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Abstract 

Highly sensitive surface-enhanced Raman spectroscopy (SERS) with additional 

functionality has recently attracted growing interest; however, it has been demonstrated 

experimentally in only a few microscopic systems. Here, we develop a novel SERS 

platform with three-dimensional nanostructure gold electrodes using the competitive 

self-assembly between dielectrophoresis and convective aggregation. Appropriate 

conditions are able to provide the gold electrode with a higher order nanostructure to 

achieve in situ highly sensitive SERS of analytes. As such, our approach could enable 

the development of active functional control devices for in situ SERS. 
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I. Introduction 

Recently, surface-enhanced Raman scattering (SERS) has attracted much attention due 

to its fundamental chemical and molecular science and potential applications in medical 

diagnosis and environmental analysis, etc.
1-6)

 Single molecule detection has also been 

demonstrated.
3, 4)

 SERS detection has mainly been achieved with colloidal nanoparticles. 

The junctions generated between colloidal nanoparticles are capable of generating large 

enhancements in electromagnetic fields, boosting the Raman signal originating from the 

molecular sample. However, the poor structural reproducibility and instability of the 

SERS-active nanoscale junctions are remained in SERS measurement using colloidal 

nanoparticles, which poses significant issues. Many novel nanojunctions have been 

proposed and demonstrated to solve these issues using oxide shell–isolated 

nanoparticles (including nanoshells)
5-9)

, nanoporous substrates
10, 11)

 and substrates 

nanofabricated through a combination of bottom–up and top–down processes to form 

the nanoscale junctions between nanostructures.
12-16)

 In addition, in situ SERS detection 

has recently been reported in microfluidic devices, 
17, 18)

 which compensate for these 

issues and achieve a micro total analysis system and lab on a chip for food analysis and 

medical diagnostics. Such systems also allow for high–throughput analysis with high 

precision. 

Page 3 of 40 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

 Beyond the SERS platforms described above, control and measurement of 

molecules and analytes have been recently studied. An attractive aspect of in situ SERS 

with an external input, such as dielectrophoresis, 
19-22)

 an electric field
23)

 or magnetic 

field, 
24)

 is that the Raman spectral scattering can be tracked in real time by changing the 

external input. Several groups have demonstrated the in situ dynamic measurement of 

the SERS signal using an optoelectrofluidic SERS platform.
19)

 Adding functionality 

with an external input to actual SERS platforms would be extremely challenging as 

even a single molecule can be directly controlled and measured the electronic states 

measured with respect to the external input. On–chip integration is therefore necessary 

for the development of several applications. Moreover, this platform could eventually 

yield fundamental performance advantages over macroscopic experiments. For example, 

nanopatterned objects can have a significantly higher surface to volume ratio, providing 

reaction sites for chemical and physical reactions. 

 Herein we present the design, realization, and characterization of a novel 

electrode with a higher order nanostructure through integration of a three–dimensional 

Au structure, achieving SERS detection of molecules. 

 

II. Concept and principle 
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A. In situ SERS platform device 

Figure 1 depicts the in situ SERS platform which possesses dielectrophoresis control 

due to the higher–order three–dimensional nanostructure gold electrodes. Our basic idea 

was that dielectrophoresis would be able to control the colloidal particles and 

aggregation of the three–dimensional nanostructure at the desired position on demand. 

