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ABSTRACT 
Detection of trace amounts of neurotransmitters has become significant in diagnostic applications. A powerful analytical tool, surface-
enhanced Raman spectroscopy (SERS) has been used to detect serotonin, adenosine, and dopamine. In this study, silver nanoparticles 
(Ag NPs) were utilized as SERS-active substrates for high sensitivity detection of these analytes, in very low sub-nanomolar 
concentrations. The high resolution, real-time Raman spectra were recorded in about 500 milliseconds. Since at the molecular level, 
neurotransmitters can be present in the proximity of metallic nanoparticles in different orientations or even adsorbed on them, 
inhomogeneous Raman enhancement is commonly observed, with SERS vibrational lines varying in their intensities and positions 
depending on the dominant orientation or on the underlining physico-chemical process. These variations might also be related to the 
intrinsic small Raman cross section of the molecules and to their concentration in the vicinity of Ag NPs. Thus, this SERS study, besides 
advancing knowledge of high sensitivity detection, also addresses possible adsorption effects. 
Keywords: surface-enhanced Raman spectroscopy, neurotransmitters, serotonin, adenosine, dopamine, silver nanoparticles, biosensing. 

1. INTRODUCTION 
 Since its discovery in the 1970s [1,2], surface-enhanced 

Raman scattering (SERS) has attracted significant attention, with a 

wide variety of uses, ranging from ultrasensitive chemical [3–5] 

and biomolecular sensing [6–10] to environmental analysis 

[11,12] and homeland security applications [13]. It is its unique 

ultrasensitivity in identifying molecular structures that makes 

SERS such a powerful analytical tool in so many research areas. 

Substantial advances have been achieved in the past two decades 

in developing new strategies for designing high-performance, 

sensitive, and reproducible SERS substrates [3–18]. Consequently, 

reliable materials have been fabricated, ranging from noble metals 

[3,6,10,12] to semiconductors [19] to hybrid composite materials 

[7,14,16,17]. However, for medical purposes, most of the SERS 

active substrates still rely on noble metal nanostructures and their 

derivatives [3,6–8,10]. 

 Intrinsic surface plasmon resonance (SPR) at noble metal 

surfaces can greatly increase local electromagnetic fields [20]. 

With small and irregular surfaces, nanoscale structures can 

provide large numbers of Raman “hot spots,” which have a 

synergistic effect on the magnification of the Raman signal. The 

sizes and shapes of nanoparticles are known to be critical for the 

overall SERS capabilities [5,21,22]. Thus, controlling and tuning 

these factors are of significant importance in SERS substrate 

design. Rigorous studies have been made, both experimentally and 

theoretically, for better understanding the properties of the 

relevant materials and for continuous improvement of the current 

variety of SERS substrates [3–22]. 

 Serotonin, adenosine, and dopamine are very important 

neurotransmitters in the human central nervous system, as many 

neurological diseases are caused by lack or excess of them [23–

25]. They have therefore been among the most studied of 

neurotransmitters [6,7,9,10,23–25]. Accurate determinations of 

their concentrations in biological systems are essential for disease 

monitoring. Although being able to detect and identify trace 

quantities of bioanalytes has become increasingly important in 

virtually every related scientific discipline and a variety of 

methods have been employed for neurotransmitter measurements 

such as amperometry [26], chromatography [27], fluorescence 

[28–34], and magnetic resonance spectroscopy (MRS) [35], their 

disadvantages regarding potential clinical use include detection 

times that are long compared to characteristic physiological 

processes and lack of capacity for reliable simultaneous detection 

of different neurotransmitters. As a result, considerable attention 

has been directed to developing new, sensitive detection methods 

that will improve selectivity as well as neurotransmitter detection 

limits. The technique most employed for such detection is based 

on voltammetry, with the current state-of-the art being fast scan 

cyclic voltammetry (FSCV) [36,37]. However, as demonstrated in 

this work, SERS can provide even higher sensitivity and 

selectivity in the detection of analytes than FSCV.  

 There are several challenges in using SERS to accurately 

identify neurotransmitters. These challenges include weak analyte 

affinity, oxidation of neurotransmitters, and stability of SERS 

substrates. As the analyte under study may be either physisorpted 

or chemisorpted onto the substrate, it is worth pointing out that the 

interaction range between the analyte and the substrate strongly 

influences the strength of any measurable SERS signal [8,22]. 

