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Abstract
Surface-Enhanced Raman Spectroscopy (SERS) is a technique that provides high enhancement of Raman scattering from 
molecules adsorbed on a rough noble metal surface. The aim of this study was the development of convenient and reproduc-
ible in situ SERS methods suitable for the detection and the quantification of analytes in organic or aqueous media. For this 
purpose, we used a signal acquisition technique which simply consisted of recording the SERS signal in the bulk solution by 
using a Raman immersion probe close to the surface of the immersed solid SERS substrate. This method should be useful for 
on-line process analysis and more robust than conventional acquisition techniques that are generally based on a drying step 
which may induce heterogeneous analyte repartition onto the substrate surface, thus often requiring the use of SERS map-
ping technique to improve the signal reproducibility. In this study, two types of gold SERS substrates (metal nanostructures 
on a solid substrate and metal nanoparticles in suspension) were investigated and compared for the in situ characterization 
of two ‘model’ analytes, Rhodamine 6G (R6G) and 1,2-bis(4-pyridyl)ethylene (BPE), in aqueous and organic media. The 
solid substrate developed by sputtering deposition of a nanometric gold film onto a glass slide provided reproducible and 
stable SERS signals of BPE in organic media at concentration down to 10−12 M. But it appeared unusable in aqueous solu-
tions due to the removal of the gold deposit. Despite an improvement of the deposit adhesion onto the substrate by using 
tetraethoxysilane/(3-mercaptopropyl) trimethoxysilane sol or the use of an electroless deposition technique, the developed 
solid substrates did not allow to reach satisfying R6G SERS signal in aqueous solutions. Therefore, both star-like and spheri-
cal gold nanoparticles were finally developed and used as SERS substrates. After aggregation, colloids induced the best 
enhancement of R6G Raman signal with a possible quantification at concentrations down to 5.10−9 M.

Keywords  Surface enhanced Raman scattering (SERS) · Gold SERS substrates · In-situ characterization · Reproducibility · 
SERS quantification

1  Introduction

Raman spectroscopy is a well described technique for 
obtaining both quantitative and qualitative information on 
analytes. However due to the weakness of the conventional 
Raman signal, this technique requires highly concentrated 
samples. Observed for the first time in 1973 [1], Surface-
Enhanced Raman Spectroscopy (SERS) is a technique that 
provides high enhancement of the Raman scattering from 
molecules adsorbed on a rough metal surface, such as silver, 
gold and copper [2]. Two phenomena are currently well-
accepted to explain the SERS effect: an electromagnetic 
effect (EE) and a chemical effect (CE). EE arises from reso-
nance between monochromatic electromagnetic waves and 
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the surface plasmon of the metallic nanostructure leading to 
the generation of intense electromagnetic fields at ‘hot -spot’ 
zones [3]. CE is induced by a charge-transfer between the 
chemisorbed analyte and the substrate which can change the 
polarizability of the molecule, resulting in a change of the 
Raman scattering cross-section of the molecule [4]. More-
over, CE is generally weaker than EE: being responsible 
for up to about 102 increase of Raman scattering instead of 
106–107 for EE [2].

The predominant EE is strongly related to the structure of 
the SERS substrates. Therefore, one of the key challenges is 
the preparation of these substrates since a small variation in 
the final structure can cause significant changes in both the 
performance and reproducibility of the signal. The use of 
nanoparticles in suspension is the simplest method to obtain 
an effective SERS structure; but it is often poorly reproduc-
ible due to the need of nanoparticles aggregation for Raman 
signal enhancement. In the objective of increasing reproduc-
ibility, the development of nanostructures on solid substrates 
is shown to be an interesting pathway for producing SERS 
active structures. However, the increased reproducibility 
is often related to a loss of the exaltation efficiency of the 
Raman signal compared to nanoparticles in suspension [5]. 
The development of SERS substrates thus requires a com-
promise between reproducibility and exaltation efficiency.

Strategies to obtain SERS active nanostructures on solid 
substrates can mainly be classified as top-down and bottom-
up approaches. In the case of top-down approaches, the old-
est used electrochemical roughening technique [6–8] leading 
to the poor control of the shape and size of the nanostructure 
[9] and thus to low signal reproducibility, substrates based 
on lithographic techniques (e.g. E-beam lithography [10], 
nanosphere lithography [11, 12], soft-lithography [13]) or 
sputtering deposition have earned interest [14–16]. Indeed, 
these techniques allow to provide a large-scale uniformity 
of the structures with various shapes ensuring high SERS 
signal reproducibility. Bottom-up approaches concern the 
immobilisation of gold nanoparticles on a solid support. 
The most straightforward methods consist of the use of 
bifunctional linker molecules making the link between the 
nanoparticles and the solid support [9, 17] or the use of 
electroless deposition processes [18]. The immobilisation of 
nanoparticles on a solid support using sol–gel materials can 
also be found offering unique environment for stabilizing 
metal colloids [19, 20]. Among the many available tech-
niques, it should be noted that the combination of bottom-up 
and top-down approaches can also be found and may appear 
interesting when taking the advantages of each technique 
[21, 22].

