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Generally, a high quality surface-enhanced Raman spectroscopy
(SERS) substrate often requires a highly-tailorable electromagnetic
(EM) field generated at nanoparticle (NP) surfaces by the regulation
of the morphologies, components and roughness of NPs. However,
most recent universal approaches are restricted to single components,
and integrating these key factors into one system to achieve the
theoretically maximum signal amplification is still challenging.
Herein, we design a triple SERS signal amplification platform by the
coordination of spiky Au NPs with rich-tip nanostructures, controllable
silver nanoshell, as well as tailorable surface roughness into one
nano-system. As a result, the theoretical electromagnetic field of
the interfacial self-assembled 2D substrate can be improved by
nearly 5 orders of magnitude, and the ideal tracing capability for the
model SERS molecule can be achieved at levels of 5 x 107 M.
Finally, diverse analytes in pesticide residues, environmental
pollutants as well as medically diagnose down to 107! M and
can be fingerprinted by the proposed SERS nano-platform. Our
integrated triple amplification platform not only provides an effective
SERS sensing strategy, but also makes it possible to simultaneously
achieve high sensitivity, stability as well as universality into one
plasmonic-based SERS sensing system.

Introduction

Surface-enhanced Raman spectroscopy (SERS) as a non-invasive
spectroscopy technique provides rapid, fingerprint identification
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Herein, we demonstrate the triple surface-enhanced Raman spectroscopy
(SERS) signal amplification platform by the design of the spiky Au NPs
with rich tip nanostructures, controllable silver nanoshell, as well as
tailorable surface roughness into one nano-system. As a result, the
theoretical electromagnetic field of the interfacial self-assembled 2D
SERS substrate can be improved by nearly 5 orders of magnitude, and
the ideal tracing capability for diverse analytes in pesticide residues,
environmental pollutants as well as medical diagnose can be achieved at
levels of 5 x 10" M. This proposed SERS nano-platform provides
approachable fabrication means for sensitive optical analysis
technology, and is beneficial to the advances of multi-fields detection.

of trace-molecule levels for all kinds of target analytes."” Since
first put forward by Fleischmann in 1974,% the SERS technique
has developed rapidly and widely in fields of chemical, physical
and biological sciences.””® However, the inherent Raman signals
of most analyte molecules are weak due to their poor Raman
scattering cross-sections.” In recent years, two dominant
strategies involving electromagnetic (EM) mechanisms and
chemical mechanisms have elaborated their vital importance
for SERS enhancement.®>® Generally, the electromagnetic field
is amplified (“hotspot effect”) by noble metal NPs enabling numer-
ous opportunities for tailoring the SERS detecting sensitivity, which
is independent of the nature of analyte molecules.'® In principle,
the “hotspot density” of noble metal NPs has been adjusted
broadly covering the design and selection of the morphology,'™"?
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composition'>'* and roughness'>'® of SERS substrates of NPs. It is
worth noting that the SERS enhancement is highly dependent on
the shape of metallic nanoparticles. The nanostructures with rich
tips often exhibit unique advantages in concentrating the electro-
magnetic field, namely, the so-called “lightning rod effect”.'” The
“lightning rod effect” is often caused by the curvature of a metallic
interface induced by the potential gradient.”® For instance,
Fang and co-workers' synthesized flowerlike Au NPs with rich
nanothorns by electrochemical deposition to achieve the SERS
enhancement. Thus, the controllable fabrication of anisotropic
nanostructures ranging from nanorods and nanotriangles to multi-
branched metal NPs is conducive to SERS enhancement.”%*"

