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Controllable preparation of sea urchin-like Au NPs
as a SERS substrate for highly sensitive detection of

the toxic atropinef

Yazhou Qin, Yuanzhao Wu, Binjie Wang, Jiye Wang, Xingsen Zong

and Weixuan Yao @ *

Branched Au nanoparticles (Au NPs) can significantly enhance the Raman signal of trace chemical
substances, and have attracted the interest of researchers. However, there are still challenges to
accurately prepare the morphology of branched Au NPs. In this work, we have successfully prepared sea

urchin-like Au NPs

and Au nanowires

by using the seed-mediate growth method, with

cetyltrimethylammonium bromide (CTAB) and glutathione as ligands, and ascorbic acid as a reducing
agent. Using Au NPs with a tetrahexahedron (THH) morphology as seeds, and by simply changing the
concentration of glutathione, we explored the growth process of sea urchin-like Au and Au nanowires.
At low concentrations of glutathione, Au NPs will preferentially grow along the edges and corners of the

THH Au seed, forming a core/satellite structure. As the concentration of glutathione increases, Au NPs

will grow along the direction of glutathione, forming sea urchin-like Au NPs. To further increase the

concentration of glutathione, we will prepare Au nanowires. In addition, we use the prepared Au NPs as
a substrate material for surface-enhanced Raman (SERS) high-sensitivity detection. By using 4-
aminothiophenol (4-ATP) as the test molecule, we evaluated the SERS effect of the prepared Au NPs
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with different morphologies. The results showed that sea urchin-like Au NPs have the best enhancement

effect. The lowest concentrations of Rhodamine 6G and 4-ATP were 107° M and 1072 M, respectively,

DOI: 10.1039/d1ra03223b

rsc.li/rsc-advances

1 Introduction

Noble metal nanomaterial are widely used in the fields of
catalysis, biomedicine and optical sensing due to their excellent
physical and chemical properties."” In particular, Au nano-
particles (Au NPs) have attracted great interest of researchers as
a unique size and shape-dependent optical functional mate-
rials. In the past few decades, a lot of research has been devoted
to the preparation of Au NPs with controllable morphology and
size. Including wet chemistry,*® electrochemistry,”'® and
photochemistry" have been developed to prepare Au NPs of
various morphology and size. In the past few decades, Au
cubes,’* octahedron'** and rhombic dodecahedra'®'’ with
low-index facet and trisoctahedral,'®* truncated ditetragonal,*
tetrahexahedral,”* hexoctahedron®** and trapezohedral** with
high-index facet have been successfully prepared. In addition,
Au NPs with hierarchical structures have also been prepared,
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using sea urchin Au NPs as the base material. Furthermore, we conducted a highly sensitive SERS
detection of the poison atropine monohydrate, and the lowest detected concentration was 10710 M.

such as flower like nanoparticles,>?*® thorn-shaped nano-
particles®”*® and sea urchin-like nanoparticles.>***

