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a  b  s  t  r  a  c  t

A  stable  and  efficient  surface-enhanced  Raman  scattering  (SERS)  substrate  for  neurotransmitter  and
cholinergic  neurotransmission  precursor  detection  was  obtained  by silver  nanoparticle  (AgNP)  electrode-
position  onto  tin-doped  indium  oxide  (ITO)  using  cyclic  voltammetry.  The  size  and  surface  coverage  of
the deposited  AgNPs  were  controlled  by  changing  the  scan  rate  and  the  number  of  scans.  The  SERS
performance  of these  substrates  was  analyzed  by  studying  its  reproducibility,  repeatability  and  sig-
nal  enhancement  measured  from  p-aminothiophenol  (p-ATP)  covalently  bonded  to  the  substrate.  We
compared  the  SERS  performance  for samples  with  different  Ag particle  coverage  and  particle  sizes.  The
performance  was  also compared  with  a commercial  substrate.  Our  substrates  exhibited  a SERS  enhance-
ment factor  of  around  107 for p-ATP  which  is three  orders  of  magnitude  larger  than  for  the  commercial
substrate.  Apart  from  this  high  enhancement  effect  the substrate  also  shows  extremely  good  repro-
ducibility.  The  average  spectral  correlation  coefficient  (� ) is  0.96. This  is larger  than  for  the commercial

substrate  (0.85)  exhibiting  a  much  lower  SERS  signal  intensity.  Finally,  the application  of  our substrates  as
SERS bio-sensors  was  demonstrated  with  the  detection  of  the neurotransmitters  acetylcholine,  dopamine,
epinephrine  and  choline,  the  precursor  for  acetylcholine.  The  intensive  SERS  spectra  observed  for  low  con-
centrations  of choline  (2 ×  10−6 M),  acetylcholine  (4 ×  10−6 M),  dopamine  (1 ×  10−7 M)  and  epinephrine
(7 × 10−4 M)  demonstrated  the  high  sensitivity  of our substrate.  The  high  sensitivity  and  fast  data  acqui-

s  sui
sition  make  our  substrate

. Introduction

Since the initial discovery of surface-enhancement of Raman
cattering on roughened silver electrode surfaces [1,2] researchers
ave explored numerous promising substrates that can be used
s efficient surface-enhanced Raman scattering (SERS) platforms
3–10]. Recently special interest has been devoted to nanosized Ag
articles (AgNPs) as SERS substrates because they strongly scatter

ight and their optical properties depend on their size, shape and
ggregation state [11,12].  Although considerable progress has been
ade towards improving and optimizing SERS substrates for ana-

ytical applications [13–15],  the fabrication of high-throughput,

ow-cost and reproducible SERS platforms still remains a challeng-
ng task.
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table  for testing  physiological  samples.
© 2012 Elsevier Ltd. All rights reserved.

In practice the creation of SERS substrates is often a trade-
off between sensitivity, reproducibility, stability, ease and cost
of production. An enormous enhancement of 1014 was reported
for specially screened colloidal silver particles [16–20].  The most
reproducible SERS substrates are prepared by etching optical fibres
in HF and covering them in silver. The relative standard devi-
ation (RSD) for a single sample is less than 2% [21]. However,
none of these methods is suitable for larger scale production. High
throughput methods such as etching, evaporation, screen printing
and electrodeposition generally show reasonable enhancement
and a RSD in the range of 5–30% [22–27].  Substrates obtained
by methods based on physical vapor deposition often suffer from
being quite fragile; the SERS-active particles are easily removed
from the surface and additional protective layers might be nec-
essary which reduces the SERS sensitivity [28]. This can be
overcome by screen printing [27] or by electrochemical methods
where the particles are directly electrodeposited onto the sur-
face. Numerous protocols describing electrochemical methods of

silver nanostructure preparation for SERS applications have been
published. These include galvanostatic methods [29,30],  double-
potentiostatic electrodeposition [31,32],  templated deposition in a
membrane [33,34] and cyclic voltammetry where the influence of

dx.doi.org/10.1016/j.electacta.2012.11.037
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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he applied potentials and addition of complexing agents [35] were
nvestigated.

