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Abstract: With the goal of accurately detecting and quantifying the amounts of dopamine (DA) and
serotonin (5-HT) in mixtures of these neurotransmitters without using any labelling, we present
a detailed, comparative computational and Raman experimental study. Although discrimination
between these two analytes is achievable in such mixtures for concentrations in the millimolar
range, their accurate quantification remains unattainable. As shown for the first time in this work,
the formation of a new composite resulting from their interactions with each other is the main
reason for this lack of quantification. While this new hydrogen-bonded complex further complicates
potential analyte discrimination and quantification at concentrations characteristic of physiological
levels (i.e., nanomolar concentrations), it can also open new avenues for its use in drug delivery and
pharmaceutical research. This remark is based not only on chemical interactions analyzed here from
both theoretical and experimental approaches, but also on biological relationship, with consideration
of both functional and neural proximity perspectives. Thus, this research constitutes an important
contribution toward better understanding of neural processes, as well as toward possible future
development of label-free biosensors.

Keywords: surface-enhanced Raman spectroscopy; neurotransmitters; dopamine; serotonin;
computational analysis; simultaneous detection; label-free optical biosensors

1. Introduction

Neurotransmitters are chemical messengers that assist signaling between neurons. They are
at the center of any primate’s behavior and psychomotor functions. Two of the most significant
neurotransmitters present within the central nervous system are dopamine (DA) and serotonin
(5-hydroxytryptamine or 5-HT). Dopamine belongs to the class of catecholamine neurotransmitters,
acting as an excitatory neurotransmitter in nature, with serotonin acting as an inhibitory neurotransmitter.
Dopamine, which is mainly synthesized in brain regions such as the substantia nigra pars compacta
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(SNpc), the ventral tegmental area (VTA), and the arcuate nucleus of the hypothalamus, has a
significant influence on several pathways that include motor control, reward-based learning, arousal,
addiction, activeness, motivation, and upper cognitive function [1–10]. Furthermore, depending
on the postsynaptic neuron receptor type, DA can perform either as a fast neurotransmitter or as a
slower neuromodulator in facilitating behavioral states [11]. Serotonin also has many functions that
include psychomotor inhibition and regulation of emotions and mood, such as impulsivity, aggression,
addiction, analgesia, eating disorders, cognition, and adaptation to stressors [12–15]. Two serotonergic
pathways that originate from the dorsal (DRN) and medial raphe nuclei are known to innervate the
cortical and subcortical structures through serotonergic release [16,17].

From pharmaceutical perspectives, there is a growing interest in these neurotransmitters, each of
which is clinically effective on an individual basis. Independently, DA and 5-HT have been extensively
studied and progress has been made in understanding their roles in neuronal systems [1–17]. However,
much less has been reported in the literature regarding their intimate and complex relationship [18–33],
especially from neurochemical perspectives [33,34]. Consequently, there is still a scientific need for
understanding their interdependent chemical effects, and this has implications for the efficacy of
adequate drug administration in the treatment of behavioral and mood disorder diseases. For example,
from a neurobiological standpoint, in DA disorders such as Parkinson’s disease (PD), a monoamine
neurotransmitter deficit develops into anhedonia and motivational loss, two strong indicators that are
normally associated with depression [18]. Furthermore, the prevalence of depression in PD patients
can reach over 50% in certain populations [19]. Dopamine-focused treatments, such as the dopamine
precursor Levodopa, have been shown to lead to a reversal of depression symptoms and a noticeable
improvement in the patient’s mood [20,21]. Monoamine pharmaceutical Pramipexole has also been
demonstrated to serve as an effective antidepressant and mood stabilizer for patients with both bipolar
depression and major depression disorders [22,23]. Thus, observations of the DA system and targeted
treatments suggest that DA regulation does have an influence on the pathogenesis of behavioral and
mood conditions, potentially in conjunction with 5-HT mechanisms and other catecholamine systems.