Among the various Au NPs with different morphology, the
sea urchin-like Au NP is a multi-pod Au nanostructure with
sharp thorns on the surface. These sharp thorns on the surface
make sea urchin-like Au NPs have broader light absorption and
scattering properties than spherical Au NPs of the same size. In
addition, this also makes sea urchin-like Au NPs have excellent
local electromagnetic field enhancement properties. The tip of
the surface thorn has a strong electric field enhancement effect,
which makes sea urchin-like Au NPs an excellent SERS
substrate. Such tips, edges and nano-gap with electric field
enhancement effect are usually called “hot spots”. When
analytic molecule touches the hot spot on the surface of the Au
nanoparticle, its Raman signal can be enhanced by several
orders of magnitude. Many studies have reported the use of sea
urchin-like Au NPs as an enhanced substrate material for SERS
detection. For example, Mathew and coworkers used 1,2-phe-
nylenediamine as a template to prepare sea urchin-like Au NPs,
which increased the SERS signal of crystal violet by 80 times.**
Xu reported a method for preparing high-yield sea urchin-like
Au NPs. By regulating the growth time of seed, the ratio of
precursors in silver/Au seed and the amount of Au precursors
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used for spike growth, the morphology of sea urchin-like Au NPs
can be adjusted, thereby realizing highly sensitive detection of
4-mercaptobenzoic acid.* Li et al. used sea urchin-like Au NPs
combined with graphene aerogel to detect tumor DNA in
human blood.*® In recent years, a lot of research has been
devoted to the controllable preparation of sea urchin-like gold
nanoparticles. For example, Hsu*” et al. improved the method of
preparing sea urchin-like gold nanoparticles without surfac-
tants on the basis of Vo Dinh.*® By reducing the silver concen-
tration from 5 pM to 2 pM, the surface branching of sea urchin-
like gold nanoparticles was reduced, and a better SERS
enhancement effect was obtained. Fang et al. prepared an array
of thorn-like gold by electrochemical methods to achieve highly
sensitive SERS detection (the detection limits for crystal violet
and R6G are up to 10 '° M and 10~ M, respectively), and have
excellent surface-enhanced Raman spectroscopy molecular
consistency (relative standard deviation of 7.17%).*> Recently,
Wang* et al. realized the regulation of the length and density of
sea urchin-like gold surface branches by regulating the
concentration of gold seeds, surfactants and precursors. They
proposed a possible reaction mechanism for long-chain amines
to partially reduce HAuCl, to Au*. Au" is further combined with
long-chain amines, and then assembled into micelles through
aurophilic bonding or hydrogen bonding. Finally, the micelles
adhere to the gold seed surface as a result. The template guides
the formation of Au’ dendrites under the action of ascorbic
acid. However, achieving precise control of the complex struc-
ture of the rough surface of nanoparticles is remains
a challenge.

Tripod alkaloid atropine exists in mandala, a common
Chinese herbal medicine, and is often used in the rescue of
organophosphorus pesticide poisoning. But atropine has the
effect of anti-acetylcholine, make smooth muscle slow, inhibit
gland secretion, paralyze the nerve. It has an exciting effect on
the central nervous system, makes blood vessels dilate,
breathing difficulties, and has greater toxicity. It is widely used
for detection by high performance liquid chromatography and
gas chromatography mass spectrometry. The tropane alkaloids
are metabolized quickly in the body, so it is necessary to develop
a rapid, highly sensitive detection technology.

In this article, we used the seed growth method to prepare
sea urchin-like Au NPs and explored its growth mechanism. The
experimental results show that the concentration of glutathione
plays a crucial role in the morphology of Au NPs. Finally, we use
R6G as the Raman reporter to explore the SERS enhancement
effect of the prepared Au NPs with different morphology.
Furthermore, we take advantage of the non-destructive, fast and
highly sensitive of the SERS detection technology and the
prepared sea urchin-like Au NPs are selected as the substrate
material, achieved the trace detection of atropine. The lowest
detection concentration reached at 10> M.

2 Materials and methods
2.1. Materials

Hydrochloroauric acid trihydrate (HAuCl,-3H,0, 99.9% trace
metals basis), silver nitrate (AR, 99.8%) silver acetate (AgNOs3,
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AR, 99.5%) atropine sulfate monohydrate (98.5%), anhydrous
ethylene glycol (EG, 99%), poly(diallyldimethylammonium)
chloride (PDDA, M,, = 400 000-500 000 D, 20 wt% in H,0, 99%),
hexadecyl trimethyl ammonium bromide (CTAB, AR, 99%),
Rhodamine 6G (R6G, AR, 99%), nitric acid (HNO3, AR) hydro-
chloric acid (HCI, AR), glutathione (M,, = 307.32, =98%) was
purchased from Aladdin. The chemical reagents used in the
experiment were purchased and used directly without further
purification. The solutions were prepared from super pure
water (18 MQ cm) purified through a Milli-Q Lab system (Nihon
Millipore Ltd.). All glassware used in the experiment was
immersed in a bath of freshly prepared aqua regia (HCl : HNO;
= 3 :1) for 30 min, and rinsed twice with deionized water (18.2
MQ cm) and ethanol.

