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ABSTRACT

A facile synthetic approach has been developed to prepare uniform and size-tunable spiky Au@ Ag core-shell nanoparticles (NPs) to tailor the
localized surface plasmon resonance (LSPR) properties. The gradual assembly of small Au nanocrystals allows the size of spiky Au NPs to
be modulated from tens to several hundreds of nanometers by tuning the concentration of initial Au seeds and Au source; and the thickness
of the Ag shell can be adjusted with stepwise reduction of Ag(l) ions. The LSPR bands of such spiky Au@Ag core-shell NPs resemble those
of pure spiky Au NP cores of similar sizes in near-infrared region, and increasing the Ag shell thickness results in a blue shift and broadening
of the LSPR band in the near-infrared region. Additionally, the spiky Au@Ag core-shell NPs exhibit improved surface-enhanced Raman
scattering (SERS) activity as compared to the bare spiky Au NPs and spherical Ag@Au NPs. This work has offered a facile route to synthesize
plasmonic metal NPs with LSPR band in 650 to 800 nm that show strong enhancement of localized electromagnetic field, which provides an
effective SERS substrate for SERS imaging and detection in biological fluids and tissues.
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1 Introduction

Plasmonic nanoparticles (NPs) find extensive applications in cell
imaging [1], thermal therapy [2, 3], nanophotonics [4], plasmon-
induced photocatalysis [5-8], plasmon-enhanced signal amplification
such as surface-enhanced Raman scattering (SERS) [9-12], and
fluorescence [13, 14]. Various synthetic strategies have been developed
to control the shape, size, and surface property of Au and Ag NPs.
To date, research drives gradually from simple spheres to complex
shaped and hierarchical NPs [15-17], such as nanorods [18], triangular
nanoplates [19, 20], cubes [21, 22], polyhedrons [23, 24], and spiky
NPs [25, 26], and further to plasmonic assemblies so that the plasmonic
properties of NPs can be tailored [27]. Tuning the localized surface
plasmon resonance (LSPR) band of Au and Ag NPs to the biological
optical window or therapeutic window in the near-infrared (NIR)
wavelength range from 650 to 1,350 nm is of particular interest to
biological imaging and detection. In particular, SERS for detection
and imaging in biological fluids and tissue typically uses the
excitation laser of 785 nm, which demands the LSPR band to be
controlled in the range around 650 to 800 nm to allow the resonance
enhancement of SERS. Therefore it is significant to develop plasmonic
metal NPs with LSPR band in 650 to 800 nm that show strong
enhancement of localized electromagnetic (EM) field [10].

To meet the above-mentioned need of SERS imaging and detection
in biological fluids and tissues, stellate or spiky NPs characterized
by multiple sharp spikes receive the attention of researcher because
they exhibit strong antenna enhancement effect (LSPR effect) from
visible to NIR spectral region [28-32]. According to the previous

study, the core of spiky Au NPs serves as a nanoscale antenna for
the surrounding spikes while enhancing the localized electromagnetic
fields at the tip surface [25]. The highest SERS enhancement factors
for molecules adsorbed near the tips of Au nanostar could reach
10 orders of magnitude [26], depending on the sharpness of Au tips.
Researchers are interested in spiky Au NPs due to the good chemical
stability, biocompatibility and easy surface functionalization. Currently
researchers are making efforts to further improve the EM enhancement
factors (EFs) of Au NPs with LSPR band in the NIR spectral range.
This drives researchers to look at Ag NPs because Ag NPs show
stronger EM enhancement and higher plasmonic efficiency than
Au NPs [33]. However, it is difficult to tune the LSPR band of Ag
NPs to the NIR region; and it is challenging to synthesize spiky Ag
NPs because of the fast diffusion rate of Ag atoms during the liquid
phase synthesis process.

