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Three-dimensional (3D) plasmonic nanostructures with nanoparticles that can be tuned have got a lot of
attention in surface-enhanced Raman scattering (SERS) due to the unique 3D plasmonic coupling. Here,
two nanoparticles, gold nanosphere (AuNS) and gold nanooctahedra (AuNO), were used to construct 3D
hybrid SERS substrates to investigate the effect of nanoparticle spatial position on the SERS performance
of the 3D nanostructure and to obtain 3D substrates with high SERS activity. And more hybrid
combination possibilities were tested to explore the variation trend of hot spots generated when the
nanoparticles were near. First, two-dimensional (2D) planar substrates were prepared using the air-liquid
interface-assisted self-assembly method, to examine the effect of nanoparticle size on SERS
performance. Then, 3D hybrid SERS substrates were further prepared layer by layer to discuss the effect
of different combination methods within three layers on SERS performance. The optimized 3D hybrid
substrate with the sandwich structure of AUNS/AUNO/AUNS performed the strongest SERS enhancement
effect, whose intensity was 4.1 and 1.9 times that of AuNS/AuNS/AuNS and AuNO/AuNO/AuNO,
respectively, and had good reproducibility (relative standard deviation (RSD) of 1.08%). Furthermore, the
thiram molecular result showed that the prepared AuNS/AUNO/AuUNS had good linear relationship (R? of
0.991) and good molecule detection sensitivity (the minimum detection volume of thiram is 100 ppb),
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1. Introduction

Surface-enhanced Raman scattering (SERS) is a phenomenon in
which the vibration spectrum of molecules adsorbed on
a specific surface is greatly amplified. The amplification of the
local electromagnetic field, particularly the hot spots formed
from the near-field coupling effect between nanoparticles
caused by the excitation of surface metal molecules which
originates from the localized surface plasmon resonance
(LSPR), results in such high enhancement effect.** It has been
proved that a small number of probe molecules falling on the
hot spot region of the substrate provide a considerable portion
of the SERS signal, showing that hot spots play a dominant role
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which demonstrated the great potential of the 3D hybrid SERS substrates in practical analysis.

in SERS.® Previous work on SERS has been mostly focused on
investigating hot spots and fabricating structures with high
enhancement effects, such as zero-dimensional (0D), one-
dimensional (1D), two-dimensional (2D), and three-
dimensional (3D) structures.® However, high enhancement
structures and enrichment of molecules under detection have
many challenges.”** Meanwhile, the 3D structures have got a lot
of attention as a novel type of SERS substrates. By increasing
plasmonic coupling in the vertical direction (z-axis) based on
a 2D plane, the distribution of hot spots expands from 2D plane
to 3D volume, and the 3D plasmonic coupling, which becomes
a unique feature of 3D structures contributes to multi-density
hot spots and plays a key role in the SERS enhancement effect
and high sensitivity of a 3D SERS substrate.'>*

