Open Access Article. Published on 07 June 2021. Downloaded on 1/31/2026 5:25:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

W) Check for updates ‘

Cite this: RSC Adv., 2021, 11, 20326

Received 12th March 2021
Accepted 13th May 2021

DOI: 10.1039/d1ra01957k

ROYAL SOCIETY
OF CHEMISTRY

(3

The rationality of using core—shell nanoparticles
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Surface enhanced Raman spectroscopy (SERS) is a promising sensing technique that can provide unique
chemical and structural fingerprint information, but gaining reliable SERS quantitative data with high
sensitivity and stability still remains a challenge. Although using a molecule as an internal standard (IS)
can improve the SERS quantitative capability, the reliability and SERS measuring conditions for signal
fluctuations during calibration based on IS are yet to be explored when the embedded IS molecules and
target objects are located in different environments. Herein, a 3D hotspot matrix SERS platform based on
Au@4-MPy@AgNPs was constructed in water with the assistance of glycerol and the dynamic signal
changes from the IS, i.e. 4-Mpy, and target molecules were monitored during the process of evaporation
with high sensitivity and stability. In contrast to the traditional water-dispersed drying film system, the
variation trends of IS and target molecules were consistent in the glycerol-assisted liquid film protection
system. Therefore, it is reasonable to calibrate the signal fluctuation by utilizing the embedded IS based
on the construction strategy of a glycerol-assisted 3D hotspot platform. This work demonstrates
a rational, reliable and precise SERS quantitative technique for testing analyte concentrations in practical

rsc.li/rsc-advances

Introduction

Surface enhanced Raman spectroscopy (SERS) is a highly
sensitive analytical detection technique that provides unique
chemical and structural information on target molecules and
has achieved widespread application in the qualitative analysis
of substances.' Reliable and universal quantitative detection is
an important condition to evaluate the maturity of an analytical
technique.®” However, quantitative analysis for SERS is still full
of challenges due to the arbitrary distribution of hotspots and
poor reproducibility.*® Developments in nanotechnology and
analytical methods are urgently needed to break through this
bottle-neck and move SERS towards broader practical applica-
tion'*™* and it is hoped that SERS quantitative detection can
be eventually realized.

“Environmental Materials and Pollution Control Laboratory, Institute of Solid State
Physics, HFIPS, Chinese Academy of Sciences, Hefei 230031, China. E-mail:
tangxh2011@iim.ac.cn; jhliu@iim.ac.cn; Fax: +86-551-65591132; +86-551-65591142
*Institute of Physical Science and Information Technology, Anhui University, Hefei
230601, China

‘Department of Mechanical Engineering, City University of Hong Kong, Kowloon, Hong
Kong, China

t Electronic supplementary information (ESI) available: Fig. S1-S10, Table S1-S2.
See DOI: 10.1039/d1ra01957k

20326 | RSC Adv, 2021, 11, 20326-20334

systems and has great application prospects in the field of analytical chemistry.

Using a molecule as an internal standard (IS) has been
proposed to surmount the above-mentioned problems and the
embedded IS method can be used to improve the SERS quantita-
tive capability.”*™® In terms of the structure of the embedded IS,
first, a fixed amount of IS molecules is bound on the core and then
the shell is fabricated to protect IS molecules and create core-1S—
shell nanoparticles. Since there is no competitive adsorption
between IS and target molecules and embedded IS molecules
basically cause no interference with the system to be measured, the
embedded IS method for SERS quantitative detection has become
a focal point of current research on SERS quantitative analysis."*>

Although the IS molecular layer is sandwiched between the core
and the shell and would not be affected by the external environ-
ment, there are still some issues that need to be clarified. First,
target molecules absorbed on the shell surface have been exposed to
air and might be influenced by the outer environment. Second, we
know that SERS itself is a near-field phenomenon and the SERS
intensity depends primarily on highly localized near-field enhance-
ment.*** From this point of view, whether the signal change trends
of IS and target molecules are consistent when they are located in
different environments determines the reliability and stability of IS
used to calibrate the SERS signal fluctuations of target molecules.
Herein, IS and target molecules are located in different outer or
chemical environments in core-IS-shell nanoparticles, which spurs
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us to attach much importance to exploring the rationality of the
embedded IS method for SERS quantitative analysis.

