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Abstract: Micro/nanoplastics are widespread in the environment and may cause severe damage to
creatures and human beings. Micro/nanoplastic pollution has become a global focus issue; hence,
the rapid and accurate detection of micro/nanoplastics is an essential step to ensure health. Herein,
we report a surface-enhanced Raman scattering (SERS) technique to sensitively and quantitatively
identify micro/nanoplastics in environmental water samples. A three-dimensional hierarchical
Au@Ag nanostar (NSs) was synthesized and employed as an efficient SERS substrate. The “lightning
rod effect” generated by tip branches of the nanostars and the coupling effect of the neighboring
branches of the nanostar array enabled the ultra-trace detection of crystal violet (CV) down to 1079 M,
even with a portable Raman device. Moreover, the hydrophobic property of the SERS substrate
endowed it with a desirable enrichment effect, which meant an increase in the concentration or
quantity of the micro/nanoplastic particles. And thereafter, the SERS sensor achieved a highly
sensitive detection of polystyrene (PS) particle standard solution at a low concentration of 25 pg/mL
or 2.5 ug/mL. Importantly, the detected concentration and the SERS intensity followed a nearly linear
relationship, indicating the capability of quantitative analysis of micro/nanoplastics. In addition,
the SERS sensor was successfully extended to detect PS particles in environmental water samples,
including tap water, sea water, and soil water, and the detection concentration was determined to be
25 ug/mL, 2.5 pg/mL, and 25 pg/mL, respectively. The present Au@AgNSs array substrate with a
two-order magnitude signal amplification further exhibited significant advantages in the label-free
analysis of micro/nanoplastics in real water samples.

Keywords: surface-enhanced Raman spectroscopy (SERS); Au@Ag nanostar; lightning rod effect;
micro/nanoplastics; quantitative detection

1. Introduction

Plastic products are used worldwide and end up in landfills or in nature [1]. Once
entering the environment, the discarded plastics will be gradually broken and degraded
into smaller microplastics (<5 mm), and even nanoplastics (<1 pm) [2], under physical and
chemical actions [3]. These micro/nanoplastics are ubiquitous and widely distributed in the
atmosphere [4], water, and soil [5], and will enter the body of organisms along with human
respiration [6], diet, and drinking water, thus causing severe harm and even an increased
risk of death [7]. It has already been reported that micro/nanoplastics have been detected in
human blood [8-10]. Micro/nanoplastics have become an environmental pollution problem
of global concern, and therefore rapid qualitative and quantitative analysis is urgent.
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However, micro/nanoplastics are small in size and come in many varieties. In addition,
due to the adsorption and desorption processes, micro/nanoplastics can become carriers of
other pollutants, such as heavy metals, organic pollutants, and additives [11]. In this way,
analytical methods are particularly important due to the differences in detection limits,
sample preparation, consumables, working hours, field capabilities, and even potentially
higher upfront costs [12-17]. Nevertheless, the regular detection strategies require tricky
pattern pretreatment tactics and complicated instruments, so it is imperative to develop an
efficient and reliable approach to analyze the micro/nanoplastics.

Surface-enhanced Raman spectroscopy (SERS) is a fingerprint analytical technique
with ultrahigh sensitivity, even down to single-molecule concentration levels [18-20]. Over
the years, SERS has proved to be a powerful technique for quantitative and microanalysis
of molecules [21]. In recent years, SERS has been used to identify micro/nanoplastics
in aquatic environments. For example, Zhang’s group [22] demonstrated the detection
and identification of single micro/nanoplastics by taking advantage of SERS on a Klarite
substrate using Clarite (Au) and a silicon wafer substrate; Liu’s team [23] investigated
AgNPs on silicon wafers for rapid and detailed analysis of nanoplastics; You's lab [24]
used AuNRs or silver nanowires (AgNWs) on regenerated cellulose to improve the de-
tection limit of PS particles; He’s group constructed mesoporous spike Au nanocrystal
membranes for highly sensitive detection of micro/nanoplastics [25]; Hsieh’s team used
SERS to evaluate PE polymer particles, of which the lowest detected concentration was
1.6 ng/mL [26]. However, the above SERS substrates were designed for the detection of a
specific type of micro/nanoplastic, indicating a lack of standardization analytical methods
for a variety of micro/nanoplastics with SERS [27]. Regarding this issue, there are many
challenges to exploring a rapid and quantitative SERS analytical strategy, especially in a
portable Raman spectrometer.

