggregates within drying patterns on at surfaces.

The membrane lters were produced by a sequence of steps
to structure front and back sides (Fig. 1e). The lter fabrication
starts with a deposition of SiO2 on 8-inch Si-wafers. Aerwards,
610 | Anal. Methods, 2023, 15, 606–617
the ltration area with the coordinate system was realized by
structuring the oxide. Then, a 1.8 mm thick amorphous Si layer
was deposited for the pore areas. Aer performing lithography
on a DUV scanner, the pores were structured with a modied
Bosch etching process (for the difference before and aer
modication, see Fig. S7†). In this process, etching and polymer
deposition happen in turns to achieve straight pore walls over
the entire 1.8 mm without signicantly widening the desired
diameter (Fig. 1d).

During resist development and production of the 250 nm
design, the average hole diameter on a wafer varies from 230 nm
to 280 nm. Hole diameters within a ltration area vary by about
±20 nm. The 1 mm design shows less variation. This can be
improved by optimizing the process sequence.

Through lithography using an MA200 Mask Aligner the
backside was structured up to the lter stack creating the
hexagonal support structure. Furthermore, the circular outline
with small bridges between the lters was prepared (Fig. S3†).
Only in the last steps, the lters were separated from the orig-
inal 8-inch wafer by sawing the remaining Si-bridges. Finally,
the protection layer was removed and the lters were cleaned.
Additionally a descum process with plasma-induced oxygen
radicals was performed, producing a nanometre thin oxide layer
with higher hydrophilicity. To achieve stable and at lters with
a minimum bow, stress optimization was necessary.44 An initial
positive deection of at least 6300 nm within the hexagons was
reduced to below 80 nm over a distance of 230 000 nm (Fig. S6†),
or a height difference of 1 nm along a distance of 2875 nm.

Final Si membrane lters are slightly hydrophilic as they are
shortly treated with oxygen plasma in the last step of their
fabrication, yielding a layer of oxide comparable to native oxide
(up to 2 nm). A minimum under pressure is enough to start the
ltration. However, the lters withstood under pressures of
−800 mbar and over pressures of several bar.

For stable and oriented positioning as well as transferability
between the applied NeaSNOM nano-FTIR and rap. i.d. Raman
microspectroscopy units, we developed a stainless steel sample
holder with an asymmetric geometry to t into both set-ups
(Fig. 1a).

Fig. 1f depicts the 5 × 5 mm scans derived from trace signals
of the height (Z), and the local near-eld reection/optical
amplitude (n = 2 and 4), resulting from broadband IR-
irradiation, as well as the mechanical phase scan. Stronger
similarities appear between scans with height and demodula-
tion of the optical signal at the second order of the tapping
frequency, while the mechanical phase and the optical signal
demodulated at a higher order resemble each other more
closely. The reason behind this is that the rst two are more
prone to interactions with larger areas of the tip or larger elec-
tromagnetic elds around the tip, while the latter two more
strongly reect the interaction between the bottom of the tip
and the sample. This agrees with more conned electric eld
distributions at an oscillating metallic tip of a near-eld
microscope at higher orders, as mapped from data of Fourier
demodulation analysis.45 Comparability of the lateral resolution
with SEM, however, generally depends on the diameter and
geometry of the probe tip. The tips for nano-FTIR are metal-
This journal is © The Royal Society of Chemistry 2023
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coated, with tip diameters of approximately 20 nm or more,
compromising either resolution or signal intensity, depending
on the sample and the aim.