Furthermore, at the molecular level, neurotransmitters in the 
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proximity of the SERS substrate can be present in different 

orientations. Consequently, inhomogeneous Raman enhancement 

can result, with SERS vibrational lines varying in their intensities 

depending on locally, dominant orientations and the 

aforementioned effects. Not only does the current SERS study 

demonstrate detection of neurotransmitters for concentrations as 

low as 10-11 M, but it also addresses selectivity resulting from 

different SERS enhancement processes. 

2. EXPERIMENTAL SECTION 
2.1. Materials and sample preparation. The synthesis of silver 

nanoparticles (Ag NPs) was performed as previously reported in 

the literature [38]. Silver nitrate (AgNO3, >99%) and Sodium 

borohydride (NaBH4, >99%) reagents were purchased from 

Sigma-Aldrich and citric acid trisodium salt dihydrate 

(C6H5Na3O72H2O, 99%) from ACROS. 20 mL of 1% (w/v) 

citrate solution and 75 mL of ultrapure water were poured into a 

round bottom flask and the mixture was heated to 80°C until 

stable. Then, 1.7 mL of 1% (w/v) AgNO3 solution was added to 

the mixture, followed quickly by the addition of 2 mL of 0.1% 

(w/v) freshly prepared NaBH4 solution. The reaction solution was 

kept at 80°C under vigorous stirring for 30 min and cooled to 

room temperature. Finally, the mixture was purified by 

washing/resuspension and centrifugation several times to remove 

the excess of organic and unreacted impurities. 

 Generally, for Ag NP thin film fabrication, the synthesized 

Ag NPs were mixed with serotonin, adenosine, and dopamine in 

concentrations ranging from 10-5 M to 10-11 M. The mixed 

solutions were each sonicated for 20 seconds, then drop-cast on 

clean cover slips, and vacuum dried. Not only did the vacuum 

drying process help in avoiding unwanted neurotransmitter 

oxidation, but it also promoted the formation of dense and uniform 

Ag NP thin films. The films were stored under vacuum until 

characterization. 

2.2. Experimental set-up and data acquisition. Scanning 

electron microscopy (SEM) images were acquired with a Hitachi 

S4700 SEM (Hitachi Ltd., Tokyo, Japan), with accelerating 

voltage and emission set to 5 kV and 8 μA, respectively. An alpha 

300RA WITec modular system (WITec Inc., Ulm, Germany) that 

combines both confocal Raman and atomic force microscopy 

(AFM) was used for the corresponding investigations, which were 

performed in ambient conditions at room temperature. The surface 

topography of 4  4 m2 and 1  1 m2 areas on the films was 

measured in AFM AC mode. Arrow Force Modulation cantilevers 

purchased from Nanoworld with a nominal spring constant of 2.8 

N/m and resonance frequencies in the range of 65–80 kHz were 

used for all AFM experiments. 

 Confocal Raman measurements were performed using the 

532 nm excitation of a frequency-doubled neodymium-doped 

yttrium–aluminum–garnet (Nd:YAG) laser and a 20X objective 

lens with a numerical aperture of 0.40. A 488 nm diameter single-

mode optical fiber was used to couple the laser beam into the 

microscope and a 50 m diameter multi-mode optical fiber to 

couple the collected Raman scattering light to the spectrometer. 

The latter fiber acts both as a pinhole source for confocal 

microscopy and as an entrance slit for the spectrometer. A band-

pass edge filter was used to eliminate the reflected laser line and 

(elastically) Rayleigh-scattered light. Each Raman spectrum was 

acquired for 500 miliseconds at a very low Nd:YAG laser power 

output of about 100 W. The WiTec Control 1.60 software was 

employed for such fast data acquisition. 

 

3. RESULTS AND DISCUSSION 
 Since concentrations of neurotransmitters at physiological 

levels are between the nM and M ranges, a key prerequisite for 

obtaining an intense Raman signature of a specific 

neurotransmitter is the use of efficient metal nanoparticles or 

nanostructures that provide a high level of electromagnetic field 

enhancement. By far, silver and gold have been the most 

biocompatible metals providing the greatest enhancement 

observed in SERS experiments [3,6–8,10]. Based on the 

previously mentioned importance of metal nanostructure 

characteristics in SERS performance, we first characterized the Ag 

NPs and Ag films by SEM and AFM. Images from these 

investigations are presented in Fig. 1 A–D. The images in Fig 1 A 

and B, which were acquired by SEM and AFM, respectively, 

reveal clustering and quite a large size distribution of the as-

synthesized Ag NPs. Although this agglomeration impedes 

accurate determination of the relatively small sizes of the 

nanoparticles, it indicates a distribution of Ag NPs with 

dimensions from 5 nm to 20 nm. A closer look at these images 

confirms that the irregularly shaped large clusters are formed by 

coalesced Ag NPs with spherical shapes; isolated nanoparticles 

can also be seen in these images. The formation of the thin Ag 

film, which is presented in Fig. 1C and D at different 

magnifications, shows the expected aggregation of Ag NPs on the 

glass cover slip that occurred during the drop-casting process. Not 

only are Ag NPs’ small sizes reconfirmed by these images, but 

additional information about the film’s surface inhomogeneity is 

also provided. There are visible nano- and micro- indentations, 

which impart a surface roughness of ~50 nm to the film. 