There is also a known opponency that occurs between DA and 5-HT, the latter serving as a strong
modulator for all aspects of behavior, both regular and abnormal, especially concerning decision
problems and conflicts that may arise [24–26]. However, despite the fact that DA and 5-HT have
opposite functions, the two systems have a close relationship to each other, both functionally and
proximally. As mentioned above, the dopaminergic system is primarily centered within the midbrain,
with two of its primary pathways being the nigrostriatal pathway and the VTA projection [1–11].
Neurons arising from the SNpc connect to the striatum through the nigrostriatal pathway and perform
as a motor behavior modulator. The VTA enters the mesolimbic and mesocortical pathways, affecting
the limbic and cortical regions and is involved in behavioral regulation. The 5-HT pathway also
originates in the midbrain, primarily in the dorsal and median raphe nuclei [16,17]. The DRN contains
projections towards the cortex and striatal regions, with the median raphe nucleus entering the limbic
regions. Therefore, considering the close proximity of serotonin and dopaminergic neurons, interplay
is expected and observed between the two different classes of neurons. 5-HT’s inhibitory function
affects dopaminergic neurons in both locations: the midbrain and the forebrain. Since the dorsal raphe
neurons have a direct projection into the SNpc, 5-HT exhibits inhibitory regulatory effects on the DA
neurons located in the substantia nigra. These effects can be observed when lesions are introduced
intentionally, interrupting the dorsal raphe-nigra pathway and leading to systematic disruption of the
inhibitory modulation of the DA network [27].

Aside from the natural 5-HT neuronal inhibition of DA neurons, ultrastructure analysis of
the striatum reveals that the physical terminals of the 5-HT neurons are located in extremely close
proximity to those of the DA neurons [28,29]. This is another indication that the two neural systems
have the ability to interact with each other. Moreover, as 5-HT exhibits high concentrations in excretory
vesicles with no extracellular enzyme to induce 5-HT degradation, the extracellular concentration of
5-HT is expected to be significantly large at such terminal locations [30,31]. DA transporters have
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been observed to exhibit 5-HT binding [29,31]. Similarly, 5-HT transporters have also been shown
to bind DA [32], indicating not only a DA–5-HT transporter cross-interaction, but a potential for
the neurotransmitters to interact as well. This is further evidenced by observations of DA and 5-HT
co-release within the striatum [29].

From a molecular neurochemical viewpoint, both dopamine and serotonin contain structural
features, such as hydroxyl groups, that make them good model compounds for studying intermolecular
interactions among themselves, as well as with certain proteins [33–35]. However, while theoretical
models were constructed and reported for such interactions [33–35], a direct correspondence between
these models and experimental results through optical methods was not yet established at physiological
levels. A major drawback here is that the majority of such analyses involve tagging analytes
with a variety of fluorescent dyes or attaching them to different nanoparticles [36–38]. Labeling
neurotransmitters does allow their detection by optical methods, but it also precludes monitoring their
interactions with other analytes/neurotransmitters, and introduces changes to the overall chemistry
and to the dynamic process. Thus, only through label-free and simultaneous detection can the desired
computational and experimental comparison of neurotransmitter interactions be accurately evaluated.
This is quite a challenging task, explaining the shortage of such reported results [39–43].

In this context, surface-enhanced Raman spectroscopy (SERS) is known to be a very sensitive
method for label-free detection of any analyte at molecular levels. Consequently, it has been frequently
applied for this purpose to different analytes, including neurotransmitters [40–46]. However, there is
still no report of SERS use for simultaneous detection of multiple neurotransmitters at physiological
levels. One reason for this is the fact that neurotransmitter vibrational lines exhibit shifts in
frequencies and changes in intensities due to the chemicals’ interaction with the SERS metallic surfaces.
Even complete disappearance of some vibrational lines has been reported, such as the DA vibrations
at 750 and 795 cm−1 that were associated with either the in-plane phenolic ring bending mode or
with the out-of-plane O–H and C–H bending modes [43–46]. Another more important reason arises
from the similarity of the DA and 5-HT chemical structures, which induces a close overlapping of
their dominant characteristic signatures in SERS measurements [40,42–45], complicating their accurate,
simultaneous detection without labeling. For example, at very low concentrations, DA has SERS
vibrational signatures around 1170, 1275, 1310, 1520, and 1620 cm−1 [43], whereas characteristic
serotonin features are around 1140, 1235, 1350, and 1550 cm−1 [42]. Thus, considering at least ±5 cm−1