Figure 2 shows a schematic of the fabrication process using a mixture of metallic 

nanoparticles and polystyrene (PS) nanoparticles manipulated by the dielectrophoretic 

(DEP) force. First, we prepared the pair of electrodes and a well to contain the solution 

[Fig. 2(a)]. Following addition of the solution, dielectrophoresis was induced by the 

application of an alternating current (AC) to cause aggregation and construct the 

higher–order three–dimensional layer stack nanostructure consisting of gold 

nanoparticles (AuNPs) and PS [Fig. 2(b)]. Figure 2(c) shows the schematic of structural 

formation under the competition of aggregation and evaporation of the solution. After 

evaporation, the higher–order layer stack three dimensional nanostructure, including 

both AuNPs and PS particles, was formed as shown schematically in Fig. 2(d). Finally, 

to remove PS after peeling off the poly(dimethylsiloxane) (PDMS) sheet, the assembled 

higher–order nanostructure was soaked in dichloromethane. We then obtained the novel 

electrode mounted with the higher–order nanostructure, as shown in Fig. 2(e). 
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B. Formation mechanism of higher–order nanostructure 

The mechanism of formation of the higher–order layer stack nanostructure is described 

by the competitive self-assembly
14-16)

 between radial flow, Marangoni recirculating flow, 

Derjaguin, Landau, Verway and Overbeek (DLVO) interactions and sedimentation 

under  dielectrophoresis. Here, accordingly to DLVO theory
25-29)

, the interaction free 

energy potential between two hetero spheres is described by 

� = ��������
	
������ ∙ �2���� ������


����
�����
����� + 
��� + ����ln�1 − exp
−2$%�&' − (�)�����

*
�������, (1) 

where +,  and +-  are the relative permittivity of water and the permittivity of a 

vacuum, respectively, and �� and �� denote the zeta potentials of spheres 1 and 2, 

respectively. Here, zeta potentials of AuNPs and PS are assumed to be -46.12 and -41.16 

mV, respectively. The radii of AuNPs and PS are 20 and 300 nm, respectively. The 

Debye screening length Hamaker constant are represented by 1 $⁄  and A132, 

respectively. Here, the Hamaker constant (A132) represents the interaction between 

media 1 and 2 through medium 3. 

 Figures 3(a) – 3(c) show the DLVO interaction free potential energies as a 

function of distance between the particles; PS–PS, PS–AuNP and AuNP–AuNP, 

respectively. The inset of Fig. 3(a) represents the analytical model of DLVO interaction 
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between hetero particles. All calculations were derived from Eq. (1). The forces 

between the particles was calculated by the differential potential; i. e. / = −0� 01⁄ , 

where �  and 1 denote the potential and coordinate axis, respectively. Figures 3(d) – 

3(f) display the forces exerted on the particles as a function of the distance. 

Next, we evaluate the higher–order stack layer nanostructure deposition 

process onto the electrode and substrate using the similar procedure described in our 

previous study.
16)

 Here, under the assumption that a particle with a spherical radius R 

stays aloof at a height h between the particle and glass substrate, the interaction free 

energy between the particle and substrate is given by
25 – 29)

 

� = 2+,+-3 42�5�6 71 + exp
−$ℎ�1 − exp
−$ℎ�9 + 
�5� + �6��ln�1 − exp
−2$ℎ�&: 
− (�)��

*; <1 + 
14$ℎ�>��,            (2) 

where �5 and �6 denote the zeta potentials of the particle and substrate, respectively. 

Here, zeta potential of glass substrate and Au electrode are adopted to be -66 mV
30)

 and 

-46.12 mV, respectively. To simplify the calculation, we estimate the calculated 

potential energies of AuNP–glass substrate and PS–glass substrate are plotted as a 

function of height h in Figs. 4(a) and 4(b), respectively. The forces between particle and 

substrate can be calculated by differential potential, that is / = −0� 0?⁄ . Figures 4(c) 

and 4(d) show the height dependence of the force between particle and substrate. In the 
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similar way, Figures 5(a) and 5(b) display the potential energies as a function of height 

h for the cases of (a) AuNP–Au electrode and (b) PS–Au electrode, respectively. The 

forces calculated by the respective potential energies (AuNP– and PS–Au electrode) are 

plotted as shown in Figs. 5(c) and 5(d), respectively. As shown in these evaluation 

results, the DLVO repulsion force prevent the deposition of the particles onto the Au 

electrode and glass substrate. Here, a particle traveling in a droplet experiences not only 

DLVO interactions but also other forces. In the vertical direction, hydrodynamic from 

radial flow and Marangoni flow, sedimentation and DEP forces act to determine the 

particle height in the fluidic flow profile. Here, we consider the equilibrium, which is 

the sedimentation dominating the deposition of particles. 

