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A hollow sea urchin gold nanoparticles with distinctive optical properties was prepared through a one-step 

galvanic replacement strategy.  

95x41mm (120 x 120 DPI)  

 

 

Page 1 of 8 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ► 

ARTICLE TYPE 
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Controllable synthesis and SERS characteristic of hollow sea urchin 

gold nanoparticles 

Junpeng Li,
a
 Jun Zhou,*

a
 Tao Jiang,

a
 Binbing Wang,

a
 Min Gu,

b
 Lucia Petti

c
 and Pasquale Mormile

c
 

Received (in XXX, XXX) Xth XXXXXXXXX 201X, Accepted Xth XXXXXXXXX 201X 

DOI: 10.1039/b000000x 5 

A hollow sea urchin gold nanoparticles (HSU-GNPs) was successfully prepared through a novel one-step 

galvanic replacement strategy, and their corresponding optical properties was studied in detail. During the 

synthesis process, the sizes of the interior hollows of the HSU-GNPs could be changed by adjusting the 

amount of silver nitrate added into hydrogen tetrachloroaurate trihydrate solution. The absorption spectra 

of the HSU-GNPs showed that the localized surface plasmon resonance (LSPR) peaks occurred red-shifts 10 

with increasing the sizes of interior hollows in the HSU-GNPs. When the added amount of silver nitrate 

was up to 6 μl, the LSPR peak of the synthesized HSU-GNP arrived to 726 nm as a maximum red-shift. 

Furthermore, the absorption spectra of the HSU-GNPs with different morphologies were theoretically 

simulated by the finite element method, which was consisted with the experimental results and explained 

the origin of red-shifts of the LSPR peak. In addition, the surface-enhanced Raman scattering (SERS) of 15 

the sea urchin gold nanoparticles were also investigated by using 4-mercaptobenzoic acid as a Raman 

reporter molecule. Both the experimental and calculated results showed that the HSU-GNPs had stronger 

SERS enhancement than that of the solid sea urchin gold nanoparticles. Especially, the HSU-GNPs 

prepared by adding 6 μl silver nitrate exhibited the maximum SERS enhancement factor EF = 1.1×109 , 

due to its LSPR peak at 726 nm which is near to the excitation wavelength 785nm. This feature is 20 

significant for designing the biosensor with a super-high sensitivity based on the morphology of the HSU-

GNPs. 

1. Introduction 

As we known, the noble metal nanoparticles (NPs) have special 

optic properties and are widely applied into the fields of physics, 25 

chemistry, biology and life science.1-8 As a power optical 

functional material, the localized surface plasmon resonance 

(LSPR) of the noble metal NPs are closely related to their 

structure parameters, including sizes, shapes, compositions, and 

morphologies.9-11 Thus, the controllable synthesis of noble metal 30 

NPs is a very interesting topic and much effort has been devoted 

to develop available methods to create an amount of metal 

nanostructures, such as the hydrothermal method, the galvanic 

replacement method, the oil/water interface method and the 

template method.12-15 It is an essential that the noble metal NPs 35 

with special structures are prepared to fully manipulate their 

distinctive LSPR properties. In particular, great study has been 

diverted to design novel hollow noble metal nanostructures due 

to their high active surface to volume ratio and fascinating 

applications in numerous areas of optoelectronic imaging, 40 

catalysis, environmental monitoring, biosensing, diagnosis and 

drug delivery.16-20  

On the other hand, surface-enhanced Raman scattering (SERS) 

has attracted a mass of attentions because the Raman signal can 

usually be enhanced by several orders of magnitude for target 45 

molecules attached on the noble metal surfaces.21,22 The 

generation mechanism of SERS is widely recognized as 

involving two major components: chemical and electromagnetic 

enhancement. The former one is due to an increased 

polarizability of the target molecules under the influence of 50 

incident radiation, as a result of which new chemical bands with 

the metal surface are formed.23,24 The latter one arises from the 

enhancement of the electromagnetic field for the occurrence of 

the LSPR of nanostructured noble metal systems and is highly 

dependent on the matching between the excitation wavelength 55 

and LSPR band.25,26 As a non-destructive and ultrasensitive 

spectroscopy analysis technique, the SERS originating from the 

electromagnetic enhancement is more suitable to detect the 

biological tissues by using the incident radiation in the “window 

of optical transparency”, i.e., in the near infrared (NIR) spectral 60 

region of 750-1000 nm.27, 28 Consequence, the LSPR band of the 

noble metal nanostructures in such a NIR region possesses 

obvious superiorities and promising applications for the 

biomedical detection. 