potential measurement errors in the frequencies of such vibrational lines, this will undermine accurate,
simultaneous detection at physiological levels. At higher concentrations, where there is no need for
SERS measurements, simultaneous detection is possible and has been reported [39]. Nonoverlapping
signatures of 1290 cm−1 for DA and of 1550 cm−1 for serotonin were those that were primarily
considered in order to distinguish between the neurotransmitters [39].

The proposed work here is to build on our previous simultaneous, label-free detection of dopamine
and serotonin, with the challenge of accurately differentiating between them at physiological levels.
To overcome the above limitation, theoretical analysis of the independent detection of DA and 5-HT,
as well as of the detection of their potential interactions, will be discussed in detail and employed
along with experimental findings in a comparative approach.

2. Experimental Procedure

2.1. Sample Preparation and Equipment

Dopamine (C8H11NO2, >99%) and serotonin (C10H12N2O, >99%) were purchased from Sigma
Aldrich (Milwaukee, WI, USA) and used without further purification. Prior to the synthesis of 5-HT:DA,
neurotransmitter mixtures with molar ratios of 7:3, 1:1, 2:3, 3:7, 1:4, and 1:9, 10−2 M concentrations of
independent serotonin and dopamine in milli-Q water (of 18.2 MΩ·cm resistivity at room temperature)
were first achieved. The mixtures were vigorously shaken for a few minutes, then drop-cast on clean
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cover glass slips and vacuum dried to avoid unwanted neurotransmitter oxidation. The resulting thin
films were stored under vacuum until further characterization.

To enable the detection of DA and 5-HT at nanomolar concentrations, the SERS methodology
was employed. The process of synthesizing the silver nanoparticles (Ag NPs) that were used as SERS
substrates for such measurements is described elsewhere [40,42,43]. The resulting Ag NPs colloidal
suspension in ultrapure water was purified by centrifugation several times to remove the excess of
organic and unreacted impurities before its mixing with solutions of combined neurotransmitters at
different ratios. Concentrations of DA and 5-HT at 10−7 molar, which were obtained by successive
dilution of each analyte in ultrapure water, were used to obtain mixtures with 4:1, 1:1, and 1:4 ratios.
Next, 90 µL of the synthesized Ag NPs solution was mixed with 10 µL of each solution of the
combined neurotransmitters. Finally, each resulting liquid sample bearing Ag NPs and a mixture of
neurotransmitters was sonicated for 20 s, then drop-cast on clean cover glass slips, and vacuum dried.
Again, the films were stored under vacuum until characterization.

The Raman measurements were acquired with an alpha 300RAS WITec confocal Raman system
(WITec GmbH, Ulm, Germany). The 532 nm excitation of a frequency-doubled neodymium-doped
yttrium-aluminum-garnet (Nd:YAG) laser, a 1024 × 127 pixel Peltier cooled CCD camera, and a
20X objective lens (Olympus, Tokyo, Japan) with a numerical aperture of 0.4 were used for data
acquisition. The laser power output was kept at a few mW for Raman measurements of mixtures of
neurotransmitters at 10−2 molar concentrations and was restricted to a much lower power output of
about 100 µW for SERS measurements, to avoid sample damage. Multiple time series Raman spectra,
each of 200 ms, were recorded in different locations of the samples and averaged. The WITec Control
1.60 software was employed for this fast data acquisition. Background subtraction was also applied.