Meanwhile, in recent years, a 3D hotspot matrix SERS strategy
has been successfully developed by our group through the solvent
evaporation-induced self-assembly of Ag or Au nanoparticles (AgNPs
or AuNPs) which demonstrated observable SERS signal amplifica-
tion and good reproducibility.*** Unfortunately, the SERS signals
were not stable and decayed rapidly after the water evaporated
completely. To conquer this deficiency, aqueous glycerol was
proposed for addition to the nanoparticle solution to alleviate the
evaporation and prolong the duration of the Raman signal at the
highest enhancement while protecting the nanoparticles from
exposure to air.**** Inspired by these works and enlightened by the
merits of the embedded IS strategy, it is thus highly desirable to
construct a long-period glycerol-stabilized 3D hotspot matrix SERS
platform to monitor the variation trends of the characteristic
vibration peaks of the IS and target molecules and then investigate
the rationality of using core-shell nanoparticles with embedded
internal standards for SERS quantitative analysis.

Hence, in this paper, a type of core-IS-shell nanostructure
with Au as the core, 4-mercaptopyridine (4-Mpy) as the
embedded IS Raman probe and Ag as the shell, ie., Au@4-
Mpy@AgNPs, was fabricated. Subsequently, a 3D hotspot
matrix SERS platform was constructed in water with the assis-
tance of glycerol and was successfully used to explore the use of
core-IS-shell nanoparticles for the SERS quantitative detection
of target molecules. The dynamic changes in signals from the IS
and target molecules in the process of evaporation were moni-
tored by directly evaporating a drop containing an aqueous
glycerol solution of Au@4-Mpy@AgNPs and analytes. The vari-
ation tendencies of the IS and the target molecules were
brought into correspondence with each other versus the evap-
oration time. Moreover, a 3D hotspot platform with high
sensitivity and stability was constructed during the evaporation
process. This platform remarkably increased the SERS signal of
the IS and target molecules. The possibility of Au@4-
MPy@AgNPs being used for SERS quantitative detection was
investigated using crystal violet (CV) as the model molecule; the
relative strength corrected by IS molecules had a good linear
relationship with CV concentration. The nanoparticles were
also applied to the simulated quantitative detection of the
antibiotic malachite green (MG) and the pesticide thiram. The
quantitative analysis of these two molecules showed good linear
relationships between the relative signal intensities and the
target molecule concentrations through calibration via the
SERS signal from IS molecules. The corresponding linear rela-
tionships could be utilized for quantitative determination of
MG and thiram in a wide concentration range. Thus, it is pre-
dicted that the embedded IS method based 3D hotspot matrix
SERS platform in water with the assistance of glycerol may have
broad application prospects for actual quantitative detection.

Experimental
Materials and instruments

4-Mercaptopyridine  (4-Mpy), chloroauric acid hydrate
(HAuCl,-4H,0), malachite green (MG), thiram and glycerol
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were obtained from Shanghai Chemicals Company. Ascorbic acid
(AA), crystal violet (CV) and silver nitrate (AgNO;) were purchased
from Aladdin, China. Hexadecyltrimethylammonium chloride
(CTAC) and sodium borohydride (NaBH,) were purchased from
Sigma. Sodium hypochlorite solution (NaClO, available chlorine
5%) was purchased from Jiangsu Qiangsheng Functional Chem-
ical Company. All experimental glassware was washed with aqua
regia before use. All reagents are of analytical grade and used
without further purification. Milli-Q deionized water (18.2 MQ cm)
was used for all preparations. The scanning electron microscopy
(SEM) images were taken by an Auriga focused ion-beam scanning
electron microscope (FIB-SEM). Transmission electron microscopy
(TEM) and scanning transmission electron microscopy (STEM)
images were obtained using a FEI Tecnai G2 F20S-TWIN. The
absorption spectra were obtained using a UV-2550 spectropho-
tometer. X-ray photo-electron spectroscopy (XPS, ESCALAB 250,
Thermo-VG Scientific, USA) was used to record the elemental
information. Raman spectra were performed on a LabRAM HR800
confocal microscope Raman system (Horiba Jobin Yvon) using
a He-Ne laser operating at 632.8 nm. The laser beam was focused
on the sample using a 10x LMPLFLN microscope objective
(numerical aperture, NA = 0.25; working distance, WD = 10.6
mm). The laser power was approximately 1 mw.