Although the design of NPs with shape corners can partially
circumvent the substrate limitation, the SERS enhancement is
still weak on the surface of pure and single metal NPs.”?
Considering that, Tian’s group puts forward versatile shell-
isolated NP-enhanced Raman spectroscopy (SHINERS) technology
by coating noble NPs with thin silica or alumina shells, in
which the interaction with the chemical environment or analytical
targets can be prevented.”*** Particularly, the sharp resonance
characteristic of Ag nanostructures can effectively avoid self-
adsorption and present high-scattering efficiency than Au NPs.>>*
Thus, the “core-shell effect” of the complex structures of Au-Ag core-
shell NPs, which distinguishes from SHINERS, can provide coopera-
tive reinforcement for the SERS enhancement.”’?® Furthermore,
surface chemistry and roughness regulation for noble NP-
based SERS substrate is another effective approach for optimiz-
ing SERS properties besides morphology tailoring. Generally,
the surface roughness regulation involves controlled removal/
addition of surface atoms from/on the NPs. Therefore, it creates
more opportunities for some additional strong and homo-
geneous ‘“hot spots” by leveraging the coupling between
surface plasmons and far-field light.”>*° The contribution of
roughness (Nanocorrugation-Contributed Roughness, NCR) to
SERS is further determined by the height of nanoripples or
depth of grooves on a rough surface, which is named as
“etching induced defect effect”.*" Despite the rapid advances
of SERS detecting technology, the current strategies for SERS
signal enhancement mainly focus on single or binary plasmonic
nanostructure designs, which limits the maximum effect of SERS
signal amplification. Thus, centralizing SERS enhancement factors
into one nanostructure substrate to achieve theoretically maximum
SERS magnification is still challenging.

In this work, we manage to integrate three key factors into
one SERS nano-platform by tailoring the morphologies (holes
and hotspots), composition and surface roughness of plasmonic
substrates. Specifically, the integrated nanostructure is achieved
by involving the systematic synthesis of spiky Au NPs with rich
nano-tips, the spiky Au-Ag core-shell NPs with controllable
thickness to the final etched spiky Au-Ag core-shell NPs with
tailorable surface roughness (Fig. 1a). As a proof-of-concept, we
utilize the Finite Difference Time Domain (FDTD) simulation to
evaluate the electromagnetic enhancement of the integrating nano-
structures, in which, the “integrated triple amplification” for SERS
enhancement is verified. To estimate the sensing capabilities and
versatility of our proposed integrated triple amplification SERS

This journal is © The Royal Society of Chemistry 2022

View Article Online

Nanoscale Horizons

a Integrated Triple Amplification of SERS Signal
“Lightning-rod effect” “Core-Shell effect”

“Etching induced defect effect”
3ok \ Yy,

Electromagnetic Enhancement
I 1 10°times

-l

S
¥ @

Food Safety Environn

llution Medical Diagnose

Fig. 1 Schematic illustration of the design of the integrated triple ampli-
fication of SERS signal: (a) structure design by tailoring the morphology,
composition and surface roughness in one nanostructure for enhancing
SERS detecting sensitivity; (b) interfacial assembly of the proposed nano-
structures for enhancing SERS detection repeatability; (c) the application of
the proposed triple amplification SERS nano-platform for real sample
detection in various fields.

platform, we investigated the SERS-sensing properties for the
model molecule (4-aminothiophenol, 4-ATP). In recent years, our
group has devoted itself to constructing macroscopic and uniform
NPs monolayer films®*>** and investigated their functional applica-
tions for SERS detection.**** Thus, leveraging interfacial assembly
for obtaining scale-up and uniform 2D NP arrays, both sensitivity
and stability are heightened in our 2D plasmonic SERS sensing
platform (Fig. 1b). Finally, the integrated triple amplification SERS
platform enables the effective detection of diverse molecules in
pesticide residues, environmental pollutants as well as medical
diagnose with strong quantitative capability down to 10 M
(Fig. 1c). We envision that the proposed SERS platform not only
achieves an integration of multiple signal amplification factors but
also paves the way for wide-field trace analysis with high sensitivity
and repeatability.

Materials

Chloroauric acid (HAuCl,-3H,0, 99.0%), hexadecyl trimethyl ammo-
nium bromide (CTAB, 99.0%), hexadecyl trimethyl ammonium
chloride (CTAC, 99.0%), trisodium citrate dehydrate (SC, >99.0%),
tris(hydroxymethyl)}-amino-methane (TB, GR) were purchased from
Sigma-Aldrich (USA). Ascorbic acid (AA, 99.7%), silver nitrate
(AgNO;, >99.0%), 1-Cysteine (-Cys, >98.5%), methanol, ethanol
absolute, n-hexane (GR), 30.0% hydrogen peroxide (H,O,), 30.0%
ammonium hydroxide (NH,OH) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). 4-Aminothiophenol
(4-ATP, 97.0%) was obtained from Alfa Aesar (Shanghai, China).
5-Amino-2-thiol-1,3,4-thiadiazole (AMT, 98.0%), 2-mercaptobenzo-
thiazole (2-MBT, 98.0%), 2-mercaptobenzimidazole (2-MBI, 98.0%)
were purchased from Aladdin (Shanghai, China). All chemicals were
used without further purification. Deionized water was used
throughout the experiment process.