For portable and quantitative SERS analysis, an ideal SERS substrate with high sen-
sitivity and high uniformity is crucial. Generally, roughed noble metal nanoparticles can
generate an enormous electromagnetic field [28], and SERS enhancement is highly de-
pendent on the shape of the metal nanoparticles. Nanostructures with rich tips tend to
exhibit unique advantages in concentrated electromagnetic fields, known as the “lightning
rod effect”. The “lightning rod effect” is usually the field enhancement after the potential
gradient caused by the curvature and bending of the metal interface [29]. For example,
surfaces with sharp curvatures allow electromagnetic fields to be concentrated at the tips.
Accordingly, nano triangular plates [30], nanocubes [31], nanorods [32], and nanowires [33],
etc., have been developed and prepared as highly sensitive SERS substrates. In addition,
an ordered array of SERS substrate can minimize the fluctuation and produce uniform
and reproducible Raman signals. Self-assembly technology is considered one of the most
simple and efficient methods for arranging the metal nanostructures into a periodic array.

In this work, we select multidendritic nanostar structures as a SERS substrate to
maximize electromagnetic field enhancement. Au nanostars (AuNSs) were first prepared,
and then a Ag shell was coated on the prepared Au@Ag nanostars (Au@AgNSs), as shown
in Figure la. Subsequently, Au@AgNSs were self-assembled onto the silicon wafer to form
a three-dimensional Au@AgNSs array, and used for SERS detection of micro/nanoplastics.
The self-assembled Au@AgNSs array generated a large number of hot spots by regulating
the distance between nanostars, which further amplified the SERS signal. Additionally,
the hydrophobic property of the prepared Au@AgNSs array enabled the preconcentration
of the micro/nanoplastic solution, so as to improve the detection limit. The experimental
results show that the Au@Ag nanostar array had high sensitivity and reproducibility. In
addition, it can be used in the quantitative analysis of micro/nanoplastics in environmental
water samples.
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Figure 1. (a) Synthetic scheme of the preparation of 3D Au@Ag nanostar arrays and mi-
cro/nanoplastics detection; (b) optical photography, (c,d) SEM images, and (e) TEM image of the
Au@Ag nanostars; the corresponding elemental mappings of (f) Au and (g) Ag.

2. Experimental Section
2.1. Materials

Chloroauric acid (HAuCl,e3H,0), hexadecyl trimethyl ammonium bromide (CTAB),
hexadecyl trimethyl ammonium chloride (CTAC), crystal violet (C25H39CIN3, CV), trisodium
citrate dehydrate (SC), tris(hydroxymethyl)-amino-methane (TB), ascorbic acid (AA), sil-
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ver nitrate (AgNO3), methanol, and absolute ethanol were analytical reagents purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). L-Cysteine (L-Cys);
1H,1H,2H,2H-perfluorodecthiol (PFT) and n-hexane were purchased from Shanghai Al-
addin Biochemical Technology Co., Ltd. (Shanghai, China). Polystyrene (PS) plastic
dispersions were purchased from Zhongkeleiming Technology Co., Ltd. (Beijing, China).

2.2. Preparation of the AuNSs

AuNPs were used as the core for the subsequent growth of AuNSs. AuNPs were
first prepared according to the previously reported method, with some modifications [34].
Trisodium citrate dehydrate (2.2 mM) was dissolved in 140 mL deionized water for boiling.
Then, 1 mL of 25 mM fresh HAuCly solution was added and stirred for 60 s. Subsequently,
5 mL of 0.1 M TB solution was added and reacted at 137 °C for 15 min under constant
stirring. After that, the mixture was cooled to 100 °C. For every 20 min, 1 mL of 25 mM
HAuCly solution was added twice. The product was stabilized for 30 min and stored at
4 °C for further use.

Then, AuNSs were synthesized according to the previous literature, with minor
modification [35]. Under stirring, CTAB (16 mL, 0.1 M) and fresh HAuCly (1.6 mL, 25 mM)
solutions were added to 79 mL of deionized water. Then, AA (9.5 mL, 0.1 M) solution and
L-Cys (0.5 mL, 1 mM) were injected successively. After 30 s, the above prepared AuNPs
colloid (1 mL) was added, and the mixture was maintained in a water bath at 30 °C for
2 h. The product was centrifuged at 4000 rpm twice for 15 min and dispersed in a CTAB
solution (60 mL, 1 mM).

