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ABSTRACT 

The detection of molecules by surface-enhanced Raman spectroscopy (SERS) is dependent on the nanomaterial used to 

induce the enhancement effect. This depends on a variety of parameters of the substrate such as the metal used for their 

creation, their shape, size and size distribution, concentration, as well as the parameters of the solution, such as packing 

of the nanoparticles, the complexity of the sample, the solvent, etc. It is most crucial, that the parameters are kept 

constant to provide uniformity of the enhancement. this is crucial for the development of SERS as a reliable and 

quantitative technique for bioanalysis. Here, we have developed the silver-core and gold-shell nanoparticles, to serve as 

the enhancement material. The fabrication phase involved constant concentrations of chemicals stability of the solution 

physical parameters like stirring and heating, and differed only in the perturbation of the reagents addition kinetics. 

These nanoparticles were investigated further with their ability to measure the solutions of 2-naphtalenethiol in DMSO, 

as model for testing the variability of the signal due to the enhancement and the kinetics of the nanoparticle-sample 

solution during a routine Raman measurement procedure. The results indicate vast difference in the preference of the 

2-naphthalenethiol to come into contact with the nanoparticles and the partial enhancement of DMSO in most cases,

with an almost complete by-pass of the solvent and direct detection of the 2-naphthalenethiol in one case. Moreover, the

kinetics of the measurement solution, or its stability during measurement, is provided.
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1. INTRODUCTION

The surface-enhanced Raman spectroscopy (SERS) is a molecular spectroscopy technique which enables to 

observe vibrational bands of analyte molecules. The biggest advantage, in comparison with the classical Raman 

spectroscopy, is a great measurement signal enhancement. SERS enables detection of molecules at trace levels due to the 

electromagnetic and chemical enhancement of the Raman signal of the molecule. The SERS signal’s enhancement factor 

is of the order of 10
6 

or more
1
. Pivotal in the achievement of high enhancements are the nanomaterials

2–5
 used to induce 

such enhancement. Their physical parameters (like shape, size, size distribution), as well as the chemicals used in 

preparation method define their characteristics. Especially in the case of nanoparticles, which are suspended in a 

solution, the stabilization agents (such as polyethylene glycol
6
, CTAB

7
 or sodium citrate

8,9
, among others

10,11
) play an 

important role. The precision of the fabrication method is of utmost importance for achievement of high enhancement 

factors
12

, accurate tuning of their plasmon resonance to desired wavelengths
13,14

, and to ensure their uniformity
15,16

. The 

latter characteristic is very important, possibly even more important from the metrological point of view, than the 

achievement of record-high absolute enhancement factor with hot-spots
17

. 
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The hot-spots are localized areas of immense enhancement due to the overlapping of the electromagnetic fields, mostly 

dependent on sharp features and assemblies of nanoparticles. Should the molecule come into the close vicinity of the 

hot-spot its signal is enhanced much more than from other areas over the nanoparticle or the nanoparticle cluster
18

.  The 

reasoning is such that the variation causes differences in the SERS spectra of molecules, resulting in different 

dependence of the recorded SERS signal on the concentration of the investigated molecule. Such behavior  of the 

nanoparticle-molecule system causes nonlinearities in signal concentration-intensity response, and is highly volatile, by 

increasing the variance of the spectra
19

. 

Such effects are thus increasing the error of prediction in quantitative analysis
20

. Moreover, the instabilities of 

nanoparticle fabrication procedure cause changes in the recorded spectra due to difference in the shape and size 

distribution, packing of nanoparticles etc., all contributing factors to the hot-spot formulation, and eventually, variance 

of the spectral response. 

From the metrological point of view, it is crucial to ensure the stability and real applicability of the SERS technique for 

routine quantitative industrial measurements. Therefore, among other instrumental parameters affecting the sensitivity 

and precision of the method, like the noise levels, also the differences and variability in the spectra due to material 

properties should be established for the evaluation of effectiveness of the proposed SERS-based approach for 

quantitative detection. 

Here, we investigate the case of silver-core gold-shell nanoparticles fabrication for their evaluation in biofluid analysis. 

The fabrication method is presented, along with the plasmon-tuning and resulting UV-VIS nanoparticle batches spectra. 

The SERS spectra of model solutions are presented, to evaluate the difference in spectral response as well as the 

difference in spectral variation between measurements, which describe the stability of the method. The kinetics of the 

measurement process are important, thus the spectra were recorded just after sampling, up to a couple of minutes of the 

measurement procedure, to show the kinetics of the molecule-nanoparticle system happening even in such simple 

environments as these. 

2. MATERIALS AND METHODS 

The stock silver nanoparticles were obtained by the Lee-Meisel method
21

, by reduction of AgNO3 with sodium tricitrate 

at 100°C while stirring. In 100 ml of pure water conductivity 0.05 µS the 18 mg of AgNO3 was dissolved. The sodium 

citrate was added dropwise with various speeds and drop volume. The concentrations in two created stock solutions were 

identical. 