The effect of 3D plasmonic coupling includes in-plane and
out-of-plane, which have been studied before. For example, Unal
et al. compared the 3D structure to its 2D counterpart structure,
they found that the maximum surface-normal (out-of-plane) field
enhancement greatly increased.'” Gong et al. confirmed that the
hot spots existing in the whole depth (in-plane) positively affected
SERS enhancement of the 3D SERS substrate.’® Our group has
previously prepared several SERS substrates with different
uniform nanoparticles, and the results show that the 3D
substrates have better SERS enhancement performance than the
2D substrates of the same material.">*® These results have
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revealed that the SERS enhancement effect of the 3D structure
was significantly improved compared to the 2D counterpart
substrate. However, our work on 3D substrates has only focused
on the 3D assembly of single-morphology nanoparticles such as
gold nanooctahedra (AuNO) and silver nanorod (AgNR), which is
insufficient to investigate the 3D plasmonic coupling or to
prepare high-performance 3D substrates. In addition, more 3D
structures as needed have been designed and studied using
metals® or metal oxides,”* and materials like 2D materials and
polymers, such as GO,”* WS,,** cellulose*® and fibre.** Among
them, 3D structures prepared with nanoparticles and 2D mate-
rials have unique advantages in providing uniform signals and
long-term stability.”” The 2D materials, in particular, have a defi-
nite thickness that could form a precise gap between the plas-
monic nanostructures. The high electric field enhancement in
the sub-nanometers gap could effectively improve the SERS
enhancement effect of the entire substrates.?® However, surface
modification is typically used for 2D materials to improve SERS
enhancement performance and reduce substrate background
signal. Metal nanoparticles with different morphologies can be
used to prepare a 3D hybrid substrate and similarly control
interlayer spacing in 3D substrates due to the relatively mature
synthesis process of metal nanoparticles. Metal nanoparticles
with different morphologies have different optical properties and
SERS activity. For example, the SERS performance of a 3D
substrate composed of AuNO performs better than that made of
gold nanosphere (AuNS), because AuNO has more tunable
morphological parameters compared to AuNS, including
multiple atomically flat surfaces, well-defined edges and corners
which were the sources of most hot spots.”**® Studies have also
shown that for 3D substrates using gold nanoparticles of the
same size but different shapes, the SERS characteristics are
significantly different.** This indicates that changes in metal
nanoparticles as structural units would affect the SERS perfor-
mance of a 3D structure, which provides a foundation for
research on the influence of metal nanoparticles with different
morphologies on 3D substrates.

Furthermore, a high-reproducibility SERS substrate must
match a suitable preparation method. Techniques like top-down
and bottom-up methods are used primarily for the preparation of
3D SERS substrates in the past. Nanoscale devices are designed
through traditional microfabrication methods (such as photoli-
thography®?) in a top-down method resulting in 3D SERS
substrates with height-adjustable shape, good reproducibility
and uniformity.*® However, it is difficult to manufacture
substrates with a gap of less than 10 nm. Another simple and
effective method for preparing 3D SERS substrates is bottom-up
assembly technology, such as self-assembly, electrochemical
deposition, and electrostatic adsorption, which involves assem-
bling different nanostructures units on different substrates with
precious metal nanoparticle self-assembly to create various types
of ordered nanostructure SERS substrates. Conveniently, the
shape and size of the assembly unit can be well regulated at a low
cost and a short preparation time.***® The single-layer nano-
particles could be carefully laid on the air-liquid interface using
the self-assembly technique, making it feasible to prepare various
types of ordered nanostructures SERS substrates with different
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shapes of nanoparticles.”>*”*® Moreover, the layer-by-layer stack-
ing of monolayer nanoparticles made it possible to fabricate
structures with exact layers and study the correlation between 3D
plasmonic coupling and SERS properties of the 3D hierarchical
SERS" or detect small biological molecules.>

A novel 3D hybrid SERS substrate introducing two different
nanoparticles (AuNO, AuNS) was designed in this work. AuNO
has a significant SERS enhancement effect because of its
tunable plasmonic. AuNS was uniformly arranged when self-
assembled on a 2D array with a curved surface making it
a good choice for preparing a 3D substrate. The air-liquid
interface-assisted self-assembly method was used to prepare 2D
substrates made of monolayer nanoparticles (Scheme 1). And 4-
MBA was used to evaluate the SERS activity of 2D substrates,
then the optimal size of AuNS (45 nm) was selected to be
assembled in different combinations with AuNO (89 nm) within
three layers. To quantitatively detect molecular, dense 3D hot
spots produced by 3D plasmonic coupling were used to enhance
SERS signal. The uniformity of the substrate was investigated
through SERS mapping, and the combination method AuNS/
AuNO/AuNS with the best enhancement effect was deter-
mined. Finally, the detection of thiram with the minimum
detectable concentration of 100 ppb and the detection of Mal-
achite Green (MG) with the minimum detectable concentration
of 10 nM was used to confirm the availability of the AuNS/AuNO/
AuNS. This study provided an easy way to design and prepare
hybrid 3D SERS substrates as a highly sensitive analytical tool
for molecular detection in biochemical and food fields.