2.3. Fabrication of the Au@AgNSs and Self-Assembly of Au@AgNSs Array

An amount of 5 mL of the above AuNSs solution was put into a beaker, followed by
adding (50 uL, 0.01 M) AgNOs solution. Then, 100 uL of 0.1 M AA solution was injected
and ultrasonically dispersed for 1 min. The mixture was maintained in a water bath at 65 °C
for 4 h. When finished, the products were washed with distilled water after centrifugation
at 6000 rpm twice for 15 min. Finally, 5 mL of the bottom residue of centrifugation was
dispersed in a CTAC (60 mL, 1 mM) solution.

Au@AgNSs arrays were assembled on a silicon wafer by a simple oil-water interface
self-assembly method. Briefly, 3 mL of AuNSs was diluted into 2 mL of the deionized water
in a 50 mL beaker. An amount of 5 mL of n-hexane was slowly dropped onto the above
solution surface to form an oil-water interface. Then, 10 uL of PFT solution was added,
followed by injecting 5 mL of ethanol into the water layer at a constant rate to trigger
the self-assembly of the Au@AgNSs, leading to the formation of a uniformly and densely
arranged Au@AgNSs array on the solution surface. Lastly, the array was transferred onto
the silicon wafer through lifting, and dried for subsequent use.

2.4. Materials Characterization and SERS Measurements

Scanning electron microscopy (SEM) images and energy dispersive spectroscopy (EDS)
were obtained with a Gemini 500 SEM. TEM characterizations were performed using a
field emission TEM (JEM-2100F, JEOL, Tokyo, Japan) at an accelerating voltage of 200 kV.
UV /VIS absorption spectra were measured in a Shimadzu DUV-3700 spectrophotometer.

SERS performance was taken on a portable Raman spectrometer with a 785 nm
laser source (i-Raman plus, B&W Tek Inc., Newark, DE, USA). The objective lens of the
microscope was 20x and the integration time was 3 s. The laser power was 30 mW. For
model molecule (CV) detection, the substrate was immersed totally in the solution for 1.5 h.
After that, it was taken out and dried in air for SERS measurements. For micro/nanoplastics
detection, 10 pL of micro/nanoplastic dispersion was dripped onto the surface of the
substrate for natural drying and then for SERS signals collection.

The electric field distribution of Au@Ag nanostars was mapped with the finite el-
ement method using Comsol Multiphysics in some selected areas. The incident plane
wave propagated from the top of the Au@Ag nanostars to the bottom with 2D hot spot
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nanostructures. The wavelength was 785 nm, which was the excitation wavelength of
the Raman spectrometer. The diameter of the Au core and Ag shell of Au@Ag nanostars
were 30.45 and 98.61 nm, respectively. The Ag branches were modeled as triangles with
a height of 63.04 nm. The selected areas were ~500 nm x 1000 nm, which was the size of
the area used for the calculation. The surrounding medium was set as air to simulate the
real environment.

3. Results and Discussion
3.1. Characterizations of the Three-Dimensional Au@Ag Nanostar Array

In order to obtain a high-quality hot spot coupling in 3D nanostar arrays compared
with that of non-self-assembled ones [36], an interfacial assembly of Au@AgNSs was
conducted to generate a highly strong and uniform electromagnetic coupling. Here, an
oil-water interface self-assembly strategy was adopted, in which PFT was employed to
promote the rapid array formation of the nanoparticles at the interface while maintaining
the integrity and uniformity of the array film [35]. A low dielectric constant of ethanol was
used as the solvent to overcome the kinetic energy barrier and reduce the surface charge
density of the nanoparticles [37]. As shown in Figure 1b, the signal Au@AgNS particles
were assembled into a scale-up monolayer film at the water-hexane interface by injecting
ethanol into the Au@AgNSs solution under control. Instantly, the macroscopic and uniform
“golden film” was visible, and the assembly area was as large as approximately 30 cm?.
Additionally, the SEM images (Figure 1c,d) demonstrated the high uniformity of the 3D
Au@AgNSs arrays. The microstructure of the Au@AgNSs was further characterized by
transmission electron microscopy (TEM), as shown in Figure 1e and Figure S3a,b. It was
clearly observed that the Au@AgNS had an average diameter of 230 nm with a hierarchical
multidendritic structure. Moreover, the elemental mapping was used to characterize the
composition and element distribution (Figure S3c), which indicated that the Au nanostar
surface was coated with a dense layer of Ag to form the Au@AgNS nanostructure. Lastly,
UV/VIS spectra of the AuNPs and Au@AgNSs were measured, as displayed in Figure Slc.
A plasmonic resonance peak at 528 nm was observed, whereas it red-shifted to 834 nm
for the Au@AgNSs, which was suitable for the selection of a 785 nm laser source in the
SERS measurements.

