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Abstract 
 
 
 

Homogeneity Characterization of Nanoprobe 

(SERS Dot) in Shape and Enhancement Factor  

for Biological Application 

 
Jinjoo Chae 

Department of Science Education 

(Major in Chemistry) 

The Graduate School 

Seoul National University  

 
 

In this study, we characterized homogeneity in size, shape, and intensity, 

photostability, photoresponsibility of our nanoprobe (SERS Dot) basically required 

for biological application. Homogeneity of SERS Dot is focused on fabricated size, 

shape, and enhancement factor (EF). Size of fabricated SERS Dots is known by 

TEM images. The shape of fabricated SERS Dots is confirmed by FE-SEM images. 

Enhancement factor of SERS Dot was calculated by finding intensity of Raman 
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chemical in SERS intensity mapping data. When SERS Dot is exposed to laser, 

Raman chemical intensity decreased less than fluorescence intensity of Dye-doped 

silica with the course of time. Thus, SERS Dot is more photostable than 

fluorescence nanoprobe. SERS Dot is photoresponsible because intensity 

corresponds linearly to laser power at sample. This characterization of SERS Dot 

should be requisitely performed for using nanoprobe in biological field. In this study, 

the suggested method can be applied in another nanoprobe. 

 

Key words: Nanoprobe, Bio-application, Homogeneity, SERS, Enhancement factor, 

Photostability, Photoresponsibility  
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1. Introduction 

 

Recently, Spectroscopic tags have been studied for detecting chemical or 

biological molecules. Fluorescence-based materials have been broadly used for 

biological application,1-4 but they have some problems such as photobleaching and 

broad emission band. Photobleaching reduces detection time, and broad bandwidth 

makes detection of multiple markers difficult. Quantum dots have been used for 

tracking and detecting biomarker,5-9 but they are harmful to health. To resolve these 

problems, Raman tagging materials based on surface-enhanced Raman scattering 

(SERS) have been developed by several groups.10-15 These materials have narrow 

bandwidth enabling possibility of multiplex detection, and are photostable without 

photobleaching.  

Several groups are working to improve designs of SERS probe with high 

sensitivity and reproducible signals for bio-applications. Nie and co-workers studied 

single-nanoparticle SERS.16 Their material is made up of Au nanoparticle, attached 

with reporter molecules, and a silica encapsulation layer. They used the tagging 

material for in vivo tumor targeting. Schlűcker and co-workers have introduced 

gold/silver nanoshell for bio-application such as immunoassay.17 Choo and co-

workers studied the hollow gold nanoparticle and nanorod. The materials are 

intended to target cancer markers or specific proteins in sandwich immunoassay of 

protein chip.18-19  
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Surface-enhanced Raman scattering dot (SERS Dot) was reported as Raman 

spectroscopic tag.20-22 SERS Dot is composed of silver nanoparticle-embedded silica 

spheres, which incorporate Raman label compounds and are surrounded by silica 

shell. Various applications using SERS Dot have been reported in biological field. 

Targeting cellular cancer is confirmed by combining antibody,20 and tracking, 

imaging of cellular events in the living organism.21 In addition, multiplexed 

detection of bronchioalveolar stem cell in murine lung was studied.22  

While nanotechnology has been enormously developed, SERS has great potential 

as a sensitive detection tool. But it still encounters difficult situation for practical 

applications in bio-application fields. Because it is very difficult to fabricate 

homogeneous SERS substrates or tags showing homogeneous signal intensity, 

quantitative response and stability. The importance of signal homogeneity was 

shown from distribution of site enhancements in SERS.23 Enhancement of SERS is 

expressed enhancement factor (EF), which is defined as (ISERS/NSERS)/(INR/NNR) 

where I, N, NR indicates Raman intensity, number of molecules, and normal Raman 

scattering. Ying Fang et al demonstrate that the hottest sites (enhancement factor > 

109) account for 63 in 1,000,000 of the total active sites but contribute 24 % to the 

overall SERS intensity. Also, to evaluate the enhancement factor (EF) itself from 

statistically significant number of SERS hot-spots is difficult because of non-

uniformity in size and morphology of hot-spot, different number of Raman 

chemicals and so on.24  
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Thus, homogeneity characterization should elementarily perform to use in 

practical application for biological field. In this study, SERS Dot is analyzed in 

terms of homogeneity, stability, photoresponsibility. 
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2. Experimental Section 