With regard to the window of optical transparency, we hope 65 

that the structure of noble metal NPs can be tailored for satisfying 

the requirement of its LSPR band closed to the wavelength of 

incident radiation in NIR region. For example, the LSPR bands 

of solid spherical gold NPs (GNPs) can be tuned as much as 50 
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nm around 520 nm, and those bands of hollow ones can be 

continuously adjusted from 500 to 1000 nm by controlling the 

sizes of interior hollows.29-32 Furthermore, the noble metal 

nanostructures with rough surfaces have a relatively high SERS 

intensity because of the existence of “hot spots” (a strong 5 

enhanced electromagnetic areas) on the junctions and sharp tips 

of nanostructures,33-35 so that the great efforts have been directed 

towards the fabrication of noble metal NPs with various 

morphologies including raspberry,36 flower,37 meatball,38 star,39 

and sea urchin.40-41 Thus, a hollow metal nanostructure with 10 

rough morphology is naturally considered to combine their merits, 

that is, the adjustability of LSPR band and the high SERS 

intensity. However, it is a complex chemical process to 

synthesize a hollow metal nanostructure with rough morphology. 

Generally, silver seeds should be firstly synthesized to build a 15 

hollow center in GNPs,42 and then the rough morphology of the 

hollow GNPs are produced by using organic moleculars as the 

capping agents or stabilizers such as cetyltrimethylammonium 

bromide (CTAB),15,43 gum arabic,38 sodium dodecyl sulfate 

(SDS),44 and gelatin protein.45 A typical sacrifical template 20 

approach and the galvamic replacement reaction between Ag NPs 

and HAuCl4 had been introduced to form the hollow GNPs with a 

urchin-like shell by the aid of ascorbic acid as reducer and 

polyvinylpyrrolidone (PVP) as dispersant.46 The introducing of 

these organic moleculars will block the link of the target 25 

molecules on the surface of GNPs, which inevitably impairs the 

following SERS applications. Therefore, it is still an enormous 

challenge to achieve fine tailored structure of the hollow GNPs 

with sophisticated morphology by a green and simple synthesize 

process. 30 

In this article, we demonstrate a facile and environmentally 

friendly galvanic replacement strategy for high-yield synthesis of 

hollow sea urchin gold nanoparticles (HSU-GNPs). The surface 

morphologies and internal hollow sizes of the HSU-GNPs were 

further tuned by altering the added amount of AgNO3. The UV-35 

vis-NIR absorption spectra of the HSU-GNPs with different sizes 

of the interior hollows were experimentally measured and 

exhibited the tunable red-shift characteristics of their LSPR peaks. 

Meantime, the formation mechanism of the HSU-GNPs was 

tentatively explained and the origin of LSPR red-shifts of the 40 

HSU-GNPs was theoretically analyzed by the finite element 

method (FEM). Lastly, the SERS property of the HSU-GNPs was 

investigated by applying 4-mercaptobenzoic acid (4MBA) as a 

Raman reporter molecule and demostrted a high SERS 

enhancement.  45 

2. Experimental  

2.1 Chemicals  

Silver nitrate (AgNO3), and hydrogen tetrachloroaurate(Ⅲ ) 

trihydrate (HAuCl4·3H2O), were purchased from Sigma. 

Ascorbic acid (AA) was purchased from Bodi Chemical Reagent 50 

Co. (Tianjin, China). 4MBA were obtained from J&K Chemical. 

Milli-Q water (18.2MΩ 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. 