Based on the above considerations, we herein synthesize the spiky
Au@Ag core-shell nanoparticles, which are expected to show stronger
EM enhancement than that of the bare spiky Au NPs; and the LSPR
band can be further tuned by the Ag shell [34-36]. In fact, Samal
et al. have reported the synthesis of Au@Ag core-shell nanospheres
[35]. The results have revealed that the core-shell NPs demonstrate
improved SERS performance under the varied excitation wavelengths.
Nevertheless, no systematic study of spiky Au@Ag core-shell NPs
with controlled Ag shell thickness has been demonstrated. In this
study, a facile approach is devised to prepare the spiky Au@Ag
core-shell NPs with tunable Au core size and Ag shell thickness for
SERS-based detection application, as shown in Scheme 1. In this
synthetic process, the spiky Au NPs are prepared and stabilized in
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Scheme 1 Schematic illustration of the preparation process of the spiky
Au@Ag core-shell NPs.
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water without the frequently used surfactants such as cetyltrime-
thylammonium bromide and polymers. Hydroquinone is utilized as
the reducing agent instead of traditional citrate because of the
higher redox potential negativity versus the normal hydrogen
electrode, enabling the immediate formation of Au atoms at room
temperature [37]. The Au atoms then nucleate and assemble on the
Au seeds, which grow rapidly but anisotropically to yield the spiky
Au NPs. Especially, we will optimize the synthetic parameters, such
as the concentrations of Au seeds, hydroquinone, and Au source to
control the full width at half maxima of LSPR bands from 550 to
820 nm. Furthermore, a layer of Ag shell is uniformly deposited on
the spiky Au NPs according to a polyol process. The thickness of
the Ag shell can be precisely tailored from 2 to 10 nm by adjusting
the concentration of Ag precursor.

2 Experimental

2.1 Materials

Chloroauric acid (HAuCL-4H,0), silver nitrate (AgNO3), trisodium
citrate, hydroquinone, para-aminothiophenyl (p-ATP) and ethanol
were bought from Sinopharm Chemical Reagent limited corporation.
Poly(vinyl pyrrolidone) (PVP-K29, (CsHsNO)., Mw = 58,000),
1,5-pentanediol, and thiram were obtained from Aladdin. Milli-Q
deionized (DI) water (resistivity = 18.2 MQ/cm) was used for all
preparations.

2.2 Synthesis of spiky Au NPs

Spiky Au NPs were prepared by Au seed mediated method. The 13 nm
sized Au nanospheres were first prepared by reducing chloroauric
acid (200 pL, 100 mg/mL) with trisodium citrate (5 mL, 20 mg/mL)
in a round flask containing 45 mL of DI water under continuous
stirring (400 rpm). The flask was kept above 90 °C in an oil bath.
Then, portion of the as-prepared suspensions (0.1-4.0 mL) was
injected into a round flask containing water (30 mL) and HAuCL-4H.O
(100 pL, 100 mg/mL). Fresh aqueous solution of hydroquinone
(2 mL, 10 mg/mL) was then quickly injected into the mixture. The
reaction proceeded at room temperature with mild stirring (300 rpm).
Within five minutes, the color of the solution changed from opaque
to pink, then purple/blue for small spiky Au NPs, and finally deep
blue and even green for large spiky Au NPs. The product was
washed by centrifugation-redispersion for two cycles, and finally
dispersed in ethanol. All the molarity concentrations could be
established according to the equivalent weights.

2.3 Synthesis of spiky Au@Ag core-shell NPs

The Ag shell was in-situ deposited on the previous spiky Au NPs
through a polyol process at 150 °C. Pentanediol solution of PVP-K29
(16 mg/mL) and AgNO; (10 mg/mL) were prepared respectively.
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All the as-prepared spiky Au NPs were re-dispersed in pentanediol
(1 mL), ultrasonicated, and shaken up for 50 min at 1,500 rpm by
a vortex. Subsequently, pentanediol (5 mL), PVP solution (1 mL),
and spiky Au NPs were injected in a round flask and heated to 150 °C
with an oil bath. In this process, the mixture was stirred continuously
at 400 rpm. Pentanediol solution of AgNOs (0.1-1 mL, containing
1-10 mg AgNO:s) was then injected into the mixture. After 40 min,
the reaction was terminated. The solution containing spiky Au@Ag
core-shell NPs were naturally cooled down and separated by
centrifugation-redispersion for twice and dispersed in ethanol. Herein,
the thickness of Ag the shell was tuned by applying different volumes
of AgNO; precursor. Again, all the molarity concentrations could
be established according to the equivalent weights.