2.2. Instruments

The morphology and structures of sea urchin-like Au NPs were
studied using a field emission scanning electron microscope
(SEM, 3.0 kv, SU70, Hitachi, Japan), SEM studies were per-
formed on a JEOL JSM-6700F SEM operating at 3.0 kV. Trans-
mission electron microscopy (TEM) was performed by a Hitachi
HT7700 operated under 100 kV. High-resolution TEM and
(HRTEM) were taken by a JEOL JEM-2100F operated under 200
kv. The surface-enhanced Raman spectroscopy was performed
using a Raman spectrometer (Horiba HR Evolution 800) with
laser excitation at 633 nm.

2.3. Synthesis of Au seed

In this article, two types of Au seed are used to prepare sea
urchin-like Au NPs, which are octahedral Au NPs with low-index
facet {111} and tetrahexahedral (THH) Au NPs with high-index
facet {210}. The THH Au NPs with a size of about 100 nm,
which was prepared according to our previous reported method
with a little modified.® First, add 0.4 mL of poly(-
diallyldimethylammonium)chloride (PDDA) to a 50 mL round
bottom flask with 19 mL of ethylene glycol, and stir vigorously at
25 °C for 5 min. Then add 100 pL of 0.25 M HAuCl,-3H,O
solution and 50 pL of 25 mM AgNO; solution to the above
solution. Finally, the uniformly mixed solution was placed in an
oil bath at 195 °C to react for 60 minutes. After the reaction, it
was cooled to 25 °C, and the product was centrifuged at
12 000 rpm to remove the supernatant. The product was washed
twice with water and ethanol, and finally the product was
dispersed in 1 mM hexadecyl trimethyl ammonium bromide
(CTAB) solution for later use. The preparation method of octa-
hedral Au seed is the same as above except that AgNO; is not
added.

2.4. Synthesis of sea urchin-like Au NPs

First add 200 pL of 10 mM HAuCl,-3H,O solution into a 20 mL
glass bottle containing 4 mL of water, the solution is bright
yellow. Then adds 0.8 mL of 0.1 M hexadecyl trimethyl ammo-
nium bromide (CTAB) solution, and magnetically stir for 10
minutes at 25 °C, the solution changed from bright yellow to
dark yellow. Then, 0.475 uL of 0.1 M ascorbic acid (AA) solution
was added to the above solution. The color of the solution

© 2021 The Author(s). Published by the Royal Society of Chemistry
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changed from dark yellow to colorless, indicating that Au®* was
reduced to Au’. Then, 200 pL of Au seed and glutathione were
added to the above solution, and the reaction was stirred at
25 °C for 2 hours. After the reaction, it was collected by centri-
fugation at 5000 rpm, and washed twice with water and ethanol
respectively. When investigating the effect of Au seed
morphology on the reaction, Au seed with octahedral and THH
morphology was added without changing the above reaction
conditions. In order to explore the effect of glutathione on the
growth of Au NPs, we added 2 mM glutathione 10 pL, 50 pL, 75
uL, 100 pL, 125 pL and 150 pL to the reaction system without
changing other reaction conditions.

2.5. SERS characterization

First, 20 pL gold nanoparticles and 50 pL analyte were added to
a 1.5 mL centrifuge tube and kept at room temperature for
30 min. Then the analyte was adsorbed on the gold nano-
particles. Drop 10 pL of the mixture onto the pre-cleaned slides
and dry at 25 °C. A laser Raman spectrometer (Thermo Fisher
DXR2XI) equipped with microscope (50x objective lens) and
CCD detector was used to record SERS spectra. The laser
wavelength was 633 nm, the laser power was 6.0 mW, and the
spectra of each sample were repeated at least 5 times in 10 s
accumulation time. The assignments of the Raman peak were
analyzed using the accompanying software.