3.2. Shape-Dependent SERS Performance and the Optimization of the Au@AgNSs

Compared with gold nanoparticles, silver nanoparticles have more advantages, such
as stronger LSPR absorption with higher plasmon energy and more intense local electric
field enhancement [38]. Additionally, coating a layer of Ag on the surface of Au nanobars
brings out a higher refractive index sensitivity in comparison with the pure Au nano-
bars [39]. In order to obtain substrates with a more excellent SERS performance, we tried
to grow a Ag layer on the surface of the AuNSs. It should be emphasized that we first
discussed Au@AgNSs and AulNSs assemblage before self-assembly. Figure S5 shows the
SERS spectra of CV (10> M) on the Au@AgNSs and AuNS, respectively. It was evident
that the sensitivity of Au@AgNSs was higher than AuNSs. Therefore, we took advantage
of the electronic hot spots on the AuNSs and the high SERS efficiencies of the Ag. By
combining them, an improved electromagnetic field around the metal surface was realized.
The stronger surface plasma response and enhanced coupling effect between Au-Ag nanos-
tructures will generate enormous SERS enhancement, which will play a vital role in SERS
trace detection [32].

SERS enhancement of plasmonic nanostructures mainly depends on the electromag-
netic mechanism (EM), which involves the excitation of the localized surface plasmon
resonance (LSPR) near the roughed metallic surfaces. And the LSPR frequencies of AuNPs,
AgNPs, or their alloys can be easily tuned by changing their shape, size, and surface fine
structures. Therefore, we prepared AuNSs with different branching numbers by adjust-
ing the concentration of L-Cys. During the continuous synthesis of gold nanoparticles,
L-Cys selectively adsorbs on the surface of gold, modifies the growth direction through
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strong interaction forces, and provides anisotropic deformation in the nanoparticles, thus
forming L-Cys-induced gold nanostar particles. It is worth noting that the number of
branches of AuNSs is highly dependent on the concentration of L-Cys [40]. Because the
concentrations of Cys can affect the kinetics of chirality formation, in this work, L-Cys
was added to the AulNPs solution to form a stable chemical Au-S bond [41], which was
used to control the subsequent growth of the multibranched AuNSs. AuNPs, with a mean
diameter of 30 nm (Figure Sla), were synthesized and employed as the core for the growth
of AuNSs. Figure 2a—d show the SEM images of Au@AgNSs prepared at different L-Cys
concentrations. With the increase in the concentration of L-Cys, the number of branches
of Au@AgNSs increased gradually and then decreased (Figure S2). The average particle
sizes for Au@AgNSs prepared with different concentrations of L-Cys were 0.5 mM, 1 mM,
2 mM, and 4 mM (208 nm, 194 nm, 189 nm, and 189 nm), respectively. Figure 2e,f show the
corresponding SERS responses of the products, which suggest that the products prepared
with 1 mM of L-Cys generated the highest SERS enhancement. This can be explained by
the fact that the AuNSs product had the largest number of branches, and the tips could
produce an enormous electromagnetic field for Raman signal enhancement. In addition,
according to the FDTD simulation, with the increase in the number of nanostar branches,
more hot spots were generated, varying from two to four; therefore, the SERS performance
of the nanostar was enhanced (Figure S4).
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Figure 2. SEM images of Au@AgNSs prepared with different concentrations of L-Cys: (a) 0.5 mM,
(b) 1 mM, (c) 2 mM, and (d) 4 mM; (e) the corresponding SERS spectra of CV (10~> M) absorbed on
the products of a—d; (f) histogram of Raman intensities at 1174 cm~1 peak of CV.