2.2. Computational Analysis

The Gaussian-09 analytical suite software was employed for the quantum chemical density
functional calculations. Prior to computing the Raman vibrational frequencies, energy optimization
was performed. The Becke three hybrid exchange [47] and the Lee-Yang-Parr correlation functional,
B3LYP [48], were used in these analyses. A 6-311++G(d,p) basis set was used for calculating the
super-molecular form of the combined analytes. A LanL2DZ basis set, which takes into account the
pseudopotentials for metal atoms, was employed for SERS simulations. Next, the Gaussian-09 Raman
output data were parsed using an in-house algorithm developed in C++ and subsequently converted
to MATLAB version r2016a. A further conversion of Raman activities into relative Raman intensities
following a previously reported procedure [49] was also performed. The value of the laser excitation
(i.e., 532 nm = 18,796.99 cm−1) was used in this latter conversion. Finally, to assist with data plotting,
all Raman peak intensities were normalized by a factor of f = 1e−10 and their shapes were modified by
applying a Lorentzian band with a full width at half maximum (FWHM) of 7 cm−1.

3. Results and Discussion

Although label-free detection of DA and 5-HT is reported in various works [39–46], only a
single study suggests their potential chemical interaction with each other and the formation of a
new compound [33]. This is surprising, considering their biological proximity and physiological
co-existence within the striatum [28,29], as well as their chemical similarity. Thus, keeping in mind the
likelihood of their interaction, as well as continuing our previous work on their simultaneous in vitro
detection [39], we first explored a possible quantification of 5-HT and DA in different mixtures. It is
known that Raman spectroscopy can provide such relative quantitative information. However, for an
easier and more precise analysis, the high concentrations of 10−2 molar were first considered for such
mixtures. The Raman results, of 5-HT and DA alone, and those of 5-HT:DA mixtures with ratios of
7:3, 1:1, 2:3, 3:7, 1:4, and 1:9, are presented in Figure 1. While the 5-HT Raman spectrum (blue color)
has a multitude of characteristic vibrations at 463, 602, 759, 835, 940, 1103, 1134, 1235, 1308, 1356, 1435,
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and 1550 cm−1, sharp vibrational lines at 264, 395, 597, 750, 795, 935, 1013, 1117, 1148, 1290, 1450,
and 1620 cm−1 can be observed in the DA Raman spectrum (red color).Biosensors 2019, 9, x FOR PEER REVIEW  5 of 13 

 

Figure 1. Raman spectra of serotonin (5-HT) and dopamine (DA) at 10−2 molar concentrations, for 
their mixtures at different ratios, as labeled. The spectra are vertically translated for easier 
visualization. 

An expected decrease in the intensities of 5-HT Raman peaks are seen with less 5-HT. On the 
other hand, an increase in the intensities of DA lines, which correlates well with the increase in the 
amount of this analyte, can also be observed. These decreases/increases are more visible for the most 
intense vibrations, such as those at 835, 940, 1235, 1356, 1435, and 1550 cm−1 for serotonin, and at 750, 
795, and 1290 cm−1 for DA. Besides close overlapping for the majority of Raman features, (i.e., around 
602 cm−1 for 5-HT and 597 cm−1 for DA, 759 cm−1 for 5-HT and 750 cm−1 for DA, 940 cm−1 for 5-HT and 
935 cm−1 for DA, 1103 cm−1 for 5-HT and 1117 cm−1 for DA, 1134 cm−1 for 5-HT and 1148 cm−1 for DA, 
and 1435 cm−1 for 5-HT and 1450 cm−1 for DA), there are also nonoverlapping vibrational lines at 835, 
1235, 1308, and 1550 cm−1 for 5-HT and at 264, 395, 790, and 1290 cm−1 for DA). These latter vibrations 
can be used to distinguish between the two analytes. However, for better neurotransmitter 
identification and, more importantly, for more accurate quantification, all the Raman peaks were 
considered in the current analysis (i.e., not just the nonoverlapping vibrational lines), which is 
presented in Figure 2 and detailed below. 

