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HIGHLIGHTS

GRAPHIC ABSTRACT

* V-shaped substrate was obtained for SERS
analysis of microplastics (diameter = 1 pm).

* Enhancement factor of V-shaped substrate can
reach 20 in microplastics detection.

* V-shaped nanopore array can bring additional
volume enhancement.

* V-shaped substrate was more economic in

application compared to Klarite substrate. \
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ABSTRACT

Research on the microplastics (MPs) is developing towards smaller size, but corresponding methods
for the rapid and accurate detection of microplastics, especially nanoplastics still present challenge. In
this work, a novel surface and volume enhanced Raman spectroscopy substrate was developed for the
rapid detection of microplastic particles below 5 pm. The gold nanoparticles (NPs) were deposited
onto the surface and into the V-shaped nanopores of anodized aluminum oxide (AAO) through
magnetron sputtering or ion sputtering, and then AuNPs@V-shaped AAO SERS substrate was
obtained and studied for microplastic detection. SERS performance of AuNPs@V-shaped AAO SERS
substrate was evaluated through the detection of polystyrene and polymethyl methacrylate
microspheres. Results indicated that individual polystyrene sphere with a diameter of 1 um can be
well detected on AuNPs@V-shaped AAO SERS substrate, and the maximum enhancement factor
(EF) can reach 20. In addition, microplastics in ambient atmospheric samples were collected and
tested to verify the effectiveness of the AuNPs@V-shaped AAO SERS substrate in the real
environment. This study provides a rapid, economic and simple method for detecting and identifying
microplastics with small size.

© Higher Education Press 2022

1 Introduction

etal.,,2019) such as lakes, rivers, and atmospheric
systems (Zhu et al., 2021), and even in remote and polar

Microplastics are generally defined as pieces of plastics
smaller than 5 mm (Thompson et al., 2004). Due to the
extensive use of plastics with strong stability and low
degradation rates, microplastics are widely found in the
environment. Microplastics have been found in marine
systems (Law and Thompson, 2014), terrestrial systems
(Rillig and Lehmann, 2020), freshwater systems (Koelmans
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regions (Bergmann et al., 2017; Tekman et al., 2020).
Negative impact of microplastics on the environment and
creatures should not be underestimated. According to
some reported results, microplastics have impact on
aquatic organisms (Huang et al., 2021), microorganisms
(Seeley et al., 2020), humans and so on. Once micropla-
stics are ingested by organisms, they may cause serious
physiological threats, including inflammation, growth
retardation, oxidative stress and other symptoms (Wang
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et al., 2021). In addition, microplastics may also become
carriers of other pollutants and pathogens (Foulon et al.,
2016; Koelmans et al., 2016), posing new risks. Through
the transfer and bioaccumulation of food chains,
microplastics may eventually become a potential hazard
in the human body (Mohamed Nor et al., 2021). Some
studies have confirmed that microplastics appear in human
excreta (Schwabl et al., 2019) and placenta (Ragusa et al.,
2021). More worryingly, microplastics are further
degraded by mechanical wear, photodegradation and
biodegradation and then form smaller microplastics with
more significant toxicological properties (Wang et al.,
2021). But at the same time, the difficulty in detection
also increases greatly. Therefore, we urgently need to
develop new detection methods which are suitable for the
microplastics of smaller size.

In the past decade or so, there has been a significant
increase in research and publications on microplastics with
a major focus on the aquatic environment, particularly
marine systems (Zhang et al., 2020b). However, studies
on microplastics in atmospheric environment are still in
the early stage. It is a remarkable fact that deposition of
microplastics in the atmosphere can be a potential source
of microplastics in the aquatic and terrestrial environ-
ments (Liu et al., 2019; Huang et al., 2021). In addition,
compared with microplastics in other environmental
systems, microplastics in the atmosphere can be directly
and continuously inhaled into the human body, posing
potential health risks (Chen et al., 2020; Zhang et al.,
2020a). To some extent, intake of microplastics through
atmosphere is more frequent than contaminant food
(Catarino et al., 2018). Therefore, it is necessary to pay
attention to the detection of microplastics in atmospheric
environment.

