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ABSTRACT: Micro- and nanoplastics are considered one of the top pollutants that
threaten the environment, aquatic life and mammalian (including human) health.
Unfortunately, the development of uncomplicated but reliable analytical methods that are
sensitive to individual microplastic particles, with sizes smaller than 1 pm, remains
incomplete. Here, we demonstrate the detection and identification of (single) micro- and
nanoplastics, by using surface-enhanced Raman spectroscopy (SERS), with Klarite substrates.
Klarite is an exceptional SERS substrate; it is shaped as a dense grid of inverted pyramidal
cavities, made of gold. Numerical simulations demonstrate that these cavities (or pits)
strongly focus incident light into intense hotspots. We show that Klarite has the potential to
facilitate the detection and identification of synthesized and atmospheric/aquatic microplastic
(single) particles, with sizes down to 360 nm. We find enhancement factors of up to two
orders of magnitude for polystyrene analytes. In addition, we detect and identify
microplastics with sizes down to 450 nm on Klarite, with samples extracted from ambient,
airborne particles. Moreover, we demonstrate Raman mapping as a fast detection technique
for sub-micron microplastic particles. The results show that SERS with Klarite is a facile
technique that has the potential to detect and systematically measure nanoplastics in the
environment. This research is an important step towards detecting nanoscale plastic particles
that may cause toxic effects to mammalian and aquatic life when present in high

concentrations.

KEYWORDS: SERS; microplastics; Raman mapping; Klarite; nanoplastics
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1. INTRODUCTION

The abundance of microplastics has become one of the most concerning environmental
issues in the modern world and has attracted widespread research interest.! In the last five years
alone, microplastics in fresh water,?” seawater,® ° sediments and beach sand !> !' have become
the subject of intense research. Some of these studies have reported atmospheric microplastics
in megacities such as Paris'? and Shanghai,'® as well as in large cities, such as Dongguan '# and
Hamburg. '* A recent study has even reported the transport and deposition of these
microplastics in a remote, pristine mountain catchment (French Pyrenees). '°

Due to their small size, low density and resistance to biodegradation,'”- '8

microplastics can
survive in the environment for centuries, contributing to microbiota dysbiosis and
inflammation in aquatic organisms, such as intertidal fish and zebrafish.!”?° Plastics with
enriched organic pollutants and trace metals may contaminate food chains, transferring along
an arterial food chain from algae through zooplankton to fish and tend to aggregate in higher
trophic level species, occurring in commercial food, sometimes ending with human
consumption.?!?” Microplastics decay further through mechanical abrasion, photodegradation
and biodegradation, forming nanoplastics that can pass through biological membranes and
readily translocate between different tissues.?® These nanoplastics have significantly more
potent toxicological properties,?” *° because they can enter animal cells and cross the
epithelial tissues; if inhaled, airborne nanoplastics can even cross the pulmonary epithelial
lining.*" #

There are various techniques for the detection of atmospheric particles such as
aerosol-time-of-flight mass spectrometry (ATOFMS),*® single-particle aerosol mass
spectrometry (SPAMS), ** atomic force microscopy (AFM)*® Fourier transform infrared
spectroscopy (FTIR),* transmission and scanning electron microscopy (TEM and SEM),’- 38
Raman spectroscopy combined with electrodynamic balance (EDB). Owing to the required
detection resolution, *-4° Raman spectroscopy has been used to detect microfibers in surface
water and microplastics in ambient atmosphere.* *> Gillibert et al.** have demonstrated

single microplastic particle detection and identification with sub-20 um particle sizes (down

to the 50 nm range) using optical trapping tweezers combined with Raman spectroscopy.
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However, standard Raman instruments are the most commonly available and are inherently
limited to ensemble detection of microplastics. The detection of single microplastic particle <
1 um with traditional Raman spectroscopy techniques is rather difficult due to the weak Raman
signal. Given that these nanoplastics have significant toxicity potential and can readily cross

pulmonary epithelial tissues,*

a facile method for detecting and identifying nanoplastic
particles is urgently needed.