2. Materials and methods
2.1 Materials

Hydrogen tetrachloroaurate trihydrate (HAuCl,-3H,0, 99%),
sodium borohydride (NaBH,;, 99%), poly(vinylpyrrolidone)
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Scheme 1 The schematic illustration of the process of a 3D hybrid
SERS substrate for SERS analysis.
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(PVP, 55 000), hexadecyl trimethyl ammonium bromide (CTAB,
99%), 4-mercaptobenzoic acid (4-MBA, 99%) and 3-butenoic
acid (97%) were purchased from Sigma-Aldrich. Sodium oleate
(NaOL, CP), hydrochloric acid (HCI, AR), silver nitrate (AgNO3,
AR), and ascorbic acid (AA, 99.99%) were attained from Xilong
Scientific Co., Ltd. All chemicals mentioned above were used
without further purification. Milli-Q water (18.2 MQ cm) was
used throughout the study, and all glassware was cleaned with
aqua regia and amounts of deionised water (DW) before use.

2.2 Methods

2.2.1 Synthesis of AuNS. The synthesis of AuNS included
two steps: synthesis of Au seed and growth of AuNS. First,
9.75 mL of 0.1 M CTAB and 0.25 mL of 10 mM HAucCl, was mixed
with magnetic stirring for 10 min, then 600 uL of freshly prepared
10 mM NaBH, was quickly added under vigorous stirring for
2 min and left to stand at 28 °C for 3 h to obtain Au seed solution.
For further growth of AuNS, 6 mL of 0.2 M CTAC and 6 mL of
0.5 mM HAuCl, were mixed together, and 4.5 mL of 0.1 M AA was
added dropwise. Then 50 L of Au seed solution was added while
wobbling and stood for 1 h. The resulting solution was then
centrifuged at 12 000 rpm for 40 min and washed with DW. The
AuNS were dispersed into 1 mL DW. The larger diameter of AuNS
was synthesised using small AuNS as seed, and the size of the
AuNS was related to the volume of Au seeds added.

2.2.2 Synthesis of AuNO. The AuNO was synthesised
following the method which was reported in our previous work."
First, Au nanorods (AuNRs) were obtained according to the re-
ported method.**** To further synthesise AuNO, 50 mL of 10 mM
CTAB was mixed with 500 pL of 50 mM HAuCl, in a 60 °C water
bath for 2 min, then 220 pL of 3-butenoic acid was added to the
mixture and kept in the 60 °C water bath for 8 min. Finally, 65 pL
of AuNRs prepared above was added as seed and kept at 60 °C
overnight. The AuNO was collected by centrifuging at 4500 rpm
for 15 min, washed with DW, and redispersed in 1 mL DW.

2.3 Preparation of 3D hybrid substrates mediated by the air-
liquid interface

1 mL AuNS (or AuNO) was mixed with 3 mL of 1% PVP ethanol
solution. The mixture was sonicated for 3 h, washed with
ethanol, and redispersed in 1 mL ethanol solution. Then 400 uL
AuNS (or AuNO) ethanol solution was diluted with 400 pL
dichloromethane, 400 pL cyclohexane, and 60 pL octane. The
mixed solution was slowly dripped onto the surface of the water.
The AuNS (or AuNO) monolayer was soon formed. After the
solvent molecules had evaporated completely, a piece of silicon
or glass was used to transfer the self-assembled monolayers and
kept them dry in air at room temperature. After drying, another
assembled monolayer was stacked continuously. Finally, 3D
SERS substrates composed of AuNS and AuNO with different
combination methods within three layers were obtained by
repeating the process.