Synthesis of AuNPs

CTAC-stabilized homogeneous AuNPs synthesized
according to the literature®* with a small modification. The first
step is to acquire Au seeds: 200 uL of 25 mM HAuCl, solution
was added to 10 mL of 100 mM CTAC solution under stirring at
room temperature. Subsequently, under vigorous stirring, 400
puL of 20 mM NaBH, solution was quickly injected into the
mixture. After several minutes, 5 mL of the above solution was
taken out and added into 45 mL of 100 mM CTAC to obtain the
Au seed solution. Next, 3.6 mL of Au seed solution was added to
40 mL of 25 mM CTAC, followed by the addition of 160 pL of
100 mM AA solution under stirring. After 10 min, 400 pL of
25 mM HAuCl, was quickly injected into the mixture under
vigorous stirring. Then, the mixture was left undisturbed at
room temperature for at least 1 h. Finally, 50 pL of NaClO and
20 pL of 25 mM HAuCl, were added under stirring. After
standing for 12 h in a water bath at 30 °C, the resulting AuNPs
were centrifuged (7000 rpm, 10 min), then redispersed in
deionized water for further characterization and application.

were

Fabrication of AuNPs@4-Mpy

250 pL of NaOH (1% w/w) solution was added into 20 mL of
AuNPs under stirring. 400 pL of a 1 x 10~* M 4-Mpy solution
was added and then the mixture was put in a water bath at
~40 °C for 4 h. After that, the AuNPs functionalized with 4-Mpy
were centrifugated at 6500 rpm for 10 min before further use.

Synthesis of Au@4-Mpy@AgNPs

After removing the supernatant by centrifugation (6500 rpm, 10
min), the Au@4-Mpy NPs concentrated solution was redis-
persed to its original volume in 50 mM CTAC. Then, 10 mL of
the above solution was taken out and 100 pL NaOH (1%) was
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added into it under stirring followed by the addition of 0.5 mL
of 2 mM AgNO; solution. Subsequently, 0.5 mL of 10 mM AA
was added under stirring. After standing for 6 h in water bath at
65 °C, the resulting Au@4-Mpy@AgNPs solution was centri-
fuged (6000 rpm, 10 min), then redispersed in deionized water
before use. For comparison, Au@AgNPs were synthesized by the
same process without IS molecules.

Construction of SERS platform for quantitative analysis

After 10 mL of Au@4-Mpy@AgNPs dispersion liquid was
centrifuged (6000 rpm, 10 min) and 9980 pL of the colorless
supernatant was discarded, the precipitate was redispersed to
2 mL in aqueous solution with the assistance of 2.5% v/v glyc-
erol.** Then, centrifugation of this solution (6000 rpm, 10 min)
was performed and 1980 pL of the colorless supernatant was
discarded. The remaining 20 pL, which contained dark pellets,
was re-dispersed under sonication and used as the SERS plat-
form. Afterwards, 10 pL of each analyte solution sampled was
mixed with 2 pL of Au@4-Mpy@AgNPs concentrated solution.
Finally, a 1 pL mixture droplet was placed onto a hydrophobic
silicon wafer. The laser spot was focused on the substrate
surface and centered at the top point of this droplet. Time-
course SERS mapping was then performed. (More details
about the droplet sitting on the hydrophobic silicon wafer at
different states over time can be seen in Fig. S1t). The Raman
spectrometer was calibrated using a silicon wafer at 520.7 cm ™.
For each SERS spectrum, baseline correction was performed
using LabSpec V5.58.25 software and the peak frequency was
obtained from peak fitting.