Au NPs with a diameter of 25 nm were prepared according to
our reported method.*® Typically, fresh HAuCl, (1 mL, 25 mM)
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and TB (5 mL, 0.1 M) were sequentially added (time delay 60 s)
to 140 mL of boiling deionized water containing 2.2 mM SC,
and the reaction was allowed to proceed at 137 °C for 15 min
under stirring. Afterward, the solution was cooled down to
100 °C and 1 mL of HAuCl, (25 mM) was injected twice into
the solution with an interval of 20 min.

The spiky Au NPs were prepared according to a previously
reported method with some modifications.*” 16 mL of 0.1 M
CTAB and 1.6 mL of 25 mM fresh HAuCl4 were sequentially
added to 79 mL of deionized water under stirring. Then, AA
solution (9.5 mL, 0.1 M), -Cys (0.5 mL, 1 mM) and as-
synthesized Au NPs (1 mL, 30 nm) were sequentially added
(time delay 30 s) under water bath at 30 °C for 2 h. The solution
was purified by centrifugation three times at 4000 rpm and
dispersed in 60 mL of 1 mM CTAB solution.

The spiky Au@Ag NPs were prepared according to our
reported method with some modifications.*® 50 uL of 0.01 M
AgNO; solution was added to 5 mL of the 80 mM CTAC-
modified spiky Au NPs under ultrasonic conditions. After
30 s, AA (100 pL, 0.1 M) solution was added with successive
ultrasound for 1 min. Then, the tube was placed in a water bath
at 65 °C for 4 h. Finally, the product was washed three times
with distilled water and dispersed in 1 mM CTAC solution. By
changing the volume of AgNO; and AA, the spiky Au@Ag NPs
with different thicknesses were obtained.

Monolayer films of Au NPs, spiky Au NPs and spiky Au@Ag
NPs were prepared according to our previous interfacial assembly
approach with some modifications.*® The freshly prepared Au NP
solution (8 mL) was diluted with 2 mL of deionized water and the
mixture solution was added to a glass culture dish (6 cm in
diameter). Then, 8 mL of hexane was slowly, dropwise, added on
top of the solution to form an incompatible oil-water interface.
Finally, 10 mL of ethanol was added to an aqueous solution with a
mechanical injection pump at a constant rate of 3 mm min to
form monolayer film at the interface. Typically, the spiky Au NPs
and spiky Au@Ag NP monolayer films were prepared using the
same method mentioned above for Au NPs. Furthermore, the NP
monolayer films were transferred to a Si-wafer substrate for
further use.

Etching for the spiky Au@Ag NP monolayer film was according
to a previously reported method with some modifications.* 30%
H.0,, 30% NH,OH and methanol were mixed in a volume ratio of
1:1:4 as an aqueous etchant. The spiky Au@Ag NP monolayer
films were immersed in 1 mL aqueous etchant for 0, 20, 40, 60, 80,
100 and 120 s, respectively. The substrates were immediately
immersed in deionized water to extinguish the etching reaction.
Finally, the etched substrates were washed three times with
deionized water and dried at room temperature.

Finite-difference time-domain (FDTD) solutions 8.24 (Lumerical
Solutions) was applied to FDTD simulations. Notably, an electro-
magnetic pulse from 400 nm to 1000 nm, in which the electric
field perpendicular was to the substrate, was launched into the
simulated domain with nanostructures. A mesh size of 0.1 nm
was employed for acquiring the electric field contours of Au NPs.
The models of other nanostructures with the grid accuracy of
0.5 nm were simplified based on real morphologies from TEM
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and SEM results. The average NP sizes of Au NPs, spiky Au NPs
as well as the thickness of silver nanoshells were determined as
31 nm, 200 nm and 2.5 nm, respectively. The refractive index of the
surrounding medium of water was set to be 1.33. The dielectric
functions of Au and Ag were obtained by fitting the measured data
of Johnson and Christy.

The Si-wafer-supported Au NPs, spiky Au NPs, spiky Au@Ag
NPs and etched spiky Au@Ag NP monolayer films were
immersed in 4-ATP ethanol solution for 24 h and then rinsed
repeatedly with ethanol to remove any surface residue.