2.4 Synthesis of spherical Au@Ag core-shell NPs

Firstly, Au nanospheres with diameter larger than 13 nm were
synthesized similar to the case of spiky Au NPs. By using a higher
concentration of Au seeds (4 mL), HAuCls (40 mg), and hydroquinone
(80 mg), 80 nm sized Au nanospheres can be synthesized. The
product was then washed, dispersed in 1,5-pentadenial and further
coated with Ag shell by the method similar to the case of preparing
spiky Au@Ag core-shell NPs.

2.5 Characterization

The morphology and composition of NPs were examined using
scanning electron microscope (SEM, Hitachi SU8020) and transmission
electron microscope (TEM, JEOL 2010), which were both equipped
with energy dispersive X-ray spectrometer (EDS). A multi-functional
X-ray diffractometer (X’Pert Pro MPD, Philips) was used to evaluate
the crystallinity. The optical absorption spectra of the products were
measured by an ultraviolet-visible-near-infrared (UV-Vis-NIR)
spectrophotometer (Varian, Cary 500).

2.6 Raman measurement

All Raman spectra were recorded by a confocal microprobe Raman
spectrometer (Renishaw Invia, 532, 633, and 785 nm laser line, 50x
objective). The laser power was 1% for 532 nm excitation (~ 0.3 mW),
10% for 633 excitation (~ 0.51 mW), and 1% for 785 nm excitation
(~ 0.75 mW). The accumulation time was 1 s unless stated. The
obtained SERS signals at varied excitation wavelengths were
normalized for comparison. To improve the distribution uniformity
of nanoparticles on Si wafer, each Si substrate was firstly immersed
in piranha solution to expose the surface -OH groups, and then in
aminopropyltriethoxysilane (APTES) ethanol solution (10 mg/mL)
for 30 min to obtain abundant -NH. groups near the Si surface.
Such handled Si substrates were then immersed in nanoparticle
suspensions to load the particles through electrostatic force attraction
[38]. The Si substrates with evenly distributed nanoparticles were
then cast with analyte solutions of varied concentrations but the
same amount (5 puL), and naturally dried. Each SERS spectrum was
averaged from at least five measurements.

2.7 Simulation

The electric field distributions of the spiky NPs were simulated with
finite element modeling (FEM) method using a Comsol Multiphysics
3.5a software. Model parameters were based on the observed
microstructures. Optical constants of Au and Ag were adopted
from the literature, in corresponding to an incident wavelength of
785 nm [39].

3 Results and discussion

3.1 Effects of the concentration of Au seeds

Figure 1 shows the morphologies of spiky Au NPs. Generally, the
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Figure 1 (a)-(d) SEM images of spiky Au NPs with varied amount Au seeds of

1.0, 0.4, 0.2, and 0.1 mL, resulting in different particle sizes as shown in the right
column from Plot I to Plot IV, respectively.