For Au@AgNSs configuration, precise regulation of the particle size and shell thickness
of the nanoscale is important to obtain a highly efficient SERS performance. Accordingly,
we first fabricated Au@Ag nanostars with different particle sizes by adjusting the volume
ratio of AgNOj3 to AA. Figure 3a—c show the SEM images of the prepared Au@AgNSs at
the ratio of 50:25, 50:50, and 50:100, respectively. The morphological features indicated that
the volume ratio of 2:1 produced large particle sizes with long and sharp tips of branches,
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which was in favor of generating a stronger electromagnetic field enhancement. As ex-
pected, we examined the respective SERS response of the products, as shown in Figure 3g,
which validated the tip-enhanced Raman theory. Moreover, we synthesized different Ag
thickness of Au@AgNSs by tuning the dosage of the AgNO3 and AA. Figure 3d-f display
the SEM images of Au@AgNSs prepared at dosages of 100:50, 200:100, and 400:200. The
average particle size for Au@AgNSs prepared at dosages of 50:25, 100:50, 200:100, and
400:200 was 219 nm, 221 nm, 236 nm, and 244 nm, respectively. It can be seen that the
Ag shell thickness increased with the increase in dosages, and the SERS activity increased
accordingly (Figure 3f,g). The UV/VIS absorption spectra are shown in Figure S6. The
result was consistent with the previous work reported by Li et al. [42].
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Figure 3. SEM images of Au@AgNSs prepared at different volume ratios of AgNOj3 to AA: (a) 50:25,
(b) 50:50, (c) 50:100, (d) 100:50, (e) 200:100, (f) 400:200; (g) SERS spectra of CV (1075 M) absorbed on
the products of a—f; (h) histogram of the Raman intensities at 1174 cm ™! peak of CV.
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3.3. Aggregation-Induced Enhancement of the Three-Dimensional Au@Ag Nanostar Arrays

On the basis of the above experiments, we synthesized Au@AgNSs on a large scale
with the optimized parameters. And the as-prepared Au@AgNSs were used to construct
macroscopic and uniform plasmonic monolayer arrays by a facile interfacial assembly
(Figure 1c,d). The non-self-assembled Au@AgNSs and the Au@AgNSs array were further
fabricated by SERS sensoring to carry out sensing analysis, as displayed in Figure 4a,b.
It was evident that the former could detect the CV solution at a low concentration of
10~7 M, while the latter achieved a 10~? M detection concentration, which was two orders
of magnitude stronger than the former. Furthermore, the enhancement factor (EF) of the
Au@AgNSs array was calculated to be 3.80 x 107, which was 365-fold stronger than that of
the non-self-assembled Au@AgNSs (EF of 1.04 x 10°). The detailed calculation process is
shown in the supporting information. This was reasonable because of the rich hot spots
generated by the so-called “lightning-rod effect” [30] in a single nanostar particle and the
coupling effect from the nanogaps formed between tips and tips and spherical surfaces
in the Au@AgNSs array structure, which was proved by Javier Aizpurua’s team [43].
Furthermore, FDTD simulation was used to further analyze their electromagnetic field
enhancement, and the results are inset in Figure 4c,d. Clearly, the Au@AgNSs array
exhibited a larger number of electromagnetic hot spots between adjacent tips. In addition,
by comparison of EF for different SERS substrates with different shapes (Table 1), our
substrate demonstrated superior SERS enhancement capability.
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Figure 4. SERS spectra of CV with different concentrations adsorbed on (a) the non-self-assembly
Au@AgNSs, (b) the self-assembly Au@AgNSs array, and the corresponding histogram of Raman
intensities ata 1174 cm™? peak of CV on (c) Au@AgNSs and (d) Au@AgNSs arrays. The spectrum
labeled as “control” is the Raman spectrum obtained by focusing the laser onto the Au@AgNSs
substrates with no substance deposited on them. The insets in (c,d) are the respective FDTD simula-
tion results.
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Table 1. Comparison of different SERS substrates with different shapes.