2.1. Fabrication of SERS Dot 

Silica nanoparticles were prepared. A 1.6 mL of tetraethyl orthosilicate (TEOS) 

was added to 40 mL of ethanol. Then, A 3 mL of ammonium hydroxide (NH4OH) 

was added to the solution under vigorous stirring for 20 h at 25 ℃. The mixture was 

centrifuged and washed with ethanol several times. The silica nanoparticles per 100 

mg were dispersed over 2 mL of ethanol. A 100 μL of 3-

mercaptopropyltrimethoxysilane (MPTS) and 20 μL of ammonium hydroxide were 

added to the silica nanoparticles solution. The MPTS-treated silica nanoparticles 

were centrifuged and washed with ethanol several times. Then, Silver nanoparticles 

were introduced by the Polyol method. The MPTS-treated silica nanoparticles were 

diluted in 50 mL of ethylene glycol. Then, 3 mM silver nitrate (AgNO3) in 50 mL of 

ethylene glycol and 5 mM of octylamine were added to the MPTS-treated silica 

nanoparticles solution, and the mixture was stirred for 1 h at 25 ℃. Silver 

nanoparticle-embedded silica spheres were centrifuged and washed with ethanol 

several times. A Raman-label compound, such as 4-chlorothiophenol (4-CBT) and 4-

fluorothiophenol (4-FBT), and MPTS were adsorbed on the silver nanoparticle-

embedded silica spheres. 250 μL of Raman-label compound (200 mM in ethanol) 

and 500 μL of MPTS (200 mM in ethanol) were added to 10 mg of the silver 

nanoparticle-embedded silica nanoparticles. The mixture was shaken for 1 h at 25 ℃. 

The resulting silica spheres were centrifuged and washed with ethanol several times. 
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The Raman-labeled silica spheres were encapsulated by a silica shell in two steps. A 

15 mL of aqueous sodium silicate (0.036 wt % SiO2) was added to the Raman-

labeled silica spheres and the mixture was stirred for 12 h at 25 ℃. To complete the 

formation of a thin silica shell, a 60 mL ethanol was added under vigorous stirring, 

and the mixture was stirred for 3 h at 25 ℃. A thin silica shell was grown using the 

Stöber method. 40 µL of TEOS and 250 µL of NH4OH were added to the mixture 

under vigorous stirring. The reaction mixture was stirred for 24 h at 25 ℃. The 

SERS Dot was centrifuged and washed with ethanol to remove the excess reagents. 

The SERS Dots were kept in ethanol. 

The structure of SERS Dots was confirmed by using transmission electron 

microscope (TEM, JEM 1010, JEOL). 

 

2.2. SERS Intensity measurement  

SERS intensity of SERS Dot was measured by dispersion on a cleaned slide glass. 

A slide glass was dipped in piranha solution (H2O2 : H2SO4 = 1:3 v/v) for 15 min. 

The treated slide glass was washed with D.I.water and blown with N2 gas.  

A 0.1 mg of SERS Dot was dispersed in 1 mL ethanol. Then, the dispersed SERS 

Dots were dropped on a cleaned slide glass and dried.  

Raman measurements were performed using a confocal microscope Raman 

system (LabRam 300, JY-Horiba) equipped with an optical microscope (BX41, 

Olympus). In this system, the Raman scattering signals were collected in a 180° 
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back-scattering geometry and detected by a spectrometer equipped with a thermo-

electrically cooled (-70 ℃) CCD detector. Focusing of excitation laser and 

collection of Raman signal were done by the same objective lens of x100 (NA 0.90, 

Olympus). Excitation source was 532-nm laser and the power at the sample was ca. 

0.3 mW. SERS signal was collected for the selected point or area. The area was 

measured by point by point mapping with step size 0.5 μm and 2 seconds acquisition 

time. Two-dimensional intensity map enables us to decide SERS intensities for each 

particle by comparing with SEM image obtained after Raman measurement. 