spiky Au NPs showed mono-dispersity; and the yield reached 99%.
Meanwhile, the product can be always reproduced from batch to
batch. By simply tuning the initial concentration of small Au seeds and
maintaining the content of hydroquinone (20 mg) and HAuCl-4H,O
(10 mg), the spiky Au NPs with varied diameters can be readily
obtained. Typically, a large amount of Au seeds tended to yield
small spiky Au NPs (about 81, Fig. 1(a) and the size distribution
plot I in the right column), whereas a small amount of Au seeds
simply yielded larger spiky Au NPs with more spikes (Fig. 1(d) and
size distribution plot IV in the right column). The size of spiky
Au NPs can be tuned from 81 to 151 nm by varying Au seed amount
(1.0, 0.4, 0.2, and 0.1 mL), as shown in Fig. 1. Spontaneously, the
number of protruding spikes increased from 10-15 (the 81 nm
sample) to 25-30 (the 151 nm sample). The size variation was due
to the different contents of Au source in the solution contributed to
each small Au seeds. Obviously at a lower Au seed concentration,
the particles can be fully developed. If too much Au seeds (4 mL)
were added, the Au nanospheres would simply grow larger instead
of forming obviously protruding spikes (Fig. S1 in the Electronic
Supplementary Material (ESM)). This was due to the limited Au
source but excessive Au seeds in precursor solution, which hindered
the further growth of Au NPs. Also, the number density of spikes
changed in this process. Assume that the spiky Au NPs form a
hexagonal closely-packed monofilm. Then py = nS/(2v/3r*), where
Py is the number density of spikes, n is the number of spikes on
each single Au NP, S is the unit area, r is the radius of spiky Au NP.
In this way, the proportion of p, between the 81 nm sample and
151 nm sample is pyg,: Prisi = HgitisiiMisif = 1.6:1. In this sense, the
number density of spikes decreased a little as the spiky Au NPs
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grow larger.

Actually, the presented SEM images reveal that the spiky shape
indeed gradually evolved. This was further confirmed by the
corresponding TEM images in Figs. 2(a)-2(c). It was observed that
the spikes grew longer with increasing the NP size, from 5-10 nm
(81 nm sample), 10-15nm (106 nm sample), 13-17 nm (133 nm
sample), to 15-20 nm for the 151 nm sample. By subtracting the
length of protruding spikes, the general core size thus became
66, 81, 103, and 116 nm, respectively. The growth mechanism was
similar to what we reported previously [37], in which small Fe;Os4
NPs were used as seeds. Herein the small Au nanospheres were used
as the seeds instead. The spiky shape can be similarly considered to
result from the self-assembly of individual small Au NPs into larger
ones around the Au seeds. Initially, upon addition of hydroquinone,
numerous monocrystalline Au NPs were generated (Fig. 2(d)) in
the solution. Meanwhile, the Au atoms would settle on the larger
Au seeds used initially (Fig. 2(e)), which were finally evolved into
larger fringes (Fig. 2(f)) and retained single-crystalline. The free
small Au NPs spontaneously interacted with the larger Au seeds and
grew larger due to the Ostwald ripening effect. As such, the spiky
NPs could be fully grown into larger ones until exhaustion of the
small Au NPs and the Au atoms. Nevertheless, the dark field image
and selected area electron diffraction (SAED) pattern of all the
spiky Au NP suggested poly-crystallinity (Figs. 2(g)-2(i)).

3.2 Effects of hydroquinone concentration

The concentration of reducing agent also affects the morphology of
final product. Generally in the chemical reaction, a hydroquinone
molecule evolves into benzoquinone by providing two electrons
through the equation: 3 Hydroquinone + 2 Au** = 3 Benzoquinone
+ 6 H* + 2 Au”. So a theoretical mole ratio of M[hydroquinone]:
M[AuCls] larger than 3:2 should be sufficient to reduce all the Au
precursor. Herein, 10 mg of HAuCls+4H-O and 1 mL of Au seeds were
injected in 30 mL of DI water. Various amounts of hydroquinone
(5, 10, 20, and 40 mg) were injected in the reaction solution,
respectively. From the SEM observations (Fig. S2 in the ESM), the
size of spiky Au NPs becomes slightly smaller when increasing the
hydroquinone concentration, but the overall size didn’t change much.
Nevertheless at an obviously higher concentration of reducing agent,
small Au nanocrystals of even higher particle density are formed
quickly. On one hand, the small Au crystals assembled on the Au
seeds and formed small spiky Au NPs. On the other hand, some of
the small spiky Au NPs together with the small Au crystals were
evolved into spherical micro/nano structure following the Ostwald
ripening effect (Fig. S2(d) in the ESM). Each Au micro/nano
structure demonstrated small protrusions on the surface.