SERS Substrate with

Different Shapes Molecular LOD EF Reference
Au@Ag NPs Rhodamine 6G 10~°M 1.02 x 107 [44]
Au@Ag NRs Crystal violet 107°M 6.3 x 10° [45]
Au@Ag NCs Crystal violet 1077 M 1.45 x 10° [46]

Au@Ag NSs array Crystal violet 107°M 3.8 x 107 In this work

3.4. The Signal Uniformity and Stability of the Substrate

Signal uniformity or reproducibility of the substrate is a key factor in quantitative
analysis. In order to evaluate the SERS performance of the Au@AgNSs array and confirm
its potential in analyzing nanoplastics, CV was selected as the Raman probe, and the SERS
spectra was randomly collected from 20 points on the substrate. Figure 5a shows that Ra-
man spectra distribution at different locations in the substrate were uniform. Additionally,
we calculated the relative standard deviations (RSD) for the vibration intensity of three
major peaks at these 20 points. The RSD values of the peaks at 914 cm~!, 1174 cm~!, and
1619 cm ! were calculated to be 8.2%, 4.4%, and 9.5%, respectively (Figure 5b—d), which
indicated their superior signal reproducibility. Then, the stability of the Au@AgNSs array
substrate was examined, as shown in Figure 5e f. The Raman intensity variations of the
peaks at 914 em 1, 1174 em !, and 1619 em ! decreased by 12%, 8%, and 10% after storage
for 15 days, which demonstrated superior long-term stability. Above all, the excellent
signal uniformity and the storage stability of the SERS substrate met the requirements of
the routine analysis and could be applied to the trace detection of nanoplastics.
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Figure 5. (a) SERS spectra of CV (10~% M) on Au@AgNSs obtained from 20 different points; (b—d) the
RSD values of 914 cm !, 1174 cm~!, and 1619 cm ™! peaks; (e) SERS spectra of CV (1075 M) collected
on the newly prepared substrate and that stored for 15 days; (f) SERS intensity variation of 914 cm ™!,
1174 cm~1, and 1619 cm ! peaks.

3.5. Quantitative Analysis of PS Standard Solutions

To evaluate the detection potentials of the Au@AgNSs substrate for micro/nanoplastics,
we investigated the SERS detection of PS standard solutions of different particle sizes and
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concentrations, respectively. Figure 6a shows the SERS spectra of the polystyrene (PS)
standard solutions of different particle sizes (1000 nm, 800 nm, 400 nm, and 200 nm) on the
optimal Au@Ag nanostar array substrate. It can be seen from Figure 6a that the strongest
characteristic peak at 1000 cm ! originated from its C-C ring breathing mode of PS spheres,
and the 621 cm™1,1029 ecm™1, 1445 cm 1, and 1601 cm ™! were from the ring deformation
mode, the CH- in plane deformation band, vy9, or 6(CH3), and the C-C stretching vibra-
tions [23,47]. The results show that the substrate successfully discerned the PS nanoplastics,
and the SERS signal decreased with the decreasing particle size of PS. In addition, we
examined the SERS sensitivity of the Au@Ag nanostar array substrate for detection of
different concentrations of PS (size of 800 nm), and the SERS spectra is shown in Figure 6b.
Obviously, the substrate realized the trace detection of PS nanoplastics down to 25 ng/mL,
even with a portable Raman spectrometer, suggesting that our substrate has the potential
for detecting micro/nanoplastics. Due to the hydrophobic property of the Au@AgNSs
array, the PS solution can be concentrated on the nanoarray surface during the evaporation
process, which is conducive to the trace detection of micro/nanoplastics (Inset in Figure 6b).
To avoid having too few micro/nanoplastics in the sample to be detected, preconcentration
will be taken, collecting PS to be measured from the solution into a smaller volume in order
to increase its content above the determination limit. In our work, we took advantage of the
hydrophobicity of the designed substrate Au@AgNSs array to concentrate PS into droplets.
As time went by, the water evaporated, leaving dense PS particles on the substrate, which
played a major role in the effective boost of the PS Raman signal detection (Figure S8).
More importantly, the substrate was explored to detect PS concentrations from 500 pg/mL
to 200 ug/mL (Figure 6¢), and there was a good linear relationship between the SERS
intensity and the PS concentration, with an R? value of 0.99 (Figure 6d), confirming the
quantitative detection ability of micro/nanoplastics. It is worth noting that only in the
range of 200-500 mg/mL was quantitative detection for 800 nm PS valid.