Results and discussion

Synthesis, morphology, and spectral properties of Au@4-
Mpy@AgNPs

Fig. 1A displays the synthesis procedure of Au@IS@AgNPs. The
Au nanosphere was selected as the core, 4-Mpy as the embedded
Raman probe to offer an IS signal for SERS quantitative analysis
and Ag as the protective shell to support the highest possible
enhancement. The Au@4-Mpy@AgNPs are clearly quasi-
spherical and uniformly dispersed in the TEM images (Fig. 1B
and C). Moreover, the color of the central region of the particles
is much darker than the surrounding edges, indicating that the
Au core is evenly covered with the Ag shell. The average diam-
eter of the Au@4-Mpy@AgNPs is approximately 72 £ 6 nm,
which is larger than that of the Au core (48 + 3 nm, Fig. S21).
After the addition of 4-Mpy, the diameter distribution is basi-
cally unchanged, which illustrates that the modification of 4-
Mpy had no effect on the particle size and dispersion of Au core.
To further explore the spatial distribution of the Au core,
embedded molecular layer and Ag shell, the element distribu-
tion of Au@4-Mpy@AgNPs was examined by STEM-EDS
elemental mapping analysis. We can clearly see from Fig. 1D
that the distribution contours of the three elements are basi-
cally the same, indicating that the Au, Ag and S elements are
evenly distributed (the EDS spectrum can be seen in Fig. S37).
However, the circular diameter of the Au element distribution is
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significantly smaller than that of Ag, which is consistent with
the structure of Au as the core and Ag as the shell. The circular
distribution of the S element indicates that it is distributed on
the whole structure and its contour range is smaller than that of
Ag, showing that the internal standard molecular layer was
successfully embedded in the core-shell particle.

To further investigate the optical properties of the Au@4-
Mpy@AgNPs, ultraviolet-visible (UV-Vis) and Raman spectros-
copy characterizations were carried out. As can be clearly seen
from Fig. 1E, when the core of the AuNPs was coated with
a molecular layer followed by the Ag shell, the localized surface
plasmon resonance peak was obviously enhanced and shifted
from ~528 nm to approximately 500 nm and a broad shoulder
appeared at around 420 nm, attributed to the formation of the
core-shell structure. Here, it is worth mentioning that the
embedded 4-Mpy molecules could be directly used as a Raman
probe to evaluate the SERS effect of Au@4-MPy@AgNPs. As
shown in Fig. 1F, an intense and sharp Raman peak at
1095 cm™ " from 4-Mpy**** was observed and this characteristic
vibration peak was very stable, which makes 4-Mpy an ideal IS
for quantitative SERS analysis studies (more details can be seen
in Fig. S4-S67T). Moreover, through the construction of the 3D
hotspot matrix SERS platform with the glycerol-assisted liquid
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Fig. 1 (A) Schematic illustration of the synthesis of Au@IS@QAgNPs. (B
and C) TEM images of the Au@4-Mpy@AgNPs. (D) STEM images of the
Au@4-Mpy@AgNPs using the Ag Lal, Au Lal and S Kal signals. (E) UV-
Vis spectra of the AuNPs and Au@4-Mpy@AgNPs. (F) Raman spectra of
the AuNPs and Au@4-Mpy@AgNPs.
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film protection system (i.e. the SERS platform was constructed
in water with the assistance of 2.5% v/v glycerol), the
enhancement factor (EF) values for Au@4-Mpy@AgNPs based
on the optimal hotspots of dynamic SERS spectrum were
calculated. Based on the Raman intensities of the ring
breathing vibration mode at 1006 cm ™" and the trigonal ring
breathing vibration mode at 1095 cm™*, the EFs for the ring and
trigonal ring breathing vibration modes were calculated to be
3.5 x 10° and 1.27 x 10°, respectively, showing the good SERS
activity of this type of Au@IS@AgNPs (more details can be seen
in Tables S1, S2, Fig. S7 and S8%). From this, it can be proved
that the Au@4-Mpy@AgNPs are potential substrates with an IS
for SERS signal fluctuation calibration research.