2.4 Characterisation of the 2D and 3D substrates

The different sizes of AuNSs were characterised using trans-
mission electron microscopy (TEM) (H-7650) and ultraviolet/
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visible/near-infrared (UV-vis-NIR) spectra (Agilent Cary 5000).
SEM images of the substrates were acquired using a Hitachi
S4800 microscope operated at 5 kV and an Apreo S LoVac
microscope operated at 15 kV. The sizes of different nano-
particles were calculated by measuring more than 100 nano-
particles in TEM or SEM images using Image J software. The
nanogap of near nanoparticles was calculated by measuring
more than 100 spacing distances in SEM images using Image J
software. The SERS activity of the 2D and 3D substrates was
studied by an area SERS mapping (25 x 25 um” with 5 um step)
with 4-MBA as the probe. The 2D and 3D SERS substrates were
soaked in 0.1 mM of 4-MBA ethanol solution for 2 h, then rinse
with ethanol and dried at room temperature to remove any
unbound molecules. Raman spectra were recorded on a Lab-
RAM Aramis Raman microscope of Horiba JY. The 785 nm
extinction line was focused on the substrate through a 10 x (NA
= 0.25) objective. The Raman scattering light was collected
using the same objective. The excitation wavelengths (633 nm,
785 nm) were focused on substrates with a power of 0.44 mW
and 4.34 mW. The exposure time was 1 s for one mapping pixel.

2.5 Quantitative SERS analysis of molecules

The optimized hybrid 3D SERS substrates AuNS/AuNO/AuNS
(AuNS with a diameter of 45 nm and AuNO with a side length
of 90 nm) were soaked in different concentrations of thiram and
MG ethanol solution for 2 h. Specifically, thiram was detected at
concentrations ranging from 100 ppb to 100 ppm, and MG from
10 nM to 10 uM. Then the substrates were washed with ethanol
completely and dried at room temperature. To guarantee the
accuracy and reliability of the detection, quantitative SERS
analysis of thiram and MG was performed through the mapping
area (25 x 25 um” with 5 um step). All the Raman spectra were
collected through a 10 x (NA = 0.25) objective, and the expo-
sure time was 1 s. The excitation wavelength at the substrates
was 633 nm laser with a power of 0.44 mW.

3. Results and discussion
3.1 Synthesis and characterisation of AuNSs and AuNO

The synthesis of AuNSs with different diameters was based on
the continuous growth method.*’ By using small AuNS as seeds,
a series of AuNSs with larger diameters were synthesised. The
UV-vis-NIR spectra showed that the surface plasmon resonance
(SPR) of the AuNSs was redshift from 520 nm to 532 nm as the
diameter increased (Fig. 1A). The TEM images of the AuNSs are
showed in Fig. 1B-F with corresponding diameters control
15.98 £ 0.64 nm, 29.82 + 1.35 nm, 45.68 + 1.99 nm, 54.67 £
2.61 nm, 64.76 £ 2.46 nm, respectively. The synthesised AuNSs
had good morphology and high dispersibility. However, when
AuNS with a diameter over 64 nm was attempted to synthesise,
the SPR of AuNS redshifted significantly (from 520 nm to
552 nm, Fig. S1AY), and the morphology of AuNS changed from
nanosphere to nanopolyhedra (Fig. S1Bt). It showed that after
multiple growths, the morphology of nanoparticles would
gradually change to more obvious polyhedrons and lose the
morphology of the spheres. To minimise the influence of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) The UV-vis-IR absorption spectra of AuNSs. (B—F) TEM
images of the Au nanospheres with diameter control: (B) 15.98 +
0.64nm, (C) 29.82 +1.35nm, (D) 45.68 + 1.99 nm, (E) 54.67 + 2.61 nm,
(F) 64.76 + 2.46 nm. The scale bars are 50 nm for all TEM images.

nanoparticle's morphology on the final result, these five AuNSs
of different diameters with uniform size and good morphology
were chosen for the subsequent study of the self-assembled 2D
SERS substrates.