To date, methods for microplastics detection include
pyrolysis gas chromatography-mass spectrometry (Py-
GC-MS) (Hendrickson et al., 2018), Fourier transform
infrared spectroscopy (FTIR) (Hendrickson et al., 2018),
liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (Wang et al., 2017), Raman spectroscopy (Araujo
et al., 2018), etc. However, the smallest detectable size of
these technologies has only reached around 10 um so far.
Therefore, those detection methods are far from meeting
the needs of current and future research. Surface enhanced
Raman scattering (SERS) is a technology based on
conventional Raman spectroscopy. Generally, the Raman
scattering of molecules is weak. However, when the
molecules are adsorbed on the rough surface of noble
metals such as gold and silver, the Raman scattering of
molecules will be significantly enhanced. Even high
sensitivity at the single-molecule level can be achieved
(Langer et al., 2020; Wang et al., 2020). Due to its
excellent properties, SERS technique has been widely
used in environmental analysis, food safety, biomedical
analysis and other fields (Lv et al., 2020; L¢ et al., 2021).
In our previous work, we have realized detection of

nanoplastics via a commercial SERS substrate—Klarite
(Xu et al., 2020), however, the high cost of Klarite
making it unsuitable for large amount application. There
is urgent need to develop SERS substrates with low cost
for microplastics detection.

Nanostructure-related SERS techniques have been
widely employed in environmental research. It is a
simple, rapid and efficient method to apply templates for
developing SERS substrates. Compared to other
templates with nanostructure, anodic aluminum oxide
(AAO) templates are widely adopted because of their
highly uniform nanoporous structure (Nagaura et al.,
2008). After combining with the noble metal materials
(gold or silver), AAO templates will form a large number
of high-density “hot spots”, which exhibit high SERS
sensitivity (He et al., 2019; Shi et al., 2019). In addition,
the three-dimensional ordered nanoporous structure can
expand the specific surface area for the adsorption of
analyte molecules (Shi et al., 2019). Therefore, we chose
AAO as the template to prepare SERS substrate for the
detection of microplastics.

In this work, an SERS substrate for the detection of
small-size microplastics was developed. V-shaped AAO
template has a large number of ordered inverted cone-
shaped nanopores. Gold nanoparticles were deposited on
the surface and into these nanopores by magnetron
sputtering or ion sputtering, and then AuNPs@V-shaped
AAO SERS substrate was obtained. Due to the porous
properties of the V-shaped AAO template, this novel
AuNPs@V-shaped AAO SERS substrate could provide
substantial “hot spots”, which exhibit high SERS
sensitivity in detecting microplastics. Polystyrene (PS)
and polymethyl methacrylate (PMMA) standard samples
were tested on this SERS substrate to evaluate its ability,
and the corresponding enhancement factor was
calculated. In addition, the SERS performance between
substrates formed by magnetron sputtering and ion
sputtering were studied and compared. The potential of
this substrate for application in the real environment was
tested by detecting microplastics in the collected
rainwater samples.

2 Materials and methods

2.1 Materials

V-shaped AAO template with a size of 20 mm % 20 mm
was purchased from Shenzhen Topology Film Co., Ltd,
China. PS and PMMA microsphere suspension of different
sizes were purchased from Shanghai Huge Biotechnology
Co., Ltd, China. PS microspheres involved three sizes of
1 pm, 2 pm, and 5 pm, and PMMA microspheres
involved two sizes of 1 um, 2 pm. All sizes of PS and
PMMA microsphere suspension were supplied as 5%
(w/v) monodispersed in deionized water. Glass pipette
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(NICHIRYO Nichipet ECO, Japan) was purchased from
Zeal Quest Equipments Co., Ltd, China. Deionized water
(18.3 MQ) and absolute ethanol were used throughout the
experiment.

2.2 Fabrication and characterization of AuNPs@V-shaped
AAO SERS substrate

V-shaped AAO template was first cleaned ultrasonically
in deionized water, then dried it in air before use.
AuNPs@V-shaped AAO SERS substrate was prepared
by magnetron sputtering (DE500, Alliance Concept,
France) and ion sputtering (GVC-1000, GEVEE, China)
to deposit gold nanoparticles, and thickness of gold
nanoparticles layer was optimized and set to 50 nm. The
fabrication process of the AuNPs@V-shaped AAO SERS
substrate was displayed in Fig. 1. In addition, morpholo-
gical characterization and energy dispersive spectrometer
analysis were conducted by scanning electron microscopy
(SEM) (VEGA 3, TESCAN, China) with 15 kV
accelerating voltage, unless otherwise mentioned.