The XPS characterization also proved the insertion of IS
molecules between the core and the shell. As shown in Fig. 2A,
detailed XPS characterization was carried out for the purpose of
obtaining surface composition information for the samples at
each stage of the fabrication of Au@4-Mpy@AgNPs. The XPS
spectra of AuUNPs, Au@4-Mpy and Au@4-Mpy@AgNPs are dis-
played in Fig. 2A. As seen in Fig. 2B, abundant Ag appeared on
the surface of the final product Au@4-Mpy@AgNPs compared
with the AuNPs and AuNPs modified with 4-Mpy, indicating
that the final product surface was an Ag shell***® with no 4-Mpy
molecules. From Fig. 2C, it can be found that the binding
energy of Au 4f*7° shifted slightly after 4-Mpy modification,
demonstrating that the chemical environment of Au had
changed. This might be attributed to Au interacting with 4-Mpy
to form an Au-S bond. Comparing the three curves in Fig. 2D,
the S 2p peak at 162 eV (ref. 40 and 41) in the red line was
attributed to the Au-S bond formed by SH- and the Au surface,
indicating that a large number of 4-Mpy molecules were
modified onto the AuNPs surface. Moreover, the S 2p peak
disappeared after the formation of the core-shell structure Au-
Ag composite system, proving that there were no 4-Mpy
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Fig. 2 XPS characterization. (A) XPS spectra of pure Au NPs, Au NPs
modified with 4-Mpy, and Au@4-Mpy@AgNPs. (B-D) The corre-
sponding high-resolution spectra of Ag 3d (indicated by the green bar
in A), Au 4f (indicated by the magenta bar in (A)) and S 2p (indicated by
the blue bar in (A)).
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molecules on Au@4-Mpy@AgNPs surface. Combined with the
preceding results of Raman spectroscopy characterization, it
can be concluded that the 4-Mpy was indeed bound to the Au
surface and there is no 4-Mpy on the outer surface of Au@4-
Mpy@AgNPs, which further indicated that the IS molecules
were embedded between the Au core and Ag shell and could be
used for quantitative SERS analysis studies.

Study of the rationality of the embedded IS method for SERS
quantitative analysis

Through the stark contrast of the dynamic SERS platform based
Au@4-Mpy@AgNPs for quantitative analysis by the water-
dispersed drying film system (i.e. the SERS platform con-
structed in water) with the glycerol-assisted liquid film protec-
tion system (i.e. the SERS platform constructed in water with the
assistance of 2.5% v/v glycerol), it was proved that the
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Scheme 1 (A) Schematic illustration of the dynamic SERS platform
Au@4-Mpy@AgNPs for quantitative analysis. (B and E) The 3D hotspot
matrix SERS platform was constructed in water ((a) the water-
dispersed drying film system) or in water with the assistance of 2.5% v/v
glycerol ((b) the glycerol-assisted liquid film protection system). (C and
F) Schematic of the dynamic evolutions of signal intensity of IS and
target molecules from (a) or (b) process, respectively, with the signal
intensity plotted as a function of the evaporation time of the
droplet.3°3t (D and G) Typical SERS spectra of IS and target molecules
from (a) or (b) process, respectively. CV was chosen as the model
target molecule.
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embedded IS method is more reliable and feasible for SERS
quantitative analysis, but there are certain limiting application
conditions. The presence of glycerol created a moist, protective
environment which acted like an outer shell and provided
a flexible coating for the target molecules to narrow the differ-
ence between the environments where the target objects and the
IS molecules were located. Therefore, the variation trends of the
characteristic vibration peaks of the IS and target molecules in
the water-dispersed drying film system and the glycerol-assisted
liquid film protection system were investigated by collecting
time-ordered Raman spectra throughout the whole drying
process of a 1 uL droplet containing Au@4-Mpy@AgNPs and
1077 M CV, as can be seen in Scheme 1. (More details about the
SERS spectra of CV molecules and the characterization of
Au@AgNPs for comparative study can be seen in Fig. S9 and
S10,} respectively).

Technically, in the water-dispersed drying film system, the
signal intensity trend of the IS molecules was different from
that of the target molecules, as can be seen in Fig. 3. For the first
~600 s, there was no signal for either, which was attributed to
the gap distance between Au@4-Mpy@AgNPs being too large to
form hotspots at the wetting stage, termed the initial state. After
~600 s, the Raman intensity of CV increased sharply and then
fell visibly (Fig. 3B and C), while the signal of the IS molecules
slightly decreased and maintained high SERS enhancement,
a level basically equivalent to that of the hotspots stage (Fig. 3A).
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Fig. 3 (A) Time-ordered Raman spectra of the IS 4-Mpy at the