Furthermore, since such idendations create randomly distributed 

“hot spots”, they are beneficial for improving the quality of the 

SERS substrate and, consequently, for the desired enhancement of 

the Raman signal. 

 Raman spectroscopy can be used for both qualitative and 

relative quantitative analysis. Thus, an assessment of the 

intensities of characteristic Raman vibrational lines for the 

neurotransmitters under study as standards (purchased powders), 

on SERS substrates, and on glass cover slips are presented in Fig. 

2 A–C. Concentrations of 10-5 M and 10-2 M have been used for 

measurements of neurotransmitters on SERS substrates and on 

glass cover slips, respectively. The corresponding structural 
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formulas of the compounds are shown in the insets. The low 

intensity of the Raman peaks for 10-2 M concentrations of the 

bioanalytes directly deposited on glass cover slips is clear 

evidence that neurotransmitters cannot be detected effectively at 

physiological levels (i.e., nM or M levels) without the aid of 

SERS substrates; the Raman vibrations in these spectra are barely 

measurable. For these measurements, solutions of 10-2 M 

concentrations of neurotransmitters were drop-cast on the glass 

cover slips followed by vacuum drying to avoid their oxidation. 

Additional proof of the importance of the SERS substrates for 

detection of very low amounts of neurotransmitters is the fact that 

the Raman spectra of the standards (i.e., powders) and of the 10-2 

M concentrations on glass cover slips were recorded with 100 

times greater laser power than those acquired for the 10-5 M 

concentrations of neurotransmitters on SERS substrates. The 

overall Raman signals in the latter spectra, even for three orders of 

magnitude lower neurotransmitter concentrations and much lower 

laser power, are clearly much stronger than those corresponding to 

the analytes deposited only on glass cover slips. This observation, 

besides emphasizing that neurotransmitter detection can be easily 

achieved for much lower concentrations using SERS, also proves 

the quality of the substrates that were fabricated. 

 
Figure 1: (A) SEM image of Ag NPs and (B) – (D) AFM images of Ag 

NPs, and of the thin film under different magnifications. 

 

 Some dominant bands observed in the Raman spectra of the 

standards completely disappear or shift in the SERS spectra of the 

neutrotransmitters, as previously reported in the literature [10,39–

44]. For example, the dominant vibrational lines, of serotonin at 

835 and 950 cm-1, which correspond to the NH bending and the 

out-of-phase breathing modes of the indole ring, respectively 

[39,40], and of dopamine around 750 and 790 cm-1, which are 

associated with the in-plane phenolic ring bending modes [43,44], 

are absent in the corresponding SERS spectra. Another example is 

the amine related Raman peak of adenosine at 858 cm-1 [41,42]. 

 A plausible explanation of these vibrational band 

disappearances, especially in the case of dopamine and its 

derivative forms, is that at very low concentrations, positively 

charged amine groups interact more strongly with the negative Ag 

surface, via electrostatic attractive forces [39–44]. A dominant 

interaction with the formation of catechol–Ag bonding is expected 

at slightly higher concentrations within approximately the 

micromolar range [44]. At relatively high concentrations, such as 

10-2 M, the density of molecules is high enough to result in a 

competition between molecule–molecule interactions and 

molecule–substrate interactions. Consequently, at such 

concentrations, interactions between positively charged amine 

groups and negatively charged cathecol groups produce 

corresponding bands in the Raman spectra. Their presence thus 

provides indirect confirmation of high neurotransmitter 

concentrations. On the other hand, at low concentrations, fewer 

molecules interact with each other and the molecule-Ag NP 

interactions become dominant. 

 

Figure 2. (A) – (C) Raman spectra of neurotransmitters recorded as 

standards (i.e., purchased powders), for 10-2 M concentrations deposited 

on glass cover slips, and for 10-5 M concentrations deposited on SERS 

substrates. The corresponding structural formulas of the compounds are 

presented in the insets. The spectra are vertically translated for easier 

visualization. 
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 Due to the small ranges of the band shifts, they cannot be 

as easily depicted in the spectra of Fig. 2 A–C as the 

disappearance of the previously discussed vibrational lines. 