 

2.3. FE-SEM image measurement  

Size and shape of particles were estimated easily using field-emission scanning 

electron microscope (FE-SEM, SUPRA 55VP, Carl Zeiss). As shown in Figure 1, 2-

dimensional intensity map was compared with FE-SEM image after Raman 

measurement of the selected area. By comparison Raman intensity maps with FE-

SEM images, the Raman intensity of each SERS Dot is estimated. 

 

2.4. Enhancement factor calculation  

Normal Raman scattering spectrum of Raman chemicals (4-CBT and 4-FBT) was 

obtained by dropping neat Raman chemicals on a cleaned slide glass. The 

illuminated volume is decided by the confocal microscope (x100 objective lens) of 

Raman system. The number of normal Raman chemicals was calculated by the 
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illuminated volume. SERS signal for SERS Dot (labeled with 4-CBT and 4-FBT) 

was detected by sampling of SERS intensity measurement. The number of Raman 

chemicals for SERS Dot was calculated on the basis of single SERS Dot. 
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Figure 1. Schematic representation of Raman intensity detection of each SERS Dot.   
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3. Results and Discussion 

3.1. The shape of fabricated SERS Dot 

In Figure 2a, the shape of fabricated SERS Dots is confirmed by TEM. While 

silver nanoparticles form partially hotspot sites, silver nanoparitcles were introduced 

on silica sphere. Figure 2b shows Ag-embedded silica nanoparticles with Raman 

chemical compound (4-CBT and 4-FBT) and silica shell.  

Figure 3a shows the shape of fabricated SERS Dots. The shape of 150 SERS Dots 

was examined by SEM images. SERS Dots were fabricated in monomer, dimer, and 

trimer. Dimer and trimer were composed of merged SERS Dots in two or three. Also, 

SERS Dots can be classified according to shape through microscope image. Figure 

3b shows the number distribution in each of monomer, dimer, and trimer. The 150 

SERS dots each were labeled with 4-CBT and 4-FBT. Seventy six percent of SERS 

Dots labeled with 4-CBT were fabricated into monomer. In SERS Dot labeled with 

4-FBT, monomer captured 61 % of it. Almost of SERS Dots were synthesized in 

monomer, and few SERS Dots were synthesized in dimer, and trimer.  
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Figure 2. TEM images. (a) Ag nanoparticle-embedded silica spheres (inset; a 

magnified image). (b) Raman-labeled silica sphere was encapsulated by a silica shell  
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Figure 3. (a) SEM image of fabricated monomer, dimer, and trimer. (right) 

Microscope image of the same area. (b) Number distribution of SERS Dot labeled 

with 4-CBT and 4-FBT. The number of sampled SERS Dots is 150. 
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3.2. The intensity distribution of SERS Dot 

Figure 4 shows the intensity distributions of monomer, dimer, and trimer. SERS 

Dots were labeled with Raman chemical as 4-CBT and 4-FBT. In figure 4, N.D. 

means ‘Not Detected’. The result of N.D. is due to the fact that signal is below 

detection limit. Decom means ‘Decomposition’, and Raman chemical of particular 

SERS Dot was decomposed by the laser power. Raman spectrum of decomposed 

Raman chemical was different from usual Raman spectrum. In figure 4, the intensity 

distribution of SERS Dot is confined. Because molecular number of Raman 

chemical was not calculated, intensity was used to evaluate enhancement factor (EF). 

 

3.3. The enhancement factor (EF) distribution of SERS Dot 

The number of Raman chemicals for normal Raman was calculated by estimating 

exact scattering volume for the experimental conditions, which was calculated as 

1.692 μm3 by measuring beam diameter and collection depth using the method 

proposed by Ren et al.25 Also, the number of Raman chemicals for SERS Dot was 

calculated by considering the surface area of single SERS Dot. The specific EF 

calculation of SERS Dot is introduced in supplementary material. The EF of 150 

SERS Dots ranges from 103 to 105. But the EF of monomer, dimer, and trimer each 

SERS Dot was confirmed as 104 except N.D. While silver nanoparticles on the silica 

sphere grow, hot-spot is formatted. The specific EF of SERS Dots was analyzed 
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intensity increase by ensemble average of Raman chemical signal. As a result, SERS 

Dot was identified as homogeneity. 
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Figure 4. Number distribution versus SERS intensity of monomer, dimer, and trimer 

labeled with (a) 4-CBT. (b) 4-FBT. In figure, N.D. means ‘Not Detected’ and Decom 

means ‘Decomposition’. 
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Figure 5. (a) Comparing FE-SEM image with Raman intensity mapping of SERS 