An important goal, both from an environmental and economic
oint of view is avoiding harmful chemicals. Many chemical and
lectrochemical methods involve the usage of hazardous com-
ounds such as potassium cyanide [36] or sodium borohydride
37].

In the present work we demonstrate a facile, rapid, harm-
ess and low-cost electrochemical method for deposition of silver
anoparticles (AgNPs) to create a mechanically and chemically
urable SERS platform with good enhancement and excellent
ignal reproducibility. The AgNPs are electrodeposited onto tin-
oped indium oxide (ITO) in the presence of citrate [29–32] using
yclic voltammetry. This is similar to reports recently presented
sing galvanostatic [29,30] and double-potentiostatic electrode-
osition [31,32]. The structure and the surface morphology of the
g nanoparticulate films are characterized by scanning electron
icroscopy (SEM), atomic force microscopy (AFM), and UV–vis

pectroscopy. The density and size of the AgNPs can be tuned by
arying the scan rate and the number of scans. We  measure the
ERS enhancement as a function of the deposited particle prop-
rties and show that the resultant Ag-nanoparticle films exhibit
ery strong surface-enhancement effects which can be used in
he design of efficient, stable SERS-active substrates for analytical
pplications. To exemplify this we show the detection of the neuro-
ransmitters acetylcholine, dopamine, epinephrine and choline (a
holinergic neurotransmission precursor). Neurotransmitters play

 crucial role for life and are for example responsible for much of
he stimulation of muscles (acetylcholine) and reward mechanisms
n the brain (dopamine). The concentration of neurotransmitters in
he human body are associated with some diseases like schizophre-
ia or Parkinson’s disease in the case of lack of dopamine [38] or
lzheimer’s, where significant drop of acetylcholine concentration
ccurs in the brain. SERS is one among several different experimen-
al techniques being developed for fast and accurate detection of
ow concentrations of neurotransmitters. Presently SERS spectra of
eurotransmitters have been measured on colloidal silver nanopar-
icles [39], silver rough electrodes [40] and polymer-coated silver
lectrodes [41]. To the best of our knowledge, we present here the
rst SERS spectra of the cholinergic neurotransmission precursor
holine.

. Experimental

Silver nitrate (AgNO3) and trisodium citrate dihydrate were
urchased from POCH, p-aminothiophenol (p-ATP, 98%), choline
hloride (98%), acetylcholine chloride (99%), dopamine hydrochlo-
ide and epinephrine (95%) were from Sigma–Aldrich, ethanol
as from Chempur. ITO coated glass (resistivity 8–12 �/square)
as from Delta Technologies. Water was purified with an ELIX

ystem (Millipore). All reagents were used as received without fur-
her purification. The ITO electrodes were cleaned with ethanol,
eionised water and finally heated for 10 min  in a furnace at 500 ◦C

n air. Next, the ITO electrode surfaces were defined by masking
ith scotch tape. The electrodeposition of AgNPs was performed

n an electrochemical cell consisting of three electrodes, ITO (geo-
etric area 0.2 cm2), platinum mesh and Ag wire (d = 0.5 mm)  as

he working, counter and quasi-reference electrodes, respectively.
he electrodes were immersed into a deaerated aqueous solution of
.25 mM of AgNO3 and 0.25 mM sodium citrate. Cyclic voltammetry
as done with an Autolab (Metrohm Autolab) electrochemical sys-
em with GPES software from 0 to −0.8 V with different scan rates
f 5, 10 or 100 mV/s. After electrodeposition the electrodes were
insed with deionised water, ethanol and dried under a stream of
ir. Scanning electron microscopy (SEM) images were taken with
Fig. 1. Cyclic voltammetry of 0.25 mM AgNO3 and 0.25 mM sodium citrate in water.