The signal acquisition method also has an importance in 
signal enhancement efficiency and reproducibility. In case 
of solid SERS substrates, SERS signal is generally meas-
ured after the drying of a drop of analyte deposited on the 

substrate or after the drying of the substrate dipped in an 
analyte solution. But these drying processes often lead to 
heterogeneous analyte repartition on the substrate surface 
requiring the use of SERS mapping in order to obtain repro-
ducible SERS signals [23–27].

In this context, the aim of this study was to develop SERS 
methods employing gold substrates suitable for the in situ 
detection and quantification of two ‘model’ analytes, Rho-
damine 6G (R6G) and 1,2-bis(4-pyridyl)ethylene (BPE)), 
in aqueous or organic media. We have chosen to base these 
methods on an unusual signal acquisition technique which 
simply consisted of recording the SERS signal in the bulk 
solution by the means of a Raman immersion probe close 
to the surface of the immersed solid substrate. Such in situ 
characterization method, suitable in aqueous or organic 
media, should have many advantages: (i) to be more robust 
than conventional acquisition techniques, avoiding the criti-
cal drying stage (ii) the possibility of on-line process analy-
sis, and (iii) in the case of sensitive analytes, the prevention 
from thermal degradation phenomena that could occur in the 
dry state. To our knowledge, this acquisition strategy has not 
been deeply explored previously, this is what has motivated 
this work. In this study, we investigated and compared dif-
ferent types of SERS substrates: gold nanostructures on a 
solid substrate (obtained by using sputtering deposition, soft 
lithography processes or electroless deposition) and gold 
nanoparticles in suspension synthetized by hydroxylamine 
reduction in basic conditions [28] or Frens method [29].

2 � Materials and Methods

2.1 � Materials

Hydrogen tetrachloroaurate(III) hydrate (HAuCl4), sodium 
chloride (NaCl), silver nitrate (AgNO3) were purchased from 
Alfa Aesar, Hydroxylamine solution 50% (wt), trisodium 
citrate, rhodamine 6G (R6G), 1,2-bis(4-pyridyl)-ethylene 
(BPE), tetraethoxysilane (TEOS) (3-mercaptopropyl) tri-
methoxysilane (3-MPS), 1-octadecanethiol (ODT), iso-
propanol (IPA), ethanol (EtOH) were obtained from Sigma 
Aldrich. Sodium hydroxide (NaOH), hydrochloric acid 37% 
(HCl), sulfuric acid 98% (H2SO4), nitric acid 70% (HNO3), 
hydrogen peroxide solution 30% in water (H2O2), were 
bought from Carl Roth. All solutions were prepared using 
Milli-Q water.

The glass slides used as bare substrates were microscope 
glass slides (Carl Roth, Lauterbourg, France) cleaned with 
fresh piranha solution (H2SO4 (2/3)/H2O2 (1/3)) for 15 min, 
rinsed with water and dried with nitrogen before use.
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All glassware used for gold nanoparticles synthesis was 
previously washed with freshly prepared aqua regia (HCl (3/4)/
HNO3 (1/4)) followed by extensive rinsing with Milli-Q water.

Klarite® 312 surfaces purchased from Renishaw Diagnos-
tics consisted of a square array of gold inverted pyramidal pits 
made from a (100) silicon wafer etched with KOH solution, 
and covered with a 300 nm thick evaporated gold layer.

2.2 � Solid substrates

2.2.1 � Sputtering deposition

Three different substrates were developed by using sputter-
ing deposition with a compact rotary-pumped sputter coater 
Quorum150RS. The sputtering current intensity has been set 
at 80 mA for all experiments. Substrate denoted by AuS1 was 
developed by depositing a nanometric gold film of 25 nm on 
a glass slide, as described by Degioanni et al. [14] to produce 
SERS of amorphous silica.

SERS substrate denoted by AuS2 consisted of a gold nano-
metric film of 25 nm deposited on a glass slide covered by a 
flat TEOS/3-MPS (1/1) sol film.