2.3 Standard microplastics sample preparation

PS and PMMA standard microsphere suspensions were
fully diluted with deionized water to a ratio of 1:4 in the
volume of 4 mL to obtain individual particles,
respectively. The mass density of the PS material is
1.05 g/cm3 and PMMA material is 1.18 g/cm3. The final
concentration of diluted standard samples was 2.625 x
107> g/cm3 for PS and 2.950 x 107 g/cm? for PMMA.
Herein, 5 pL of each diluted microsphere suspension was
dropped onto AuNPs@V-shaped AAO SERS substrate
and silicon wafer by glass pipette, respectively, and dried
in the nitrogen.

2.4 Raman measurement and data analysis

SERS analysis was conducted by an XploRA Plus confocal
Raman spectrometer (Jobin Yvon, Horiba Gr, France)
equipped with a multi-channel electron multiplying charge-
coupled detector (EMCCD) device upon 1200 lines per mm
grating, which was calibrated according to the 520 cm™!

Au sputtered target

g S 4

Microplastic

V-shaped AAO Au deposition  SERS measurement

Fig.1 Schematic illustration of the fabrication process of the
AuNPs@V-shaped AAO SERS substrate and SERS measurement by
Raman system.

Raman spectra of the silicon wafer. Microplastic micro-
spheres were observed under a X100 optical microscope
objective lens (Olympus, 0.90 Numerical Aperture, Japan)
and excited by a 785 nm laser at a power of 25 mW. The
Raman spectra were collected in the range of 200-
2000 cm™!, with 15 s acquisition time for the standard
sample and 50 s acquisition time for atmospheric aerosol
sample at 5 spectra accumulations per second. All data
were processed through commercial softwares LabSpec
6.0 and Origin 2018 version.

2.5 Collection and treatment of microplastics in rainwater

Microplastic particles in the atmosphere fall under the
scouring and carrying of the rainwater when it rains. In
this work, we equated the process of collecting rainwater
with dispersing atmospheric particulates into an aqueous
solution under natural conditions. From this perspective,
we studied the rainwater samples as atmospheric samples.
Rainwater was collected in cleaned glass container at
Fudan University. Collected rainwater was first filtered
with a 10 um diameter glass fiber filter and the filter was
ultrasonically cleaned in deionized water to obtain the
particles. In order to reduce the interference of organic,
biological and other non-plastic substances, hydrogen
peroxide (H,0,) solution (30%) was added into the solution
involving particles obtained in the previous process for
treatment for 24 h at room temperature. Digestion of
rainwater samples with H,0, can remove organic matters
and reduce the interference of fluorescence. The solution
was filtered with a 1 um diameter glass fiber filter subsequ-
ently and particles on the filter were sonicated into
deionized water. Finally, the solution was heated to 50 °C
for concentration in a clean glass container and transferred
to AuNPs@V-shaped AAO SERS substrate through a
glass pipette. During the whole process, interferences that
came from equipments and the lab were avoid to the
utmost by keeping covering glass container with clean
glass, wearing cotton lab coat and covering samplers with
aluminum foil.

3 Results and discussion

3.1 Structure and morphology characterization of AuNPs@
V-shaped AAO SERS substrate

Figure 2(a) shows the SEM image of initial bare V-
shaped AAO template. AuNPs@V-shaped AAO SERS
substrate was prepared in the process shown in Fig. 1, and
then characterized with SEM. AuNPs were deposited on
V-shaped AAO template with magnetron sputtering or
ion sputtering. Figures 2(b) and 2(c) show the top-view
SEM images of AuNPs@V-shaped AAO SERS substrate
formed by ion sputtering and magnetron sputtering,
respectively. Compared to initial bare V-shaped AAO
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(d) (e)

Fig.2 Top-view SEM images of bare AAO template (a), AuNPs@V-
shaped AAO SERS substrate, which was obtained through ion
sputtering (b) and magnetron sputtering (c), respectively, and PS
microspheres (diameter = 2 pm) on AuNPs@V-shaped AAO SERS
substrate in different magnifications (d, ).

template, it is clearly indicated that AuNPs were effectively
deposited inside the nanopores and on the surface of V-
shaped AAO template in a uniform form, which produced
a strong SERS effect. Three-dimensional nanoporous