To verify the practical applicability of the etched spiky
Au@Ag NP monolayer films in different fields, we applied it
to SERS detection of real samples including food safety,
environmental pollution and medical diagnosis. Different
concentrations of AMT, 2-MBI and 2-MBT were added to
vegetables, river water and urine for SERS measurement.
We dropped 2 mL of AMT solution with different concentra-
tions on 1 x 1 cm? squares of cabbage leaves and washed them
repeatedly with 2 mL of water and DMF-mixed solution after
drying. The river water and urine samples were diluted 100
times to avoid the background interference of impurities on the
SERS signal.

UV-vis absorption spectra were obtained using a TU-1810
UV-vis spectrophotometer (Purkinje General Instrument Co,
China). The SEM images were obtained on an S-4800 instrument
(Hitachi, Japan) at an acceleration voltage of 8 kV. The TEM
images are obtained by the JEM-2100F instrument ((JEOM,
Japan)) at an accelerating voltage of 200 kv. SERS mapping
images were obtained using an R-3000HR spectrometer
(Renishaw, UK) with a 785 nm laser and 20x objective lens.
The Raman scattering signals were recorded on an ATR8300-
Raman spectrometer (OPTOSKY, China) with a 785 nm laser and
20x objective lens.

Results and discussion

Generally, the spiky Au NPs with an average size of 200 & 25 nm
were synthesized according to our previous work with minor
modifications.*® In the process of fabricating spiky Au NPs, the
seeds of spherical Au NPs with an average size of 35 nm?’
(Fig. 2a and e) are added into the growth solution containing
L-cysteine (1-Cys) with optimized amounts. Considering the
outstanding electromagnetic coupling performance of multi-
branched NPs, the relatively low coverage of L-Cys on Au NPs is
necessary for obtaining uniform spiky Au NPs. As a result, the
number of branches and SERS performance exhibits high
dependence on the amount of 1-Cys (Fig. S1 and S2, ESIY)
and the average number of branches in the spiky Au NPs is
approximately 20-30 per nanoparticle (Fig. 2c and g). Notably,
the morphologies and optical properties of the spiky Au@Ag
NPs exhibit strong seed size dependence (Fig. S3, ESIt). When
the size of Au NPs seed was too small (Fig. S3a, ESIT 15 nm), the
branches are obviously not shaped. Upon increasing the size of
Au NPs seed to 25 nm, the spiky Au NPs with rich branches are
formed (Fig. S3b, ESIT). However, by further increasing the size

This journal is © The Royal Society of Chemistry 2022
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Fig.2 TEM and SEM images of Au NPs (a and e), spiky AuNPs (b and f),
spiky Au@Ag NPs (c and g) and etched-spiky Au@Ag NPs (d and g). (i and j)
UV-vis spectra and optical photographs of the aqueous solution of Au NPs
(), spiky AuNPs (I1), spiky Au@Ag NPs (lll) and etched-spiky Au@Ag NPs
(IV) (inset: LSPR peak location of the proposed four different NPs).
The scale bar is 50 nm.

of Au NP seed to 50 nm, the branches became sharp and
deformed (Fig. S3c, ESIt). Additionally, the spiky Au@Ag NPs
were prepared and tailored according to the distinguished
chemical wet method.?® The TEM images (Fig. S4, ESI), energy
dispersive spectroscopy (Fig. S5, ESIT), as well as gradually blue-
shifted UV-vis absorption spectrum (Fig. S6a and b, ESIt)
indicate the successful coating of Ag nanoshells on the spiky
Au NPs. Additionally, the thickness of Ag nanoshells (Fig. Séc,
ESIt) was finely tuned with the size of 2 to 35 nm by simply
varying the amount of AgNO; and AA in the growth process.
Additionally, the Ag shell is optimized by evaluating the
influence of different conditions for preparing an adjustable
Ag shell on SERS performance (Fig. S7, ESIT).

Furthermore, the preciously-controllable etching on spiky
Au@Ag NPs was conducted according to the typical selective
chemical etching (Fig. 2d and h).>* Considering the precise
maneuverability for regulating the surface roughness of NPs,
the aqueous etchant composed of 30% H,0,, 30% NH,OH and
methanol were chosen and the etched spiky Au@Ag NPs with
different degrees of surface chemistry and roughness were
obtained by simply tailoring the etching time. As shown in
Fig. S8 (ESIY), the spectral and high definitude SEM character-
ization has proved the successful etching for spiky Au@Ag NPs.
Finally, the UV-vis absorption spectrum up to 155 nm shifts
(the inset picture of Fig. 2i) and color changes of four NPs
(Fig. 2j) further confirmed the successful synthesis of the
designed triple amplification SERS nano-platform. Additionally,
similar to the Ag shell coating procedure, the etching for spiky
Au@Ag NPs was optimized by evaluating the influence of
different conditions for etching on SERS performance (Fig. S9
and S10, ESIt). The optimized etching time for the SERS
enhancement of the etched spiky Au@Ag NPs was determined
as 40 s (Fig. S10, ESIY).