The third type of substrate denoted by AuS3 consisted of a 
square array of gold inverted pyramidal pits microstructure on 
a glass slide obtained by soft lithography processes [30]. In the 
first step, a Klarite® master template was replicated by replica 
molding (REM) [30] onto a PDMS mold forming a negative 
copy of the master. Before the REM of the Klarite®, an hydro-
phobic anti-adhesive functionalization was performed using 
a 2 mM ODT solution in IPA to ensure a successful demold-
ing between Klarite® and PDMS. To get the PDMS stamp, 
mixture of prepolymer and catalyzer (Sylgard 184 elastomer 
Kit) was poured on Klarite® surface and then a curing was 
performed by heating overnight at 60 °C. PDMS stamp was 
then carefully removed from the master. In the second step, 
the PDMS stamp was used to achieve the Klarite® positive 
replica on a glass slide by microtransfer molding (µTM) of a 
sol [30]. The sol used for the µTM consisted of a mixture of 
TEOS/3-MPS (1/1) and water acidified with HCl. A drop of 
the sol was deposited onto a glass slide and the PDMS stamp 
was then deposited by applying a gentle pressure. The residual 
solvent was removed by evaporation overnight at ambient tem-
perature and the stamp was then removed to obtain the final 
structure on the glass slide. In a final step, a gold nanometric 
film of 25 nm was finally deposited on the structure to obtain 
the active SERS substrate.

All the substrates developed using sputtering deposition are 
summarized in Table 1.

2.2.2 � Metallic Nanoparticles Growth on Mesostructured 
Silica Film

The process begins with electroless growth of silver nano-
particles into mesostructured silica block copolymer films 
according to the method developed by Bois et  al. [31]. 
Briefly, a sol was prepared by mixing TEOS, F127 block 
copolymer (PEO)106(PPO)70(PEO)106, EtOH, water acidi-
fied with HNO3 and AgNO3. After 1 h of mixing at room 
temperature, films were deposited by dip-coating and subse-
quently dried at room temperature for 24 h. The first chemi-
cal reduction step can be performed by immersing the film 
in an aqueous sodium borohydride solution (50 mM) for 
30 s. Then, after dipping in water, resultant film showed an 
intense brownish-yellow coloration due to the formation of 
first silver seeds in the film. The second step consisted of a 
total replacement of silver by gold according to Chassagneux 
et al. [32]. Film previously obtained was immersed during 
15 min in 30 mL of water containing 500 µL of 0.02 M 
HAuCl4 and 200 µL of 0.2 M hydroxylamine solution. The 
brownish-yellow film coloration gradually disappeared 
while a pink coloration appeared in the film. The final step 
consisted of gold seeds growth by immersing the previous 
film in 30 mL of water containing 500 µL of 0.02 M HAuCl4 
and 200 µL of 0.2 M hydroxylamine solution for 15 min 
leading to active SERS film AuHaS1. AuHaS2 and AuHaS3 
films were obtained by repeating this final step one and two 
times, respectively.

2.3 � Gold Nanoparticles Synthesis

2.3.1 � Synthesis of Stars‑Like Gold Nanoparticles (StAuNPs)

StAuNPs were synthetized by a one-step reduction process 
described in Minati et al. [28]: a gold precursor is reduced 
in a basic environment using hydroxylamine as a reducing 
agent. Briefly, 65 µL of 0.2 M hydroxylamine aqueous solu-
tion were added to 10 mL of 0.01 M NaOH aqueous solu-
tion. Then 200 µL of a 0.02 M solution of HAuCl4 in water 
were quickly added under vigorous stirring. The color of the 
solution changed instantaneously from transparent to deep 
blue.

Table 1   Summary of SERS substrates developed using sputtering 
deposition

Substrate Sol Structure Gold nanometric film 
deposited (nm)

AuS1 – – 25
AuS2 TEOS/3-MPS –
AuS3 TEOS/3-MPS inverted 

pyramidal 
pits
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2.3.2 � Synthesis of Spherical Gold Nanoparticles by Frens 
Method (FAuNPs)

FAuNPs were synthesized according to Frens method [29]. 
50 mL of 0.25 mM HAuCl4 aqueous solution was heated to 
boiling and stirred vigorously. Then various amount of 1% 
sodium citrate aqueous solution was added (1, 0.75, 0.50 or 
0.30 mL) and the resultant mixture was kept to boiling and 
stirred for a further 20 min (30 min for 0.30 mL addition).

2.4 � Nanoparticles and Solid Substrates 
Characterization

Scanning electron microscopy (SEM) pictures were obtained 
using a Vega 3 (TESCAN). Absorption spectra in the wave-
length range of 400–800 nm were measured using UV–vis 
Agilent 8453 spectrophotometer. Topographic images were 
obtained with Atomic Force Microscopy (AFM) using an 
Agilent M5500 instrument operating in tapping mode (Agi-
lent Technologies, Palo Alto, CA, USA). The average reso-
nance frequency of tips was 300 kHz. The root mean square 
roughness values (RMS) were measured with Gwyddion 
software on AFM images.