2 um

structure can not only provide more “hot spots”, but also
stimulate stronger electromagnetic field enhancement.
The nanopores of V-shaped AAO template were inverted
cones. The average top diameter was 400 nm, the average
depth was 400 nm, and the average bottom diameter was
100 nm. In addition, by comparing Figs. 2(b) and 2(c), we
can find that the morphologies of AuNPs formed by
magnetron sputtering and ion sputtering are significantly
different, which leads to differences in subsequent Raman
detection results. Figures 2(d) and 2(e) show the distribu-
tion of microplastic microspheres on the substrate in a
single particle manner, which prove that the initial
suspensions of microplastic microspheres was sufficiently
diluted to realize the Raman detection of individual
microplastic sphere. In addition, to demonstrate distribu-
tions of chemical elements in the AuNPs@V-shaped AAO
nanostructure, energy spectrum and energy-dispersive X-
ray spectroscopy (EDS) maps of carbon (yellow) and
gold (fuchsia) were obtained (shown in Fig. 3).

3.2 Normal Raman detection of PS

PS is a thermoplastic and one of the most widely used
plastic materials. In this work, normal Raman detection of

cps (eV)
C-K O-K

0 15 20 25
Energy (keV)

(b)

(d)

Fig.3 Energy-dispersive X-ray spectroscopy (EDS) map and energy spectrum of AuNPs@V-shaped AAO SERS substrate with
microplastic particles. (a) Scanning area; (b) Energy spectrum of AuNPs@V-shaped AAO, which involved C, O, Al, Au
corresponding to the peaks in sequence; (c) The EDS map of C, corresponding to the position of the microplastic particles in the
scanning area (a); (d) The EDS map of Au, showing an effective and relatively uniform AuNPs depositing result.
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PS microspheres was conducted by silicon wafer. Three
standard PS microsphere suspensions containing different
sizes of 1 um, 2 pum and 5 pm respectively were fully
diluted and then dripped onto the silicon wafer (a non-
SERS substrate). Figure 4(a) shows the Raman spectra of
PS microspheres of each size on the silicon wafer, and
corresponding optical images of every single PS
microsphere are displayed in Fig. 4(b). Each Raman
spectra shown in Fig. 4(a) was produced by a single PS
microsphere after being excited, which can be proved by
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Fig. 4(b). The peaks of the silicon wafer at 520 cm™! and
800-1000 cm™! dominated the Raman spectra (Parker etal.,
1967). However, the characteristic Raman peaks of PS
microspheres can hardly be observed. In previous studies,
typical Raman signals of PS were located at 619, 1003,
1033, 1600 cm™!, which can be attributed to the C-C ring
breathing mode, the ring deformation mode, the CH- in-
plane deformation band and the C-C stretching vibrations,
respectively (Anema et al., 2010). According to the Inset,
only PS microspheres with sizes of 5 pm and 2 pm
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Fig. 4 (a) Raman spectra of PS microspheres of different sizes on silicon wafer (5 spectral acquisitions with 15 s acquisition time)
(Inset: spectra from 600 to 2000 cm™). (b) Optical microscopy images (bright-field microscopy, in reflection) of 1 pm, 2 pm, 5 pm
PS microspheres placed on silicon wafer in a single particle manner. (¢, d) Raman spectra of PS microspheres of different sizes
detected by AuNPs@V-shaped AAO SERS substrate prepared by ion sputtering and magnetron sputtering, respectively. (e, f)
Optical microscopy images of 1 um, 2 um, 5 pum PS microspheres placed on AuNPs@V-shaped AAO SERS substrate prepared by
magnetron sputtering and ion sputtering, respectively. (g) Box and whisker plot of Enhancement Factors of PS microspheres as a

function of size.
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appeared Raman signals at 1003 ¢cm™! and 1033 cm™!
with relatively weak intensity. When the size of PS
microspheres was reduced to 1 um, PS could no longer be
detected. Therefore, normal Raman detection is hardly
applied for small-size microplastics.

3.3 SERS of PS

The Raman spectra obtained by PS microspheres on two
different AuNPs@V-shaped AAO SERS substrate were
shown in Figs. 4(c) and 4(d). The two substrates were
prepared by two different gold nanoparticles sputtering
methods: magnetron sputtering and ion sputtering,
respectively. Figures 4(e) and 4(f) respectively show the
optical images of PS microspheres on AuNPs@V-shaped
AAO SERS substrate prepared in two methods mentioned
above. Compared with the silicon wafer, the Raman
signal of a single PS microsphere on AuNPs@V-shaped
AAO SERS substrate was significantly enhanced due to
the surface enhancement effect of rough gold nanopar-
ticles. More significantly, the Raman signal from a single
PS microsphere with a size of 1 pm can be detected at
1003 cm™! and 1033 cm™! with relatively strong intensity.
In addition, AuNPs@V-shaped AAO SERS substrate
can hardly produce additional background interference
compared with silicon wafer. It indicated that AuNPs@
V-shaped AAO SERS substrate has potential to be
applied for microplastics with small sizes, which can be
ascribed to the three-dimensional inverted cone-shaped
gold nanostructure array with a considerable number of
“hot spots”.