Surfaced-enhanced Raman spectroscopy (SERS) provides a facile and rapid method to
obtain chemical information on particles. Single particles situated in the “hotspots” can attain
large enhanced factors (up to 6 orders of magnitude) due to electromagnetic field enhancement
effects,* and, for some molecules, the SERS enhancement is truly huge (8 to 11 orders of
magnitude), due to plasmonic charge transfer effects. ** So far, SERS has been applied to study
atmospheric fine particles and secondary organic aerosol particles.** ¢ To the best of our
knowledge, no SERS research has been reported on single microplastics < 1pm.

In this work, the detection of single nanoplastics is enabled by the use of Klarite — a
commercial SERS substrate. It has an ordered, dense grid structure of cavities (or “pits”) that
are shaped as inverted pyramids. Each pit structure is 1.5 um wide, making Klarite highly
suitable for studying nanoparticles.”” SERS of both polystyrene (PS) and polymethyl
methacrylate (PMMA) spheres are compared on both Klarite and silicon wafer. To further

demonstrate the real-world application of the technique, ambient atmospheric micro-

nanoplastic samples are collected and tested.
2. EXPERIMENTAL SECTION

2.1. Polystyrene and Polymethyl Methacrylate Spheres

PS spheres with diameters of 360 nm, 500 nm, 1um, 2 um and 5 pm and PMMA spheres
with diameters 360 nm, 500 nm, 2 um, 5 um (supplied as 10% (w/v) mono-dispersed in
deionized water) were purchased from Shanghai Huge Biotech Co, China (Figure S1). The
mass density of the PS material is 1.05 g/cm®. Both PS and PMMA Particles were diluted
with deionized water to a ratio of 1:4x10* with the volume of 4 ml in order to access
individual particles. The final concentration of the plastic particles is 2.625x107 g/cm?.

2.2. Ambient atmospheric aerosol particles
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The Intelligent Total Suspended Particulate (TSP) Comprehensive Sampler (Laoying
Environmental Technology Co, China) was employed to sample atmospheric microplastic
particles (Figure S2). Ambient atmospheric aerosol particles were sampled on the roof of the
building of the department of environmental science and technology, Fudan University
(121°30'E, 31°20'N) from 11™ November 2019 to 17" November 2019. Moreover, 90 mm
quartz microfiber filters (Whatman) were used for sampling. The sampled particles with size
< 2.5 pm were collected in clean aluminum film for the following steps. To reduce
interference in Raman spectra from organic, biogenic and other non-plastic matter that could
be present in the sampled particles, the particles were rinsed in a glass container with
hydrogen peroxide (H»0») solution (30%) for 24 hours at room temperature, and the glass
bottles were covered with clean glass all the time to avoid contamination. The solution was
then filtered with a 47 mm diameter glass fiber filter (Whatman) and rinsed with deionized
water. Finally, the solution was concentrated by heating to 60 °C in a clean glass container for
24 hours and transferred to Klarite substrates using a glass pipette.*’ During the experiment,
lab blanks and field blanks were collected. In order to avoid interferences from the sampling
equipment and the lab, the sampler was washed by deionized water after each sampling, the
quartz membranes after sampling were collected in clean aluminum foil. In addition, the
sample were prepared whilst wearing cotton lab coats, using glass pipettes instead of plastics
droppers and the beaker was covered with a piece of glass during the dilution process.

2.3. Raman microspectroscopy

Raman spectroscopy was performed with an XploRA Plus confocal Raman spectrometer
(Jobin Yvon, Horiba Gr, France) coupled with a x100 Olympus microscope objective
(Olympus, 0.90 Numerical Aperture). The sample was excited by an external-cavity diode
laser (785 nm), operating at power of 25 mW. The diffraction grating density had 1200 lines
per mm, the blaze wavelength is 750 nm. Spectra were collected using a multichannel
EMCCD device with the confocal imaging of 0.5 pm XY, the resolution of 1.4 cm! full width
at half maxima. The spectra were collected from 200 cm™ to 2000 cm™!, with 15 spectra
accumulations for the lab-generated sample and 50 spectra accumulations for the ambient
atmospheric aerosol sample at 5 s acquisition time per spectrum. Raman mapping was

performed using point by point scanning mode with a 1 pum step size.
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2.4 Data processing

To analyze the data, baseline removal was performed in Labspec 6 software by a
polynomial equation which best fits the background of the spectrum. The peak wavenumber
and intensity were analyzed using Gauss-Lorenz Gauss fit.

