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SERS Characteristics of Sea Urchin-like Gold Nanoparticles Dependent on
Their Surface Morphology
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Abstract: A modified one-step reduction method was reported to synthesize the Sea Urchin-like Gold
Nanoparticles (SU-GNPs), and the Surface-Enhanced Raman Scattering (SERS) characteristics of the
SU-GNPs dependent on their surface morphology were experimentally studied. Experimental results
shown that, the diameters and the thorn sizes of the SU-GNPs can be changed by adjusting the amount of
silver nitrate aqueous solution added into hydrogen tetrachloroaurate trihydrate aqueous solution. When
the added amount of silver nitrate was 1 pL, the as-prepared SU-GNPs had the longest thorns and the
smallest diameter. And the measured UV-vis-NIR spectra exhibited that the localized surface plasmon
resonance bands of the SU-GNPs were broaden with increasing of the added amount of silver nitrate. In
addition, the effect of surface morphology on the SERS of SU-GNPs was investigated by using 4-
mercaptobenzoic acid as a Raman reporter molecule. The results demonstrated that the SU-GNPs with
smaller diameters and longer thorns gave rise to a stronger SERS enhancement.
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0 Introduction

In recent years, the research of Surface-Enhanced
Raman Scattering (SERS) caused by Raman molecules
deposited on rough noble metal surfaces become one of
the hottest topics owing to their extensive application in
the fields of biodetection, biomedicine, environmental
chemistry!,  SERS

and

monitoring, and analytical

originates from two mechanisms: chemical
electromagnetic enhancements. The former one comes
from the enhanced field around the molecules adsorbed
on the metallic surface due to the exchange of electrons

), The latter one arises

in this charge-transfer system
from the enhancement of the local electromagnetic field
with the occurrence of Localized Surface Plasmon
Resonance (LSPR) of noble metal nanostructure and is
highly dependent on the size and shape of these metal
nanoparticles”’.  Therefore, to reproducible and
facilely fabricate noble nanoparticles with various sizes
and morphologies are extremely crucial for practical
application of the SERS techniques.

As we known. the analysis technique based on
SERS
ultrasensitive, which requires to induce a relatively

high SERS intensity by tailoring the noble metal

spectroscopy is non-destructive and

nanostructure with a rough surface, especially on the
junctions and sharp tips of these nanostructure which
“ hot

electromagnetic areas

spots 7 ( a enhanced

)Fx—lu'\

known as strong

. For example, the different
noble metal nanoparticles with various morphologies

U meatball™,  star™,

]

including flower

[14]
’

sea

urchin and hollow nanourchins™ have been
synthesized. However, it is still a challenge to achieve
fine tuning surface morphology of these branched
nanoparticles because of the inevitable influences of
organic reducer during the synthesis process of the
nanoparticles.  Generally, cetyltrimethylammonium
bromide (CTAB)M, polyvinylpyrrolidone (PVP)™",
sodium dodecyl sulfate (SDS)M, gelatin protein™’!, or
gum arabic"'?! are usually used as the capping agent and

but Acid ( AA) as

partner, not only serves as an electron donor but also

stabilizer, Ascorbic contrast
acts as a shape directing agent to induce the branched

growth of nanostructures “. Thus, it is worth
explored that a typical rough surface nanostructure
such as Sea Urchin-like Gold Nanoparticles ( SU-
GNPs)
simple, and low cost method.

In this

is synthesized by AA in a way of green,

article, we report a facile synthesis
strategy for high-yield synthesis of sea urchin-like gold
nanoparticles (SU-GNPs), that is, the SU-GNPs can
be synthesized by directly adding AA into the mixed

solution of silver nitrate aqueous solution and hydrogen

The

major advantages of the proposed method are only one

tetrachloroaurate trihydrate aqueous solution.
step growth process without firstly preparing gold or
silver seed and no any capping agent or template to be
used. Meantime, the surface morphologies of as-
synthesized SU-GNPs can be tuned by just adjusting
the added AgNO,. And the optical
characteristics of the SU-GNPs demonstrate the
broadening of LSPR bands and SERS enhancement,

which is significant to design a nano-biosensor with

amount

high sensitivity.
1 Experimental details

1.1 Chemicals

Silver nitrate ( AgNO, ), and hydrogen
tetrachloroaurate( [l ) trihydrate ( HAuCl, « 3H,0),
were purchased from Sigma. Ascorbic acid (AA) was
purchased from Bodi Chemical Reagent Co. (Tianjin,
China). 4MBA were obtained from J&K Chemical.
Milli-Q water (18. 2MQ cm resistivity) was used for all
solution preparations. Glass wares were cleaned by
aqua regia and rinsed with deionized water several times
prior to the experiment.