2.2 Synthesis of HSU-GNPs 55 

Four sets of sample solutions were prepared as follow 

processes: firstly, the different amount of AgNO3 (2, 4, and 6 to 8 

μl, 0.1M) aqueous solutions was separately injected in four glass 

tubes, and then, for every glass tube, 1 mL of AA (10 mM) 

aqueous solution and 1 mL of HAuCl4 (3 mM) aqueous solution 60 

were quickly injected in turn. After the as-prepared mixed 

solutions being stirred for 20 seconds, the HSU-GNPs solutions 

were obtained and their color rapidly changed into dark blue. 

To get the precipitates of HSU-GNPs, the above as-prepared 

sample solutions were centrifuged at 8000 rpm for 20 min. Then 65 

the resultant precipitates were washed with deionized water and 

absolute ethanol by centrifugation for several times to remove 

impurities. Finally the four samples of HSU-GNPs were 

respectively dispersed in 5 ml of deionized water for later 

experiments. 70 

2.3 Synthesis of 4MBA-tagged HSU-GNPs 

20 μl of 4MBA (1 mM) was added to the above purified sample 

solutions of HSU-GNPs under stirring and the resultant solutions 

were agitated for 5 h, respectively. Then, the mixed solutions 

were centrifuged at 9000 rpm for 25 min for removing unbound 75 

4MBA molecules, and the 4MBA-tagged HSU-GNPs settled to 

the bottom of reactive vessels. Next, the 4MBA-tagged HSU-

GNPs were dispersed in 5 ml deionised water. Lastly, the 4MBA-

tagged HSU-GNPs solution were dorpped on a quartz glass and 

air-dried as SERS substrate for further SERS detection. 80 

2.4 Instruments and measurement 

The scanning electron microscopy (SEM) and TEM images of 

the HSU-GNPs were obtained by using FESEM (SU-70) at an 

accelerating voltage of 5 kV and TEM (JEM-2100F JEOL) at an 

accelerating voltage of 200 kV, respectively. The optical 85 

absorption spectra of the HSU-GNPs were recorded with a UV-

vis-NIR spectrometer (Cary5000PC). The SERS properties of the 

HSU-GNPs were examined by using the miniature Raman 

spectrometer (BWS415, B&W Tek Inc.) with a 785-nm 

semiconductor laser as the excitation source. The measurement 90 

parameters of the Raman spectrometer were set as follow: the 

laser power at the sample position was 49.55 mW and the 

accumulation time was 5 s; The scattered radiation was collected 

by a 40× objective lens with numerical aperture (NA) 0.65 and 

dispersed by the grating of 1200 lines/mm, and then passed 95 

through a slit with 20 μm width to the charge-coupled device 

(CCD) (2048×2048 pixels) detector. All the analysis was 

performed at room temperature. 

3. Results and discussion 

3.1 Characterization of samples 100 

The HSU-GNPs were synthetized by our one-step galvanic 

replacement method. Typical SEM and TEM images of the HSU-

GNPs are shown in Fig. 1. From Fig. 1a, the average diameter of 

the HSU-GNPs were calculated to be 70 ± 5nm and their tips 

length in the range of 5-20 nm. Fig. 1b and 1c exhibited that the 105 

HSU-GNPs have distinct interior hollows with sizes ranging 

from 20 to 45 nm. And the yield of the HSU-GNPs synthesized 

with 6 μl AgNO3 was counted about 80%. The chemical 

compositions of the HSU-GNPs were analyzed by energy-

dispersive spectrometer (EDS). As shown in Fig. 1d, it clearly 110 

displays that the sample is mainly composed of metallic gold, the 
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elements of silver and chlorine are from the small amount of 

indiscerptible silver chloride (AgCl) and other elements are from 

the silica substrate and the derivative of AA. 

 

 5 

Fig. 1 (a) SEM and (b), (c) TEM images of the HSU-GNPs 

synthesized with 6 μl AgNO3, (d) EDS of HSU-GNPs. 