2.5 Numerical simulations

Finite difference time domain (FDTD) simulations were performed in Lumerical (a
commercially available photonic simulation software) to gain insight into the electric-field
distribution within the inverted pyramidal pits of the Klarite substrates. The material
properties of the Au Klarite substrate was emulated using a Johnson & Christy model for
Gold. Nine pyramidal pits were generated in the design modeller in a 3 x 3 grid with
dimensional equality to the experimental Klarite. The Eulerian mesh was a cuboid FDTD
simulation domain enclosing the central pit (a single unit cell). The granularity of the mesh
was 8.5 nm and was selected based on a mesh sensitivity study to determine convergence and
quality of results (see Supplemental section Figure S3). In the Cartesian basis, the z direction
is normal to the surface of the Klarite; the x and y directions coincide with the plane of the
Klarite surface. Periodic boundary conditions were applied in the x and y directions;
simulating an infinite array of pyramidal pits. A perfectly matched layer (PML) boundary
condition was applied to the upper and lower boundaries of the domain to model an open
boundary.

A linearly polarised plane wave pulse of light was incident directly onto the Klarite from
0.7 pum above the surface. The spectrum of the pulse was nominally centred at 785 nm to
match the experimental laser wavelength of this study and had a bandwidth of 500 nm; the
amplitude of the pulse was Eo= 0.5 V/m. A planar electric field monitor was placed in the
vertical cross-section of the inverted pyramid pit, perpendicular to the direction of
polarisation to extract the plasmonic electric field distribution at the wavelength of the
incident light. The simulations were repeated for two other wavelengths of incident light (685
nm and 885 nm) to determine the wavelength dependence of the electric field distribution.

2.6 Klarite, Raman, and plastic particle setup
For sample preparation, 100 puL of microplastic sample solution containing PS, PMMA or

ambient sample was dropped onto the Klarite using a glass pipette and then dried at room
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temperature. The Klarite is fixed on a glass slide, therefore it can be put on the stage of the
XploRA Plus confocal Raman spectrometer. A photo of the setup is provided in the
supporting information (Figure S2). Environmental samples are usually more complicated
and often fluoresce.*® Compared with visible light such as 532 nm and 633 nm, 785 nm laser

wavelength can avoid the fluorescence effectively.

3. RESULTS AND DISCUSSION

3.1. Standard Raman and SERS detection of PS particles

Raman spectra are collected from PS particles with 5 different sizes, ranging from 360 nm
to 5 um. The particles are placed on silicon wafers (a standard non-SERS substrate) and on
Klarite (commercial SERS substrate). Figure 1a shows the Raman spectra of PS spheres on a
silicon wafer. Figure 1b-f show the corresponding optical images (bright field microscopy, in
reflection) of the PS spheres. Clearly, signal from the PS spheres is hardly detectable; the
characteristic Raman spectrum of silicon dominates the signal. ¥ Only the 5 um PS spheres
show a prominent peak at 1003 cm™!, with intensity less than 1000. The smaller PS particles
on the silicon wafer only exhibit strong peaks at 521 cm™ and 800~1000 cm™, which is the
Raman signal of the Silicon. The appearance of the Silicon substrate signal is due to the larger
laser spot size of the confocal Raman spectrometer compared with the PS particle size.