 The sedimentation of spherical particle under the constant flow in equilibrium 

is described by
31)

 

@A
@B = C�D

C�D �⁄ E,         (3) 

where A is velocity vector of the particle, that is 0A 0F⁄  represents the acceleration. σ 

and ρ are mass densities of particle and media, respectively. E is the acceleration due 

to gravity, that is 9.8 m/s
2
. Here, the mass densities of Au, PS and water are 19.3× 10K, 

1050 and 997 kg/m
3
, respectively. Substituting these densities into Equation (3), the 

gravitation forces working AuNP and PS are estimated to about 5.86 × 10��P and 
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3.98 × 10��S N, respectively. The gravitation forces working AuNP and PS are always 

larger than the DLVO repulsion forces between particles and substrate. Thus, we show 

the sedimentation enables us to deposit the particles onto the substrate and Au electrode. 

Finally, we present that DEP force can control the deposition of particles in a 

more aggressive manner. The DEP force exerted on particles with diameter a is given 

by:
32-34)

 

/TU5 = 22VKWXRe<Z[\>∇|_|�,                   (4) 

where WX  and Re<Z[\>  are the permittivity of the medium and real part of the 

Clausius–Mossotti factor, respectively. Here, we estimate each Clausius–Mossotti factor 

under the low frequency limit as the applied AC electric field was ~ 100 kHz, which is 

almost considered to be a direct current (DC) field. The frequency–dependent complex 

permittivity can be treated as the conductivity; therefore, we assumed that Re<Z[\> = 1. 

We used deionized water with a permittivity of WX = 80W- = 80 × 8.85 × 10��� 

[F/m] and σX = 5.5 [µS/m]. To evaluate the DEP force by varying the particle radius, 

the medium and AC electric field were fixed. Figure 6 shows the particle radius 

dependence of the DEP force on 50, 100 and 150 µm electrode widths and gaps. 

 By comparison of the DEP, DLVO interaction and sedimentation forces, we 

found that the DEP force manipulating the AuNPs and PS particles was larger than the 
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DLVO repulsive forces between particles located away from each other. Thus the DEP 

forces cause the collection of the particles on the electrode by overcoming the DLVO 

repulsive force. The closer the particles come to each other, the larger the van der Waals 

attractive forces become. The AuNPs can then infiltrates the gaps between PS particles, 

forming aggregates. Therefore, formation of the higher–order layer stack nanostructure 

is caused by colloidal particle deposition resulting from the competition among 

sedimentation
16)

, radial flow, Marangoni flow, DLVO interactions and DEP force, as 

shown in Fig. 2. In particular, the DEP force can actively trigger the formation of a 

higher–order laminar nanostructure with AuNPs and PS particles. As shown in Fig. 2, 

the DEP force enables us to control and coagulate the higher–order nanostructure at our 

desired position on demand. Here, we demonstrate the novel electrode with a higher–

order layer stack Au nanostructure, as shown in Fig. 2(d). 

  

III. Experimental methods 

A. Preparation of the Au and polystyrene beads 

Au colloids with 20 nm diameters were prepared according to the standard citrate 

reduction method reported by Lee and Meisel.
35)

 The AuNP dispersion was prepared at 

0.48 mM. Polystyrene latex beads (PS) with 600 nm diameters (Invitrogen Inc., 8% 
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w/v) were concentrated by centrifugation and washed to yield a 10 % w/v suspension.
15, 

16)
 The concentration of AuNPs and PS were estimated to be 1.17	 ×	10�b  and 

8.42	 ×	10�	  particles/L, respectively. AuNPs were concentrated 50–fold by 

centrifuging at 12000 rpm for 15 min twice with one extraction. AuNPs were mixed 

with PS to prepare various ratios of (i) 700 : 1, (ii) 1000 : 1 and (iii) 1300 : 1 (AuNP : 

PS). 