Under the assumption that the two compounds do not interact chemically, the Raman spectrum 
of a mixture of 5-HT and DA would be a linear superposition of the Raman spectra of the individual 
compounds. However, the data points indicated by stars for the samples of Figure 2 were obtained 
using the following procedure. Let actual fraction of serotonin with which a sample (mixture) was 
prepared be α0, so that the fraction of dopamine in that sample was 1-α0 (thus, by the horizontal axis 
scale of Figure 2, the samples have α0 values of 0, 0.10, 0.20, 0.30, 0.40, 0.50, 0.70, and 1.0). Using a 
variable parameter α, hypothetical linear superpositions of spectra were generated, each consisting 
of α times the experimental serotonin spectrum plus (1-α) times the experimental dopamine 
spectrum. For each mixture, a final value of α was obtained by fitting to minimize the sum of the 
squared differences between the data of the final hypothetical spectrum and the corresponding data 

Figure 1. Raman spectra of serotonin (5-HT) and dopamine (DA) at 10−2 molar concentrations, for their
mixtures at different ratios, as labeled. The spectra are vertically translated for easier visualization.

An expected decrease in the intensities of 5-HT Raman peaks are seen with less 5-HT. On the
other hand, an increase in the intensities of DA lines, which correlates well with the increase in the
amount of this analyte, can also be observed. These decreases/increases are more visible for the most
intense vibrations, such as those at 835, 940, 1235, 1356, 1435, and 1550 cm−1 for serotonin, and at 750,
795, and 1290 cm−1 for DA. Besides close overlapping for the majority of Raman features, (i.e., around
602 cm−1 for 5-HT and 597 cm−1 for DA, 759 cm−1 for 5-HT and 750 cm−1 for DA, 940 cm−1 for
5-HT and 935 cm−1 for DA, 1103 cm−1 for 5-HT and 1117 cm−1 for DA, 1134 cm−1 for 5-HT and
1148 cm−1 for DA, and 1435 cm−1 for 5-HT and 1450 cm−1 for DA), there are also nonoverlapping
vibrational lines at 835, 1235, 1308, and 1550 cm−1 for 5-HT and at 264, 395, 790, and 1290 cm−1 for
DA). These latter vibrations can be used to distinguish between the two analytes. However, for better
neurotransmitter identification and, more importantly, for more accurate quantification, all the Raman
peaks were considered in the current analysis (i.e., not just the nonoverlapping vibrational lines),
which is presented in Figure 2 and detailed below.

Under the assumption that the two compounds do not interact chemically, the Raman spectrum
of a mixture of 5-HT and DA would be a linear superposition of the Raman spectra of the individual
compounds. However, the data points indicated by stars for the samples of Figure 2 were obtained
using the following procedure. Let actual fraction of serotonin with which a sample (mixture) was
prepared be α0, so that the fraction of dopamine in that sample was 1-α0 (thus, by the horizontal axis
scale of Figure 2, the samples have α0 values of 0, 0.10, 0.20, 0.30, 0.40, 0.50, 0.70, and 1.0). Using a
variable parameter α, hypothetical linear superpositions of spectra were generated, each consisting of
α times the experimental serotonin spectrum plus (1-α) times the experimental dopamine spectrum.
For each mixture, a final value of α was obtained by fitting to minimize the sum of the squared
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differences between the data of the final hypothetical spectrum and the corresponding data of the
spectrum that was obtained experimentally. Thus, the stars in Figure 2 represent points of the form
(α0, α) where α is a final value from such a fit.
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Figure 2. Statistical analysis of fraction of serotonin detected by fitting Raman measurements versus
the actual fraction used in the sample preparation.