The air-liquid interface-assisted self-assembly method was
used to prepare the monolayer 2D substrates of AuNSs with
different diameters. When the disposed solution was dropped
on the water surface, the gold nanoparticles were closely packed
and assembled to form a highly reflective monolayer film on the
water surface, and then transferred to arbitrary substrates
(Scheme 1). Five monolayer 2D SERS substrates self-assembled
with five different diameters synthesised previously were
prepared simultaneously to obtain the optimal diameters of
AuNS, and the corresponding SEM images of the SERS substrate
were shown in Fig. 2A-E. The AuNSs were dispersed on the
substrates uniformly and tightly, without obvious cracking in
a large area. The gap between two adjacent nanospheres was
within a few nanometers, which was beneficial to the generation
of hot spots (Table S17). To compare the SERS performance of
different substrates, 4-MBA was used as a probe molecule
through a large area of SERS mapping at two wavelengths, and
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Fig.2 SEM images of AuNSs self-assembly with diameters of (A) 15.98
+ 0.64 nm, (B) 29.82 + 1.35 nm, (C) 45.68 + 1.99 nm, (D) 54.67 +
2.61 nm, (E) 64.76 + 2.46 nm. (F) SERS performance of monolayer
AUuNS substrates (A—E). The SERS intensity of 4-MBA at 1080 cm ™! was
derived from the average value of the mapping areas (A—E). The scale
bars are 100 nm for all SEM images.
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the comparison result was shown in Fig. 2F. As the diameter of
the AuNSs increased, the corresponding SERS intensity showed
a trend of first increasing and then decreasing, and the
maximum intensity was achieved with the optimized diameter
of 45.68 + 1.99 nm. It was reported that in a series of AuNSs
with diameters of less than 30 nm, the enhancement effect of
single AuNS increased with the growth of the size. In this
work, AuNS with a diameter of 45.68 £ 1.99 nm performed best
in SERS enhancement, which might be the compromise size of
AuNS in 2D plane was easy to obtain large SERS enhancement.
Specifically, for the fixed laser irradiation area, it was impos-
sible to contain more Au nanospheres of larger diameter,
leading to fewer hot spots in the signal acquisition area.
Furthermore, with diameters over 45.68 + 1.99 nm, the AuNSs
appeared to be more obvious growth of anisotropy, resulting in
irregular spheres, which affected the arrangement in the 2D
plane. In addition, the signal intensity excited by 785 nm was
higher than that of 633 nm. In summary, the optimal size of
AuNS (45.68 £ 1.99 nm) was used in the subsequent work.

To realize the purpose of 3D hybrid SERS substrates, at least
two kinds of nanoparticles were required. In our previous
works, AuNO exhibited a large degree of regularity in the 2D
monolayer assembly. There were also reports that the upward
faces of AuNOs self-assembled on the 2D plane were almost
uniform.”™** Furthermore, AuNO had many clear edges and
corners as tuning plasmonic material, which was critical for the
formation of additional hot spots in the hybrid assembly
structures and the SERS performance of substrates. Therefore,
referring to the previous method, with the aid of gold nanorods
(AuNRs) as seeds for secondary growth, AuNO was syn-
thesised."**** As can be seen in the UV-vis-IR absorption
spectra in Fig. 3A, the longitudinal dipolar plasmon resonance
(LDPR) of AuNR (black) was measured at 929 nm. The absorp-
tion line reached the highest value at 600 nm (red) after being
used for secondary growth to synthesise AuNO. Fig. 3B showed
the TEM image of AuNRs with an average length of 89.10 +
4.80 nm and an average diameter of 17.40 £ 1.70 nm (Fig. S2A
and BY). The monolayer 2D substrate prepared by the air-liquid
interface-assisted self-assembly method yields the SEM image
of AuNO showed in Fig. 3C, with a TEM image in Fig. S2Ct and
a large area SEM image of the 2D substrate in Fig. S2D.t Typical
self-assembled AuNO was on the substrate with one triangular
plane facing up. Additionally, the overall 2D plane assembly of
the AuNOs met the requirement for 3D hybrid assembly. The
influence of AuNO side length on the corresponding SERS
enhancement has been explored earlier by our group, and the

W2
——AuNO 2
S

200 400 600 800 1000 1200
Wavelength /nm

Fig.3 (A) The UV-vis-IR absorption spectra of AuNR (black) and AuNO
(red). (B) TEM image of AuNR. (C) SEM image of AuNO self-assembly.
The scale bars are 100 nm.
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superiority of AuNO with a side length of 90 nm in 3D SERS
assembly has been determined.*® To this end, the AuNO with an
average side length of 89.10 + 4.80 nm was selected for the
subsequent study of the 3D hybrid SERS performance.