2.5 � SERS Measurement

RamanRxn1 spectrometer (Kaiser Optical Systems, Ann 
Arbor, USA), equipped with a thermoelectrically cooled 
CCD detector, was used in combination with a sapphire fiber 
optic immersion probe. Spectra were acquired under 785 nm 
irradiation (400 mW). For the detection of BPE and R6G, 
spectra were measured in immersion every 1 min with 5 s 
data acquisition and 1 spectral accumulation. Data collection 
was operated using the Holoreact™ software.

2.5.1 � Solid Substrates

SERS properties of AuS1 substrates in organic media were 
studied by measuring BPE and R6G Raman signals after 
substrates immersion in 5 mL of ethanolic solutions con-
taining between 10−12 and 10−3 M BPE or 10−6 and 10−4 
M R6G. To evaluate SERS effectiveness of AuS1, AuS2, 
AuS3, AuHaS1, AuHaS2 and AuHaS3 substrates in aqueous 
media, the substrates were immersed in 5 mL of aqueous 
solutions containing between 10−6 and 10−4 M R6G. SERS 
spectra were recorded after immersion for 10 min in solution 
to reach stable signal.

To evaluate the robustness of both the solid substrate 
manufacturing process and the analysis method, several 
measurements were achieved: (i) at different locations on 
a same substrate to evaluate a spot-to-spot reproducibility 
(ii) using different substrates from the same manufacturing 
process to investigate a batch to batch reproducibility.

2.5.2 � Nanoparticles Suspensions

StAuNPs were firstly tested without the use of any aggre-
gating agent to characterize 10−6 M R6G aqueous solu-
tions. For this, 50 µL of R6G aqueous solution were 
added to 5 mL of nanoparticles suspension diluted to a 
fifth. SERS signal was recorded 30 min after R6G solution 
addition to reach a stable signal.

StAuNPs were also tested after the addition of HCl as 
aggregating agent for the characterization of solutions con-
taining from 5.10−9 M up to 8.10−8 M of R6G. For this, 
50 µL of R6G aqueous solution were added to 5 mL of 
StAuNPs solution diluted to a fifth to achieve the desired 
concentration before HCl was added at a concentration 
of 9.6 mM. SERS signals were recorded 15 min after the 
addition of HCl to reach a stable signal.

SERS properties of FAuNPs suspensions were studied 
by characterizing 10−6 M R6G aqueous solutions with and 
without the use of NaCl as aggregating agent. For this, 50 
µL of R6G aqueous solution were introduced in 5 mL of 
the colloidal suspension. And then 50 µL of NaCl aqueous 
solutions were added prior to analysis to reach the final 
NaCl concentrations reported in Table 2. SERS signals 
were recorded 10 min after the addition of NaCl or R6G 
solution to reach a stable signal.

To evaluate SERS signal reproducibility, spectra were 
acquired for several batches of aggregated nanoparticle 
suspensions.

2.6 � Data Processing

Data analyses were carried out using a spectral win-
dow from 1100 to 1700 cm−1 for R6G and from 1500 to 
1700 cm−1 for BPE. To reduce baseline drift, spectra were 
pre-processed by applying a baseline correction using 
Matlab® R2009b software (Mathworks Inc., Natick MA, 
USA). For this, Automatic Weighted Least Squares (WLS) 
algorithm was used [33]: the baseline is estimated by a 
2nd order polynomial combined with asymmetric weight-
ing of deviations from the smoothed signal, before to be 
subtracted from the spectrum.

Table 2   NaCl concentrations 
used for aggregation of FAuNPs 
suspensions

Substrate [NaCl] (mM) tested

FAuNPs 1 0; 5; 10; 20; 40
FAuNPs 2 0; 2,5; 5; 10; 20
FAuNPs 3 0; 0,2; 0,5; 1; 5
FAuNPs 4 0; 0,25; 0,5; 1
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3 � Results and Discussion

3.1 � Raman Characterization of ‘Model’ Analytes

Two molecules commonly used in SERS developments 
were used as ‘model’ analytes: BPE and R6G, the first 
being soluble in organic media and the second in organic 
media and water. The concentration limit of the conven-
tional Raman spectroscopy is between 10−3 and 10−4 M 
for both analytes (Fig. 1a, b). BPE characteristic Raman 
peaks were observed around 1605 and 1645 cm and corre-
spond to pyridine ring C=C stretching and the whole ring 
C=C stretching mode, respectively [15]. R6G character-
istic Raman peaks were observed around 1650, 1509 and 
1361 cm−1 all attributed to the xanthenes ring stretching of 
C–C vibrations, while the band at 1183 cm−1 is related to 
the C–H bending and N–H bending vibration of xanthenes 
ring [34].

3.2 � In Situ SERS Characterization of Organic Media

The first developed SERS substrate denoted as AuS1 was 
used for the characterization of BPE in organic media 
and was made from a glass slide on which a 25 nm gold 
layer was deposited by sputtering. AFM image of AuS1 

substrate (Fig. 2) indicated a rough surface made of ran-
dom assembly of circular particles and characterized by a 
RMS value of 4 nm.