1095 cm™! peak in the water-dispersed drying film system. The cor-
responding time evolution of the frequency of the (D) 1095 cm ™! peak.
(G) The change of signal intensity /(t) at 1095 cm™ after achieving
optimal hotspots compared to the maximum enhancement Iy, (the
tipping point is indicated by the red bar in (A)). (B and C) Time-ordered
Raman spectra of 1077 M CV at 914 cm~* and 1174 cm™?, respectively.
The corresponding time evolution of the frequencies of the (E)
914 cm™! peak and the (F) 1174 cm ™! peak. (H and I) The change of
signal intensity /() at 914 cm™ and 1174 cm™ after reaching optimal
hotspots compared to the maximum enhancement I, (the corre-
sponding tipping points are indicated by the green bar in (B) and purple
bar in (C)).
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The explanation for this phenomenon is as follows. With the
gradual evaporation of water, at translation stages from the
wetting stage to the drying stage, i.e. the final state, hotspots
appeared as the nanoparticles got closer and the signal intensity
increased sharply. The rapid decrease of SERS intensity can be
attributed to two causes: first, when the water evaporated
completely, the nanoparticles aggregated and deposited on the
silicon wafer. Second, the target molecules, e.g. CV, being
exposed to the laser with no protection by any apparent medium
for long-time laser irradiation may cause “dissipation” of the
molecules adsorbed on the outer surface of nanostructures.
Meanwhile, the IS molecules were protected by the Ag shell with
no direct interference from the external environment.

In contrast, in the glycerol-assisted liquid film protection
system, a consistent signal change tendency between the IS and
target molecules was obtained by utilizing the 3D hotspot
matrix SERS platform, as shown in Fig. 4. Time courses of the
characteristic peak intensities of the IS and target molecules in
the glycerol-stabilized 3D hotspot SERS platform are shown in
Fig. 4A-C. After the droplet containing 2.5% v/v glycerol (i.e. the
initial state) was evaporated for about 1000 s, the nanoparticles
begin to progress into the translation state and the highest
enhancement appeared at ~1500 s. In the next 1500 s, or until
the final state, the Raman intensities fluctuated slightly and
were maintained at a high level corresponding to that in the
translation state. Compared to the water-dispersed drying film
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after achieving optimal hotspots compared to the maximum
enhancement /i, (the tipping point is indicated by the red bar in (A)). (B
and C) Time-ordered Raman spectra of 1077 M CV at 914 cm™~* and
1174 cm™, respectively. The corresponding time evolution of the
frequencies of the (E) 914 cm ™! peak and the (F) 1174 cm™? peak. (H
and |) The change of signal intensity /(t) at 914 cm™ and 1174 cm™
after reaching optimal hotspots compared to the maximum
enhancement Iy, (the corresponding tipping points are indicated by
the green bar in (B) and purple bar in (C)).
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system, hotspots with high efficiency existed for a longer period
of time in the glycerol-assisted liquid film protection system
and the duration of the maximum Raman signal was prolonged
for both the IS and the target molecules. This suggested that the
addition of a small amount of glycerol to the Ag@4-
Mpy@AgNPs could slow evaporation and avoid nanoparticle
exposure to air. Here, both the IS and target molecules were
protected by the media. The IS molecules were sandwiched
between the Au core and the Ag shell and the target molecules
were protected by the glycerol layer, which not only slowed
down the disappearance of the hotspots, but also avoided the
light consumption caused by direct laser irradiation. With the
assistance of 2.5% v/v glycerol, the differences in the chemical
environments of the IS and target molecules were reduced and
the effect of electromagnetic field coupling in the hotspot
matrix was more significant. Moreover, the IS and target
molecules exhibited consistency under the influence of
dynamic variation of electromagnetic field coupling.
Furthermore, in the water-dispersed drying film system, the
peaks of CV*>** at 914 cm ™" and 1174 cm™ " in the SERS spectra
fluctuated greatly, as shown in Fig. 3E and F. We observed more
stable peak frequencies when the Ag@4-Mpy@AgNPs were in
the glycerol-assisted liquid film protection system (Fig. 4E and
F, respectively). Meanwhile, the peak frequencies of the IS at
1095 cm™ " remained stable almost throughout the evaporation
process (Fig. 3D and 4D). In addition, in the water-dispersed
drying film system, the rates of change of signal intensity of
the internal and external molecules were not consistent during
the state transformation. After achieving the optimal hotspots,
the signal intensity of the IS decreased by about 20% compared
with the maximum peak, while that of the target molecules
decreased by more (Fig. 3G-I). In the glycerol-assisted liquid
film protection system, the rates of change of signal intensity of
the internal and external molecules tended to be the same and
all fluctuated around the maximum peak (Fig. 4G-I). The above
investigations of the rationality of the embedded IS method for
SERS quantitative analysis indicated that it was more reason-
able to calibrate the signal intensity fluctuation utilizing the IS
molecules in glycerol-assisted liquid film protection system.