While from Figure 1, a reasonable qualitative estimation of the ratio of serotonin to dopamine can
be obtained, the plotted α as a function of α0 presented in Figure 2 reveals that, quantitatively, this
determination is not very accurate, particularly for comparable amounts of neurotransmitters in the
mixture. This observation suggests the potential formation of a 1:1 compound, which can result from
chemical interaction between a 5-HT molecule and a DA molecule. For example, if a quantity δ of this
new 1:1 compound is formed in the mixture of α0 serotonin and (1 − α0) dopamine, the actual ratio
between 5-HT and DA should be ∝0−δ

1−∝0−δ , which is smaller than ∝0
1−∝0

, if α0 < 0.5, and larger than ∝0
1−∝0

,
if α0 > 0.5. Indeed, in Figure 2, our fitted value for α (i.e., detected serotonin content) systematically
underestimates the serotonin at low 5-HT amounts in the mixtures and overestimates the serotonin at
large amounts, substantiating the formation of this new compound.

Consequently, it is natural to ask how the theoretically predicted Raman spectrum of the 1:1
molecular interaction of 5-HT and DA compares with that experimentally determined above in Figure 1.
This evaluation is presented in Figure 3. As can be visualized in Figure 3a, where the predicted
structural representation of this new composite is shown after appropriate energy minimization,
a stable configuration occurs for a molecular interaction through hydrogen bonding between the
two compounds. A serotonin molecule almost perpendicular to the dopamine benzene ring is also
observed in this configuration. Furthermore, a look at the two associated Raman spectra, which
are presented in Figure 3b, demonstrates good agreement between the computationally determined
vibrations and the experimentally obtained ones, with differences of ±5 cm−1 for the positions of the
most intense vibrational lines. A scaling factor of 0.98 has been used for the simulated frequencies to
overcome the known systematic empirical errors originating from the force field constants employed in
quantum mechanical approaches. Also, for easier visualization, a vertical translation of the spectra was
performed. Thus, the similarity between these two Raman spectra further corroborates our assumption
of the formation of a new composite.
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Figure 3. (a) Structural representation of serotonin—dopamine interaction and formation of a new
5-HT—DA complex through hydrogen bonding. Red and blue colors were used for oxygen and
nitrogen atoms, respectively. (b) Theoretically calculated and experimentally measured Raman
vibrations of 5-HT—DA composite. The spectra are vertically translated for easier visualization
and appropriately labeled.

Since physiological levels of 5-HT and DA can be measured by employing SERS, we present in
Figure 4a the energetically optimized molecular structure of this new 5-HT—DA hydrogen-bonded
complex in the vicinity of the metallic substrate, which in this case is represented by the silver dimer.
A different orientation of the serotonin molecule with respect to the dopamine molecule (namely, a
slight rotation of the DA molecule) is observed in Figure 4a when compared to Figure 3a. Also observed
in this figure is the silver dimer planarity with dopamine and its quasi-perpendicularity to serotonin,
with a slight tilt towards the DA molecule. Again, relatively good agreement is seen in Figure 4b
for the theoretically predicted and experimentally determined Raman spectra. A concentration of
10−8 M for the 5-HT—DA composite has been used for measurements in this case. A scaling factor of
0.965 was employed to adjust the simulated frequencies. Besides larger variances of ±8 cm−1 between
the positions of some Raman peaks, an obvious difference in Figure 4b concerns the intensities of
the features in the 740 cm−1–930 cm−1 region in comparison with those in the 1140 cm−1–1170 cm−1