 

B. Preparation of the electrode 

A schematic of the electrodes for dielectrophoresis is shown in Fig. 7, with two circular 

electrodes arranged in a concentric pattern. These electrodes were fabricated on glass 

slides (Matsunami Glass Ind., Ltd.) by means of standard UV lithography and the lift–

off technique. The electrodes prepared from Au (80 nm)/Cr (5 nm) were connected to an 

arbitrary function generator (Keysight technology, 33510B). We designed the circular 

electrode with 50, 100 and 150 µm widths and gaps, as this shape enabled us to control 

the AuNPs and PS particles through dielectrophoresis. 

 

C. Preparation of the system 

A silicone sheet with a through hole with 6 mm diameter was placed on an ultraviolet–
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cleaned glass slide, where the Au electrodes were previously fabricated, and a well was 

formed. The mixed solution (38 µL) of AuNPs and PS was placed in the well and 

covered with a cover glass to prevent the droplet from drastically evaporating. 

 

IV. Results and discussion 

A. Evaluation of the electrode 

Here, we simultaneously applied an AC electric field of 1 to 100 kHz to various 

concentration of PS and AuNPs in the vicinity of the electrodes. The PS and AuNPs 

irreversibly formed aggregates and the DEP force did not enable dynamic control of the 

aggregation and disaggregation. When the maximum number of particles were 

irreversibly immobilized, the structure was soaked in dichloromethane to remove the PS. 

All experimental conditions are summarized in Table 1. The higher order nanostructure 

was successfully obtained under several conditions. Figure 7(b) shows the optical 

photograph of the top view of the whole system after forming the nanostructure under 

condition #9. Scanning electron microscope (SEM) images are displayed in Figs. 7(c) 

and 7(d), showing that the formed higher–order layer stack nanostructure was connected 

to the outer electrode. 

 Under condition #12, the higher–order layer stack nanostructure could be 
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mounted on the outer electrode, as shown in Fig. 8. The magnified SEM images [Figs. 

8(b) and 8(c)] demonstrate that the width of the entire nanostructure was approximately 

30 – 40 µm in the radial direction. The higher resolution SEM image [Fig. 8(d)] 

revealed the formation of a higher–order porous layer stack nanostructure consisting of 

AuNPs. The two dimensional–like nanostructure was formed under condition #21, as 

shown in Fig. 9. We found that we were able to fabricate a higher–order nanostructure 

under only three conditions: #9, #12 and #21. The summary shown in Table 1 indicates 

that we are able to obtain the electrode with the higher–order layer stack nanostructure 

only when the ratio of Au : PS was 1300 : 1, as this provides the quantity of AuNPs 

required for the conservation of the higher–order nanostructure after the removal of PS. 

By applying AC fields of 1 and 100 kHz, the particles gathered on the middle and outer 

side of the outer electrode, respectively. Au electrode with of 50 µm is not considered to 

be wide enough to form and conserve the higher–order nanostructure. This is why 

condition #3 could not form the higher–order nanostructure even with the appropriate 

ratio of Au : PS. 

 Conversely, the higher–order layer stack nanostructure was formed on the outer 

side of the outer electrode only under condition #9. This is attributable to the narrow 

spatial electric field distribution realized on the outer side of the outer electrode. A pearl 
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chain structure appeared under most conditions, as shown in Fig. 10. This is attributable 

to the migration of AuNPs as a result of dielectrophoresis. Formation of the pearl chain 

caused by the DEP force induced a deficiency in AuNPs required for the formation of 

the higher–order nanostructure. In addition, the pearl chain also induced a circulatory 

shunt between the electrodes and stops the dielectrophoresis, consequently the pearl 

chain prevented the aggregation of particles. In our experiment, the ratio of AuNPs : 

PSs suitable to building the higher–order layer stack nanostructure is expected to be 

occasionally 1300 : 1. The procedure for the construction of our device is reproducible 

under the condition which prevent the solution from spilling. 