3.4 SERS analysis of PMMA

PMMA is another common plastic product that is often
utilized as an alternative to glass. In order to further
investigate the potential of AuNPs@V-shaped AAO
SERS substrate in microplastics detection, PMMA was
also studied in a single particle manner. PMMA was
tested with two sizes of 2 pm and 5 pm, and the
processing and Raman measurement were the same as
that of PS. Raman spectra and optical microscopy images
of PMMA microspheres on silicon wafer were shown in
Figs. 5(a) and 5(b), which was consistent with the results
of PS that Raman signal of silicon wafer dominated the
Raman spectra and PMMA exhibited weak Raman
signals.

On the contrary, Figs. 5(c) and 5(d) show the Raman
spectra of individual PMMA microspheres on AuNPs@
V-shaped AAO SERS substrate prepared by magnetron
sputtering and ion sputtering, respectively. They indicated
that AuNPs@V-shaped AAO SERS substrate still
exhibited stronger Raman signals from PMMA than
silicon wafer. According to some literature, main
characteristic peaks of PMMA are located at 622, 817,
1000, 1200, 1452 and 1723 cm™!, which can be assigned

to C-C-O stretching, C-O-C symmetric stretching, C-C
stretching, C-H bending and C=0 stretching, respectively
(Xu et al., 2020). Figures 5(e) and 5(f) show the corres-
ponding optical microscopy images of individual PMMA
microspheres of different sizes on AuNPs@V-shaped
AAO SERS substrate. Above all, AuNPs@V-shaped
AAO SERS substrate proved to be suitable for different
microplastics detection and identification.

3.5 Calculation of enhancement factor

We calculated enhancement factor (EF) to quantitatively
evaluate the performance of AuNPs@V-shaped AAO
SERS substrate. In the literature, EF has many definition,
among which the widely acknowledged definition is
demonstrated as the following equation (Eq. (1)).

= Lsers % M, (1)

INRS N SERS
where Igpps and Iygg represent the dominant SERS
intensities at 1003 cm™! peak of PS microsphere or at
817 cm™! peak of PMMA microsphere on AuNPs@V-
shaped AAO SERS substrate and on silicon wafer (non-
SERS substrate), respectively. Ngpps and Nypg are the
number of molecules in the laser spot on SERS substrate
and non-SERS substrate, respectively. In this study, we
detected a single microplastic sphere on the substrate, so
only one molecule appeared in the laser spot. Herein,
Nyrs and Ngppg can be set as 1. In order to eliminate the
impact on Raman intensity, accumulation time and laser
power were kept constant.

Figures 4(g) and 5(g) demonstrate the calculated EFs of
PS and PMMA at a shift of 1003 cm™! and 817 cm™!,
respectively. In order to eliminate the impact of fluctua-
tion and keep Raman signals stable, five particles of each
size were randomly selected and measured three times.
The average EF for PS microspheres with 5 um was 6.5
for magnetron sputtering and 5.0 for ion sputtering. While
the results of 2 um PS microspheres increased signifi-
cantly to 20.0 for magnetron sputtering and 10.0 for ion
sputtering, the results of 1 pm PS microspheres decreased
to 5.0 for magnetron sputtering and 2.0 for ion sputtering.
As for PMMA, the average EF of 5 pm microspheres
achieved 3.5 for magnetron sputtering and 2.5 for ion
sputtering. Consistent with PS, EF of PMMA with a size
of 2 um increased to 8.0 for magnetron sputtering and 6.5
for ion sputtering.