region. In the simulated spectrum, most Raman lines have higher intensities than those experimentally
obtained, while the opposite behavior is seen in the cases of the 1143 and 1174 cm−1 vibrations. Since
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these Raman peaks correspond to the ionic forms of DA and 5-HT [42,43], this observation suggests
an abundance of ionized molecules in the vicinity of the SERS environment. Considering the fact
that, at lower concentrations, the probability of neurotransmitters interacting is less than it is at their
higher concentrations, the overall lower intensities of the Raman lines experimentally obtained are
explained. However, despite this anticipated lower probability of 5-HT—DA composite formation at
these lower concentrations, the experimentally measured abundance of ionized molecules deserves
further analysis in the context of such a potential reaction.
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The measured 748 cm−1 Raman feature in Figure 4b can be easily, but not correctly, associated
with one of the strongest vibrations of the DA molecule at 750 cm−1. Since the same vibration
corresponds to 5-HT, too [42], together with the fact that its presence was not detected in individual
SERS measurements of DA at low concentrations [43–45], it is more likely that this feature belongs
to the new 5-HT—DA biocomposite. This remark also highlights the importance and necessity of
previous detailed investigations of an individual neurotransmitter for accurate identification of its
characteristic vibrational lines in a SERS environment, as well as for comprehending its orientation in
the proximity of the metallic surface. For example, for a similarly perpendicular orientation of the silver
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dimer with respect to that of the 5-HT molecule [42], a strong Raman peak at 895 cm−1 was previously
measured [42] and is currently observed at 875 cm−1. Thus, although this feature might be attributed
to the serotonin, its weakness in the current experimental data might also imply its association with the
interaction of neurotransmitters with each other—again, with the new composite formation. However,
its source is certainly that of serotonin, which is part of the 5-HT—DA biocomplex. Furthermore,
other currently obtained vibrations, such as those at 440 and 977 cm−1, were also previously reported
for a planar orientation of the silver dimer with respect to that of the dopaminequinone molecule
(i.e., previously observed at 440 and 958 cm−1 [43]), suggesting the association of these features with
the dopaminequinone form of DA. Moreover, since the strong intensity of the currently observed
1547 cm−1 Raman peak is more like that of the 1527 cm−1 line of the DA anion [43], again for its similar
planar orientation in the proximity of silver dimer, this ionic form of DA is the main contributor to
this line. Thus, while all the currently observed Raman features can be associated with the analytes
themselves, in their different forms, considering the large shifts in their frequencies of ± 20 cm−1,
their association with the existence of a new compound cannot be excluded, either.

For better comprehension of the likely formation of the 5-HT—DA composite and discrimination
between 5-HT and DA at these low concentrations of about 10−9 molar, we present in Figure 5 the
overall averages of 140 SERS spectra (seven different time series acquisitions of 20 SERS spectra each,
at 200 ms per spectrum). These data were collected in different locations on samples that were prepared
with different 5-HT:DA ratios, namely 4:1, 1:1, and 1:4. Again, for an easier comparison of these SERS
average mixture spectra with those of 5-HT and DA, we also present in Figure 5 the SERS spectra of
each neurotransmitter (blue line for serotonin and red line for dopamine).
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per spectrum). The individual Raman spectra of 5-HT and DA are also presented for comparison.

A glance at these spectra reveals that at concentrations close to physiological levels, even in the
spectra of the standard neurotransmitters, vibrations associated with their ionic forms can be seen.
This affirmation is based on the weak Raman lines at 482, 675, and 1057 cm−1 for 5-HT, and on the
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strong peak at 1174 cm−1 for DA. These ionic forms are expected during sample preparation (when
the neurotransmitters get dissolved in water). More interesting is the observed trend of decreasing
intensity of the 1174 cm−1 vibrational line with serotonin addition. This observation, besides further
supporting the concept of 5-HT—DA formation as the DA and 5-HT ionic forms combine with each
other, also confirms that, indeed, serotonin has an antioxidant effect on dopamine. The deprotonation
of DA and its transformation into the dopaminequinone form [43] is now compensated by the addition
of serotonin and the resulting molecular hydrogen sharing between these two analytes. The likely
existence of the 5-HT—DA compound is also evident in these SERS Raman spectra through the
appearance of other weak features at 440, 752, and 984 cm−1. The weakness of these peaks also
corroborates our previous assumption of a lower probability for the formation of this new compound
at concentrations characteristic of physiological levels. Not only does the potential existence of this
new hydrogen-bonded complex further complicate the analysis, but the observed broadness of the
features in the 1200–1600 frequency region, as well as their close overlap, makes the discrimination
between and accurate quantification of these analytes a very challenging task.