Secondly, the gold shell was grown on the silver nanoparticles, created in the previous step. The shell was formed by 

reduction of gold(III) chloride trihydrate (HAuCl4H7O3) by hydroxylamine hydrochloride (NH2OH HCl) solution. The 

higher the amounts of the reagents the greater is the shell thickness, and therefore the red-shift of the plasmon resonance. 

The nanoparticles utilized in this study were fabricated from a single batch of the silver nanoparticles. Using different 

amounts of reagents, the final nanoparticle batches were created with plasmon resonance peak tuned to be blow, at and 

over the 830 nm. This was made to characterize the relationship between the maxima of plasmon resonances (while 

using the same excitation wavelength), and the metrological response of the measured SERS signal. 

Optical parameters measurements of nanoparticles were performed using UV-VIS spectrophotometer (UV-VIS 9000 by 

Metash). The prepared samples (0.5 mL of nanoparticles solution and 2 ml of DI water) were placed into PMMA single-

use cuvettes and the measurements in the spectra range from 300 nm to 1100 nm with 1 nm step were performed. 

The surface-enhanced Raman spectra were recorded on a Raman spectrometer set-up with 830 nm excitation laser, axial-

transmissive spectrograph and a CCD camera. The excitation light was guided to the sample by a fiber-optic probe with 

2.5 cm working distance. Spectra were measured with 1s integration time for 3 minutes, to investigate the effect of 

sample changes over short time periods after mixing the analyte solution with nanoparticle solution during the 

measurements. It is important to define the time period for the validity of the measurement. Different samples might be 

more resilient to temporal changes, while for others it may be a very critical parameter . 

The sample was loaded as a drop with 10 µl volume on an aluminum plate. The sample consisted of a concentrated 

solution of the nanoparticles 1:1:1 with 10
-2

 mM solution of 2-naphthalenethiol in dimethyl sulfoxide (DMSO), and H2O 

or 5M NaCl in H2O, as further indicated. 
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3. RESULTS 

Four types of silver-core gold-shell nanoparticles were fabricated and used for the experiments. The differences in their 

fabrication included the concentrations of chemicals, with the same string and heating, and resulted in a variable size 

distributions of core-shell nanoparticles and different peak plasmon resonance. The resulting nanoparticles show 

different plasmon peak positions, varying between 750 – 850 nm, and show a different spread of their sizes. 

 

  

Figure 1. The UV-VIS spectra of the initial nanoparticles and the shell-growth process (left). The UV-VIS spectra of the 

resulting nanoparticles, with plasmon resonance about the excitation wavelength (right). 

The resulting SERS spectra (figure 2) are presented for the nanoparticles with and without the additional NaCl which 

acts as an agglomerating agent and also increases the conductivity of the solution. The spectra indicate vast differences 

in the intensity of the signal. More importantly, some of the nanoparticles show greater preferential enhancement of the 

2-napthalenethiol over the DMSO solvent. However, after the elapsed 3 minutes time the DMSO begins to influence 

their spectra, and diminishes the spectra of the 2-napthalenethiol. When comparing the effect of NaCl, the intensity is 

overall higher than without it, and the nanoparticles seem to be more tightly bound to the analyte rather than the solvent, 

and seem to have reduced the DMSO peak in comparison to the 2-naphthalenethiol peaks. The difference in the 

intensities of the signal between different nanoparticles also become more pronounced. The spectra after some time from 

sampling, in the case of added NaCl seem to have an improved temporal stability of the measurement. While the DMSO 

is more pronounced, still the analyte peaks are much clearly distinguishable. The nanoparticles with the largest size 

distribution, B8, show that the solvent peaks are much stronger, even at the very beginning of the measurement. 

  

Figure 2. The SERS spectra of the nanoparticles just after initial sampling (darker colors), and after 3 minutes from 

sampling (light colors), for measurements with NaCl (left) and without (right). The scale bar marks intensity of 1000 counts. 
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4. CONCLUSIONS 

Different types of nanoparticles were formed by following the same protocols for the creation of silver-core gold-shell 

nanoparticles. Their differences in the plasmon resonance peak position and its bandwidth are shown as an indicator of 

the crucial factor in SERS - the stability of material fabrication. However, even with much different parameters, all of 

the nanoparticles, even when shifted from the excitation wavelength, clearly show presence of the 2-naphthalenethiol 

peaks. Only after some time of measurements, the signal becomes overwhelmed by the DMSO solvent. In the case of 

NaCl, the nanoparticles are much more efficient in enhancing the signal, and are more stable over time. However, the 

difference in the intensity of the signal is higher between different batches of the nanoparticles. 

This differences in the enhancement of the SERS spectra, and especially different preference of molecular species is of 

immense interest from the metrological point of view. The results suggest greater impact must be placed on the kinetics-

preference mechanism of some molecules over the others in solutions, which may be an important problem in accurate 

quantification using the SERS method, arising simply due to a small time differences between the sampling and the 

moment of taking measurement. 
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