1.2 Synthesis of SU-GNPs with 4MBA

A drop of AgNO; (6 pL, 0.1 M) aqueous solution
was firstly dissolved into 1 mL of HAuCl, (3 mM)
aqueous solution with stirring for 5 seconds. Then, 1
mL of AA (10 mM) aqueous solution was immediately
added into the above solution. After being stirred for a
short period of time as about 20 seconds, dark gray
suspension containing SU-GNPs formed. The above
resulted precipitates were separated and washed by
centrifugation with respectively using deionized water
and absolute ethanol for several times to remove
impurities. Finally the products were redispersed in 5
mL deionized water for further experiment.

In the synthesis process of SU-GNPs, the effect of
AgNO, was studied by altering the amount of AgNO,
from 0, 1, 2, 4, and 6 to 8 pul to obtain 6 samples,
whereas the amount of HAuCl, and AA were fixed.

Furthermore, 20 pl. of 4MBA was added to 5 mL
of above sampler solutions under stirring and agitated
for 5 h, Then, the unbound 4MBA
molecules were removed by centrifugation at 9 000 rpm
for 25 min, and the 4MBA-modified SU-GNPs settled
on the bottom were redispersed in 5 ml deionized
Next, the 4MBA-tagged SU-GNPs
dropped on Quartz glass and naturally dried for further
SERS detection.

1.3 Measurements and instruments
The Scanning Electron Microscopy (SEM) and

respectively.

water. were

Transmission Electron Microscopy ( TEM) images of
the SU-GNPs were obtained by using FESEM (SU-70)
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at an accelerating voltage of 5 kV and TEM (JEM-
2100F JEOL) at an accelerating voltage of 200 kV,
respectively. The optical absorption spectra of the SU-
GNPs were recorded with a UV-vis-NIR spectrometer
(Cary5000PC). The SERS properties of the SU-GNPs
examined by using the miniature Raman
spectrometer ( BWS415, B&W Tek Inc.) with a
785 nm semiconductor laser as the excitation source.
The

spectrometer were set as follow: the laser power at the

were

measurement parameters of the Raman
sample position was 49. 55 mW and the accumulation
time was 5 s; The scattered radiation was collected by
a 40 X objective lens with Numerical Aperture (NA)
0. 65 and dispersed by the grating of 1 200 lines/mm,
and then passed through a slit with 20 pm width to the

Charge-Coupled Device (CCD) (2 048 X 2 048 pixels)

(a) SEM of the SU-GNPs (b) SEM of the irregular gold clusters

Fig. 1
And, the chemical compositions of the SU-GNPs
were analyzed by Energy-Dispersive Spectrometer
(EDS) and shown in Fig. 1(d), which clearly displays
the dominant peak of element gold, demonstrating that
the samples are mainly composed of metallic gold. The
element silver and chlorine are from the small amount
of indiscerptible silver chloride ( AgCl), and other
elements are from the silica substrate and the
derivatives of AA.
The current synthesis of SU-GNPs involved the
template effect of the indiscerptible AgCl introduced by
AgNO, in

described in Fig. 2, for the initial reaction solution, the

the aqueous solution of HAuCl,. As

AgNO, existed as ionic state together with the covalent
bond between gold and chlorine. Then, the added AA
broke such covalent bond, and the formed gold ions
while the

were immediately reduced into atoms,

released chlorine anions combined with silver cation to

created indiscerptible AgCI™"

. Next, AgCl compounds
would attach to the surfaces of the growing gold atoms
and acted as new nucleation cores, which sustained the
further growth process and modified the final GNPs to
exhibit a sea urchin-like morphology assembled with

plentiful tiny spines.

50nm

detector. All the analysis was performed at room

temperature.

2 Results and discussion

2.1 Characterization of SU-GNPs

The SEM and TEM images of the SU-GNPs
synthesized with 6 pL. AgNO, are shown in Fig. 1.
From Fig. 1, the SU-GNPs were composed of a large
number of thorns., and their average diameter and
length of tips were calculated to be 250 and 50 nm,
respectively. As a control sample without using of
AgNO,, we can see from Fig. 1(b), the nanoparticles
only appear the irregular gold clusters with an average
size of 150 nm. It presents the important role of

AgNO, for forming the thorns of SU-GNPs.
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(¢) TEM of the SU-SNPs (d) EDS of the SU-GNPs

The images of the GNPs and the EDS of the SU-GNPs

The formation process

@ of the nanothorns SU-GNPs

«AgCl @ GNPs

Fig. 2 The formation process of the SU-GNPs

According to the above analysis about the
formation process of the thorns, it can be known that
the number of branches of the SU-GNPs can be widely
tailored by controlling the amount of the AgNO,
aqueous solution which adds into the HAuCl, aqueous
solution. As shown in Fig. 3, the amount of AgNO,
aqueous solution was selectively regulated from 1 pL to
8 L under fixing other synthetic conditions. Fig. 3(a)
shows that the sample synthesized with 1 L. AgNO,
aqueous solutions is a small gold core assembled of a lot
of large and long spikes, which origin from a few
indiscerptible AgCl attach themselves to the growing
gold atoms and act as new cores. The diameters of the
gold core were calculated to be about 100 nm and the
lengths of the spikes were about 150 nm. The gold core
is becoming bigger and bigger, the spikes shorten and
bestrew with the gold core with increasing of the