3.2 Characterisation of AuNS and AuNO hybrid self-
assembly substrates and 3D SERS performance

The optimized AuNS (45.68 £ 1.99 nm) and AuNO (89.10 =+ 4.80
nm) were selected to prepare the 3D hybrid substrates to
investigate their performance. As shown in Scheme 1, eight 3D
substrates in various combinations were prepared at the same
time through the layer-by-layer accumulation of monolayer 2D
planes. Fig. 4A-H showed cross-sectional SEM images of all
types of assembled 3D structures, and it was easy to find the
successful three-layer structures, which indicated such an
assembly method was feasible to prepare 3D hybrid substrates.
The extinction spectra of 3D substrates with different combi-
nations were showed in Fig. S3.f The resonance wavelengths
exhibited in the extinction spectra of 3D substrates were almost
at the wavelength region between 633 nm to 785 nm (the red
and green dashed line in Fig. S31). It indicated neither 633 nm
or 785 nm could match the resonance wavelength of the
substrate well. As previously stated, most AuNOs were assem-
bled on a substrate with triangular plane facing up, ensuring
that the opposite triangular plane was in contact with the
substrate surface, which was verified from Fig. 4C that the
AuNOs assembled in the bottom layer of 3D structure with
triangular surfaces facing down. However, when the substrate

NO-NO-NS
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surface was full of AuNSs, AuNOs will contact the curve surface
of AuNSs with one triangular plane. In this study, when
comparing the size of nanooctahedra to that of nanosphere, it
took almost two nanospheres to equal one nanooctahedra in
size (Fig. 4H), which meant more hot spots generated in
nanoparticle-nanoparticle junctions when AuNO and AuNS
were close.

Furthermore, the contact surfaces of the two AuNOs were
triangular planes when two layers of AuNOs were assembled
(Fig. 4G). When the three layers were all AuNOs (Fig. 4E), the
arrangement of the AuNOs was more irregular, indicating more
different forms of self-assembly, which were also consistent
with earlier research that as the number of layers increases, the
actual height of the 3D substrate was different from the total
thickness of the monolayer in the ideal state, which indicated
multiple orientations within one layer.'” In summary, the cross-
sectional images verified the successful manufacturing of the
3D hybrid substrate. To further analyse the uniformity and
reproducibility of 3D hybrid substrates, 4-MBA were used as
Raman probe and the best-assembled nanostructure were
determined from Fig. 41, which showed normalised graph of
SERS intensity of 4-MBA on eight substrates. The SERS intensity
of 4-MBA at 1080 cm ™" detected in substrate AuNS/AuNO/AuNS
was 4.1 times and 1.9 times of that in AuNS/AuNS/AuNS and
AuNO/AuNO/AuNO, respectively. That showed the unique
superiority of AuNS/AuNO/AuNS substrate.

It has been pointed out that the sphere diameter (or the
curvature radius of the tip) should be tiny for a more confined