By contrast to Si, Figure 2 shows the Raman spectra, optical microscopy images and SEM
images of PS spheres on Klarite substrates (see Supplemental section Figure S4). PS spheres
with sizes of 2 um and 5 pm can be directly observed and studied under the optical
microscope that is integrated with our Raman spectrometer, as shown in Figure 2¢ and 2d.
Single PS spheres with sizes smaller than 1 pm become difficult to observe and identify
under the optical microscope (see Supplemental section Figure S5). The ordered structure of
Klarite provides the means of indexing the location of every pyramidal pit under SEM and
optical microscopy. Hence, PS spheres that cannot be distinguished under the optical
microscope can still be mapped out, using SEM, allowing their Raman spectra to be studied
by locating their indexed pyramidal pit. Figure 2e and 2f present SEM images of individual

PS spheres of size 360 nm and 500 nm in their indexed inverted pyramidal pits.



187

80000 Optical microscopy

—m | b —
700004
2 pm 250
won] I
. =500 nm
2 ———360 nm 150
£ 50000 4
e 100
)
= 40000 4 50
Z
5 04 L . . 1
2 30000 4 1400 1500 1600 1700 1800
20000 f
_——
10000 - A E E
0 T T T T T
0 500 1000 1500 2000 2um
—

Raman shift(cm™)

188
189 Figure 1. (a) Raman spectra of polystyrene (PS) spheres of variable size on silicon wafers (5
190 x 15 second spectral acquisitions) (Inset: spectra from 1400 to 1800 cm™). (b - f) Optical,

191 bright field microscopy images, in reflection, of 360 nm (b); 500 nm (c); 1 pm (d); 2 pum (e);

192 5 um (f) PS particles, placed on silicon wafers. Scale bars: 2 pm.



193

194

195

196

197

198

199

200

a 5 b
20000t ——2um 180 ] mmmm
= —— 1 um-2 E
= Tl S 1601
o 15000 —am| 81—
= (1S
©
:S %‘120 ===
'3 10000] £
@ Q o
= 2 80_
5000 g
o+ s . 01— T . .
400 800 1200 1600 360 nm 500 nm 1um-1 1pm=2 2pm  5pm
Raman shift (cm) Size of PS beads
15 157
c d EEEEEEEEEEEEER
EEEEEEEEEEEEnm
- . EEEEEEEEEEEES
8. 8. AEEEEEEEEEER N
8 8 EEEEEEEEEEEEE
2 2 EEEEEEENEEEEN
5 F SE jNEEER SEEEEN
= 20 = EXELl 1 1 1] nEamE=
= > = > HEEEE =-Illll
© © (T T R R a2 N R
2 2 EEEEEEERY "EHE®D
Q aQ EENENEEE’  EEW
O O EEEEENEN . JEEE
ANEEEEEREEEB
s s ENEEEEEREEEES
-15 0 15
X (um)
e f
c c
o o
S & iy
Q0 LONNe)
o 3 o 8
D0 () e}
C = [ i =
£ £
@ @©
O O
w w

Figure 2. (2) Raman spectra of polystyrene (PS) spheres of variable size deposited on Klarite
substrates (5 x 15 second spectral acquisitions). (b) Box and whisker plot of enhancement
factors (EF) of PS particles as a function of size. (¢, d) Optical, bright field microscopy
images of 2 um (¢) and 5 pm (d) PS spheres on Klarite. (e, f) Scanning electron microscopy
(SEM) image of 360 nm (e) and 500 nm (f) PS spheres on Klarite. Images of other size are

shown in Figure S4-S5. Scale bars: 2 pm.

Figure 2a and 2b present the Raman spectra of PS particles located through the Klarite pit
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indexing method. The Raman signal of single PS particles (as small as 360 nm in diameter)
are clearly detectable (Figure 2a). The two most prominent peaks at 1003 cm™ and at 1033
cm’! are attributed to the ring-mode vibrations of a monosubstituted aromatic compound
(v(C-C) and B (C-H)) in PS.*” Hence, in sharp contrast to the samples on silicon wafers, PS
particles smaller than 5 um can clearly be identified in Raman spectra on Klarite substrates.
This identification illustrates the powerful potential of Klarite to enhance the Raman signal
intensity in samples with weak Raman scattering signals. The 500 nm PS spheres also exhibit
significant Raman peaks in the aforementioned regions, although the peak intensity is not as
strong as that of the 360 nm PS spheres on Klarite. Both the 1 um and 5 um PS spheres on
Klarite show much stronger intensities relative to that on silicon wafers (Figures 1a and 2a).