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Schematic illustration of spiky Au@Ag NP monolayer films
acquired at the oil-water interface. Optical photograph (b), SEM (c) and
TEM (d) images of spiky Au@Ag NPs monolayer film. The scale bar is 1 cm
(b), 20 um (c) and 100 nm (d), respectively.

Interfacial assembly of NPs at the water-oil interface has
been a versatile approach for obtaining uniform and scale-up
2D NP arrays.*® Especially, the ethanol injection method is most
widely used due to its high accessibility and repeatability.**
Considering the high-quality hot spot coupling in 2D NP arrays
compared to that of dissociative ones,*” interfacial assembly of
spiky Au@Ag NPs was conducted to obtain highly strong and
uniform electromagnetic coupling. As shown in Fig. 3a, the
monodisperse spiky Au@Ag NPs are assembled into a scale-up
monolayer film at the water/hexane interface by controllably
injecting ethanol into Au@Ag NP solution. Considering the key
role of ethanol in decreasing the kinetic adsorption barrier
(AG),*® the assembly area and uniformity of 2D monolayer films
are controllable by tailoring the amount and injecting rate of
ethanol in the solution. As shown in Fig. 3b, the macroscopic
and uniform ‘“grey film” is visible, and the assembly area is as
large as 50 cm®. Additionally, the SEM image of the 2D spiky
Au@Ag NP arrays also demonstrates the high uniformity of 2D
spiky Au@Ag NP arrays (Fig. 3c). The average distance between
branches of closely arranged adjacent NPs in the monolayer film
is determined to be 4.4 nm measured using Nano Measurer
Software statistics (Fig. S11, ESIT). This is located in the range of
optimized distances (1-5 nm) for maximized electromagnetic
enhancement reported in previous work.** As shown in Fig. S12
(ESIt), both Au NPs and spiky Au NPs exhibit uniform SERS
performance. Thus, we believe that the optimized NP mono-
graphs and density NP arrangement in the proposed 2D SERS
nano-platform are all advantageous for SERS detection.

As proof-of-concept demonstrations, the logarithmic-scale
electric field intensity enhancement contours were obtained by
the FDTD calculations to evaluate the SERS enhancement factor
of the proposed etched spiky Au@Ag NPs nano-platform, as
shown in Fig. 4a. Notably, the spines on the spiky Au NPs grow
asymmetrically during the synthesis procedure, which determines
the structure asymmetry in the final etched spiky Au@Ag NPs.

Nanoscale Horiz., 2022, 7, 554-561 | 557
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Fig. 4 Evaluation of SERS signal and electromagnetic field amplification
for the proposed four different NPs. (a) FDTD simulation of the electric
field distribution in the xz-plane for Au NP (i), spiky Au NP (ii), spiky Au@Ag
NP (i) and etched spiky Au@Ag NP (iv). (b) SERS spectra of 4-ATP on the
Au NPs (i), spiky Au NPs (ii), spiky Au@Ag NPs (iii) and etched spiky Au@Ag
NPs (iv) monolayer films. (c) Average Raman intensities at 1076 cm™* peak
of 4-ATP (10~ M) on the proposed four NPs monolayer films. (d) The limit
of detection (LOD) of 4-ATP on the proposed four NPs monolayer films.
(e) SERS intensity mapping images of 4-ATP (10~® M) measured at the
1076 cm™* peak across a 10 x 10 um? piece with 2 um interval of the
etched spiky Au@Ag NPs monolayer films. (f) Histogram of Raman signal
intensity at 1076 cm™! of 4-ATP at the concentration of 1078 M on the
etched spiky Au@Ag NP monolayer films.