 Thus, the dielectrophoresis–enabled formation of the higher–order or pearl 

chain nanostructure was achieved on some level. These nanostructures have the ability 

to improve surface–enhanced Raman scattering spectroscopy, battery cells, photovoltaic 

cells, etc. 

 

B. Photoluminescence measurement 

To evaluate the properties of novel Au electrode with higher–order AuNPs layer 

stack structure, we measured photoluminescence (PL) spectroscopy of the 

nanostructure and flat Au electrode using the NRS-5100 (JASCO) system. The 532 
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nm Green laser was used to excite the PL. Figure 11 shows the PL intensity spectra 

of Au electrode (a) with and (b) without the higher–order AuNPs layer stack structure. 

The inset of optical photograph display the measurement positions. As shown in Fig. 

11, the large enhancement of the PL spectra from the Au electrode with the higher–

order AuNPs layer stack structure is revealed. This result indicates that the higher–

order AuNPs layer stack structure can provide electric field enhancement. 

 

C. SERS measurement 

We demonstrated the in situ SERS measurement of 4,4′-bipyridine (4bpy) as a Raman 

active molecule using the prepared higher–order layer stack gold nanostructure on the 

electrode formed under condition #12. The silicone sheet with a 6 mm–diameter 

through hole was placed on the higher order layer stack gold nanostructure on the glass 

to enable good accurate measurement.
15, 16, 22)

 An aqueous 4bpy solution (35 µL) with a 

various concentration was dropped into the well on the higher–order layer stack gold 

nanostructure. A cover glass was used to prevent the 4bpy solution from evaporating 

and to maintain its concentration. The higher order layer stack gold nanostructure was 

placed in the simple Raman spectrometer without microscope (RAM–100S, Lambda 

Vision Inc.), and a 785 nm wavelength laser (laser power, 50 mW) was used to irradiate 
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the higher order layer stack gold nanostructure for 1 s. 

The higher–order layer stack nanostructure enabled us to detect concentrations 

below 100 nM 4bpy as shown in Fig. 12. Through comparison of all spectra plotted in 

Fig. 12, the characteristic enhanced Raman spectra of 4bpy (characteristic peak 

positions at 1000, 1250, and 1582 cm
-1

) were clearly observed.
36)

 To compare the 

SERS–activity of flat Au electrode and Au electrode with the higher–order 

nanostructure, we display the SERS spectrum of 10 mM 4bpy using the flat Au 

electrode. We afresh confirm the enhancement of SERS–activity induced by the higher–

order AuNPs stack layer structure. The peak intensity is dependent on the 4bpy density 

in the same SERS–active structure, indicating that the correct SERS–activity can be 

evaluated here. To evaluate the availability of the novel electrode with higher–order 

layer stack nanostructure, we estimate the SERS enhancement factor (EF). The EF is 

defined as EF = efghf ifghf⁄
ejh ijh⁄ , where k6Ul6 and m6Ul6 are the intensity of the SERS 

signal and the number of molecules contributing to k6Ul6, respectively.
37)

 knl is the 

intensity from the normal Raman signal at the same wavenumber at which k6Ul6 is 

estimated. mnl is the number of molecules contributing to knl. The ratio 
ifghf
ijh  is 

given by 
ifghf
ijh = io×pfghf

io×pjh × qfghf
qjh . Here, mr is the Avogadro number, s  is the 

concentration of 4bpy (s6Ul6 = 100	nM and snl = 10	mM), and  v6Ul6 and vnl 
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are the total volume of the laser spot. In this study, v6Ul6 is equal to vnl. k6Ul6 and 

knl of 100 nM and 10 mM at 1582 cm
-1

 are 483 and 45, respectively. As a result, the 

EF is estimated to be ~ 1.0 × 10* with the fabricated platform using the simple Raman 

spectrometer without any microscope. 