For insight into the formation mechanisms of the HSU-GNPs, 

the chemical process of the one-step galvanic replacement 

synthesis was illustrated in Fig. 2. Conventionally, the synthesis 10 

of sea urchin GNPs involved the template effect of the 

indiscerptible AgCl introduced by AgNO3 in the HAuCl4 

aqueous solution.46 In the initial reaction solution, Ag+ and 

AuCl4
- existed as ionic state. Subsequently, the bond of Au-Cl 

was fractured by the adding of AA so that the Au3+ ions were 15 

immediately reduced into atoms to form GNPs and the released 

Cl- ion combined with Ag+ ion to produce the indiscerptible 

AgCl.47 Then, AgCl would attach to the surfaces of the GNPs as 

new nucleation cores to further aggregate gold atoms into sea 

urchin morphology. However, in our synthesis process of HSU-20 

GNPs, some of the AgNO3 was firstly reduced into Ag atoms to 

form silver NPs by AA in a short time, and then these silver NPs 

were mixed with HAuCl4 acting as the reduction center of gold 

ions. A galvanic replacement reaction between silver NPs and 

HAuCl4 leaded to the formation of gold shell around the silver 25 

NPs and the dissolution of silver NPs with the migration of 

electrons. It is because the reduced gold has great tendency to 

nucleate on the surfaces of silver NPs for lowering the energy 

cost.42 Along with the disappearance of the internal silver NPs, 

the outside gold shell continually shrank to minimize the surface 30 

energy until the complete dissolution of silver NPs. As a 

consequence, a hollow gold nanoparticle was obtained. 

Meanwhile, same as the above conventional method, the other 

unreduced Ag+ ion combined with Cl- ion to produce the 

indiscerptible AgCl as the growth director of the thorny GNPs. 35 

For understanding the role of AgNO3, a control sample was also 

prepared by directly mixing AA and HAuCl4 without adding 

AgNO3. As shown in Fig. 3, only irregular gold nanoclusters 

were produced in the control sample, which further confirmed the 

surface-modified effect of indiscerptible AgCl as anchoring sites 40 

of the outside branches on suitable surface sites.47 

 

Fig. 3 The SEM image of the GNPs synthesized absence of 

AgNO3. 

According to the above analysis of the synthetic strategy, it is 45 

expected that the number of branches and the size ratio of cavity 

to shell can be widely tailored by controlling the amounts of 

AgNO3. As described in section 2.2, during the preparation of 

HSU-GNPs, the amounts of AgNO3 was selectively regulated 

from 2 to 8 μl with other synthetic conditions remaining 50 

unchanged. The TEM images of four samples were shown in Fig. 

4. As shown in Fig. 4a, sample 1 is a sea urchin GNPs with a 

very littler interior hollow, which is originated from few silver 

NPs. From Figs. 4b and 4c, there are obvious interior hollows in 

sea urchin GNPs, i.e. samples 2 and 3 are HSU-GNPs, and the 55 

interior hollows grown bigger with increasing the amounts of 

AgNO3. Comparing Fig. 4d with Fig. 4c, only a few of small 

hollows appear in sample 4, and the size of sea urchin GNPs is 

larger than that of sample 3. It is probably because that more and 

more spikes appeared and connected to each other to form new 60 

layer around the initial gold shell at such an added amount of 

AgNO3. With the increasing thickness of the new outer layer, the 

gold shell acutely shrank to minimize the surface energy, which 

 
Fig. 2 The chemical process of the one-step galvanic replacement synthesis of the HSU-GNPs. 
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results in the obvious larger of the GNP and the smaller hollow. 

And the cavity size and shell thickness distributions of the HSU-

GNPs obtained from various conditions are visually shown in Fig. 

5. It clearly presented that the variation of size and morphology 

of GNPs can be controlled by the amount of AgNO3 which 5 

supplied the silver NPs and indiscerptible AgCl in the reaction 

system. Therefore, the amount of AgNO3 is the crucial factor for 

the generation of HSU-GNPs.  

 

 10 

Fig. 4 TEM images of samples prepared with different amounts 

of AgNO3. (a) Sample 1, 2 μl; (b) Sample 2, 4 μl; (c) Sample 3, 6 

μl; and (d) Sample 4, 8 μl. 

 
Fig. 5 The cavity size and shell thickness distributions of the 15 

different HSU-GNPs samples. 