As shown in Fig. 3a, a significant enhancement of the 
Raman signal was obtained due to the presence of AuS1 
substrate allowing the detection of BPE at very low concen-
trations down to 10−12 M. Results proved the robustness of 
the developed method with batch-to-batch relative stand-
ard deviation (RSD) of about 14% and spot-to-spot RSD of 
about 12% (Fig. 4). Moreover, as shown in Fig. 3b, a linear 
relationship characterized by a determination coefficient 

Fig. 1   Raman spectra of 2 and 0.2 mM BPE in ethanol (a) and 1 and 
0.1 mM R6G aqueous solutions (b)

Fig. 2   AFM image of 25 nm thick gold layer sputtered on glass sub-
strate (AuS1)

Fig. 3   a Example of SERS spectra obtained from AuS1 SERS sub-
strate as a function of BPE concentration. b SERS signal (1602 cm−1) 
as a function of BPE concentration for AuS1 SERS substrate in log 
representation
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R2 = 0.976 allows to predict from the SERS signal measured 
at 1602 cm−1 the logarithm of BPE concentration (ranging 
from 10−3 to 10−12 M). This indicates that the developed 
method could also be suitable for quantification purpose in 
organic media.

In the case of the characterization of R6G molecule in the 
organic media using AuS1 substrate, results appeared less 
satisfactory since signal became undetectable at concentra-
tions lower than 10−6 M (results not shown) even though 
R6G molecule was more Raman active by using conven-
tional technique (Fig. 1). This difference can’t be explained 
by the electromagnetic mechanism since the same substrate 
was used for the two molecules. Hence, the difference 
observed might be due to the involvement of CE which, 
unlike EE, mainly depends on the interactions between the 
analyte and the nanostructure. Although CE is commonly 
considered to be responsible of an increase of the Raman 
scattering by a factor up to 10–100, observations and theo-
retical estimates suggest possible contributions from CE as 
high as 105–107 [35–38]. Another phenomenon which may 
influence EE and CE, namely the orientation of the adsorbed 
analyte, could also be involved in the difference observed 
between BPE and R6G SERS results [39, 40].

3.3 � In Situ SERS Characterization of Aqueous Media: 
SERS Detection and Quantification of R6G

3.3.1 � Solid SERS Substrates

3.3.1.1  Sputtering Deposition  The analytical method pre-
viously developed for the analysis of organic media was 
first applied to characterize R6G aqueous solutions. But 
the immersion of AuS1 substrates in this media led to the 

quick detachment of the gold deposit making further Raman 
analysis impossible.

To improve the practical adhesion of the gold deposit 
at the solid substrate surface, we used a sol film made of 
TEOS/3-MPS (1/1) deposited on the glass substrate before 
the gold sputtering deposition. Generally, sol–gel is pre-
pared by the hydrolysis and polycondensation of tetraalkox-
ysilane. It can be modified with organic functional groups 
to give so called “ORMOSILs” (for Organically modified 
silica gels) materials which are inorganic–organic hybrid 
materials allowing to modify the properties of the resultant 
sol–gel (i.e. porosity, chemical reactivity, structure, mor-
phology, hydrophobicity…) [41, 42]. Here, thiol groups 
present in 3-MPS precursor allowed to maintain the integ-
rity of the gold nanometric film thanks to strong gold–thiol 
interactions.

The use of 3-MPS provided another advantage as a result 
of the presence of propyl functions in the structure. Indeed, 
the use of alkyl or aryl derivatives of tetraalkoxysilanes as 
precursors may provide more flexibility and prevent crack-
ing and shrinking of the coating [43]. Thus, sol film should 
exhibit suitable rheological features for the replication of 
structures by soft lithography processes. Here, Klarite® 
structure has been successfully replicated by using TEOS/3-
MPS (1/1) developed sol: the resulting uniform AuS3 sub-
strate consisted of a gold square pyramidal pit pattern of 
1.4 µm in width and 900 nm in depth (Fig. 5a, b).

However, no significant evolution of SERS signal from 
10−4 M R6G aqueous solutions was observed by replacing 
AuS2 by AuS3 substrate indicating that comparatively a 
gold-coated pyramidal structure did not lead to significant 
improvement of SERS signal (Fig. 6). These two substrates 
provided low variability of the signal measured with spot to 
spot and batch to batch RSD around 10% (Fig. 6).