The location of the PS spheres on Klarite is critical to the signal strength. Figure 2a
presents Raman spectra for PS spheres inside and outside of the inverted pyramidal cavities,
labelled as 1 um-1 and 1 pm-2 respectively. For 1 pm PS spheres located outside of the
pyramidal pits, the Raman peak intensity is lower than that of PS spheres with same size
located inside of the pits. Likewise, the 2 um PS spheres show a lower peak intensity than
that of the 1 um-1 spheres. It is reasonable to assume that these 2 um particles are simply too
large to fit well into the pyramidal pits (which are 1.5 um wide) and, therefore, do not benefit
from the electric field enhancement as significantly.

Since the peaks of PS overlap with the signal of Silicon substrate, we have also studied
the Raman spectra of PS on different substrates such as glass and Al foil, which show flat
background for Raman measurement. The results were shown in Figure S6 to S8. Glass slide
shows flat background under 532 nm laser wavelength, while shows broad background peak
at 1100-1600 cm™ under 785 nm laser. In both cases, hardly any characteristic peaks of PS
can be observed when the size is smaller than 1um, confirming the superiority of Klarite
substrate. Al foil is also a good substrate for comparison, which is smooth and flat, showing
almost no interference signals (Figure S9). Compared with Al foil, Klarite (the signal of
Klarite without particles is shown in Figure S10) shows an EF of 1091.96 for PS of 360 nm,
further confirming the results obtained on Silicon substrate.

Figure 3 presents the simulated plasmonic electric-field distribution within the pyramidal

pits of the Klarite, at illumination wavelengths 685 nm, 785 nm and 885 nm. We have
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previously demonstrated that the hotspot pattern evolves with wavelength; * here, the figure
shows that whereas a complex hotspot pattern is present at 685 nm, at 785 nm and at 875 nm
the field is mostly concentrated in the lower portion of the pit. These data demonstrate that
the most significant SERS can be expected from Raman active analytes situated in the lower
portion of the pit. It follows that the SERS enhancement is strongly dependent on the particle
size relative to the Klarite pit size. Further on, the manufactured Klarite pit size could be
adjusted to suite a particular particle size. Although such size adjustments would affect the
plasmon resonance wavelength, Figure 3 shows that the main hotspot in the lower part of the
pit is spectrally quite broad (small maximum intensity changes over a 200 nm range).

It should be noted that nanoscale texture can provide enhancement, and achieve the goal of
probing molecules. Gold thickness and pit angle can influence the SERS enhancement. It has
also been established that in a standard Klarite pit, it is diffraction that contributes to the
enhanced SERS signal, and the plasmon effect will only become noticeable by decreasing the
gold film thickness. °! In our study, the size of the microplastic is much larger than that of the
gold nanoparticles. These plastic particles can hardly get into the “hotspot” of nanoscale
structure. Therefore, the enhancement is mainly attributed to electric field enhancement

increased by the pyramid pits that the particles fall into.
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Figure 3. Klarite strongly focusses the electric field (E-field) of light within the pit volume, for
a broad range of wavelengths around our laser wavelength (785 nm). Three numerical
simulations of the E-field distribution show clear hotspot patterns. The simulations were

performed for illumination at 685 nm, 785 nm and 885 nm.

3.2. Enhancement Factor of Klarite Samples
We quantify the enhancement factors (EF) of the SERS according to the following
equation:

Isers/NsERs
EF = ==2=2—=222
INrs/Nngrs (1

where Isprs and Iygs are defined as peak intensities detected by the SERS substrate and
non-SERS substrate respectively; Nggrs and Nygs refer to the number of molecules that
contribute to the intensity of SERS and non-SERS Raman peak intensities respectively. 7 In
this research, we measure a single particle situated in the pit mapped by SEM, therefore
Nggrs and Nyps is fixed as N=1. Hence, we compute the EF for single particles with
consistent sizes to quantify the EF as a function of particle size. The accumulation time and

laser power were kept constant to eliminate their influence on the measured Raman intensity.
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In addition, all samples were prepared with consistent concentrations of PS spheres. Hence,
the number of contributing particles (Nggrs and Nygrs) for a given particle size was
considered to be constant between SERS and non-SERS samples. The Raman intensity peak
height was measured after removing the baseline spectrum of the substrate.