The SERS enhancement factor is simply estimated to be approximately 10
6
, 

considering that the detection limit of normal usage without the SERS enhancement 

structure is 10 mM in the simple Raman spectrometer RAM–100S with no microscope. 

The other electrodes formed under the conditions #9 and #21 enabled us to detect 100 

nM 4bpy (data not shown). Thus, we succeeded in obtaining a novel electrode with the 

SERS–active higher–order layer stack nanostructure consisting of AuNPs. We also 

found that 100 µM of 4bpy was able to be detected by the pearl chain structure (data not 

shown). The higher-order nanostructure has an advantage of SERS enhancement 

compared with the pearl chain structure. This is attributable to that the higher-order 

layer stack gold nanostructure has more numbers of SERS–active hot site under the 

field of the Raman spectrometer without microscope (field is about 2 mm × 2 mm) 

than the pearl chain structure. In addition, the novel electrode with the higher–order 

layer stack nanostructure provides a clue to enhancing the performance of surface–

engineered nanomaterials
38)

 and photothermal films for solar thermoelectric 
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conversion.
39)

  

 

V. Conclusion 

We fabricated a novel electrode with sterically bulky three–dimensional Au layer stack 

nanostructure through the combination of convective phenomena and dielectrophoresis. 

The essence of the higher–order nanostructure formation process can be explained by 

the competition between five contributions: radial flow, Marangoni recirculating flow, 

movement of particles towards the substrate driven by DLVO interactions, 

sedimentation force and dielectrophoresis. The electrode under conditions which can 

form the higher–order nanostructure enabled us to detect concentrations as low as below 

100 nM 4bpy using a simple Raman spectrometer without a microscope. The SERS 

enhancement factor was estimated to be approximately 10
6
 times, compared to the case 

without any higher–order nanostructure. Thus, the novel electrode with the SERS–

active higher–order nanostructure consisting of AuNPs will allow for measurement of 

dynamic signals from biological molecules as well as environmental and chemical 

reaction processes. 
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Figure Captions 

Figure 1 Schematic of the novel electrode formation and surface–enhanced Raman 

spectroscopic system. 

 

Figure 2 Schematic of the formation process of the higher–order nanostructure. (a) 

Cross–sectional cartoon of the electrodes fabricated on the glass substrate by a normal 

microfabrication process consisting of a combination of UV–lithography and the lift–off 
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method. (b) A mixed solution of polystyrene (PS) beads and Au nanoparticles (AuNPs) 

is placed in the PDMS well. (c) Schematic of momentary higher–order layer stack 

nanostructure, including PS and AuNPs, formation through the competitive self–

assembly among sedimentation, radial flow, Maragngoni flow, DLVO interactions and 

DEP force. Schematic images after (d) evaporation of the solution, (e) removing PS and 

formation of the higher–order nanostructure sustained with only AuNPs. 

 

Figure 3 Potential energies evaluated by the DLVO theory as a function of distance (d) 

between (a) PS–PS, (b) PS–AuNP and (c) AuNP–AuNP in water under the assumed ion 

densities of 1 nM, 1 µM, 1 mM, 10 mM and 100 mM. The inset of Fig. 3(a) depicts the 

schematic model for DLVO interaction between the hetero particles. Forces derived 

from the gradient of DLVO potentials are represented for (d) PS–PS, (e) PS–AuNP and 

(f) AuNP–AuNP. 

 

Figure 4 Potential energies evaluated by the DLVO theory as a function of height (h) in 

the cases of (a) AuNP–glass substrate and (b) PS–glass substrate in water under the 

assumption of ion densities of 1 nM, 1 µM, 1 mM, 10 mM and 100 mM. The inset of (a) 

depicts the schematic model for DLVO interaction between particle and substrate. 
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Forces derived from the gradient of DLVO potential energies are represented for (c) 

AuNP–glass substrate and (d) PS–glass substrate. 