EEEEEE

NS-NO-NS

Fig. 4 SEM images and SERS performance of the AuNS and AuNO 3D hybrid substrates. The cross-sectional view of the SEM images for the (A)
AUNS/AUNS/AUNS, (B) AUNS/AUNS/AUNO, (C) AuNO/AUNS/AUNS, (D) AUNO/AUNS/AUNO, (E) AUNO/AUNO/AUNO, (F) AuNS/AuNO/AUNO, (G)
AuNO/AUNO/AUNS, (H) AUNS/AuNO/AUNS. The insets are the 3D illustration. (I) Normalized SERS intensity for 3D hybrid substrates with different
self-assembly combinations. The SERS intensity at 1080 cm~! of 4-MBA were used for comparing the performance. The scale bars are 100 nm.
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region of the local electric field to achieve a strong local electric
field.** In other words, the sharper the tip, the easier it is to
focus on the super-strong local electric field. When AuNO was
assembled with AuNS in a 3D hybrid substrate, the triangular
plane contacted the curved surface of the AuNS but contacted
the triangular face of another AuNO when assembled with the
same AuNO. Compared to the curved surface of AuNS, the
triangular plane of the AuNO had a smaller radius of curvature.
Therefore, it was easy to draw the inference that under the same
conditions, the hot spot produced by the AuNO-AuNO junc-
tions showed a weaker SERS intensity than that of the hot spot
produced by the AuNO-AuNS junctions (only the hot spot at the
particle contact site was compared here). Therefore, as shown in
Fig. 41, with the same three-layer nanostructure, AuNO/AuNO/
AuNO exhibited the SERS enhancement effect far inferior to
AuNS/AuNO/AuNS and AuNO/AuNO/AuNS. The SERS intensity
of AuNS (45 nm) in this article under excitation of 785 nm was
far inferior to that of AuNO (Fig. S47), so the SERS performance
of AuNO/AuNO/AuNO was stronger than that of AuNS/AuNS/
AuNS (Fig. 4I). Additionally, Zhang et al. studied the exact
location of hot spots in the 3D nanostructure, and they found
that the precise location of the hot spot of the 3D substrate was
related to the excitation laser. Specifically, under the excitation
of 785 nm laser, the strongest signal was concentrated in the
middle area of the 3D substrate.* This meant that under the
excitation of 785 nm laser, the hot spots generated by nano-
particles in the middle layer provide the dominant SERS
enhancement effect. Among the different substrates assembled
with AuNO and AuNS in this work, SERS enhancement of
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substrates with the middle layer of AuNO (Fig. 4E-H) was
stronger than that of substrates with the middle layer of AuNS
(Fig. 4A-D), which responded to the result that the SERS activity
of AuNO under the laser of 785 nm was stronger than that of
AuNS (Fig. S471). Therefore, AUNS/AUNO/AuNS showed the best
SERS enhancement effect. In addition, Fig. S5 showed that
light transmittance of different 3D substrates was varied, which
could be the size difference between AuNO and AuNS leading to
the fine distinction of the thickness of substrates.

Another important feature of the 3D hybrid SERS substrates
is good reproducibility. The reproducibility of the substrates of
different combinations was evaluated by mapping the SERS
intensities over an area of 25 x 25 um? with a scanning step of 5
um at excitation wavelengths of 785 nm and an integration time
of 1 s. Fig. 5A-H showed the SERS mapping of 4-MBA
(10™* mol L") with different substrates at the peak of
1080 cm ™. SERS spectra of 4-MBA detected by substrates with
different combinations. The corresponding SERS spectra of 4-
MBA detected by substrates with different combinations were
shown in Fig. 5I. The SERS mapping images indicated a high
uniformity of the 3D hybrid SERS structures, and the corre-
sponding relative standard deviation (RSD) values were in the
range of 1.08% to 5.00% across the mapping areas for excitation
wavelengths of 785 nm, which were much smaller than those of
the monolayer 2D SERS substrates and were up to an excellent
standard (less than 10.00%) for requiring a commercial SERS
substrate.*®*” From the results, we could conclude that the SERS
substrates conducted with AuNO and AuNS exhibited excellent
uniformity of the SERS signal over a large area, which benefited
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Fig. 5 SERS mapping images of the intensity at 1080 cm ™t of 4-MBA with (A) AUNS/AUNS/AUNS, (B) AUNS/AUNS/AUNO, (C) AUNO/AUNS/AUNS,
(D) AUNO/AUNS/AUNO, (E) AuNS/AUNO/AUNO, (F) AuNS/AUNO/AUNO, (G) AUNO/AUNO/AUNS, (H) AuNS/AuNO/AUNS. (I) SERS spectra of 4-

MBA detected by substrates with different combinations.
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from the compact structure prepared by air-liquid interface-
assisted self-assembly manner and the uniform size of AuNO
and AuNS.