3.3.1.2  Metallic Nanoparticles Growth on  Mesostructured 
Silica Film  SERS substrates denoted AuHaS1, AuHaS2 and 
AuHaS3 consisting of gold nanoparticles supported on mes-
ostructured silica film were obtained in a three step proce-
dure. In a first step, silver nanoparticles growth was induced 
inside the mesostructured silica film by the reduction of sil-
ver nitrate contained in the film using sodium borohydride. 
Then, silver was replaced by gold before finally achieving 
a growth step of the gold seeds using hydroxylamine as a 
reducing agent and a gold precursor. As proposed by Chas-
sagneux et  al. [32], silver nanoparticles are probably first 
oxidized by the gold salt giving rise to the formation of hol-
low and porous gold nanoparticles. These latter are progres-
sively filled with metallic gold consecutively to the Au3+ 
reduction reaction induced by the hydroxylamine agent able 
to reduce Au3+ into preexisting Au0 [44]. This last feature 
is then further exploited in the final step of growth of the 
gold seeds. Figure 7a shows the absorbance spectra obtained 

Fig. 4   Study of 10−6 M BPE SERS signal reproducibility (at 
1602 cm−1) for AuS1 substrate: error bars correspond to spot-to-spot 
standard deviation determined from measurements at different loca-
tions on a same substrate (n = 6) while the three bars correspond to 
three different substrates obtained from the same manufacturing pro-
cess to investigate a batch to batch reproducibility (n = 3)
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for AuHaS1, AuHaS2 and AuHaS3 substrates. An absorp-
tion band centered at about 545-550 nm was observed that 
may be related to the formation of gold nanoparticles in 
the film [31, 45]. The slight shift observed for the maxi-
mal absorbance characterizing the three substrates can be 
explained by difference in nanoparticles size. Moreover, the 
increase of absorbance from AuHaS1 to AuHaS3 should 
be due to a heightened surface coverage by gold in rela-

tion with the number of growth stage [44]. The increase of 
both the nanoparticles mean size and the surface roughness 
(RMS values varied from 42 nm for AuHaS1 to 82 nm for 
AuHaS3) is observable in AFM images Fig. 7b, c. Figure 8a 
presents SERS spectra of 10−4 M R6G aqueous solutions 
obtained with AuHaS1 substrate giving similar enhance-
ment of Raman signal than AuS2 and AuS3 substrates with 
SERS intensities of about 5000 A.U. obtained at 1362 cm−1 
despite the increasing surface roughness observed. As 
shown in Fig. 8b, multiplying the number of growth stages 
led to a loss of spot to spot reproducibility with RSD (n = 6) 
of 9% for AuHaS1, 47% for AuHaS2 and 67% for AuHaS3. 
This higher spot to spot signal variability may be related to 
a loss of surface homogeneity with the increasing number of 
unevenly distributed large gold aggregates with the increas-
ing number of growth steps.

3.3.2 � Gold Nanoparticles

The enhancement of Raman signal observed with gold solid 
SERS substrates AuS2, AuS3 and AuHaS1 was very similar 
and allowed the detection of R6G in aqueous solution with 
a limit of detection that could be estimated between 10−5 
and 10−6 M. To try to further improve R6G SERS signal, 
SERS methods using aggregated gold nanoparticles were 
also developed.

3.3.2.1  FAuNPs Suspensions  Several batches of FAuNPs 
were synthetized by varying the amount of citrate reducing 
agent to study the influence of the size of nanoparticles on 
SERS signal (see Table 3). The absorption bands obtained 

Fig. 5   SEM (a) and AFM (3D) 
(b) images of AuS3

Fig. 6   Study of 10−4 M R6G SERS signal reproducibility (at 
1362 cm−1) for AuS2 and AuS3 substrates: error bars correspond to 
spot-to-spot standard deviation determined from measurements at 
different locations on a same substrate (n = 6) while the three bars 
for each type of substrate correspond to three different substrates 
obtained from the same manufacturing process to investigate a batch 
to batch reproducibility (n = 3)
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for FAuNPs suspensions indicated the near-spherical 
shape of colloid particles with a relatively monodisperse 
size distribution (results not shown). A broadening of the 
absorption bands was obtained by decreasing the amount 
of citrate solution added indicating both an increase of 
nanoparticles size and polydispersity [46]. The mean 
particle diameters ranged from 15 to 70 nm (see Table 3) 

Fig. 7   a Absorbance spectra 
of AuHaS1, AuHaS2, AuHaS3 
substrates and AFM images 
of AuHaS1 b and AuHaS3 c 
substrates

Fig. 8   a SERS spectra obtained from 10−4 M R6G solution with AuHaS1. b Comparison of SERS signal obtained at 1362 cm−1 with AuHaS1, 
AuHaS2 or AuHaS3 SERS substrates in 10−4 M R6G aqueous solution (errors bars corresponds to spot-to-spot reproducibility, n = 6)

Table 3   Mean particle diameters predicted from the wavelength of 
the maximal absorbance [47] for several batches of FAuNPs

Solution λ max (nm) Size (nm) Quantity of citrate 
solution 1% (mL)

FAuNPs 1 520 15 1
FAuNPs 2 525 30–40 0.75
FAuNPs 3 530 40–50 0.50
FAuNPs 4 543 70–80 0.30
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and was predicted from the wavelength of the maximal 
absorbance as indicated by Haiss and al. [47].