 

Figure 5 Potential energies as a function of height (h) in the case of (a) AuNP–Au 

electrode and (b) PS–Au electrode in water under the assumption of ion densities of 1 

nM, 1 µM, 1 mM, 10 mM and 100 mM. Evaluated forces are shown in (c) AuNP–Au 

electrode and (d) PS–Au electrode, respectively. 

 

Figure 6 Particle radius dependency of the DEP forces for electrode widths/gaps of 

50/50, 100/100 and 150 µm/150 µm. 

 

Figure 7 (a) Schematic of the electrode before formation of the higher–order 

nanostructure in a PDMS well containing a solution of PS and AuNPs. (b) Optical 

photograph of the electrode after the evaporation of the solution and formation of the 

higher–order layer stack nanostructure with AuNPs under condition #9. (c) SEM image 

of the electrodes. (d) Highly magnified SEM image of the outer electrode and higher–

order nanostructure. The red square area shown in (c) corresponds to the SEM image 

displayed in (d). 
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Figure 8 SEM images of the novel electrode with the formation of the higher–order 

layer stack nanostructure under condition #12. The red square area shown in (a) is 

magnified in (b). SEM images with high magnification for (c) the electrode and (d) 

higher–order layer stack porous nanostructure. 

 

Figure 9 (a) SEM image of the novel electrode after the formation of the higher–order 

porous nanostructure under condition #21. (b) SEM image of the higher-order 

nanostructure fabricated on the electrode. 

 

Figure 10 SEM image of the pearl chain structure formed under condition #20. 

 

Figure 11 Photoluminescence (PL) intensity spectra of Au electrode (a) with and (b) 

without the higher–order AuNPs layer stack structure. In the inset of optical photograph, 

(a) the red solid circle and (b) black solid circle correspond to the measurement 

positions, respectively. 

 

Figure 12 Characteristic enhanced Raman spectra of 4,4′–bipyridine (4bpy) at 
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concentrations of 100 µM, 100 nM, 1 nM, as well as a blank (ultrapure water with the 

higher–order layer stack gold nanostructure and no analyte) using the Au electrode with 

the higher–order AuNPs layer stack structure. Raman spectra of 10 mM 4bpy was 

measured using the flat Au electrode without the higher–order nanostructure. 

 

 

 

 

 

 

 

Table 1 Summary of experimental conditions. 

No. 
Electrode 

width (µm) 

Frequency 

(kHz) 

Particle number 

ratio(Au:PS) 

Higher-order 

nanostructure 

SERS 

detection 

1 50 1 700：1 × × 

2 50 1 1000：1 × × 

3 50 1 1300：1 × × 

4 50 10 700：1 × × 

5 50 10 1000：1 × 100 µM 

6 50 10 1300：1 × × 

7 50 100 700：1 × 100 µM 

8 50 100 1000：1 × × 

9 50 100 1300：1 ○ 100 nM 
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10 100 1 700：1 × × 

11 100 1 1000：1 × × 

12 100 1 1300：1 ○ < 100nM 

13 100 10 700：1 × × 

14 100 10 1000：1 × × 

15 100 10 1300：1 × × 

16 100 100 700：1 × × 

17 100 100 1000：1 × × 

18 100 100 1300：1 × 100 µM 

19 150 1 700：1 × × 

20 150 1 1000：1 × × 

21 150 1 1300：1 ○ 100 nM 

22 150 10 700：1 × × 

23 150 10 1000：1 × × 

24 150 10 1300：1 × × 

25 150 100 700：1 × × 

26 150 100 1000：1 × 100 µM 

27 150 100 1300：1 × × 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 37 of 40 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



38 

 

Figure 10 
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Figure 11 
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Figure 12 
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