3 Results and discussion

Prepared Au seed with Au octahedral and THH morphology has
uniform size and morphology. The corresponding SEM images

View Article Online
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are shown in Fig. S1 and S2.7 The edge length of the prepared
Au octahedral is about 80 nm, while the edge length of prepared
Au NPs with THH morphology is about 100 nm. Fig. 1 shows the
SEM image of Au crystal prepared when different amounts of
glutathione are added, and the Fig. 2 is the corresponding TEM
image. As shown in Fig. 1A and 2A, when 10 pL of glutathione is
added, the Au crystal preferentially grows at the corners of THH
Au seed. Fig. S4 and S51 are SEM images of gold nanoparticles
prepared when the amount of glutathione is 10 pL and 25 pL.
The high magnification SEM image further proves that when
there is less glutathione, the gold nanoparticles preferentially
grow on the corners of the THH gold seeds. This is consistent
with previous reports.® When we increased the amount of
glutathione to 50 pL, prepared Au nanocrystal morphology was
shown in Fig. 1B and 2B. From the image, we can see that the Au
crystal has grown a few thorn-like structures on the original
structure. According to the TEM image (Fig. 2B), we can see that
there are only 1-2 gold thorns growing on the surface of each
gold seed. Keeping other reaction conditions unchanged,
continue to increase the amount of glutathione, we found that
the number of thorns in the prepared Au crystal gradually
increased. Fig. 1C is the SEM image of Au crystal prepared when
the amount of glutathione added is 75 pL, and Fig. 2C is the
corresponding TEM image. Compared to Fig. 2B, we can see
a significant increase in the number of thorns on the Au crystal.
From Fig. 2C, we can see that the number of gold thorns on the
surface of each particle is about 10. When glutathione is further
increased to 100 pL, we will get sea urchin-like Au crystal as
shown in Fig. 1D. From the corresponding TEM micrograph
(Fig. 2D), we can see that the number of thorns on the Au crystal

Fig. 1 SEM images of gold nanostructures prepared under different
amount of glutathione in the growth solution; (A) 10 uL, (B) 50 pL, (C)
75 uL, (D) 100 pL, (E) 125 pL and (F) 150 plL.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Fig. 2 TEM images of gold nanostructures prepared under different
amount of glutathione in the growth solution; (A) 10 uL, (B) 50 pL, (C)
75 uL, (D) 100 pL, (E) 125 pL and (F) 150 pL.
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Fig. 3 Characterization of sea urchin-like gold crystals. (A) TEM image
of Au crystal. (B) HRTEM image of Au crystals (C) HADDF-STEM image
of gold crystals. (D) and (E) EDS elemental mapping of Au crystals
indicating the Au and S elemental distribution.

has further increased, forming a sea urchin-like structure with
densely distributed Au thorns. Interestingly, when we further
increased glutathione to 125 pL, in addition to the sea urchin-
like morphology, we also got sea urchin-like gold nano-
particles with tails (Fig. 1E and 2E). From the SEM and TEM
images, we can see that strip-shaped Au nanocrystal have grown
on one side of the original sea urchin-shaped Au NPs. When
adding 150 pL glutathione, we will get willow-like Au nano-
crystal, as shown in Fig. 1F and 2F. From the TEM image
(Fig. 2F), we can see that each strip-shaped Au nanocrystal is
covered with small Au NPs.

Furthermore, we further characterized the prepared sea
urchin-like Au crystal and willow-like Au crystal, as shown in
Fig. 3 and 4. From the TEM image of sea urchin-like Au NPs
(Fig. 3A), we can see that the sea urchin-like Au NPs have
uniform size and morphology. The size of sea urchin-like Au
NPs is about 500 nm and has sharp thorns distributed on the
surface. The HRTEM image (Fig. 3B) recorded from the circled