When nanoparticles are used as SERS substrates, a partial 
aggregation of the colloids is frequently performed to cre-
ate “hot-spots” at interparticle junctions. These “hot-spots” 
are characterized by an extremely high electromagnetic field 
enhancement necessary for SERS effect [48]. Here, best 
SERS signals were obtained for FAuNPs 2 and FAuNPs 
3 suspensions which exhibited intermediate nanoparticles 
mean size comprised between 30 and 50 nm (Table 3). 
In these two cases, a maximum of a twofold increase was 
observed between SERS signals obtained with and with-
out NaCl. NaCl addition had a more significant impact on 
the SERS properties of the smallest colloids (FAuNPS 1 of 
size ~ 15 nm) with a 30-fold increase of SERS signal when 
NaCl concentration varied from 0 up to 40 mM (Fig. 9). 
But if a sharp increase of the signal was obtained, SERS 
intensity remained relatively low (about 10,000 A.U.) and 
far from the results obtained with the three other formula-
tions (> 50,000 A.U.) (Fig. 9). SERS spectra were acquired 
for several batches of similar nanoparticles suspensions and 
here again showing an acceptable reproducibility of the 
measurements with RSD lower than 15% (Fig. 9).

It should be noted that in the absence of NaCl, the colloid 
aggregation was induced by the analyte as observed from 
absorbance sprectra (results not shown): an absorbance band 

appeared between 700 and 800 nm when adding R6G in 
FAuNPs 1 suspension due to the localized surface plasmonic 
resonance (LSPR) feature of aggregated gold nanoparticles 
while adsorption peak at 520 nm decreased due to the reduc-
tion in the number of monomeric gold nanoparticles [49]. 
Then NaCl addition made the absorbance band between 
700 and 800 nm increasingly prominent due to an increas-
ing degree of nanoparticles aggregation [49]. These more 
aggregated colloids led to significant enhancement of the 
Raman signal.

3.3.2.2  StAuNPs Suspensions  Isolated star-shaped gold 
nanostructures are supposed to provide a higher amplifica-
tion of the Raman scattering relative to spherical nanopar-
ticles of the same dimension, since large SERS effect could 
be obtained at the sharp tips of branches [48, 50]. Moreover, 
the absence of surfactant in the suspension was of particular 
interest for proper adsorption of the analyte at nanoparticles 
surfaces. Indeed, SERS effect takes place only few nanom-
eters at the surface and rapidly decreases with distance [51].

An absorption band centered at about 620  nm was 
obtained before HCl addition due to the LSPR feature 
of StAuNPs (results not shown). Then, as observed for 
FAuNPs, an absorbance band appeared when adding HCl 
between 700 and 900 nm as evidence of aggregation phe-
nomenon while a decrease of the maximum absorption band 

Fig. 9   SERS signal of 10−6 M R6G solution obtained with FAuNPs as a function of NaCl concentration (SD, n = 6)
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at shorter wavelength occurred. About 103-fold enhancement 
of SERS signal was achieved with the use of HCl as aggre-
gating agent.

SERS spectra were acquired for several batches of aggre-
gated nanoparticles in suspension. Results showed a satisfy-
ing reproducibility of the measurements with RSD lower 
than 20%. SERS spectra obtained with StAuNPs after HCl-
induced aggregation are presented as a function of R6G 

concentration in Fig. 10a. A linear relationship characterized 
by a determination coefficient R2 = 0.984 allows to predict 
the R6G concentration (ranging from 8.10−8 to 5.10−9 M) 
from the SERS signal measured at 1362.9 cm−1 (Fig. 10b). 
These results show the potential ability of the developed 
method to quantify analytes in aqueous solutions.

3.4 � Comparison of the Developed SERS Substrates

Analytical Enhancement Factor (AEF) was used to roughly 
estimate and compare the effectiveness of the different sub-
strates developed. AEF can be defined as [52]:

where IRS is the Raman signal intensity of an analyte solu-
tion at concentration Crs and ISERS is SERS intensity meas-
ured with a SERS substrate under identical experimental 
conditions at concentration CSERS (usually much smaller 
than CRS) [52]. Using this definition, AEF were determined 
for each developed substrate and are reported in Table 4. 