a Zeiss Supra scanning electron microscope. UV–vis spectra were
collected with Thermo Evolution 300 spectrophotometer. The sur-
face coverage and the diameter of the deposited nanoparticles in
Fig. 1 were measured from SEM images using the ImageJ software.
SERS measurements were carried out on dried samples using a
Renishaw inVia Raman system equipped with a HeNe laser and a
300 mW diode laser emitting at 785 nm.  The diode or the 632.8 nm
HeNe line was  used as the excitation source. The light from the
laser was passed through a line filter, and focused on a sample
mounted on an X–Y–Z translation stage with a 20× microscope
objective. The Raman scattered light was collected by the same
objective through a holographic notch filter to block out Rayleigh
scattering. A 1800 groove/mm grating was used to provide a spec-
tral resolution of 5 cm−1. The Raman scattering signal was  recorded
by a 1024 × 256 pixel RenCam CCD detector. The beam diame-
ter was approximately 5 �m.  Typically, the normal Raman spectra
were acquired for 20 min; for SERS experiments the spectra were
acquired for 10–90 s with the laser power measured at the sam-
ple being 5 mW.  When presenting the results, the spectra have
been normalized by the laser power and the collection times. The
enhancement factors of the various morphologically different sub-
strates were quantified and compared using p-aminothiophenol.
p-ATP was chosen because it forms a highly repeatable and well-
defined self-assembled monolayer with well-characterized Raman
and SERS spectra. For controlling the reproducibility spectra were
collected from five different samples from different batches. On
each sample Raman spectra were collected from a 20 �m × 20 �m
map  and on each sample mapping was  performed on at least 35 dif-
ferent positions. Prior to performing the reproducibility analysis all
SERS spectra were processed with a Savitzky–Golay second deriva-
tive smoothing (window size of 39 data points with second order
polynomial). The correlation coefficients between all non-identical
spectral pairs (i /= j) in the same data set were determined from
the equation [42]

Pi,j =
∑W

k=1(Ii(k) − Ii)(Ij(k) − Ij)

�i�j
(1)

where i and j are the index of the spectra in the data matrix, k is
the wave number index of the individual spectra, I is the spectral
intensity, W is the spectral range, and �i is the standard deviation
of the spectrum. Once the correlation coefficients Pi,j are calculated,
� , the average of the off-diagonal correlation coefficients, can then
be determined:
� ≡
2
∑N

i=1

∑N
j=i+1Pij

N(N − 1)
(2)
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ig. 2. SEM images of AgNPs deposited on the ITO surface with different scan rate:
cans  with 100 mV/s. On insets histograms of particle diameter are presented.

� thus defined is an easily determined and very useful param-
ter for quantitative assessment of spectral reproducibility. �
aries between 0 and 1, where 1 is the case of identical spectra
nd 0 the case of completely uncorrelated spectra. � as defined
n Eq. (2) was used to estimate the reproducibility of multiple

easurements.

. Results and discussion

.1. Preparation and surface characterization

For AgNP preparation cyclic voltammetry (CV) was used. Elec-
rodeposition of Ag involves a single electron transfer reaction
etween the silver ion and the electrode. To enhance the efficiency
f the electrode process a small amount of a chemical reducing
gent (0.25 mM sodium citrate) was added [43]. At first different
otential windows were tested and the degree of surface cover-
ge was taken as an evaluation criterion for further investigation.

 peak from the silver deposition appears at −0.08 V. If the scan
irection is reversed just after the reduction peak a dense cover of
articles is formed on the electrode. However, the size and mor-
hology of the particles are very diverse, from small crystallites to

arge star-shaped structures. When the scan range was  extended
o −0.8 V a uniform and dense coverage was achieved. In Fig. 1 a
ypical CV from the extended scan range is shown with two peaks

ppearing: the Ag-deposition peak at −0.08 V and a peak at −0.66 V
rom oxygen reduction on the deposited particles. The shift of the
witching potential to more negative values clearly affects the rate
f the nucleation process [44].
scans with 5 mV/s, (B) 20 scans with 10 mV/s, (C) 50 scans with 10 mV/s and (D) 50