Figure 2b presents the calculated EFs of the Raman signal at a shift of 1600 cm™ for PS
particles as a function of size. Three particles of each size are selected randomly and
measured five times to avoid the influence of fluctuation and make sure the signal is stable
and available for further research. One of the spectra is randomly chosen to represent the
signal (very similar). The average EF and standard deviation for PS spheres with 360 nm
diameter is 172 (£22), while the highest value is 176.03. The average EF for the 500 nm PS
spheres is 127 (£1), which is a slight decline relative to that of the 360 nm spheres. The EF of
1 um PS spheres also show a slight decline relative to the 500 nm PS spheres, with the
average value of 97 (+2) and a maximum value of 98.80. The EF of 5 pm PS spheres is 20
(£2). Compared with particles located within in the pyramidal pits, particles on the top
surface of the Klarite show a relatively low EF. For example, the average EF of 1 um PS
spheres outside of the pyramidal pits (labelled 1 pum-2) and 2 um PS spheres are 90 (£2) and
12 (%1), respectively. For the 5 um PS spheres, although the SERS peak intensity is the
strongest of all particle sizes, the EF value is not as significant as that of the 360 nm PS
sphere, indicating that the peak intensity has both a strong particle size and particle location
dependence.

The intensities in our experiments are an order of magnitude greater than previously
reported for microplastics by Raman spectra; ** however, there are differences in the test
conditions. Our results highlight the potential of Klarite to enhance Raman scattering for
SERS with trace amounts of small particles that are otherwise undetectable using standard
Raman microscopy. In tandem with SEM imaging, individual 360 nm PS spheres are
successfully identified, located and measured using SERS. To the best of our knowledge, in
the microplastic research field, these are the smallest individual nanoplastic particles
measured to date, with SERS.

3.3. SERS detection of PMMA particles of different size

In order to further test the versatility of Klarite for SERS detection and identification of
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microplastics, PMMA was also investigated. PMMA is commonly used as a substitute for
glass and can be made into a wide range of products ranging from aircraft canopies to
dentures and trays. For reference, Figure 4 shows Raman spectra (a) and optical images (b-¢)
of PMMA spheres on silicon wafers. As with PS, the Raman spectra of PMMA on silicon
wafers (Figure 4a) are dominated by the characteristic Raman spectrum of the silicon
substrate. The characteristic peak of PMMA at 1453 cm™ is observed only on 5 um PMMA
spheres. The Raman spectra of PMMA on Al foil substrate is also studied and shown in
Figure S9.

Figure 5a shows the Raman spectra of PMMA spheres on Klarite. The peaks at 622 ¢cm,
817 cm!, 1000 cm™!, 1200 cm™, 1452 ¢cm™ and 1723 cm™! are clearly visible and attributed to
C-C-O stretching, C-O-C symmetric stretching, C-C stretching, C-H bending and C=0O
stretching, respectively. To avoid interference from Si, peak at 1452 cm™! was chosen for the
subsequent Raman mapping and EF calculations. In Figure 5b, the box and whisker plot of
EF as a function of particle size are shown. The 360 nm PMMA particles exhibit the strongest
peak intensity, with EFs ranging from 23 to 30. The EF of 500 nm PMMA spheres show a
slight decline relative to that of 360 nm PMMA spheres, ranging from 11 to 15; while the EF
of 5 um PMMA spheres ranging from 5 to 8. The 2 um PMMA spheres give the smallest EF,
ranging from 2 to 4. For visualization, in Figure Sc-d, the optical, bright field microscopy
images of the PMMA spheres with size 2 um and 5 pm are presented. Similarly, SEM images
are displayed in Figure Se and 5f, for PMMA spheres with size 360 nm and 500 nm,
respectively.