AgNO; , as shown in Fig. 3(b), 3(c), 3(d) and 3(e).
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(a) SU-GNPs synthsized (b) SU-GNPs synthsized

with 2ul. AgNO,

(d) SU-GNPs synthsized
with 6ul. AgNO,

(c¢) SU-GNPs synthsized
with 4ul. AgNO,

(e) SU-GNPs synthsized with 8uL. AgNO,

Fig. 3 SEM images of the SU-GNPs prepared with
different amount of AgNQO,

In addition, from Fig. 3(d) and 3(e), we can see that
the SU-GNPs synthesized with 6 and 8 pl. AgNO;,
aqueous solutions are almost the same. It is probably
because that more and more spikes appear and bestrew
with the gold core, then the growing gold atoms
connect each other to form a new layer around the
indiscerptible AgCl. Therefore, the AgNO,; amount
controlling the supply of the indiscerptible AgCl in the
reaction system is a crucial factor for generating
variation sizes and morphologies of the SU-GNPs.

Fig. 4 shows the UV-vis-NIR absorption spectra of
the SU-GNPs in aqueous solution. In the case without
AgNO,, the LSPR bands obvious distinct from the
LSPR of SU-GNPs synthesized with AgNO,. And the
LSPR bands gradually broaden with the increase of the
AgNO, amount in the beginning, but keep almost
invariant with the further increasing AgNO, amount.
From Fig. 5, we can clearly see the changes in
morphology of the SU-GNPs. The LSPR bands are
gradually broaden because of the growth of the gold
core and the decrease of the spikes. And the LSPR
peak around 980 nm can be attributed to the multipolar
plasmon modes induced by the geometric asymmetry of
the SU-GNPs**'. According to Refs [237] and [24 ],
the size, shape and dielectric environment have a
considerable effect on optical properties of GNPs, of
course, will certainly affect that of the synthesized SU-
GNPs. Thus, the varying of AgNO, amounts lead to

the different structures and shapes of SU-GNPs, which

will result in a variety of their absorption spectra.
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Fig. 4 UV-Vis-NIR absorption spectra of the SU-GNPs

prepared with different amounts of AgNO; aqueous
solutions at 0, 1, 2, 4, 6, and 8 pL.
2.2 SERS performance of SU-GNPs
To understand the SERS performances of the
synthesized SU-GNPs
morphology, the Raman spectra of the 4MBA-tagged
SU-GNPs synthesized with different amount of AgNO,
were measured and shown in Fig. 5. We can see from
Fig. 5, the fingerprint bands of 4MBA have strong
intensities which SERS enhancement
characteristic of SU-GNPs. The two dominant peaks at
1076 and 1 586 cm ™' are assigned to the ring breathing
modes. The Raman band at 849 cm ' is attributed to
the COO  bending mode (5 (COO )) and that at
1 144 em ' originates from a mixed mode (133(CCC)—+
y(C—8S) + v (C— COOH)). Besides,

1432 em™' is ascribed to the y, ( COO™ ) stretching
[25]

depended on their size and

indicate the

1

the one at
mode®’. Tt can be clearly observed in Fig. 5, all of the
fingerprint bands of 4MBA have same peak positions,
but their peak intensities are obviously different. That
is, with decreasing the amount of AgNQO,, the SERS
intensities of the synthesized 4 MBA-tagged SU-GNPs
gradually increase and reached the highest intensity at
the case of 1 puL. AgNO, aqueous solution. And as a
control sample , the GNPs synthesized without AgNO,

— 2.5 ’;
I <
— 2.0 =)
15 &
- z
— 0.5 =
— 0
\ 1
A - 2
L 4
A ™ FAN 6
" A et N 08
1000 1500 2000
Raman shift/cm!
Fig.5 Raman spectra of 4MBA-tagged SU-GNPs

synthesized with different amount of AgNO;:0, 1,
2,4, 6, and 8 L
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has the smallest intensity. It demonstrates that the
SU-GNPs with longer thorns can exhibit excellent
SERS performances.

We also investigated the reproducibility of the
SERS signals of the SU-GNPs synthesized with 1 pL
AgNO, by randomly choosing ten probe sites on the
SERS substrates. From Fig. 6, we can see very small
among the ten SERS
demonstrated that the SERS substrates have excellent

SERS reproducibility.

difference signals. It

Intensity/(x10%a.u.)

1000

1500
Raman shift/cm !

Fig. 6 The Raman spectra of the 4MBA-tagged SU-GNPs
at different probe sites on the SERS substrate

3 Conclusion

In a word, a modified one-step reduction method
has been exploited to synthesize SU-GNPs for SERS
application. The surface morphologies of the SU-GNPs
have been tuned by altering the added amount of
AgNO; aqueous solution. And the absorption bands of
SU-GNPs widen with the increase of the AgNO,
amounts. The experimental results show the SU-GNPs
with longer thorns have a superior SERS performance,
which is of great importance to develop a high-sensitive
biosensor applied in immunoassay.
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