Enhancement of R6G Raman signal in aqueous media 
observed with gold solid SERS substrates AuS2, AuS3 and 
AuHaS1 was very similar with AEF around 5.101 (Table 4). 
These substrates allowed to detect R6G at concentration no 
much lower than 10−5 M. These results appeared quite mod-
est compared to those (> 5.10−6 M) observed in the literature 
for R6G characterization by the means of gold nanostruc-
tured solid substrates [53–55]. All the developed gold solid 
SERS substrates provided relatively reproducible SERS 
signal with RSD lower than 15%. These reproducibility 
results are quite in agreement with the literature for SERS 
solid substrates reporting RSD values between 5 and 20% 
[9, 10, 18, 19, 53, 56]. As an example, Kalachyova et al. [53] 
reported MDC of about 10−11M and RSD < 9% from the 
analysis at 630 nm of a R6G solution drop deposited onto a 
SERS surface made of gold multibranched NPs assembled 
on silver grating surface.

AEF = (I
SERS

∕C
SERS

)∕(I
RS
∕C

RS
),

Fig. 10   a SERS spectra as a function of R6G concentration for 
StAuNPs after HCl addition. b SERS signal (1362.9 cm−1) as a func-
tion of R6G concentration for StAuNPs after HCl addition

Table 4   Gold SERS substrates 
characteristics in terms of 
maximal AEF, minimal 
detectable concentration and 
batch to batch RSD

a  in aqueous solution
b  in EtOH solution

SERS substrate Maximum AEF MDC (mini-
mal detectable 
concentration) 
mol L−1

Batch to 
batch RSD 
(%)

R6G (1362 cm−1) BPE (1602 cm−1) R6G BPE

AuS1 5.101 b 1.1011 1.10−5 1.10−12 < 15
AuS2 5.101 a – 1.10−5 – < 10
AuS3 6.101 a – 1.10−5 – < 10
AuHaS1 5.101 a – 1.10−5 – –
StAuNPs (after HCl aggregation) 5.106 a – 1.10−9 – < 20
FAuNPs 3 ([NaCl] = 5 mM) 1.105 a – 1.10−8 – < 15
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By using AuS1 substrate in EtOH solution, AEF remained 
in the same order of magnitude (~ 5.10) for R6G while reach-
ing very high value (~ 1.1011) for BPE. This demonstrated 
the high analyte dependence of the SERS enhancement and 
could be explained by the intervention of CE.

Finally, nanoparticles in suspension clearly provided 
more effective enhancement of R6G SERS signal than gold 
solid substrates with a maximum AEF of 5.106 obtained 
with StAuNPs that allowed to detect R6G at concentrations 
lower than 10−9 M. This increase of exaltation efficiency was 
accompanied by a slight loss of reproducibility with a batch 
to batch RSD lower than 20% which remained acceptable. 
It can also be noted that SERS activity of StAuNPs was 
demonstrated to be higher than that observed with spherical 
nanoparticles (AEF ~ 1.105) (see Table 4).

4 � Conclusion

In this study, we developed rapid and easy to use SERS 
methods suitable for the in situ characterization of analytes 
in aqueous or organic media. For this purpose, different gold 
substrates (solid surfaces or nanoparticles) were developed 
to both detect and quantify in situ by SERS two ‘model’ ana-
lytes (R6G and BPE). To avoid the use of the SERS mapping 
technique that is generally encountered with solid substrates 
to obtain reproducible SERS signal, an unusual probe-based 
immersion method was successfully used here.

The substrates developed by sputtering deposition of 
a nanometric gold film on glass slide provided efficient, 
reproducible and stable BPE SERS signals in organic media 
making this substrate suitable for quantification purpose at 
concentration down to 10−12 M. However, the minimal sig-
nal detectable for R6G molecule in the same organic media 
appeared clearly unsatisfactory and could be principally 
explained by a much smaller contribution of the chemical 
enhancement than BPE to the total signal enhancement.

The use of such substrate for the detection of R6G in 
aqueous media was made possible by using Tetraethoxysi-
lane/(3-Mercaptopropyl) Trimethoxysilane sol since the 
integrity of gold nanometric film was maintained through 
gold–thiol interactions. This same sol was successfully used 
for the replication of inverted pyramidal pits structure on 
glass slide by soft lithography processes, but no signifi-
cant improvement of SERS signal was observed with this 
structure.

All methods developed with gold solid substrates in 
aqueous media were clearly less effective than methods 
employing gold spherical or stars-like nanoparticles that 
exhibited by far greater enhancement of Raman signal with 
comparable reproducibility. After an aggregation step, 
stars-like nanoparticles exhibited the best Raman signal 
enhancement and the quantification of R6G in aqueous 

solution was effective in a concentration range from 8.10−8 
down to 5.10−9 M. Further experiments will be performed 
to test this promising SERS method for the characteriza-
tion of bacteria in order to avoid the use of the tedious 
and time consuming conventional counting method using 
plating and culturing since the purpose of rapid identifica-
tion and quantification of microorganisms has become an 
essential issue in food and water safety, biodefense, human 
health care and diagnostics.
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