Comparison of Figures 2b and 5b clearly shows that the EF of PMMA is significantly less
than PS, it has also been reported that longer acquisition time is required for PMMA study in
order to get the same signal intensity of PS.* According to the Kramers-Heisenberg-Dirac
scattering formula, Raman signal can be enhanced by resonant Raman signal, while lower
Raman cross section and low sensitivity to substrate may lead to the SERS reduced. 3> We
suggest the lower EF of PMMA is due to the low normal Raman cross section and low

sensitivity to the Klarite substrate.
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Figure 4. (a) Raman spectra of polymethyl methacrylate (PMMA) spheres of variable size on
silicon wafers (5 x 15 second spectral acquisitions). (b — e) optical, bright field microscopy
images of 360 nm (b); 500 nm (c); 2 um (d); 5 pm (e¢) PMMA particles on silicon wafers.

Scale bars: 2 um.
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330
331 Figure 5. (a) Raman spectra of polymethyl methacrylate (PMMA) spheres of variable size

332 deposited on Klarite substrates (5 x 15 second spectral acquisitions). (b) Box and whisker
333 plot of enhancement factors (EF) of PMMA particles as a function of size. (c, d) Optical
334 images of 2 um (c) and 5 pm (d) PMMA spheres on Klarite. (e, f) Scanning electron
335 microscopy (SEM) images of 360 nm (e) and 500 nm (f) PMMA spheres on Klarite. Scale

336 bar: 2 um.
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Figure 6. (a, b) Raman mapping image (a) and optical, bright field microscopic image (b) of
360 nm polystyrene (PS) spheres on Klarite. (c, d) Raman mapping image (c) and optical,
bright field microscopic image (d) of 500 nm PMMA spheres on Klarite. Scale bars: 1 pm. In
(a) and (c), the red-scale of the false-color image represents the intensity change of Raman
peaks. The green spot in b and d is the laser focus point while white spots are the sampling

points.

3.4. Raman Mapping with SERS
In the absence of SEM techniques, SERS with Raman mapping can be used to detect
microplastics smaller than 1 um. Figure 6 shows Raman maps of PS and PMMA spheres with

sizes of 360 nm and 500 nm, respectively, on Klarite. The mapped region is about 7.5 X 7.5
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um?, and was mapped with a step size of 1.5 um. The prominent peak of PS at 1003 cm™! was
selected as the mapped spectral filter. The peak of PMMA at 1452 cm™! was selected as the
mapped spectral filter. The red-scale of the false-color image represents the intensity change
of Raman peaks. As illustrated in Figure 6a and 6c¢, the distribution of nano PS and PMMA
spheres on Klarite substrates are clearly shown, confirming that Raman mapping can be

applied to identify nanoplastics with SERS.

3.5. SERS of atmospheric samples extracted from the air in Shanghai

Ambient atmospheric microplastics were extracted on the roof of the building of the
department of environmental science and technology, at Fudan University and treated as
detailed in the experimental section prior to deposition onto Klarite substrates. Figure 7
shows spectra from selected particles extracted in Shanghai on Klarite. The spectra in the
upper panels of Figure 7a and 7b were found to match polyethylene terephthalate (PET) and
PS reference standard spectra, shown in the corresponding lower panels (SEM images are
shown in Figure S11). The detection of PET further certify that Klarite is a promising substrate
in detecting various microplastics in environment. The PET particle exhibits a Raman peak at
633cm’!, which corresponds to the vibration of aromatic C=C in plane ring deformation and a
peak at 858 cm’ which corresponds to the vibration of aromatic C=C out of plane
deformation. The PET Raman peak at 1300 cm! is associated with the CH, twisting vibration
and the vibration of aromatic in plane CH deformation. There are also peaks at 1620 cm™ and
1760 cm™, which are attributed to the C-O stretching and C=O stretching vibration,
respectively. The Raman spectra from particles identified as PS exhibit Raman peaks

comparable with those presented in Figure 6 (Section 3.4).