According to the calculation results, EFs have a correla-
tion with the particle size of microplastics. Although both
PS and PMMA with a size of 5 um exhibited the
strongest Raman signal, they had no advantage when
compared with 2 um microspheres in EF. However, the
EF value of 1 pum PS microsphere decreased significantly.
We attribute this phenomenon to the interaction between
the volume of the particles and the position of the
particles in the nanopores, which are determined by the

EF
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Fig.5 (a) Raman spectra of PMMA microspheres of different sizes on silicon wafer (5 spectral accumulations with 15 s acquisition
time) (Inset: spectra from 600 to 900 cm™!). (b) Optical microscopy images of 2 um, 5 um PMMA microspheres placed on silicon
wafer in a single particle manner. (¢, d) Raman spectra of PMMA microspheres of different sizes detected by AuNPs@V-shaped
AAO SERS substrate prepared by ion sputtering and magnetron sputtering, respectively. (e, f) Optical microscopy images of 2 pm,
5 um PMMA microspheres placed on AuNPs@V-shaped AAO SERS substrate prepared by magnetron sputtering and ion sputtering,
respectively. (g) Box and whisker plot of EFs of PMMA microspheres as a function of size.

size of the microplastics. When the size of the
microplastics is reduced, the reduction in the volume of
the microplastics leads to weaker Raman signal intensity,
but it is more conducive for the microplastics to penetrate
into the nanopores. In our previous studies, the V-shaped
nanostructure has a significant enhancement effect in the
nanopores. Therefore, when the Raman intensity decrease
caused by the volume change is less than the Raman
intensity increase caused by the position change, it will
cause the result that the EFs increase with the decrease of
the particle size.

Comparing Fig. 4(g) with Fig. 5(g), the EFs of each
size of PS microspheres are all prior than that of PMMA.
It can be interpreted as weaker normal Raman cross
section and lower sensitivity to the AuNPs@V-shaped
AAO SERS substrate of PMMA (Heller et al., 2016).
Furthermore, the two sputtering methods produced
different values of EF. In this work, the substrate formed
by magnetron sputtering always achieved a higher EF
than the substrate prepared by ion sputtering. This rule is
consistent in the PS and PMMA detection. We can relate
this conclusion to the morphological distribution of
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AuNPs formed by the two sputtering methods. According
to Fig. 2, the AuNPs formed by ion sputtering were larger
in size and seem to form agglomerates. On the contrary,
the AuNPs formed by magnetron sputtering were finer
and smoother, which may provide a more uniform “hot
spot” array.

3.6 SERS detection and identification of microplastics in
rainwater

In addition to testing lab samples, we also collected real
atmospheric aerosol samples to investigate the practical
application capabilities of AuNPs@V-shaped AAO SERS
substrate as well as detection and identification of
microplastic particles in real environment. In this work,
rainwater was collected at Fudan University (China) and
treated as described in Materials and methods. Figure 6(a)
shows the optical microscopy image of the selected
particle, and Fig. 6(b) provides the corresponding Raman
spectra. According to the scale bar in Fig. 6(a), the size of
the selected particle was about 2 um % 2 um. Despite the
interference from some impurity, the peaks marked in
Fig. 6(b) were coincide with the characteristic peaks of
PS, especially at 1003 cm™! and 1033 cm™!. Therefore,
we can identify the selected particles as PS particles. It
proved that AuNPs@V-shaped AAO SERS substrate was
feasible and promising for ambient microplastics
identification. It is noteworthy that there remains
challenges in small-size microplastics researches in spite
of recent many studies on identification of microplastics.
Therefore, the proposal of AuNPs@V-shaped AAO
SERS substrate provides a new idea for the subsequent
development of small-size microplastics researches.

3.7 Discussion on AuNPs@V-shaped AAO SERS substrate

In our previous work, we have proved that SERS
substrate with specialized inverted-pyramid structure has
strong SERS performance due to a combined surface and
volume electric filed enhancement. According to the

4000
—— Air sample
2 30001
=]
=2
< 1033 cm™
% 2000 1003 1 1600 cm™
cm” —
g
£ 1000+
5 um 0

(a)

results of electric field distribution simulations based on
the finite-difference time-domain (FDTD) method, we
found that E-field hotspots were strongly localized
toward the bottom of the nanopores and close to the edges
(Fuetal., 2017). Besides, nanostructure of V-shaped
AAO template itself can introduce a little additional
Raman scattering enhancement (He et al., 2019).