Fig. 4 Characterization of willow-like gold crystals. (A) TEM image of
Au crystal. (B) HRTEM image of Au crystals (C) HADDF-STEM image of
gold crystals. (D) and (E) EDS elemental mapping of willow-like Au
crystals indicating the Au and S elemental distribution.
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area in Fig. 3A is used to further observe the structure of the
synthesized sea urchin-like Au crystal. As shown in Fig. 3B, the
lattice spacing is 0.24 nm, which indicating the thorns of Au
nanostructure are mainly composed of {111} planes. And Au
crystal was further identified by high-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) as
shown in Fig. 3C and energy dispersive X-ray spectroscopy (EDS)
elemental mapping (Fig. 3D and E). From the EDS spectrum of
sea urchin-like Au NPs, we can see that a small amount of S is
distributed on the Au nanoparticles. Similarly, prepared willow-
like Au crystal were further characterized (Fig. 4). Fig. 4A is TEM
image of willow-like Au particles, we can see that the willow-like
Au surface is not smooth, but covered with thorn-like particles.
The HRTEM characterization of the willow-like Au particles
shows that the lattice spacing is 0.24 nm (Fig. 4B), which is
consistent with the results of the sea urchin-shaped Au NPs.
And the HAADF-STEM image of willow-like Au particles was
shown in Fig. 4C. The EDS results of the willow-shaped Au
particles also show that S is distributed on the Au nanoparticles
(Fig. 4D and E), which is consistent with the sea urchin-like Au
particles.

Moreover, we further explored the influence of Au seed
morphology on the growth process of Au. Without changing
other reaction conditions, we replaced the THH Au seed with
80 nm Au octahedral for reaction. As shown in Fig. S3,7 when
200 pL of Au seed and 40 pL of 2 mM glutathione were added,
we also prepared sea urchin-like Au NPs. Based on the above
experimental phenomena, we have made the following infer-
ences on the growth mechanism of Au NPs. First, when CTAB is
added to the [AuCl,]™ solution, the solution turns from bright
yellow to dark yellow, indicating that Au** combines with Br™ in
CTAB to form a complex [AuBr,]". The solution changed from
dark yellow to colorless after adding AA, indicating that Au®" is
reduced to Au' under the action of the reducing agent AA.
Glutathione is modified to the surface of Au seed through Au-S
bonds.*** When Au seed modified with glutathione is added,
Au” binds to glutathione and is subsequently reduced to Au®.
The reduced Au® is preferentially deposited at the higher energy
sites (corners) of the Au seeds (Fig. S4 and S57). This process is
consistent with previous reports.® As the concentration of
glutathione increases, we infer that it will be assembled on the
surface of gold seeds through chemical bonds or hydrogen
bonds, and Au” will be reduced to Au® in situ, so gold nano-
particles will grow along the direction of glutathione and finally
forms sea urchin-like Au NPs. Too high a concentration of
glutathione promotes the growth of Au crystal into strips.

Taking 4-ATP as the target molecule, we further explored the
SERS enhanced effect of the prepared Au NPs with different
morphology. The Au NPs with different morphology were mixed
with 4-ATP of 107°® M, and then stood for 30 min at room
temperature, so that 4-ATP was adsorbed on the surface of the
Au NPs by Au-S bond. The nanoparticles were then dried at 25
degrees for Raman tests. As shown in Fig. 5, we can see that the
enhancement effect of Au NPs from high to low is sea urchin-
like, a small amount of spiny, THH morphology and wicker-
like. Two distinct characteristic peaks located at 1085 cm ™
and 1595 cm™ " correspond to the C-C and C-S bond vibrations

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Raman spectra of willow-like Au NPs (green), gold nano-
particles with THH morphology (blue), small amount of spiny gold
nanoparticles (black) and sea urchin-like gold nanoparticles (red)
covered substrates.