The morphologies of the electrodeposited AgNP SERS substrates
were monitored by SEM, and representative images are presented
in Fig. 2. One can easily distinguish the influence of the scan rate
on the particle size. The diameter increase together with increasing
the scan rate and is in the range of 20–60 nm at 5 mV/s and between
50 and 100 nm at 10 mV/s. When the scan rate is increased further,
to 100 mV/s the particle deposition is quite sparse. Increasing the
number of scans at a fixed scan rate results in a denser coverage and
somewhat larger particles. A systematic study of varying the scan
rate and number of scans was  performed, and SERS measurements
were performed on each sample. Four samples showing promising
SERS enhancement factors were chosen for further studies. Samples
with these settings were produced in large numbers for more thor-
ough SERS investigation. Fig. 2 shows representative SEM images
of these samples.

Experiments were also performed without added citrate and
the resulting particle deposit is sparse with larger particles with a
wider diameter distribution. It seems that citrates are responsible
for the uniform AgNP deposition on the surface [32].

3.2. Substrate optimalization for SERS

To gain insight into the dependence of the SERS enhance-
ment on the size and density of the AgNPs SERS spectra of
p-aminothiophenol (p-ATP) adsorbed onto the different patterned

AgNPs film were recorded. These are shown in Fig. 3. The inset in
Fig. 3 shows the Raman spectrum of solid p-ATP and SERS spectra
(A–D) of p-ATP molecules adsorbed from 10−6 M aqueous solu-
tion onto the four surfaces presented in Fig. 2A–D, respectively.
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Fig. 3. SERS spectra of p-ATP recorded from four morphologically different sur-
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The almost complete overlap in features observed in the second
derivative spectra indicate that the differences in the SERS spectra
are primarily caused by total intensity and/or baseline variations
and not due to variations in peak positions or in relative peak

Table 1
The enhancement factor (EF) for four morphologically different surfaces: A, B, C and
D,  presented in Fig. 2.

Sample Figure Surface coverage (%) AgNPs size (nm) EF
aces from Fig. 2, A–D, respectively. Laser = 632.8 nm,  power = 5 mW,  integration
ime = 10 s. Inset shows the normal Raman spectrum of solid p-ATP. Laser = 632.8 nm,
ower = 60 mW,  integration time = 60 s.

ompared to the normal Raman spectrum, marked changes in fre-
uency shifts and relative intensity occurs for most of the bands

n the SERS spectrum. On the basis of well-documented solid data
45] the bands at 1586, 1172, and 1076 cm−1 can be assigned to the
ibration of the �CC, 8a (a1), ıCH, 9a (a1) and �CS, 7a (a1), respec-
ively. The �CS vibration shifts from 1088 cm−1 (in inset in Fig. 3) to
076 cm−1 in the SERS spectra (Fig. 3A–D), suggesting that the thiol
roup is directly bonded to the Ag surface. The peaks at 1438, 1389,
nd 1142 cm−1, attributed respectively to the 19b2, 3b2, and 9b2
odes of p-ATP, are invisibly weak in the normal Raman spectrum,
hereas they are comparable in intensity with the dominant band

t 1076 cm−1 in the surface enhanced spectra. The enhancement
echanism for the a1 modes is believed to be different from that of

he b2 modes. The enhancement of the b2 modes has been ascribed
o the charge transfer (CT) between the metal and the adsorbed

olecules [46,47].

.3. Enhancement factor determination

To estimate the enhancement ability of the AgNPs film, the
urface enhancement factor (EF) was calculated according to the
ormula:

F = ISERSNNR

INRNSERS
(3)

here NSERS and NNR refers to the number of molecules adsorbed
n the SERS probe within the laser spot area and the number of
olecules probed by regular Raman spectroscopy, respectively.

SERS and INR correspond to the SERS intensity of p-ATP onto AgNPs
urface and to the normal Raman scattering intensity of p-ATP in
he bulk. INR and ISERS were measured at 1078 cm−1.