However, we still mentioned them in what follows. The Raman 

bands of serotonin at 762, 1260, 1309, 1363, 1450 cm-1, and 1552 

cm-1, which are also assigned to in-phase breathing and stretching 

modes of the indole ring, shift towards lower wavenumbers at 645, 

1235, 1301, 1347 cm-1, 1425 cm-1, and 1538 cm-1 in the SERS 

spectrum. This observation of downward shifts of serotonin 

Raman bands is consistent with previously reported results 

[39,40]. In the case of adenosine, the peak at 726 cm-1 that 

corresponds to the adenine ring breathing mode shifts to a higher 

frequency at 738 cm-1, while the peak at 1342 cm-1 attributed to 

NH2 vibration exhibits a downshift to 1335 cm-1 [41,42]. 

Dopamine shows a similar downshift behavior for the vibrational 

feature at 1288 cm-1, which could be assigned to either the CH2 

bending mode of the protonated molecule [43] or to the carbon-

oxygen stretching mode of the neutral molecule [44], and at 1598 

cm-1, which is attributed to the in-plane H–N–C bending mode that 

originates from protonated C–C bending vibrations. A shift to 

1275 and 1500 cm-1 is observed for these vibrational lines, 

respectively. Again, a possible reason for these Raman band shifts 

is the formation of hydrogen bonds. The indole NH, considered as 

a proton donor, can interact strongly with negatively charged Ag 

ions on colloidal NP surfaces. It is also worth mentioning here that 

some Raman bands shift more than others due to their intrinsic 

Raman selectivity and preferential variation of SERS enhancement 

[39–44]. 

 It is clear from Fig. 3 A–C that the Ag NP platform allows 

concentrations as low as 10-11 M to be detected, which is quite 

sensitive and even superior to some SERS substrates of more 

complex design [3,6–8,10,14,16,17]. The SERS spectra of 

serotonin, dopamine, and adenosine for concentrations ranging 

from 10-5 M to 10-11 M are presented in this figure. One intriguing 

phenomenon that is evident is a SERS enhancement of serotonin 

that is conspicuously greater than of adenosine or dopamine (as 

revealed in the figure by the number of Raman counts on the y-

axes). Its origin is in the energy band-gaps between the highest 

occupied molecular orbitals and the lowest unoccupied molecular 

orbitals (HOMO-LUMO) of serotonin, adenosine, and dopamine. 

These band-gaps are 2.29 eV (532 nm) for serotonin [45], 3.35 eV 

(370 nm) for adenosine [46], and 3.2 eV (387 nm) for dopamine 

[47]. A resonant Raman effect with the laser excitation of 532 nm 

used for these measurements could thus contribute to the higher 

signal observed for serotonin, in comparison with those of 

adenosine and dopamine. 

 Another observation pertains to the selective enhancement 

of the Raman peaks with variation in concentration. For example, 

dominant peaks around 1167, 1235, 1347, and 1538 cm-1 are 

observed for serotonin, around 738, 1170, and 1335 cm-1 for 

adenosine, and around 1142, 1275, and 1500 cm-1 for dopamine. 

While their prevalence was discussed above, with exception of the 

feature around 1100 cm-1 that can be potentially attributed to NH 

indole–Ag interaction, it is worth pointing out here that an 

accurate discrimination between these neurotransmitters cannot be 

assessed without appropriate statistical analysis due to the close 

proximity of some of the bands to one another. While it would be 

possible to consider the use of graphene-metal substrates as an 

alternative [7,15], such studies lie outside the purpose of the 

current work. 

 
Figure 3. (A) – (C) SERS Raman spectra of serotonin, adenosine, and 

dopamine at different concentrations, as labeled. 
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4. CONCLUSIONS 
 In this study, fabrication of Ag NP SERS-active platforms 

enabled detection of serotonin, adenosine, and dopamine at 

concentrations as low as 10-11 molar. Besides demonstrating the 

potential value of this high sensitivity Raman recording of these 

very important analytes in the diagnosis of numerous neurological 

diseases, we observed variations in the intensities of characteristic 

Raman signatures that indicate changes in the molecular 

orientations of the neurotransmitters in the proximity of the silver 

surface, as well as potential chemical interactions. We also found 

that the intrinsically small Raman cross sections of 

neurotransmitter molecules and their densities close to the surface 

of Ag NPs play a significant role in preferential SERS 

enhancement. This study not only provides direct evidence that, 

using Raman spectroscopy, label-free detection of trace amounts 

of neurotransmitters is achievable, but it further advances 

knowledge of their interactions at the interface with metal 

nanoparticles. 
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