Dot labeled with 4-CBT and 4-FBT. (b) Enhancement factor (EF) distribution of 

monomer, dimer, and trimer: Total is sum of monomer, dimer, and trimer. N.D. 

indicates ‘Not Detected’. 
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3.4. The photostability and dynamic range 

In Figure 6, consecutive Raman spectra of SERS Dot were detected at an interval 

of two minutes. Intensity ratio is Raman intensity in respect of initial intensity at 

1075 cm-1. Intensity ratio is shown according to time. Under the normal 

experimental conditions of laser power 340 μW, intensity of SERS Dot decrease to 

70 % of the initial after 20 seconds exposure to laser. The stability was checked 

using RBITC (Rhodamine B isothiocyanate) dye-doped silica nanoparticle (DDS) to 

compare with photostability of SERS Dot. Even dye-doped silica is more stable than 

free fluorescence dye, intensity of the DDS decreases to 20 % of the initial intensity 

after 10 seconds exposure to laser. Thus, SERS Dot for spectroscopic tag is stable at 

photo. 

In Figure 7, SERS Dots show linear response to laser power from 4 μW to 700 

μW without any recognizable decomposition under 2 seconds acquisition condition. 

When SERS Dots was exposed to too intense laser power of over 1 mW, the Raman 

spectrum changed a little because of decomposition of the Raman chemical. And the 

SERS intensity decreased. Therefore, the SERS intensity of SERS Dot increased 

linearly in the specific range.   
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Figure 6. (a) Photostability of SERS Dot: Sample power of laser is 340 μW (left) 

Continuative Raman spectra of the selected SERS Dot at an interval of two seconds 

(right) Photostability of SERS Dot in process of time: Intensity ratio of SERS Dot is 

analyzed with 1075 cm-1 Raman peak. (b) Photostability of RBITC dye-doped silica 

(DDS): sample power of laser is 340 μW (left) Continuative fluorescent spectra of 

the selected DDS at an interval of one second (right) Photostability of DDS in 

process of time. 
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Figure 7. (a) Raman spectra of 4-FBT labeled SERS Dot according to laser power 

(b) Graph of intensity of 1075 cm-1 Raman peak versus the power at the sample. 
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4. Conclusion 

 

This study characterized property of spectroscopic tag is elementarily required for 

bio-application. It is analyzed to homogeneity of our previous reported SERS Dot. 

Homogeneity was focused on fabricated shape and enhancement factor (EF) of 

SERS Dot. Over 60 % of fabricated SERS Dots were monomer. Thus, SERS Dot is 

made into homogeneous shape comparatively. EF of fabricated SERS Dot as above 

is 104 without difference in its shape. Attached silver nanoparticles on the silica core 

compose hot-spot, and strong signal is detected by averaging out at hot-spot signals. 

At the laser sample power 340 μW, initial intensity of SERS Dot decreased to 70 % 

for 20 seconds exposure. Photostability of SERS Dot is better than dye-doped silica. 

Also, Raman intensity of SERS Dot linearly corresponds to laser power at sample. 

Therefore, SERS Dot is a good candidate for bio-application because SERS Dot has 

homogeneous particle shape, and shows ensemble averaged signal of Raman 

chemicals. 
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6. Supplementary Material 

 

Figure S1. Selected normal Raman spectrum of neat Raman chemical and SERS spectrum of each 

SERS dot labeled with 4-CBT, 4-FBT  

 

Enhancement factor (EF) is defined as (ISERS/NSERS)/(INR/NNR) where I and N are 

Raman intensity and number of molecules, and NR indicates ‘Normal Raman 

scattering’ 

Table S1. Intensity Ratio (ISERS/INR) for EF calculation of single SERS Dot 

Raman chemical Raman shift 
(SERS, cm-1) 

Raman shift 
(NR, cm-1) ISERS INR ISERS/INR 

4-CBT 1569 1574 310 435 0.712 

4-FBT 1075 1097 18 204 0.088 

 

Raman chemical peak of SERS is a little different from normal Raman chemical 

peak because Raman chemicals are directly adsorbed on silver nanoparticles. 
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[Nature, 2010, 464, 392]. 