The crucial parameters for the quantitative analysis of the spec-
ra are the laser spot area and the effective illuminated volume.
he latter has been estimated using a formula recommended by
enishaw:

 = 3.21 × �3
(

f

D

)
(4)

here f is the microscope objective focal length and D denotes the
ffective laser beam diameter at the objective back aperture. For our
etup, V = 2012 ≈ 2 × 103 �m3. The laser beam diameter, defined as

wice the radius of a circle encompassing the area with 86% of the
otal power was about 5 �m;  approximately the same values were
btained from the experimentally obtained laser spot image and
rom the theoretical formula (4�f/�D). Assuming the volume in a
cta 89 (2013) 284– 291 287

shape of a cylinder with the diameter of 5 �m leads to the effective
height of 100 �m.  This value was confirmed by recording Raman
spectra of Si while varying the distance from the focal plane.

The normal Raman spectrum was  obtained for a cell filled with a
pure p-ATP (125.19 g/mol) of density 1.17 g/cm3. Under these con-
ditions, NNR = 11.3 × 1012 molecules were irradiated by the laser.
The SERS samples were prepared by dipping AgNPs surface into
diluted (9.0 mL  of 1.0 × 10−6 M)  solutions of p-ATP. The number
of molecules contained in this solution was 5.4 × 1015. The crucial
point of this experiment is to ensure a less-than-a-monolayer cov-
erage, otherwise the EF is overestimated. The surface of our samples
was 20 mm2. Assuming a surface of p-ATP of 42 × 10−8 �m2 implies
that the number of deposited molecules should not exceed 5 × 1013.
This is a very conservative estimate. In reality, the available surface
is larger because of the substrate roughness. Anyway, we assured
that the number of molecules probed by the laser beam (5 �m in
diameter) is below that corresponding to the “flat” monolayer. The
number of aminothiophenol molecules for the illuminated surface
of 19.6 �m2 was estimated as NSERS = 5.3 × 106. From these data of
the relative intensity and the number of molecules sampled from
the normal Raman and SERS measurements, the enhancement fac-
tor for four morphologically different surfaces were calculated and
summarized in Table 1 with the particle density and size.

The highest EF of SERS intensity was obtained for p-ATP
adsorbed on surface C (Figs. 2C and 3C). The EF in this case was
several orders of magnitude larger than for the other morpholo-
gies (Table 1). The optimal morphology (sample C) corresponds
to the highest coverage of the surface and the largest size of
the silver particles (Table 1). A low EF value was obtained on
the D surface with both lower surface coverage and AgNP size
(Figs. 2D and 3D). We observed similar values of EF for surfaces
A and B (Figs. 2A, 3A and 2B, 4b,  respectively) with almost the same
values of surface coverage but different particle sizes (the size of
the AgNPs on surface B was two times greater than on surface A).
Clearly the SERS intensity of adsorbates on the surface of metal
nanoparticles depends on the interparticle distance and size of the
nanoparticles [46].

Due to the highest Raman enhancement of surface C, resulting
from the high Ag particle density (interparticle gap ∼120 nm) and
∼90 nm particle size, it was  used for the rest of our SERS experi-
ments.

3.4. Reproducibility of SERS spectra

For application purposes the SERS substrates should give repro-
ducible spectra both across a single platform and between different
platforms. Examples of a series of 4 vertically displaced SERS
spectra of p-ATP adsorbed onto AgNPs films acquired at various
positions on the same substrate and also on different substrates is
shown in Fig. 4b. In each sampled region, the same modes appear
with extremely high reproducibility with only a slight variation in
amplitude for some of the higher wavenumber modes. The normal-
ized second derivatives of the SERS spectra are shown in Fig. 4a.
A 2A, 4a 30 ± 3 40 ± 17 1.2 × 103

B 2B, 4b 33 ± 2 76 ± 24 3.6 × 104

C 2C,  4c 47 ± 3 91 ± 43 1.8 × 107

D 2D, 4d 20 ± 1 33 ± 23 2.3 × 102
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ig. 4. SERS spectra of p-ATP from four different measurements (b), (a) second 

aser  = 632.8 nm,  power = 5 mW,  integration time = 10 s.

ntensities. � was calculated as a cross-correlation between all
airs of spectra and the average � of 0.96 was obtained as a quan-
itative measure of the high degree of reproducibility observed.