3.3 Effect of HAuCls concentration

The concentration of initial HAuCl, is very important to the size
and morphology of the final product. As mentioned above, with a
constant concentration of Au seeds (200 pL) and excessive reducing
agent (20 mg hydroquinone) but different content of HAuCls precursor,
one can directly monitor the morphological evolution of spiky Au
NPs and elucidate the growth mechanism of the spiky Au NPs.
In this case, the HAuCls precursor solutions containing 1, 2, 5, 10,
15, and 20 mg of HAuCl:+4H,O were applied respectively. SEM
characterization indicated that with 1 mg of HAuCl:-4H.O addition,
the Au seeds simply grew into larger ones with a few particles
assembled together. With more AuCls ions participated in the
reaction, the nanoparticles obviously grew larger, the well-defined
spikes then appeared. The particle finally developed larger due to
the excessive smaller particles ready for self-assembly (Fig. S3 in the
ESM). At this stage, the spiky Au NPs seemed more like roughed
spheres due to the over growth (Fig. S3(f) in the ESM).
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3.4 SERS activity of the spiky Au NPs

The optical absorption bands of the spiky Au NPs (liquid-phase) in
Fig. 3(a) clearly showed a size-dependent relationship. The spiky
Au NPs exhibited the LSPR band from 522 to 707 nm, and the full
width at half maxima of LSPR can be extended to 820 nm. The 133 nm
sized spiky Au NPs with LSPR band at 678 nm were examined by
532, 633, and 785 nm excitations using the “non-resonant” p-ATP
as the probe molecules. The results in Fig. 3(b) indicated strong
vibrational bands of p-ATP under excitation wavelengths of 633 nm
and 785 nm. At 532 nm excitation, only the 1,080 cm™ shift (C-S
stretching) and 1,591 cm™ shift (phenyl ring stretching) can be
observed. This can be ascribed to the fact that the LSPR band of
133 nm spiky Au NPs centered at 678 nm was partially overlapped
with the wavelengths of both the 785 and 633 nm laser sources,
which in turn excited the LSPR effect of spiky Au NPs for higher
electric field enhancement. To be emphasized, when the NPs were
assembled on substrates for SERS measurements (Fig. S4 in the
ESM), the surrounding media and the aggregating state of NPs

P 200 n

Figure2 TEM images of spiky Au NPs with mean size of 81 nm (a) and 151 nm (b), and individual spiky Au NPs with gradually developed size (c), all scale bars
indicate 50 nm. TEM images of small Au crystals in the product (d), 13 nm Au seeds (e), and the single-crystalline fringes with clear lattice patterns on a 151 nm spiky
Au NP (f). Bright field TEM image of the 81 nm spiky Au NP trimer (g), the dark field counterpart (h), and the corresponding SAED patterns of all the spiky Au NP

(a)

(i), showing polycrystalline feature.

Figure 3 (a) UV—-Vis—NIR absorption spectra of spiky Au NPs with varied sizes in their solution phase. (b) SERS spectra of p-ATP adsorbed on the 133 nm spiky Au
NPs measured under different excitation sources. (c) Comparative SERS spectra of p-ATP adsorbed on spiky Au NPs with varied mean sizes. (d) UV-Vis-NIR
absorption spectra of spiky Au@Ag core-shell NPs. (e) SERS spectra of p-ATP adsorbed on the spiky Aui33nm@Agzm NPs measured under different excitation sources.