The electromagnetic enhancement contours are calculated under
the excitation at their corresponding dipolar plasmon wave-
lengths (i: 523 nm, ii: 687 nm, iii: 669 nm, iv: 700 nm). The spiky
Au NPs exhibit obvious electromagnetic enhancement of 3 orders
of magnitude compared to that in Au NPs (Fig. 4a-ii). This is
reasonable because of the rich hot spot in nanogaps generated by
the so-called “lightning-rod effect”.*> Additionally, the spiky
Au@Ag NPs with 2.5 nm Ag nanoshells and etched spiky Au@Ag
NPs show more than 4 orders of magnitude electromagnetic
enhancement compared to that of Au NPs.

Furthermore, 4-ATP is chosen as a probing molecule to
verify the triple SERS amplification effect of the proposed
etched spiky Au@Ag NPs-SERS platform. The Au NPs, spiky
Au NPs, spiky Au@Ag NPs and etched spiky Au@Ag NPs are
interfacially assembled into 2D monolayer films for SERS
detection. As reported previously,”> the typical characteristic
peaks of 4-ATP located at 1076, 1172, and 1578 cm ' are
apparent on these four NPs SERS substrates (Fig. 4b), which
correspond to the mixed modes of C-C stretching, C-H bending
vibration, as well as C-C stretching vibration, respectively. It is
worth noting that the detecting limits of four different substrates
involving Au NPs, spiky Au NPs, spiky Au@Ag NPs and etched
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spiky Au@Ag NPs are 1077 M (ii), 107% M, 10~ "° M (iii) and
5 x 10~ M (iv), respectively. Generally, the SERS enhancement
of spiky Au NPs exhibits a close correlation to the morphologies
of spiky Au NPs, as shown in Fig. S4 (ESIT). Additionally, the
SERS enhancement exhibits high dependence on the thickness
of Ag nanoshells on spiky Au NPs and the optimized Ag nano-
shell of 2.5 nm presents outstanding SERS performance, as
shown in Fig. S3c (ESIt). Furthermore, the EF of the films can
be calculated using the following equation:

EF = (ISERS / NSERS)/UNR / NNR) (1)

where Nyr and Ngggg represent the number of 4-ATP molecules
in the bulk solid sample and on the surface of the etched
spiky Au@Ag NPs monolayer films; and INR and ISERS express
the Raman scattering intensities from the solid 4-ATP and the
4-ATP adsorbed on the surface of the etched spiky Au@Ag NPs
monolayer films.*°

The EF is calculated to be 5.5 x 10* (Section S2 in ESI{),
indicating the excellent SERS enhancement performance of the
proposed triple signal amplification nano-platform. Thus, the
designed triple signal amplification properties are evidenced
(Fig. 4c) and the optimized etched spiky Au@Ag NPs exhibit
high sensitivity for fingerprinting 4-ATP with concentrations
down to 5 x 107" M (Fig. 4d).

Notably, not only high sensitivity but the 2D etched spiky
Au@Ag NP arrays also exhibit high signal reproducibility, as
shown in Fig. 4e. Each pixel at the spatial position of the SERS
mapping images symbolizes the Raman intensity of 4-ATP at
1076 cm~'. Confocal Raman images for 4-ATP signals at
1076 cm™ ' from etched spiky Au@Ag NP monolayer films are
shown in Fig. S13 (ESIt). The uniform red color of the mapping
image indicates high reproducibility of the substrate even in a
sharp SERS spectrum intensity range compared to previous
work.*® Although the distribution of hot spots in etched spiky
Au@Ag NPs exhibits some heterogeneity (Fig. 4a), the construction
of 2D monolayer films, in which NPs are arranged regularly and
closely, further ensures the detection of uniformity of hot spots on
the proposed SERS nano-platform. Additionally, in order to further
explore the reproducibility of the substrate in low density analytical
molecular detection, we plotted the histogram of Raman signal
intensity at 1076 cm ' of 4-ATP at the concentration of 10° M
(Fig. 4f). The relative standard deviation (RSD) of the Raman signal
of 4-ATP with different concentrations (10°, 1078, 107'° M) is
evaluated by randomly selecting 20 locations on the monolayer
film of etched spiky Au@Ag NPs. In addition, the histogram
distribution of these samples exhibited a lognormal curve distribu-
tion, which revealed the low relative standard deviation (Fig. S14,
ESIt). These results demonstrate the good reproducibility for low-
density analyte molecular detection.