We observed that our AgNP substrates always show better
eproducibility compared to commercial substrates (Klarite). When
eveloping SERS substrates one often has to compromise either on
ignal enhancement or on reproducibility and it is always challeng-
ng to have a SERS substrate with adequate signal enhancement
nd low intensity variation. Fig. 5 shows the comparison of p-ATP
ERS spectra measured on a commercial substrate and on our AgNP
ubstrates. We  noticed that the signal enhancement from the com-
ercial substrate was weak and three orders of magnitude lower

han that of our AgNP substrate. The average correlation coefficient
� ) of the signal intensity variation from the commercial substrate
as in the range of 0.85–0.90, which is in good agreement with

eported data [48]. Our AgNPs substrate showed better SERS per-
ormance with � as high as 0.96. The experiments were repeated
or substrates from different batches and all of them show consis-

ent results. The small intensity variation for our AgNPs substrates
s remarkable and ranks among the best of results reported in the
iterature [27,32].

ig. 5. Representation of the 10−6 M p-ATP SERS spectra from (a) commercial sub-
trates and AgNPs substrate (b), before background subtraction. Laser = 632.8 nm,
ower = 5 mW,  integration time = 90 s.
tives of the SERS spectra with calculated cross correlation coefficient � of 0.96.

3.5. Stability of the surface

One of the principal objectives of the current study is to prepare
SERS-active substrates that are suitable for biofluidic analysis. Since
biofluids generally contain a certain amount of salts, it is important
to study the stability of AgNPs surface in salt containing solutions.
We measured the stability in aqueous solution containing 10% NaCl,
which is about 10 times higher concentration than the normal phys-
iological levels [43]. Typical UV–vis absorption spectra measured
on these Ag films immersed in NaCl solution are shown in Fig. 6a.
After a short time the spectra are generally identical, indicating that
there is no appreciable morphological change in these films after
the treatment. After 24 h of exposure to chlorine ions the signal
decreases about 30%. This effect might be caused by AgCl deposit
formation on the AgNPs. In the presence of nitrate no changes were
observed (Fig. 6b).

Finally, we  have to stress that our SERS-surfaces are physically
and compositionally stable for an extended period of time. Fig. 7
illustrates SERS spectra of p-ATP recorded on a freshly prepared
AgNP surface (Fig. 7a) and on a substrate stored for 3 months in
ambient, light free conditions (Fig. 7b). These spectra showed that
the SERS signal of p-ATP was reduced by only about 15% after 3
months on the shelf. The stability was higher still if the surface
was stored in a refrigerator under N2 atmosphere. This stability
contrasts sharply with the commercially available SERS substrate
where the spectral intensity decreases dramatically after only a few
hours.

3.6. Neurotransmitters sensing

To examine the viability of the AgNP surface as a general SERS
substrate for a variety of applications the biologically important
neurotransmitters acetylcholine, dopamine, epinephrine and the
acetylcholine precursor choline were tested. The detection and
identification of neurotransmitters in brain fluid is an important
problem in neurochemistry. Most important are measurements
of concentration changes in correlation to neuronal events, i.e.
measurements of the timescale of neuronal processes [49]. Com-

mercially available SERS substrate like Klarite do not offer great
enhancement for neurotransmitters. Fig. 8a–c shows SERS spec-
tra of acetylcholine, dopamine and epinephrine adsorbed onto
AgNPs substrates. SERS spectra of these three neurotransmitters
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Fig. 8. SERS spectra of (a) epinephrine adsorbed onto AgNPs surface from 7 × 10−4 M
−6

ric N C4 stretching vibration of choline is observed. By contrast,
ig. 6. UV–vis spectra of AgNP films in 10% of NaCl solution (a) and in 10% of KNO3

olution (b) measured over time.