changed, leading to a broaden and slightly red shifted plasmon
band closer to 785 nm excitation (Fig. S5 in the ESM). Thus the 785
nm excitation leaded to higher SERS intensities compared to the
case of 633 nm. On the other hand, the LSPR bands of spiky Au
NPs would gradually blue shift with a decrease in the particle size.
In this manner, the relatively larger spiky Au NPs showed distinctly
larger enhancement at 785 nm laser excitation (Fig. 3(c)), due to the
fact that LSPR bands of the 133 and 151 nm sized Au nanoparticles
had more overlap with the wavelength of excitation laser. However,
the 133 nm sized Au NPs showed higher SERS enhancement effect
than that of the 151 nm sized counterparts (the upper two curves in
Fig. 3(¢c)) because the former had more sharp tips on the surface
(Figs. 1(c) and 1(d)). This was further proved by the FEM simulations
(Fig. S6 in the ESM).
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3.5 Spiky Au@Ag core-shell NPs

Subsequently, the as-prepared spiky Au NPs were used as the
“templates” to prepare the spiky Au@Ag core-shell NPs with a
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(f) Comparative SERS spectra of p-ATP adsorbed on spiky Au NPs with varied sizes but identical AgNOs precursor (2 mg).
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polyol protocol developed by Xia, et al. [15]. Briefly, silver ions were
reduced in-situ on the spiky Au NPs. The size of spiky Au NPs and
the concentration of Ag" can be tuned to achieve an optimal
morphology, and more details can be found in the experimental
section. Upon adding 2 mg of AgNO; precursor in the reaction
solution, the final products showed distinct color change (Fig. S7 in
the ESM) and a blue shift of the LSPR band (Fig. 3(d)) compared
to that of the spiky Au NPs in Fig. 3(a). The LSPR band at around
420 nm was originated from the Ag shell, as indicated by the
dashed area in Fig. 3(d). It is noted that the Ag layer thickness
herein for the four different sized spiky Au NPs was slightly varied
but approximately the same (see the explanations in the ESM). The
typical thickness of Ag shell was about 2 nm (Figs. 4(a)-4(c)) for
the 133 nm sample. In this case, the spiky morphology was well
maintained. Meanwhile, the thickness of Ag shell increased by
increasing the mass of AgNO; precursor. For example, addition
of 5 mg of AgNO; precursor into the reaction solution resulted in
a 6 nm thick Ag shell on the spiky Au NPs (Figs. 4(d)-4(f)). If too
much AgNO:; precursor (10 mg) was injected, very thick Ag shell
would grow on the surface of the Au NPs. In this case, the spikes
gradually disappeared (Figs. 4(g) and 4(h)) as more Ag atoms
isotropically accumulated on the particle surface. Finally, the shell
distributed unevenly around Au surface. The typical thickness
of Ag shell would exceed 10 nm at the concave region between
neighboring spikes. Furthermore, the EDS spectra in Fig. 4(i) showed
that the Ag shell thickness increased with an increased Ag content
ratio.

3.6 SERS enhancement of the spiky Au@Ag core-shell NPs

The SERS activity of the core-shell NPs was evaluated using p-ATP
as the probe molecules. Taking the spiky Auism@Ag:m sample as
an example, the relative peak intensities of vc_s at 1,080 cm™ shift
increased by about 6.5 times under excitation of the 785 nm laser,
6 times for the 633 nm laser excitation and 4.5 times for the 532 nm
laser excitation (Fig. 3(e)). These comparative results were based on
the same amount of analyte solution (5 puL) dispersed on both types
of substrates. It was seen that some new peaks appeared at 1,142,
1,193, 1,390, and 1,432 cm™ in the presence of Ag. These new
vibrational modes were due to the diazotization of two amine
groups, which was catalyzed by the strong and matching plasmons
of Au@Ag core-shell NPs [40]. In addition, comparative SERS
measurement in Fig. 3(f) demonstrated that the SERS enhancement
was improved for all the four samples with varied Au NP size but
the same Ag precursor (2 mg). Meanwhile, we compared the SERS
sensitivity between Au@Ag core-shell nanospheres (Fig. S8 in the
ESM, 80 nm Au core and ~ 2 nm Ag shell) and spiky Au@Ag core-
shell NPs (81 nm spiky Au core and 2 nm Ag shell), as shown by Fig. S9
in the ESM. Obviously, both samples showed strong vibrational
bands of p-ATP, but the spiky ones demonstrated 2-3 times higher
SERS intensity.