Nano-FTIR spectroscopy of nanoscale polymer particles

A mixture of puried nanoscale PMMA and PS particles with
average diameters 189 and 194 nm suspended in 99.9% ethanol
was deposited on Si membrane lters with 250 nm pores by
ltration at −20 mbar. In Fig. 2a three distinct particles and
dimers are visible in the local reection in the form of 2D
optical amplitude data. The strongest reection occurs on the
at parts of the membrane, while it is substantially weaker
where particles absorb the IR-light. No puddles of organic
residues, such as surfactants that may hamper analysis or
contaminate the tip are visible, which emphasizes the advan-
tage of a sieve-like substrate over at surfaces or wells where
residues may accumulate. With a clean surface, it is possible to
measure reference spectra in close proximity to the particles in
the course of nano-FTIR measurements. This way, reference
measurements may be conducted frequently without having to
move to an external Si reference wafer, if concerns of tip
contamination or changes in the background signal arise. In
the case of severe contamination or damage, there will be no
proper spectrum, as the interaction between the tip and the
sample is disturbed.

The 3D projection of the scan not only illustrates the
difference in the particle height, which is more accurate as it is
less affected by the geometry of the probing tip than is the
lateral expansion, but also claries a dimeric structure of the
smaller particles visible in the scan. The spectroscopic signal is
obtained by demodulation of the nano-FTIR interferograms
recorded on top of the particles under identical settings. A range
of 1800 and 1300 cm−1 is well suited for differentiating between
standard polymers.23 Not only do the resulting spectra conrm
a tendency of higher intensity with larger size and therefore the
Fig. 2 (a) Nano-FTIR/s-SNOM scan of local white light reflection with in
measured particle heights of (1): 150 nm, (2): 140 nm and (3): 185 nm. (c
integration time of 10 ms per pixel identify PS (1) and PMMA (2 and 3).

This journal is © The Royal Society of Chemistry 2023
thickness for PMMA,21,46,47 but they also illustrate the difference
in signal intensity between PMMA and PS within this spectral
region as observed in polymer lms.23 ATR-FTIR reference
spectra of dried particle samples are available in the ESI.† These
results promise the feasibility of future automation. At the state
of the art technology of the applied instrument, automation is
not yet feasible as it is not possible to move the stage to xed
positions in an automated sequence. With further advancement
and accompanying soware adaptation, this will likely be
possible, as the sample stage may already be controlled through
soware and is movable in 3 dimensions. An automated
approach of the sample towards the tip is implemented. To
account for future automation with nano-FTIR or automated
analyses with other techniques such as Raman or uorescence
mapping methods, we included markers on the membranes
that are detectable both by eye and by a machine. This allows
future users to employ automated techniques for positioning in
their instrument.
Micro to nano scale with complementing methods

Due to the orientation aids on the lter, it is facile to revisit and
measure an identical set of particles on different days by
removing the sample from the set-up in between. This allows an
exchange of probing tips for scans and nano-FTIR or a transfer
between different analytical methods. Fluorescent nanoscale
polymer particles, for example, not only serve as model particles
in uptake or recovery studies but are also highly useful in terms
of process control when handling NPs. They are detected either
by nano-FTIR where visible uorescence does not interfere, or
by uorescence microscopy as described in the ESI.† Different
size ranges or properties of a collected sample containing SMP
and NP are accessible by a combination of Raman micro-
spectroscopy and nano-FTIR, with pore sizes of the lters
determining the lower size limit.
cident radiation of 2000–1000 cm−1 (n = 2). (b) 3D topography with
) Nano-FTIR point spectra with n = 2 recorded as 32 averages with an

Anal. Methods, 2023, 15, 606–617 | 611
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Fig. 3a shows a sample of standard polyethylene (PE) parti-
cles (cospheric, 200–9900 nm) at 20-fold magnication in the
top camera of the nano-FTIR set-up. The sample was deposited
from pure ethanol on a membrane lter with pore sizes of
250 nm at a slight under pressure. The marked region is
magnied with a 100× objective in (b) with a 5 mmparticle in its
centre. Raman spectroscopy with a green laser emitting at
Fig. 3 (a) PEmicro- and nanobeads on a Si membrane filter examined wit
incident radiation for a 5 mm particle, data are normalized to 1 within th
troscopy including asymmetric interferometric detection for nano-FTIR. I
nano-FTIR spectra with different demodulation orders are scaled and off
under ambient conditions with the reference recorded directly on theme