ere measured at concentration of 7 × 10−4 M for epinephrine,
 × 10−6 M for acetylcholine and 1 × 10−7 M for dopamine with
ccumulation times as short as 50 s. For acetylcholine [50] and
opamine [51] normal physiological concentration levels are
xpected to be in the same range. Fig. 9 depicts the normal Raman

pectrum of choline in solution (Fig. 9a) and, for comparison, the
ERS spectrum of choline adsorbed from 2.0 × 10−6 M water solu-
ion (Fig. 9b) which is a physiologically relevant concentration [52].

ig. 7. SERS spectra of p-ATP recorded on a freshly prepared AgNPs surface (a)
nd  on a AgNPs surface stored for 3 months under ambient conditions in air (b).
aser = 632.8 nm,  power = 5 mW,  integration time = 10 s.
aqueous solution, (b) acetylcholine adsorbed onto AgNPs surface from 4 × 10 M
aqueous solution, (c) dopamine adsorbed onto AgNPs surface from its 1 × 10−7 M
aqueous solution. Laser = 785 nm, power = 10 mW,  integration time = 90 s.

The normal Raman and SERS spectra showed the same features with
minor shifts of the frequencies of same bands. The strong band in
the SERS spectrum at 714 cm−1 was assigned to the tetrahedrally
symmetric N C4 stretching vibration. The band at 880 cm−1 corre-
sponds to the totally symmetric N (CH3)3 stretching vibration of
the head group. All these bands are sensitive for the conformation
of the molecule with respect to the C� C� bond, and were observed
at the frequencies that are characteristic for the gauche conforma-
tion [44]. Bands at 1132 cm−1 (weak), 1237 cm−1 (medium) and
1275 cm−1 (weak) are assigned to �(CH3) rocking vibrations of the
methyl groups in the positively charged head group. The remaining
band at 1440 cm−1 (very strong) was  attributed to symmetric defor-
mational motions within the methyl groups.

We were not be able to detect any SERS spectra from Klarite
substrate even for long accumulation times and from highly con-
centrated (1 M)  solutions of neurotransmitters. Fig. 9c shows an
example of the SERS spectrum of choline adsorbed from its 1 M
aqueous solution collected for 15 min  on Klarite. At the molar level
only a very weak band at 723 cm−1 corresponding to the symmet-
the SERS spectrum of choline on our AgNP substrate is intense at
10−6 M concentrations.

Fig. 9. (a) Normal Raman spectrum of 10−3 M aqueous solution of choline, (b)
SERS spectrum of choline adsorbed from 2 × 10−6 M aqueous solution on AgNPs
surface, and (c) choline onto Klarite adsorbed from 1 M solution. Laser = 785 nm,
power = 10 mW,  integration time = 90 s.
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. Conclusion

We fabricated SERS-active AgNP substrates by electrochemi-
al deposition consistent with the principles of green chemistry.
he size and surface coverage of the as-deposited AgNPs were
ontrolled by changing the scan rate of the applied potential and
he number of scans. The AgNP substrate exhibits SERS enhance-

ents of up to 1.8 × 107 for p-aminothiophenol (p-ATP). This
nhancement factor is three orders of magnitude larger than the
orresponding one estimated for a commercial substrate used for
omparison. The SERS enhancement was investigated as a func-
ion of the surface coverage and size of the AgNPs. The SERS study
evealed excellent reproducibility of the AgNP substrate. The SERS
pectra were the same for different spots on the same substrate
nd for different substrates obtained by our method. The sub-
trate is stable over at least 3 months, whereas the commercial
ubstrate does not show stability even after one day. We  showed
hat our SERS substrate can be used to detect biological molecules
uch as neurotransmitters. High-quality SERS spectra at low con-
entrations and with short detection times were obtained for
cetylcholine, dopamine and epinephrine. We  also showed for the
rst time SERS of choline. The strong enhancement, reproducibility
nd stability of this AgNP substrate can be implemented in anal-
sis systems for label-free chemical and biomolecular detection
rocesses.
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