The LSPR of spiky Au@Ag core-shell NPs was sensitive to the
thickness of the Ag shell. Figure 5(a) shows that the LSPR peak of
NPs shifts from 680 to 565 nm when the Ag shell thickness increased
to 3nm. Meanwhile, as the Ag shell thickness increased, the
core-shell NPs gradually exhibited broad and red-shifted LSPR band,
which resulted in stronger coupling between the excitation source
and the plasmon of the core-shell NPs. As the Ag shell further
increased, the spikes tended to evolve as smooth protrusions, leading
to weak LSPR. This explains why the SERS efficiency (shown in
Fig. 5(b)) of thin-shelled (2 and 3 nm) samples were high but became
much weaker for thick-shelled counterparts, as further testified by
the FEM simulations in Fig. S10 in the ESM.

The improvement of the SERS enhancement by the spiky Au@Ag
core-shell NPs with 2-3 nm Ag shell can be ascribed to the following
reasons: i) Ag has stronger plasmon than Au for the identical
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Figure 4 (a) and (b) TEM images of spiky Au@Ag core-shell NPs achieved by
adding 2 mg AgNO:s as the Ag source. (c) Close-up view showing the ~2 nm Ag
shell. (d) and (e) TEM images of spiky Au@Ag core-shell NPs achieved by adding
5 mg AgNO:; as the Ag source. (f) Close-up view showing the ~6 nm Ag shell.
(g) TEM images of spiky Au@Ag core-shell NPs prepared by adding 10 mg AgNO:.
(h) Close-up view showing the thick Ag shell over 10 nm. (i) EDS spectra of spiky
Au@Ag core-shell NPs with varied Ag shell thicknesses.
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Figure 5 (a) UV—-Vis—NIR absorption spectra of spiky Au@Ag core-shell NPs
with different Ag shell thicknesses. (b) SERS spectra of p-ATP (10 uM) adsorbed
on the spiky Au@Ag core-shell NPs with varied Ag shell thicknesses. (c) SERS
spectra of thiram with varied concentrations adsorbed on spiky Aui33nm@Agonm
core-shell NPs. (d) Averaged relative intensities (from 12 measurements) of the
559 cm™ mode as a function of logarithmic concentration of thiram. The
calibration curve shows a linear range from 0.1 to 10 uM.

structure [33], thus the coating of Ag shell on the Au core leads to
strong LSPR and EM enhancement, as evidenced by the simulation
results in Figs. S6 and S10 in the ESM; ii) the original roughness of
each spike from core-shell NPs was not affected by coating of such
a thin shell (Fig. S10 in the ESM); iii) the blue shifted but broad
LSPR band from the core-shell NPs contributed to stronger coupling
between the excitation wavelength and the LSPR of NPs. The LSPR
herein also became broad, making the 633 and 785 nm are still
in partial resonance with the blue shifted LSPR. In this way, EM
enhancement is still high.

The average SERS EFs of the spiky Au and Au@Ag core-shell NPs
were estimated by comparing the normalized SERS intensity and
the Raman intensity, using the formula EF = (Isers/Nsers)(Irs/Nzs)™
[41]. More details of the calculation of enhancement factor can be
found in the ESM, in which p-ATP was used as a standard probe
molecule to evaluate the enhancement. Under the excitation of
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785 nm excitation, the average EF value was 1.2 x 10° for spiky
Auzzom NPs and 6.7 x 107 for spiky Auissnm@Agznm core-shell NPs.