612 | Anal. Methods, 2023, 15, 606–617
532 nm results in clear spectra of the particle in the range of
3240 to 570 cm−1. Data below 570 cm−1 were cut off due to the
high intensity Si–Si peak at 520 cm−1. For full spectra see the
ESI.† A wider 2nd order Si–Si signal is visible below 1000 cm−1.
However, a well-identiable polymer spectrum of PE is ob-
tained. Aer transferring the sample and re-locating the
hexagon, a scan within the neareld microscope reveals
h (b) a 100× optical objective and (c) Raman spectroscopy with 532 nm
e window and (d) atomic force microscopy coupled with (e) IR-spec-
n (e) spectra of the ATR-IR reference of the same batch of PE beads and
set for clarity. Nano-FTIR spectra of the single particle were recorded
mbrane next to it. Data were treated as detailed in the Methods section.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Pieces of a PLA coffee lid in ultrapure water were heated to 70 °C for 4 days and stored for 28 days before a sequential filtration on 1 mm
and 250 nm poremembranes. Light microscope images and a topographic scan of the smaller fraction show the well-distributed sample. Raman
and nano-FTIR spectra of 4 mm- and 120 nm-sized particles correlate well with the reference spectra of the initial lid material.

This journal is © The Royal Society of Chemistry 2023 Anal. Methods, 2023, 15, 606–617 | 613
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a nanoscale particle barely visible before. Nano-FTIR spectra of
the particle were recorded with low intensity incident radiation
of 2000–1000 cm−1 with 940 mW under ambient conditions at
a resolution of 10 cm−1. Interactions with water vapour are the
reason for a noisier background compared to the ATR-IR
reference aer smoothing by a 9-point moving average.
However, the C–H peak at 1466 cm−1 corresponds well between
an ATR-IR reference measurement of the dried batch sample
and the nano-FTIR spectra demodulated at n = 2 or 3 of the
tapping frequency. The n = 2 signal carries more background
information, for example on scattering processes, while higher
orders contain more information from the surface of a particle.
Unwanted background scattering can be removed by baseline
Fig. 5 (a) Optical scan and (b) nano-FTIR spectra of a typical, naturally
strong bands around 1100 cm−1 and residues containing amide-groups
from proteins. (c) Size ranges of contents in natural marine samples.

614 | Anal. Methods, 2023, 15, 606–617
correction, for example applying an asymmetric least squares
method as for the corrected n = 2 spectrum in Fig. 3e. In the
higher, n = 3 order spectrum, a CO-peak is distinguishable at
1721 cm−1, same as that in the ATR-IR reference. This was also
observed for other particles in the sample. Spectra demodulated
at n = 4 are not always showing clear peaks. However, in cases
with a clear CO-peak it was there even stronger compared to the
main C–H-deformation peak, indicating that the surface of the
particles is at least partially oxidized. Notably, such penetration
depth-related information is obtained from one single set of
scans, as all orders are demodulated simultaneously from the
obtained interferogram. Core–shell structures and layer thick-
nesses may be investigated further by specialized analyses.34 If
occurring component in marine samples: SiO2-based fragments with
with characteristic bands between 1700 and 1500 cm−1, for example

This journal is © The Royal Society of Chemistry 2023
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the analytical goal is single particle identication based on the
core material, under the chosen parameters the n = 2 spectrum
appears more suited as there is less interference of possible
surface oxidation.48
Sequential ltration