SERS quantitative measurements of CV analytes

Different concentrations of CV analytes were proposed as model
target probes to validate the feasibility of using Au@4-
Mpy@AgNPs for SERS quantitative analysis. CV molecules can
be absorbed on the Ag shell surface of the Au@4-Mpy@AgNPs.
Additionally, CV presents SERS signals at 914 cm ' and
1174 cm™ " that were easily distinguished from the character-
istic peak of 4-Mpy and ideal for use as a model molecule in this
study. Therefore, successful SERS quantitative testing of CV
with Au@4-Mpy@AgNPs was performed. In this quantitative
experiment, the Raman spectra of CV solutions of various
concentrations ranging from 5 x 1077 to 5 x 10 ° M were
collected by utilizing the same concentration and volume of
Au@4-Mpy@AgNPs, as shown in Fig. 5A and B. The spectral
peak intensities at 914 cm™" and 1174 cm ™' of CV and the
negative log of CV concentration (—log[CV]) were selected for
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data fitting, where the plot of Iy, vs. —log[CV] plot showed the
relationship between the CV peak intensity at 914 cm ™" vs. —log
[CV]. From the inset of Fig. 5C, we can see that due to the
interference of various factors, the Iy, vs. —log[CV] plot did not
present an obvious linear response nor did the ;74 vs. —log[CV]
plot (inset of Fig. 5D). Fortunately, the use of the IS effectively
mitigates this shortcoming. The significant progress and
advantages of utilizing 4-Mpy as the IS are demonstrated in
Fig. 5C and D, in which the plots of Ioy4 and I;174 vs. —log[CV]
represent the relationship between the Raman peak intensity
ratio for CV (914 cm™ " or 1174 cm™ ') and 4-Mpy (1095 cm ™ ') vs.
the —log of CV concentration (—log[CV]). Compared with the
Iy14 and I 174 vs. —log[CV] plots, the Ig14/I1005 and I 174/I1005 VS.
—log[CV] plots displayed a relatively better linear relationship;
furthermore, signals for concentrations as low as 5 x 10~° M of
CV could be readily collected.

The application of SERS quantitative analysis for MG and
thiram analytes

SERS detection and quantitative analysis of other analytes by
Au@4-Mpy@AgNPs were also performed to demonstrate the

Time(s) >
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Fig. 5 (A) Time-ordered Raman spectra of various concentrations of

CV using the 3D hotspot matrix SERS platform constructed with the
assistance of 2.5% v/v glycerol. (B) The SERS spectra of various
concentrations corresponding to the yellow labelled part in (A). (C)
Calibration plot based on the Raman intensity of lg14/1095 vs. —log[CV].
The inset is a fitting plot based on Raman intensity at /914 vs. —log[CVI.
(D) Calibration plot based on the Raman intensity of /1174/1095 vS. —log
[CV]. The inset is a fitting plot based on Raman intensity at /1174 vs. —log
[CVI. Error bars signify the RSD of 11 spectra collected continuously for
20 s after the occurrence of the optimal hotspots.
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continuously for 20 s after the occurrence of the optimal hotspots.