Specially, the spiky Auisum@Agam core-shell NPs were used for
detection of environmental pollutants, such as thiram, a widely
used plant fungicide. Recently, thiram has been reported to be
added into bean sprout to retain the freshness, which enters the food
chain. Herein, ethanol solution of thiram with various concentrations
were cast on the spiky Au@Ag core-shell NPs substrates and dried,
and excited by the 785 nm laser. The SERS spectra in Fig. 5(c) displayed
seven prominent vibrational fingerprints of thiram molecules at
varied concentrations. According to the calculations by Gaussian
03W software at B3LYP/6-31 G(d) level, the vibrational assignments
of thiram were summarized as follows: 438 cm™ (C-N scissoring),
559 cm™ (C-N scissoring), 927 cm™ (C=S stretching), 1,145 cm™
(C=N stretching), 1,380 cm™ (C-H wagging), 1,440 cm™ (C-H twisting),
and 1,507 cm™ shift (C-N stretching). When the concentration
decreased to 50 nM, only the strong peak at 559 cm™ can be
discriminated. According to our linear fit plot of peak intensity
(559 cm™* shift) versus the logarithmic concentration of thiram in
Fig. 5(d), the limit of detection of thiram was calculated to be
70 nM for the spiky Au@Ag core-shell NPs, which was defined as
the concentration at the signal-to-noise ratio of 3 [42].

Also, the SERS signal stability of spiky Au@Ag core-shell NPs
was investigated. The first issue was to verify the SERS signal
reproducibility of such a substrate. Repeated Raman measurements
on thirty different sites of the substrate indicated that the relative
signal deviation of the 559 cm™ shift of thiram was 19.5% (Fig. S11
in the ESM). The other issue was to investigate the stability of spiky
Au@Ag core-shell NPs as Ag-based nanostructures would lose SERS
sensitivity easily due to the active surfaces [43]. It was demonstrated
that the signal intensity of the 559 cm™ shift decreased by 40% within
6 months (Fig. S12 in the ESM), which may be resulted from the
oxidation of Ag surface.

To investigate the real SERS detection applications by the spiky
core-shell NPs, the residual solution of fresh bean sprout (bought
from a local supermarket) was examined by SERS spectroscopy. As
shown by Fig. S14 in the ESM, one sample (6 g) was stored in
ethanol (15 mL) for 8 h, the other sample was immersed in thiram
(10* M) for 8 h and taken out and stored in ethanol again. Obviously
demonstrated by the optical images, the thiram treated bean
sprouts showed better freshness. It is shown that the purchased
bean sprout do not show any fingerprints of thiram while the
thiram treated sample can be discriminated according to the
554 cm™ shift (C-N scissoring) and 1,370 cm™ shift (C-H wagging).
Furthermore, these two modes were verified to come from the
enhanced Raman signals of thiram pollution rather than the pure
thiram. This is because at such concentration (10™* M) and measuring
conditions, the normal Raman signals of thiram could not be
obtained (the bottom curve of Fig. S14(b) in the ESM).

4 Conclusions

In summary, a synthetic approach was developed to grow the spiky
Au@Ag core-shell NPs with controlled Au core size and Ag shell
thickness. The Ag shell was in-situ deposited on the surface of the
spiky Au NPs with the shell thickness in a range of 2-10 nm. The
LSPR band of the spiky Au@Ag core-shell NPs can be tuned to the
near-infrared region, depending on the particle size. The plasmonic
band of Au@Ag core-shell NPs, which resembled those of the bare
spiky Au NP cores of similar sizes, showed a blue shift, and was
broadened upon coating with the Ag shell. In particular, the spiky
Au@Ag core-shell NPs showed 55 times higher SERS sensitivity
than that of the bare Au counterpart under excitation of the 785 nm
laser. The spiky Au@Ag core-shell NPs have a great potential in
SERS imaging and detection in biological fluids and tissues.
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