The UV-vis-NIR absorption spectra of the HSU-GNPs in 

aqueous solution are shown in Fig. 6. Initially, in the case 

without added AgNO3, the main LSPR peak of the GNPs locates 

at 672 nm. With increasing the amount of AgNO3 in the reaction 20 

solution, the LSPR peaks of the obtained GNPs gradually shift to 

the near infrared wavelength, which derives from the progressive 

formation of interior hollow and more branches on the rough 

surfaces of GNPs. When the amount of AgNO3 arrived 6 μl, the 

LSPR peak moves to as far as 726 nm with a broad absorption 25 

band from 500 to 1000 nm. However, as shown in Fig. 6, adding 

AgNO3 up to 8 μl, the LSPR peak occurs blue-shift, which 

presents the absorption bands of GNPs did not always sustain the 

red shift tendency with further increasing the amount of AgNO3 

due to decreasing the ratio of hollow size to shell thickness. Thus, 30 

the HSU-GNPs synthetized with 6μl AgNO3 is selected as our 

main research objective because its LSPR peak is near the excite 

wavelength of the later SERS measurement. 

 

Fig. 6 UV-vis-NIR absorption spectra of GNPs in aqueous 35 

solution prepared with different amount of AgNO3: 0, 2, 4, 6, and 

8 μl. The inset is the dependence of LSPR peak on the amount of 

AgNO3. 

To further investigate the LSPR characteristics dependence on 

the structures of HSU-GNPs, the optical absorption spectra of the 40 

various sea urchin GNPs models were simulated by using the 

FEM software (COMSOL Multiphysics 4.1). Typically, we set 

the diameters of sea urchin GNPs models to be same, and their 

surfaces were textured with some inclined or standard spines, 

respectively, as illustrated in the inset of Fig. 7. In Fig. 7a, the 45 

LSPR peak of the sea urchin GNP with standard spines appears at 

781 nm. But for the sea urchin GNP with inclined spines, there 

are a main LSPR peak at 773 nm and two smaller intensity 

absorption peaks around 900 nm. It is obvious that, the two 

smaller intensity absorption peaks can be attributed to the effect 50 

of inclined spikes which originates from the multipolar plasmon 

modes induced by the geometric asymmetry of the sea urchin 

GNP with inclined spikes.48 Thus, for the experimental 

absorption spectra of the sea urchin GNPs, the small absorption 

shoulder peak at around 950 nm in Fig. 6 was just as the effect of 55 

inclined spikes, and the peak located at 1200 nm came from the 

absorption of aqueous solution. In addition, to verify the red-shift 

of the LSPR band of the sea urchin GNPs in Fig. 6, three HSU-

GNPs with different thick nanoshells were also structured. As 

shown in Fig. 7b, the absorption spectrum of the HSU-GNPs 60 

with nanoshell thickness of 20nm is almost same as that of the 

solid sea urchin GNPs (SSU-GNPs). And, the LSPR peaks of 

HSU-GNPs red-shifts from 780 nm to 850 nm with decreasing 

the nanoshell thickness from 20 nm to 5 nm, gradually. It is 

confirmed that the red-shifts of the absorption bands in Fig. 6 65 

were due to the increase of the hollow sizes in the HSU-GNPs. 

Actually, as we known, such red-shifts of the absorption bands of 

HSU-GNPs were caused by the hybridization of the 

simultaneously excited plasmons on the outer and inner surfaces 

of a metallic shell. That is, the two excited plasmons will interact 70 
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to produce a high-energy mode and a low-energy mode which are 

respectively corresponded to the antisymmetric coupling 

(antibonding) and the symmetric coupling (bonding) between the 

cavity and sphere plasmons.49 When the shell becomes thinner, 

the interaction of the two plasmons becomes stronger and leads to 5 

a larger energy separation between the high-energy mode and the 

low-energy mode, as a result, a distinct red-shift of the LSPR 

band occurs. In contrast, for a thick nanoshell, the interaction 

between the two plasmons is weak and the absorption band does 

not obviously shift. This is the reason that the absorption 10 

spectrum of the HSU-GNP model with a larger shell thickness of 

20 nm is coincided with that of the SSU-GNPs model. It should 

be noted that, only one sea urchin GNP module is used in these 

calculations. Therefore, the calculated spectra show narrow 

LSPR bands, which are different from the experimental results 15 

because of neglecting the interaction among the numerous sea 

urchin GNPs.  