Comparing AuNPs@V-shaped AAO SERS substrate
with Klarite, although they have similar inverted-cone
nanostructure and the same metal NPs, their SERS
performance in microplastics detection are significantly
different. Klarite is prior in SERS performance and
detection limits of microplastics. In this work, it is
difficult to detect small nanoplastic with size of hundred
nanometers. However, Klarite can realize detection of
nanoplastics as small as 360 nm with much higher EF
factors (Xu et al., 2020). The reasons for the above can be
demonstrated as follows. First, the average top diameter
of V-shaped AAO nanopores is about 400 nm, while that
of Klarite is about 1.5 pm. The larger nanopore size of
Klarite enables the microplastic particles to get inside,
where the E-field hotspots are strongest. However,
AuNPs@V-shaped AAO SERS substrate only allows part
of Raman scattering of the microplastics affected by
enhanced E-field. Second, the deposition of metal NPs
upon the nanostructure has an important influence on
SERS performance. The deposition methods adopted in
this work may lead to disordered metal NPs deposition on
nanostructure and poor long-range periodicity. Randomly
aggregated metal NPs or disordered structure could
hinder the plasmonic coupling effects of the ordered
structure (Zhao et al., 2015).

Considering the real application situation, the
AuNPs@V-shaped AAO SERS substrate proposed in this
work provides a much lower cost approach for the large-
scale detection of microplastics. In that case, Klarite may
not be necessarily the prior choice because it is expensive
to manufacture and repeated use of Klarite will reduce its
SERS performance. In the following work, the AuNPs@
V-shaped AAO SERS substrate can be further improved.

1200 1600

(b)

400 800 2000

Fig. 6 (a) Optical, bright-field microscopy image of the particles identified as PS on AuNPs@V-shaped AAO SERS substrate (the
size was about 2 um x 2 pm); (b) Raman spectra of particles identified as PS from ambient atmospheric samples extracted in

Shanghai (China) (5 spectral accumulations x 50 s acquisition time).
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First, other metal deposition methods that can make the
metal NPs form a more uniform distribution can be
considerd. Second, incident laser wavelength is signifi-
cantly related to the electric field distribution. Therefore,
we can utilize different laser wavelength to transform the
electric field distribution for better SERS performance.
Third, changing noble metal NPs, such as silver, may
obtain a higher Raman signal.

4 Conclusions

A new SERS substrate of low cost for small sized
microplastic detection was developed by ion sputtering or
magnetron sputtering AuNPs on the V-shaped AAO
template. The results show AuNPs@V-shaped AAO SERS
substrate has certain advantages in the detection of
microplastics as small as 1 pm at the level of a single
particle. The enhancement factor of AuNPs@V-shaped
AAO SERS substrate for a single microplastic of different
sizes and types can reach up to 20 (in detecting a single
2 um PS sphere). In addition to the contribution of three-
dimensional AuNPs structure to SERS enhancement, the
inverted cone-shaped nanopore array could provide
additional volume enhancement. According to SEM images
and Raman spectra, AuNPs@V-shaped AAO SERS
substrate formed by magnetron sputtering was compared
with that formed by ion sputtering. Two sputtering methods
formed completely different gold nanotopographies respec-
tively and thus caused differences in the SERS analysis of
microplastics. SERS substrate formed by magnetron
sputtering obtained higher EF results in the detection of
PS and PMMA, indicating that magnetron sputtering was
more suitable. The substrate was also successfully applied
to detect microplastics (about 2 um x 2 pm in size) in
rainwater.

Although this work demonstrates the potential of
AuNPs@V-shaped AAO SERS substrate for small-size
microplastics detection, further researches are still needed
to achieve better goals. First of all, SERS analysis is
suitable for the detection of nanoplastics according to
some studies. In our previous work, the detectable size of
one single nanoplastic particle by SERS analysis has
reached 360 nm, which was based on a commercial SERS
substrate named Klarite. Although the current stable
detectable size of microplastic particles based on AuNPs@
V-shaped AAO SERS substrate was 1 um, the substrate
has advantages in cost control and large scale production.
In subsequent research, the substrate need to be further
explored and optimized to achieve stable, efficient and
sensitive detection of nanoplastics. Second, due to the
complexity of the composition of the ambient samples,
Raman signal from target substance is difficult to be
distinguished from the fluorescence background signal
produced by other impurities. Third, one of the significant
challenges from SERS substrate is to produce and

maintain consistent and uniform “hot spots” of electric
field enhancement. Therefore, AuNPs@V-shaped AAO
SERS substrate needs to be further developed to obtain a
better SERS performance. Last but not least, quantitative
analysis of small-size microplastics and even nanoplastics
remains significant challenges, which call for more
advanced technologies and thus provide methodological

support for studying properties and impact of
microplastics.
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