versatility and general applicability of the 3D hotspot matrix
SERS platform in water with the assistance of 2.5% v/v glycerol.
MG is a common antibiotic which has been widely used in the
pharmaceutical and aquaculture industries as it is effective at
the prevention and treatment of fungal and parasitic infections
in aquacultures."*” However, MG has high toxicity, high
residue, and carcinogenic, teratogenic and mutagenic side
effects.*® Therefore, many countries have listed MG as a banned
drug in aquaculture. Accurate determination of MG concen-
trations is crucial for regulating food safety and safeguarding
human health. Therefore, it is extremely significant and chal-
lenging to develop reliable and simple methods with high
sensitivity and accuracy to quantitatively determine MG.
Similarly, MG analyte was quantitatively detected using the
same SERS method for quantitatively measuring CV mentioned
in detail above. Raman spectra were collected by mixing the
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Fig. 7 (A) SERS spectra of various concentrations of thiram. (B and D)
Fitting plots based on Raman intensity at /sg; vs. —log[thiram] and /1zg¢
vs. —logl[thiram], respectively. (C and E) Calibration plots based on the
Raman intensity of Isg1/l1095 vS. —loglthiram] and /13g6/l1095 Vs. —log
[thiram], respectively. Error bars signify the RSD of 11 spectra collected
continuously for 20 s after the occurrence of the optimal hotspots.
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concentrated Au@4-Mpy@AgNPs with different concentrations
of MG containing 2.5% v/v glycerol. As can be seen from Fig. 64,
when the concentration of MG in the mixture was very low, as
low as 5 x 10° M, the SERS signal of MG in the obtained
spectra was relatively weak while the characteristic peak signal
derived from the IS 4-Mpy, at 1095 cm ™, was very significant.
With an increase in the concentration of MG analyte, the SERS
intensity of the MG molecules at 918 cm ™, 1172 ecm™ ', etc
also gradually increased. Fig. 6B and D display plots of the SERS
intensities at 918 ecm ™" (Igg) and 1172 ecm ™" (I147,) versus the
—log of MG concentration (—log[MG]), respectively. Plots of the
relative SERS intensities at 918 cm ™" (Iy1s/I1005) and 1172 cm ™"
(I1172/T1005) versus the —log[MG] are shown in Fig. 6C and E. It
can be seen that the obtained relative strength values have
a good linear relationship with MG concentration between 5 x
10° and 5 x 107 M. SERS quantitative analysis of thiram
pesticide residue was also carried out based on the same
strategy. SERS spectra of various concentrations of thiram and
the linear fitting diagram were obtained (Fig. 7). The Raman
peak intensity ratio for thiram®* (561 cm " and 1386 cm )
and 4-Mpy (1095 cm ') displayed a relatively better linear
relationship with the concentration of thiram than the I5¢, and
I 36 vs. —log[thiram] plots. In other words, the embedded IS of
Au@4-Mpy@AgNPs can be used to calibrate the signal strength
of thiram, indicating that the obtained Au@4-Mpy@AgNPs can
quantitatively detect thiram. The IS molecules in Au@4-
Mpy@AgNPs can realize the calibration of the signal strength
of the target objects, indicating that this 3D hotspot matrix
SERS platform in water with the assistance of 2.5% v/v glycerol
based Au@4-Mpy@AgNPs can be used for the SERS quantitative
analysis of MG and thiram under certain conditions.

49-51

Conclusions

In summary, a type of core-IS-shell nanostructure with Au as
the core, 4-Mpy as the embedded IS Raman probe and Ag as the
shell, i.e., Au@4-Mpy@AgNPs, was successfully fabricated and
used for the construction of a 3D hotspot matrix SERS platform
in water with the assistance of 2.5% v/v glycerol. By this strategy,
the dynamic changes of signal from the IS, i.e. 4-Mpy, and the
target molecules, such as CV analytes, were monitored during
the process of evaporation with high sensitivity and stability.
Experimental results revealed that, differing from the tradi-
tional water-dispersed drying film system, the variation trends
of the IS and the target molecules were consistent in the
glycerol-assisted liquid film protection system, which indicated
that it is more reasonable to calibrate the signal fluctuation by
utilizing the embedded IS based on the construction strategy of
a glycerol-assisted 3D hotspot platform. From the application
results of simulated SERS quantitative detection of MG and
thiram, it can be found that a good linear relationship could be
achieved between the relative signal intensities and the target
molecule concentration through calibration via the SERS signal
from the IS. The corresponding linear relationship could be
utilized for quantitative determination of MG in a wide
concentration range from 5 x 107’ M to 5 x 10°° M and of
thiram from 5 x 10" ®*M to 5 x 10~ M. Thus, it is expected that

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the Au@4-Mpy@AgNPs based on a 3D hotspot matrix SERS
platform in water with the assistance of 2.5% v/v glycerol can be
used for SERS quantitative analysis under certain conditions,
demonstrating a rational, reliable and precise SERS quantitative
technique for testing analyte concentrations in practical
systems and showing great application prospects in the field of
analytical chemistry.
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