 

 

Fig. 7 Simulation absorption spectra of the sea urchin GNPs with 20 

(a) incline and standard spines and (b) different shell thickness. 

Inset: the models of the sea urchin GNPs for (a) incline and 

straight spine and (b) HSU-GNPs. All calculated models were 

consisted of a sphere with diameter 50 nm and sixteen spikes 

with length 50 nm. 25 

The local electric field intensities around the sea urchin GNPs 

were calculated to evaluate their performance under irradiating of 

the monochromatic light at 785 nm. The permittivity data of gold 

are obtained from the bulk experimental result of Johnson and 

Christy.50 The typical distributions of electric field strength 30 

around the SSU-GNPs and HSU-GNPs are shown in Fig. 8a and 

8b, respectively. As it is anticipated, the strongest local electric 

field areas are observed in the vicinity of spikes and the 

maximums of electric field intensities are found to be 497.81 and 

644.93, respectively. It was found that, the HSU-GNPs can 35 

produce an enhanced local electric field comparing with that of 

the SSU-GNPs, which indicates the internal hollow of HSU-

GNPs is beneficial for enhancing of the local electric field due to 

the plasmon hybridization effect discussed above.  

40 

Fig. 8 FEM simulation of the electric field intensity distribution 

of (a) the SSU-GNPs and (b) the HSU-GNPs with a shell 

thickness of 10 nm. The diameters of sphere or shell in the 

calculated models were same as 50 nm. 

3.2 SERS performance of the HSU-GNPs 45 

The SERS performance of the HSU-GNPs was investigated by 

measuring the Raman spectra of 4MBA-tagged HSU-GNPs. As 

illustrated in Fig. 9, all the samples of 4MBA-tagged HSU-GNPs 

present strong characteristic bands of 4MBA due to the 

exceptional SERS enhancement. The two dominant peaks at 1077 50 

and 1590 cm-1 are assigned to the ring breathing modes.51 The 

Raman band at 845 cm-1 is attributed to the COO- bending mode 

(δ(COO-)) and that at 1137 cm-1 originates from a mixed mode 

(13β(CCC)+ν(C-S)+ ν(C-COOH)).51,52 Additionally the one at 

1432 cm-1 is ascribed to the νs(COO-) stretching mode.53 55 

Although the positions of Raman peaks of all samples are same, 

their intensities are different. It is obviously observed that the 

intensities of Raman peaks increased first as increasing the 

amount of AgNO3 and reached the maximum for 4MBA-tagged 

HSU-GNPs synthesized at 6 μl AgNO3 which possessed the 60 

largest interior hollow as described in Section 2.1. Then, the 

SERS intensities oppositely decreased with the further increase of 

AgNO3 due to reducing the ratio of interior hollow to shell. Thus, 

the SERS enhancement of sample synthesized at 6 μl AgNO3 was 

explored in detail next.  65 

 

Fig. 9 Raman spectra of 4MBA on the sea urchin GNPs 

synthesized with different amount of AgNO3: (a) 2, (b) 4, (c) 6, 

and (d) 8 μl.  
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The enhancement factor (EF), which is one of the most 

important parameters for the SERS effect, was calculated using 

the following equation:54-56  

EF = (ISERS/Ibulk) × (Nbulk/NSERS) 

where ISERS and Ibulk are the intensities of the same Raman band 5 

in the SERS and bulk Raman spectra, respectively; Nbulk is the 

number of bulk molecules probed in the bulk sample; and NSERS 

is the number of molecules adsorbed on the SERS substrate. Here, 

the SERS intensity of the peak at 1076 cm−1 was used to roughly 

calculate the EF value. The Raman spectrum of the 4-MBA 10 

solution (10 mM) was used to estimate the “bulk” values of the 

EF. Nbulk was calculated by using a 4MBA solution concentration 

at 10 mM and the focal volume of the laser in the Raman system. 