3.6. Simulation Detection of PS Nanospheres in Environmental Water Samples

Based on the fingerprint feature and the trace detection capability of the Au@AgNSs
array, we therefore conducted SERS detection of PS nanoplastics in environmental water
samples, including tap water, sea water, and soil water. Tap water was obtained from local
areas for direct use. For the simulation detection of PS in tap water, a certain amount of
PS was spiked in the water samples to form different concentrations of environmental
water samples, and then was examined by our Au@AgNSs array SERS substrate, as shown
in Figure 7a. The results show that the detection concentration for PS nanospheres in
tap water was as low as 25 pg/mL. In the case of simulation of the detection of PS in
the sea water and soil water, a simple pretreatment was needed before SERS analysis,
because the environmental water samples contained some impurities, including ionic
elements, trace bacteria, inorganic salts, and dissolved organic matter, etc. Seawater was
obtained from Bohai Sea and diluted 10 times with water. The soil sample was filtered
with water dispersion, and the upper clear layer was taken for the preparation of different
concentrations of water samples. In Figure 7b,c, SERS measurements demonstrated that
the SERS substrate could still identify PS in sea water and soil water at low concentrations
of 2.5 ng/mkL and 25 pug/mL, respectively, even with the complex matrix interferences. The
above results show that the Ag@AgNSs array substrate has great potential in the detection
of micro/nanoplastics from the actual water environment.
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Figure 6. (a) SERS spectra of PS standard solution (2.5 mg/mL) with different particle sizes on the
substrate, and the spectra labeled as “control” is the normal Raman spectra of standard solution
(2.5 mg/mL) with different particle sizes on the silicon; (b) SERS spectra of different concentrations of
PS nanosphere (800 nm) on the substrate; (c) SERS spectra of PS nanospheres (800 nm) with different
concentrations; (d) relationships between PS concentration and SERS intensity.
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Figure 7. SERS spectra of PS nanosphere in environmental water samples on Au@AgNSs array
substrate: (a) tap water; (b) sea water; (c) soil water. The spectrum labeled as “control” is the normal
Raman spectrum of PS in environmental water samples on the silicon.
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4. Conclusions

In this work, we prepared 3D Au@AgNSs and self-assembled uniform Au@AgNSs
arrays as highly sensitive SERS substrates. Due to the abundant hotspots generated by the
“lightning-rod effect” of the branches and the coupling effect from the nanogaps formed
between the tips formed in the Ag@AuNSs array structure, it showed a two-order magni-
tude stronger than the Au@AgNSs, thus exhibiting high sensitivity to CV model molecules
down to 109 M, even with a portable Raman device. Moreover, the hydrophobicity of the
array endowed the capability of the enrichment and preconcentration of analytes, which
was a great benefit to lower the detection limitation of PS. And the Au@AgNSs array
was successfully applied in the identification and quantitative detection of PS plastics.
Importantly, the SERS substrate achieved practical trace detection of PS nanoparticles in
environmental water samples. This work demonstrated that the applicability of the method
in water pollution monitoring is relative to this type of nanoplastic. However, this rapid,
portable, and sensitive SERS method may have great potential application in the analysis
of micro/nanoplastics in real water samples.
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(b) Au@AgNSs; (c) UV/VIS spectra of AuNPs and Au@AgNSs; Figure S2: The plot between the
average number of branches of Au@AgNSs and L-Cys concentration; Figure S3: (a) and (b) TEM of
Au@AgNSs; (c) Energy dispersive spectroscopy image; Figure S4: FDTD simulation of nanostars
with different branch numbers (a) 3, (b) 4, (c) 5, (d) 7; Figure S5: (a) The average SERS spectrum of
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and 1619 cm ™1 peaks; Figure S6: UV-vis spectra of the Au@AgNSs with different volume ratio of
AgNOs to AA: (a) 50:25, (b) 50:50, (c) 50:100; and (d) 100:50, (e) 200:100, (f) 400:200; Figure S7: SERS
spectrum of 800 nm PS on different substrates, (a) Au@AgNSs array, (b) AuNSs, (c) bulk PS; Figure S8:
Change of PS solution with time (a) 0 min, (b) 90 min; Figure S9: SERS spectra of PS standard solution
(2.5 mg/mL) with different particle size on the silicon substrate; Figure S10: (a,b) SERS spectra used
to calculate EF. The spectrum labelled as “control” is the normal Raman spectrum of CV (1071 M)
spread on the glass.
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