Biodegradable and other plastics slowly disintegrate in water,
releasing small particles and other compounds.49–51 To
demonstrate the ease of separating the small fractions and
directly applying the Si membrane lters as substrates for
spectroscopic analysis, we exemplarily chose to thermally
disintegrate a biodegradable coffee cup lid made of polylactic
acid (PLA) in ultrapure water. For temperatures above 60 °C,
a phase change towards higher crystallinity was reported for
PLA, accompanied by hydrolysis and the formation of nanoscale
particles.41 For this reason, small 1 × 1 cm2 pieces of the lid
were heated to 70 °C in ultrapure water for four days in a water
bath and stored at room temperature for 78 days. Two fractions
were collected by sequential ltration over pore sizes of 1 mm
and 250 nm. This was carried out with a typical set-up for
microplastic sample ltration with a glass funnel and a stain-
less steel lter table save for a Teon ring with a thickness of
5 mm to separate the lters (see the photo in Fig. 4). Before
adding the sample solution, the setup was lled with 2 mL of
fresh ultrapure water to ll gaps and avoid stronger distur-
bances during ltration. Aer ltration of the sample at −50
mbar more water was passed to remove possible molecular
residues. The larger fraction was analysed with Raman micro-
spectroscopy, and the smaller one with nano-FTIR. Fig. 4
summarizes the ndings and shows a clean separation of the
two fractions. There is a clear correlation between the measured
particle and the reference spectra. This underlines that the
combination of a Si membrane lter with standard measures
and nanoscale pore sizes with micro- and nano spectroscopy is
able to both provide size information and chemical identity and
even additional information such as 3D geometry for the SMP
and NP fractions.
Future challenges

Probe-based techniques provide a variety of information;
however, their high sensitivity leads to special requirements
regarding the purication of samples to be analysed for the
presence of SMPs and NPs. Inorganic and organic residues may
contaminate the cantilever tip and prevent successful spec-
troscopy. In samples from “fairly clean” arctic snow and ice
such SiO2-based fragments and components with typical amide
bands between 1700 and 1500 cm−1 (see Fig. 5) prolong anal-
ysis. In a millilitre of water from the Northern Sea, for example,
there are on average 106 Bacteria per mL and 107 viruses per mL
during summer.52 Both count towards the marine colloidal
fraction and need to be removed from samples together with
other non-plastics in order to reduce the natural sample load.
This should happen without creating new and smaller residues
inside the sample that may themselves disturb analysis (e.g.,
iron-based nanoparticles in a misbalanced Fenton reaction).
This journal is © The Royal Society of Chemistry 2023
Among the remaining challenges for NP analysis in general,
the largest one is clearly to obtain puried and concentrated
samples.11 They should still be representative of the initial
sample, while extracting and up-concentrating polymer parti-
cles without affecting their shape or material. Multi-featured
membrane lters may thus play a vital role in future progress
of SMP and NP analysis.

Conclusions

By choosing a design with hexagonal support structures, we
were able to produce standard-sized 25 mm diameter Si
membrane lters with a ltration area of 10 mm in diameter
containing regularly distributed 250 nm and 1 mm pores. These
lters directly serve for sequential ltration of the SMP and NP
fractions as well as their subsequent spectroscopic analysis, as
demonstrated with a degraded PLA coffee lid material.
Combined with the mechanical advantage of silicon over poly-
mer membrane lters, Si round lters offer the opportunity to
be implemented into existing MP processing, for example, as an
additional ltration step.

With optical guides for sample positioning and numbering
of the hexagons as well as an ordered pore distribution, facile
location and revisiting of spots and specic particles are equally
convenient as transfers between different microscopes.

The produced membranes present a signicant step in
introducing nano-FTIR as an additional method for examining
NPs. They help to pin NPs to their position during scanning
probe analysis and allow for substantial removal of residues
from samples that may hamper spectroscopy otherwise. This
way, not only particle size and identity in the form of IR-spectra
are accessible but also three-dimensional proles, depth-
related differences in the material composition and local
reection as well as local absorption data of the scanned
sample.

Si membrane lters contain optical markers for visual and
future automated orientation on the sample. By depositing
further, for example metallic, layers, their optical properties
may be adapted to suit different analytical methods and alter
the pore size. Combined with their robust design, the lters will
allow for increased spectroscopic reproducibility, intermethod
comparisons and improved QA/QC processes.

In combination with nano-FTIR or other methods, Si
membrane lters provide ample options for better under-
standing the state, behaviour and distribution of small plastics
in the environment.
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