372
373

374

375

376

377

400 .
d real atmosphetic sampleb 800 real atmospheric sample
200 —_
- Z 400
i 5
3 =
g’ 5 0
= ’ : ' ' y ' 0 2 400 600 800 1000 1200 1400 1600 1800
£ 400 600 800 1000 1200 1400 1600 1800 F
8 s00 2
=l standard PS k= standard PE1
= 1200
600
800
4001
400
200/
0
0 ; , : . - . . : : , . . : .
400 600 800 1000 1200 1400 1600 1800 400 600 800 1000 1200 1400 1600 1800
Raman shifi(cm™) Raman shifi(cm™)

Figure 7. (a, top) Raman spectra of particles identified as polyethylene terephthalate (PET)
from atmospheric samples extracted in Shanghai (5 x 50 second spectral acquisitions). (b, top)
Raman spectra of particles identified as polymethyl methacrylate (PMMA) particles from
atmospheric samples extracted in Shanghai (5 x 50 second spectral acquisitions). (a and b,

bottom) corresponding reference standard spectra for PET and PMMA respectively.
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Figure 8. (a, b) Raman mapping image (a) and optical, bright field microscopic image (b) of
polyethylene terephthalate (PET) particles on Klarite. (¢, d) Raman mapping image (c) and
microscopic image (d) of PS particles on Klarite. Scale bar: 2 um. The green spot in b and d is

the laser focus point while white spots are the sampling points.

Raman mapping was also employed to find the micro and nano plastics in ambient samples
on Klarite (Figure 8). Point by point mapping of a regions approximately 9x8 um?, with the
step size of 1 um are presented. The peaks at 1003 cm™ and 1617 cm™ were used for mapping
PS and PET respectively. As shown in Figure 8a and 8c, Raman mapping with SERS
constitutes a facile and accurate means of determining distribution of micro- and nanoplastics

on Klarite substrates, making subsequent analysis convenient. Despite the recent surge in
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micro- and nanoplastics research worldwide, the detection and identification methods for
such small particles is still challenging. The results presented here are encouraging and

demonstrate the potential for SERS in this field of research.

4. ENVIRONMENTAL IMPLICATION

This paper demonstrates that SERS with Klarite is advantageous for identifying micro- and
nanoplastics. The method is robust, facile and offsets the detection limit of microplastics by
an order of magnitude, facilitating detection at the single nanoscale particle levels. PS and
PMMA microplastics as small as 360 nm can clearly be identified via SERS, while standard
Raman can barely detect particles as large as 5 um. Here, SERS was also successfully applied
to detect micro- and nanoplastics in ambient atmospheric aerosols. Together with numerical
simulations, our experimental results show that enhancement factors from SERS are
dependent not only on particle size, but also on particle location in the surface plasmon
hotspots. Enhancement factors for PS were found to reach two orders of magnitude.

Although this paper demonstrates the potential for Klarite in the quantification of airborne
microplastic pollution, further research is still required to overcome significant challenges.
First, compared with lab generated samples, the Raman spectroscopic signal of atmospheric
samples can be difficult to distinguish from the fluorescence background of unknown
impurities. While approaches for increasing the concentration of microplastics are available,
these approaches generally risk losing the smaller microplastics. Raman mapping combined
with SERS offers a consolidation solution for detecting microplastics extracted from the
atmosphere. Second, the Raman enhancement factor with Klarite appears to be variable for
different analytes, and repeated cleaning and tests may cause certain damage to Klarite. One
of the main challenges with SERS substrates is producing consistent and uniform hotpots of
electric field enhancement. Despite the exceptional consistency and uniformity of Klarite
substrates, further research is needed to improve the consistency and magnitude of the
enhancement factors for different analytes. Third, even with Raman mapping techniques,
quantitative analysis is still a challenge. It is anticipated that SERS could be combined with
other microscopy and scanning probe techniques to facilitate both quantitative and qualitative

of micro- and nanoplastics, as well as provide methodological support for studying the
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impact of microplastics on human health.

SUPPORTING INFORMATION

SEM images and optical images of microplastics, photo of the setup, Raman spectra of PS
and PMMA studied on different substrates (glass, Al foil). This material is available free of

charge via the Internet at http://pubs.acs.org.
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