Figure S2. Scattering volume for normal Raman 

 

 Beam diameter is measured by knife-edge method, and is calculated with total 

area of Gaussian distribution graphed silicon Raman intensity. Beam depth is 

measured by adjusting stage height, and is calculated in the same way. The 

scattering volume is calculated on laser beam diameter and depth of laser beam 

passed X100 objective lens. 
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Table S2. Number of Raman chemicals for normal Raman scattering 

Raman 
chemical 

Scattering 
volume 
(μm3) 

Density 
(g/cm3) 

Mass 
(g) 

Molecular 
weight 
(g/mol) 

NNR 

4-CBT 1.692 1.370 2.31804E-12 144.62 9,649,150,048 

4-FBT 1.692 1.203 2.03548E-12 128.16 9,561,146,629 

 
 
Table S3. Number of Raman chemicals for single SERS Dot; The radius of silica nanospheres is 60 
nm. A surface roughness factor of Ag is 1.37 [Langmuir, 2006, 22, 8083]. 
 

Raman 
chemical 

Surface area 
(nm2) 

Surface 
coverage 

(Å2) 

SAM molecular 
composition ratio NSERS NNR/ NSERS 

4-CBT 61,945.9 45.0 0.5 68,829 140,191 

4-FBT 61,945.9 38.3 0.5 80,869 118,230 

 
The Raman chemicals of SERS Dot are adsorbed in Ag-embedded silica 

nanosphere. The above ‘Surface area’ is calculated by multiplying the surface area 

of silica sphere and a surface roughness factor of silver. The ‘Surface coverage’ is an 

area occupied in a single Raman chemical. Halogen-substituted thiophenol (4-CBT, 

4-FBT) and 3-mercaptopropyltrimethoxysilane (MPTS) is arranged together into 

Self-assembled monolayer (SAM). Therefore, molecular composition ratio is 0.5. 

 

Table S4. Enhancement factor of single SERS Dot 

Raman chemical Raman shift (cm-1) Enhancement factor 
4-CBT 1569 9.980E+04 
4-FBT 1075 1.043E+04 
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국문 초록 

 

최근에는 생화학적 분자를 탐지하기 위한 분광학적 표지 물질들이 

활발하게 연구되고 있다. 하지만 이러한 분광학적 표지 물질의 생화학적 

활용을 위해서는 기본적으로 프로브의 균일성에 대해 평가 되어야 한다.  

본 연구에서는 기존에 보고된 우리 팀의 나노 프로브(SERS Dot) 에 

대하여 크기, 모양, 표면 증강 라만 세기, 빛에 대한 안정도, 빛에 대한 

반응성 측면에서 프로브의 균일성을 분석하였다.    

투과 전자 현미경을 통하여 나노 프로브의 크기를 확인할 수 있었으며, 

고분해능 주사 전자 현미경을 통하여 나노 프로브의 모양을 확인하였다. 

이로써 우리의 나노 프로브가 비교적 균일한 모양으로 만들어짐을 확인할 수 

있었다. 그리고 나노 프로브의 표면 증강 라만의 세기는 라만 물질의 세기를 

측정하여 계산되었다. 나노 프로브의 신호를 레이져로 측정시, 라만 물질의 

표면 증강 라만 세기는 흔히 분광학적 표지 물질로 사용되는 형광 물질로 

만들어진 프로브의 형광 세기보다 오랫동안 지속되었다. 이를 통해, 우리의 

표면 증강 라만 프로브가 형광 프로브 보다 빛에 안정하다는 것을 확인할 수 

있었다. 뿐만 아니라 나노 프로브에 조사하는 레이져 빛의 세기에 따라 표면 

증강 라만 산란의 세기가 선형적으로 증가하는 것을 확인함으로써 빛에 대한 

반응성을 확인하였다.  
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이러한 나노 프로브에 대한 균일성 평가는 생화학적 활용을 위해 반드시 

수행되어야 하며, 다른 분광학적 표지 물질의 균일성 평가를 위해 이용될 수 

있는 분석 방법을 제시하였다.        

 

주요어 : 나노프로브, 생물학적 활용, 균일성, 표면 증강 라만 산란, 라만 

증강 세기, 광안정도, 광반응성,  
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