in the 4-ATP molecule, respectively. We further used sea urchin-
like Au NPs to detect different concentrations of 4-ATP, R6G and
the poison atropine sulfate monohydrate. Fig. 6A is the SERS
spectrum of R6G, the peaks are located at 612 cm ™' (C-C-C in-
plane bending), 773 e¢cm ' (C-H out-of-plane bending),
1181 cm ' (C-H in-plane bending), and 1311 cm™ ' (C-O-C
stretching), and 1361, 1508, 1572, and 1649 cm™ " are the C-C
stretching mode peaks of the aromatic ring. The lowest
detectable concentration of R6G is 10~ ' M. Fig. 3B shows the
SERS spectra of 4-ATP molecules with different concentrations.
We can see that the lowest detectable concentration of 4-ATP
molecules is 10~ '> M. Fig. 3C shows the SERS spectra of 10 * M
4-ATP collected from 20 randomly selected positions. In addi-
tion, we further calculated the relative standard deviation (RSD)
value. Specifically, the standard deviation of the intensity of the
peak at 1085 cm ' of the selected spot was 7.3% (Fig. 6D),
indicating a small change, thus confirming the good repro-
ducibility of the SERS substrate.
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Fig. 6 (A) SERS spectra of R6G at different concentrations, (B) SERS
spectra of 4-ATP molecules at different concentrations, (C) SERS
spectra of 20 different points of 4-ATP. (D) Graphs of the intensity of
the peaks at 1085 cm™! from 20 SERS spectra.
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Fig. 7 (A) Molecular structures of atropine sulphate monohydrate, (B)
Raman spectrum and SERS spectrum of atropine sulphate mono-
hydrate powders, (C) SERS spectra of atropine sulphate monohydrate
at different concentrations, (D) intensity of 1002 cm ™~ as a function of
the concentrations of atropine sulphate monohydrate.

Furthermore, we tested the cholinergic drug atropine sulfate.
First, routine Raman detection was performed on atropine
sulphate powder. The structure of atropine sulphate mono-
hydrate is shown in Fig. 7A. As shown in Fig. 7B (blue line),
Raman peaks of powdered atropine are located at 744 cm ™,
877 cm ™', 976 cm ™!, 1002 cm ™%, 1030 cm ™' and 1450 cm ™.
However, the SERS spectrum of the atropine solution only
shown three peaks (green lines) of 976 cm™*, 1002 cm " and
1030 c¢cm™ ', corresponding to the symmetrical in-plane
stretching vibration of the benzene ring + C-C-O swinging
stretching vibration and C-C-O stretching vibration + benzene
ring breathing vibration and benzene ring in-plane symmetric
stretching vibration + N heterocyclic symmetric stretching
vibration. Generally, for a group, the Raman peak of tensile
vibration usually appears in the higher frequency range of the
frequency spectrum, and is less affected by the external envi-
ronment. The Raman peak of deformation vibration is usually
located in a lower frequency range and is sensitive to environ-
mental changes.® The peak at 744 cm ™" is the swing vibration
of the CH, group in the aliphatic ring, which is easily affected by
the SERS detection environment and disappears. As shown in
Fig. 7C, as the concentration of atropine sulfate decreases, the
intensity of its Raman peak gradually decreases, and the lowest
detected concentration is 107" M. The strongest signal at
1002 cm ™' comes from a benzene ring breathing vibration,
which was chosen to establish a relationship between signal
strength and the logarithm of molecular concentration, as
shown in Fig. 7D. For concentration-dependent SERS intensity,
the R* obtained by linear fitting was 0.97. It shows that the
prepared SERS substrate material has excellent enhancement
effect and stable detection performance.

4 Conclusions

In summary, we used the seed growth method and glutathione
as the ligand to prepare sea urchin-like and strip-like Au NPs.
The growth mechanism was explored by systematically

RSC Adv, 2021, 11, 19813-19818 | 19817
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exploring the influence of reaction conditions. More, with 4-ATP
as the target molecule, we explored the SERS enhancement
effect of Au NPs with different morphology, and the results
shown that sea urchin-like Au NPs have excellent enhancement
effects. We will prepare sea urchin-like Au NPs as the SERS
substrate material for the detection of 4-ATP, R6G and the
poisonous atropine sulfate, with the lowest detection concen-
trations of 107'* M, 10~ "® M and 10~ '° M. This work not only
provides a method for preparing sea urchin-like Au NPs also
provides guidance for the development of highly sensitive SERS
substrates.
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