The diameter of the illumination focus 1.473 μm was first 

calculated using the following equation: Ddiameter = (λ/NA) × 15 

1.22,57 in which the NA of the objective lens of the Raman 

spectrometer was 0.65 and the wavelength of the excitation laser 

was 785 nm; besides, the penetration depth of 785 nm laser beam 

is about 2 μm in the solutios. Then, the illuminated volume was 

1.66 μm3, and the Nbulk = 1×1013. To obtain the value of NSERS, 20 

with the same diameter of the illumination focus 1.473 μm, NSERS 

= 2.3×105 was obtained by dropped 100 μl diluted 4MBA-tagged 

HSU-GNPs solution on a quartz glass with diameter 1.5 cm. In 

addition, as shown in Fig. 10, the Ibulk and ISERS (synthesized with 

6 μl AgNO3) values (the laser power was 49.55 mW and the 25 

accumulation time was 5 s) were 4.27×104 and 1.08×106, 

respectively. Thus, the EF value of the SERS substrate was 

calculated as EFsample3 = 1.1×109. For other samples of the HSU-

GNPs synthesized with 2, 4, and 8 μl AgNO3, the calculated EF 

are EFsample1 = 7.5×108, EFsample2 = 1.03×109 and EFsample4 = 30 

1.02×109, respectively. 

 

 

Fig. 10 The SERS spectrum of 4MBA collected from the normal 

Raman spectrum of 4MBA in solution and the 4MBA-tagged 35 

HSU-GNPs under the same sampling conditions. 

The reproducibility of the SERS signal of the 4MBA-tagged 

HSU-GNPs was also ivestigated by randomly choosing ten probe 

sites on the SERS substrates. As shown in Fig.11a, the difference 

among the ten SERS signal intensity is small. These results 40 

demonstrated the excellent SERS reproducibility of the SERS 

substrate. To evaluate the time stability of the SERS signal, the 

Raman spectra of the 4MBA-tagged HSU-GNPs were measured 

at differnet time intervals and shown in Fig. 11b. It clearly 

displayes the nice time stability of the SERS substrate. 45 

 

 

Fig. 11 The Raman spectra of the 4MBA-tagged HSU-GNPs (a) 

at diffenent prob sites on the SERS substrat, and (b) at differnet 

time intervals for the same SERS substrates.  50 

According to the above calculated values of EF, the HSU-

GNPs exhibited a high SERS performance. It stems not only 

from the much higher surface roughness caused by spikes on the 

surface of GNPs but also the interior hollow in the HSU-GNPs. 

In fact, as analyzed in section 3.1, the strongest enhanced 55 

localized electric field areas can be found in the vicinity of the 

tips of spikes, which were called as “hot spots” to excite SERS 

up to a higher EF. On the other hand, by comparing the EF values 

of the four samples, we found that, the larger the ratio of interior 

hollow size to shell thickness the larger the SERS EF values of 60 

the HSU-GNPs. The main reason was the better matching of 

the LSPR band of the HSU-GNPs with the excitation wavelength, 

which is consistent with the results simulated by FEM before.  

4. Conclusions  

In conclusion, we have developed a facile one-step method to 65 

synthesize sea urchin GNPs with interior hollows for SERS 

application. The sizes of the internal cavity as well as the 

morphologies of the HSU-GNPs can be tuned by altering the 

added AgNO3 amount. According to the galvanic replacement 

synthesis process, the formation mechanism of the HSU-GNPs is 70 

discussed. Compared the method based on silver seed, the 

proposed one-step reaction method is very promising for 

synthesizing HSU-GNPs. In addition, the UV-vis-NIR absorption 

spectra of the HSU-GNPs in aqueous solution exhibit that the 
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main absorption peaks can be shifted to as far as 726 nm by 

adjusting the ratio of interior hollow size to shell thickness. The 

absorption spectra of the HSU-GNPs are numerically simulated 

by FEM for exploring the reason of the red-shifts in the 

experimental absorption spectra. Furthermore, both the 5 

experimental and modulation results show the SERS 

enhancement capability of the HSU-GNPs is much better than 

that of the SSU-GNPs. Therefore, the HSU-GNPs have a high 

superiority in SERS applications, which is of great importance to 

the development of highly sensitive immunoassay.  10 
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