3.3 SERS quantitative for molecules

To verify the practicability of the AuNS/AuNO/AuNS 3D hybrid
SERS substrate, thiram and MG were employed as the quanti-
tative detection method. Thiram is a fungicide that has been
frequently used to prevent fungal disease in seeds and crops.
However, with moderate toxicity, it may cause headaches,
dizziness, nausea and other gastrointestinal problems for the
human to contact thiram suddenly. MG is often used in the
aquaculture industry because it is cheap and highly effective.
However, it has long been known to be toxic and carcinogenic so
to be banned or set the minimum concentrations as low as 2 nug
kg~ ' in some countries. The detection results of thiram and MG
by our optimized 3D substrates were shown in Fig. 6. In the
SERS spectra of thiram (Fig. 6A), the peak at 1386 cm ™" was the
most obvious that was assigned to asymmetric CH; deformation
mode and C-N stretching mode. Hence, the most distinct peak
of thiram at 1386 cm ™' was used for the quantitative analysis.
As shown in Fig. 6B, the fitting curve revealed a good linear
relationship between the concentration of thiram and the
intensity of the SERS intensity of the target peak. The concen-
tration of thiram that the AuNS/AuNO/AuNS 3D hybrid SERS
substrate could detect was at least 100 ppb, which was lower
than the maximum residual limit of thiram in fruit as required
(5 ppm stipulated by China's national standard, 7 ppm and
3 ppm stipulated by the US Environmental Protection Agency
and the European Union, respectively). Fig. 6C showed SERS
spectra for MG with different concentrations on 3D substrate
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Fig. 6 (A) SERS spectra of thiram of different concentrations ranging

from 100 to 5000 ppb absorbed on the 3D hybrid SERS substrate
(AUNS/AUNO/AUNS). (B) Intensity of 1386 cm™* as a function of the
concentrations of thiram. (C) SERS spectra of MG of different
concentrations ranging from 10 nM to 10 uM absorbed on the 3D
hybrid SERS substrate (AUNS/AUNO/AUNS). (D) 1617 cm™' band
intensities versus the concentration of MG. Detection condition: laser
wavelength 633 nm, accumulation time 1's, exposure time 1 s and laser
power 0.44 mW.
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(AuNS/AuNO/AuNS), which contains the strongest peak at
1617 cm™ ' caused by the in-plane vibrations of C-C, and the
second strongest peak at 1180 cm ™" assigned by the in-plane
modes of C-H bend. With the increase of concentration from
10 nM to 10 pM, the SERS intensity of peak at 1617 cm™!
became stronger with good linearity (R* of 0.987 in Fig. 6D),
showing the potential of this 3D hybrid substrates. Therefore,
our substrates were expected to play a practical role in the
molecular detection of food and the environment.

4. Conclusions

In summary, we fabricated highly sensitive and uniform 3D
hybrid SERS substrates using an air-liquid interface-assisted
self-assembly method to assemble monolayer films closely
arranged by AuNO or AuNS nanoparticles onto a substrate. To
compare the relationship between the diameter of the Au
nanospheres and the SERS enhancement effect, 4-MBA was
chosen as the Raman probe molecule. To construct 3D struc-
tures, the AuNS with the best SERS activity and the AuNO were
selected. The SERS enhancement effects of different combina-
tion methods were compared, and the AuNS/AuNO/AuNS
showed the best SERS enhancement effect, which also had
perfect reproducibility (RSD as low as 1.08%). Furthermore, the
detection of small molecules like thiram and MG by AuNS/
AuNO/AuNS has shown a good linear relationship, further
verifying the substrate's practicality. Through this work, the
potential of the hybrid assembly of nanoparticles is further
confirmed, which brings a positive sign for developing three-
dimensional substrates and the research of plasmonic
coupling in the future and provides the availability of molecular
detection in the practical application of SERS at the same time.
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