Generally, the SERS detection for probing molecule has
sufficiently verified the ultrahigh sensitivity, good reproducibility
and excellent stability of the proposed triple amplified SERS
nano-platform. Furthermore, the sensitive detection of real
samples in three kinds of fields are systematically investigated,
respectively. Here, three typical molecules ranging from food
safety, environmental pollution as well as medical diagnosis are

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 The detection of various analytes in real samples on the etched
spiky Au@Ag NP monolayer films. (a) Food safety: (i) SERS spectra of AMT at
different concentrations. (i) The relationship between the SERS intensity
of the 1378 cm™ peak and concentration of AMT. (b) Environmental
pollution: (i) SERS spectra of 2-MBI at different concentrations. (ii) The
relationship between the SERS intensity of the 1269 cm™! peak and
concentration of 2-MBI. (c) Medical diagnosis: (i) SERS spectra of 2-MBT
at different concentrations. (ii) The relationship between the SERS intensity
of the 1248 cm—1 peak and concentration of 2-MBT.

chosen as target analytes Among them, thiadiazole-copper as
broad-spectrum microbicide has been widely used in the protection
of crop pests. Thus, it is crucial for quantitative detection of
pesticide residues [2-amino-5-mercapto-1,3,4-thiadiazole] (AMT).*”
Additionally, 2-mercaptobenzimidazole (2-MBI), which is widely
applied in the industry as a rubber preservative, antioxidant and
metal inhibitor, is of great significance to achieve ultrasensitive
detection for 2-MBL*® 2-mercaptobenzothiazole (2-MBT) is a geno-
toxic impurity introduced by the cefotaxime sodium in the process
of production and belongs to class 2A carcinogens in the list of
carcinogens published by the World Health Organization Interna-
tional Research on Cancer.’” It is a great promise for 2-MBT
detection in urine in the monitoring of drug quality and medical
health. In this work, in order to achieve sensitive monitoring of
those typical molecules, AMT was dissolved in a solution composed
of DMF and H,O in the ratio of 2:1 by volume and 2-MBI and
2-MBT were dissolved in ethanol. In addition, they are configured
into standard solutions with different concentrations for
SERS detection (Fig. S15, ESIt). The results demonstrate the high
university of the proposed triple amplified SERS nano-platform for
tracing analytes with fingerprinting levels.

As shown in Fig. 5, the SERS spectra and linear calibration
plot of different concentrations of AMT, 2-MBI, and 2-MBT are
presented and the characteristic peaks of the analyte molecule
are marked with a band in Fig. 5a(i)-c(i). The characteristic
bands at 1378 cm ™', 1269 cm ™' and 1248 cm ™' are significant
and selected as the standard peaks of AMT, 2-MBI and 2-MBT for
quantitative analysis. Generally, the peak located at 1378 cm™"
corresponds to the Cs-N, stretching of AMT,*® 1269 cm™
corresponds to the mixed modes of C=N, C-C stretching and

1
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C-H bending vibration of 2-MBI’" and 1248 cm ™' corresponding
to the C=N-C bending vibration of 2-MBT.>> Therefore, the
Raman intensity increases with the increase of analyte molecule
concentrations. Furthermore, the linear calibration plots
between the SERS intensity and analyte molecule concentration
are shown in Fig. 5a(ii)-c(ii). The limit of detection (LOD) of AMT
residues on cabbage leaves is 2.13 x 107> mg kg™ ',>* which is
much lower than those from maximum residue limits (MRL) in
China and the European Union (Table S1, ESIt). Thus, we fully
believe that the proposed triple amplified SERS nano-platform
can perform ultra-sensitive detection for real samples and has
potential application value for practical detection.

Conclusions

In this work, we have successfully achieved the construction of a
triple amplified SERS nano-platform by adjusting the structure,
composition and surface chemistry and roughness in one
nanostructure of etched spiky Au@Ag NPs. Then, as a proof-of-
concept demonstration, the FDTD simulation of the proposed
triple amplified SERS nano-platform exhibits strong electromag-
netic enhancement nearly 10° times. Additionally, the detection
sensitivity of the proposed triple amplified SERS nano-platform
for probing molecules also shows four orders of magnitude
enhancement compared to that of spherical Au NPs. Finally,
the optimized triple-amplified SERS nano-platform is applied to
real samples of food safety, aqueous environment detection and
medical diagnosis with ultra-sensitive quantitative detection
(107" M). We expect that the proposed triple amplified SERS
nano-platform not only can contribute to further study of
sensitive optical analysis technology but also be beneficial to
the advances of multi-fields detection with balanced sensitivity
and reproducibility.
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