4. Conclusions

In this research, we take on the challenge of detecting and quantifying the amounts of 5-HT
and DA in mixtures of these neurotransmitters at concentrations characteristic of physiological levels
and without using any labelling. For achieving a better understanding of whether such a task can
be completed, at least with an in vitro chemical approach, as well as building on our previous work
on these neurotransmitters’ simultaneous in vitro detection [39], a comparative computational and
Raman experimental study is presented and comprehensively discussed here. Even though, from a
biological perspective, the detection of these neurotransmitters is expected to be much more complex,
their biological proximity and physiological co-existence within the striatum [28,29], as well as their
known interrelated biofunctionality, are not only intriguing, but also suggest their potential interaction.
This interaction is indeed confirmed in this study and more evident in their mixtures at higher
concentrations, in the millimolar range. Such higher neurotransmitter concentrations of 10−2 molar
were first considered to better evaluate their potential for quantification. As indicated in the current
statistical analysis (see Figure 2), their interaction occurs for a 1:1 compound (i.e., 5-HT:DA ratio of
one). This remark can be explained considering that the concentration of the 1:1 compound (via the
association/dissociation equilibrium) is proportional to the product of concentrations of the DA and
5-HT constituents. Therefore, it is negligible when one constituent has much lower concentration than
the other and it is largest at an equal mixture of constituents, as Figure 2 indicates.

Based on this observation, we further compared the theoretically predicted Raman vibrations of
this 5-HT—DA composite with those experimentally obtained. A hydrogen sharing bond between the
neurotransmitters was assumed for their interaction. The relatively good agreement between these
two Raman spectra at higher neurotransmitter concentrations (except for ±5 cm−1 difference in the
positions of the most intense vibrational lines), reassures us of the formation of this biocomplex. Since
detection of neurotransmitters at physiological levels is achievable only by employing the SERS method,
we also engaged in this more demanding investigation, again from both perspectives, theoretical
and experimental. Although a good agreement between the two Raman spectra (i.e., simulated
and measured) was still obtained, to eliminate potential discrepancies between the experimentally
determined data, as well as to more accurately identify the observed vibrational lines, additional
analysis was also performed. For such investigations, averages of 140 SERS spectra that were recorded
in different sample locations, and for samples prepared with 4:1, 1:1, and 1:4 ratios, were considered.

While the formation of this new 5-HT—DA composite is confirmed by these data, too, its presence
further obscures the potential discrimination between and individual quantification of 5-HT and DA in
mixtures of these analytes. Also, the broadness and weakness of the observed Raman lines additionally
complicate this analysis. In conclusion, although quantification of the two neurotransmitters cannot yet
be accurately done and more research should be performed, the finding of the potential formation of
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this new compound might in itself open new avenues for its use in drug delivery and pharmaceutical
research. Again, more research should be done to completely define its chemical structure and its
biological implications. However, such research is beyond the scope of the research presented here.

Author Contributions: F.S.M. conceived of the study, its coordination and data analysis, and drafted the
manuscript. J.D.C. and M.M. contributed to statistical and computational data analysis and helped to draft
the manuscript. J.D.C., E.M.S., K.O., J.G., B.L., and M.S. contributed to experimental Raman data acquisition
and sample preparation. K.E.B., M.E., and W.G.D. contributed data analysis, and helped to draft the manuscript.
All authors contributed significant effort to manuscript preparation.

Funding: This research was funded by the NIH U01 NS090455 award, the NIH NIMHHD 2G12MD007592 award,
and The Grainger Foundation.

Acknowledgments: This work was also supported by a research agreement between the University of Texas at El
Paso and the Mayo Clinic. The authors are also grateful to the Texas Advanced Computing Center (TACC) for the
CPU time allocation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Nestler, E.J.; Hyman, S.E.; Holtzman, D.M.; Malenka, R.C. Molecular Neuropharmacology: A Foundation for
Clinical Neuroscience, 3rd ed.; McGraw-Hill Medical: New York, NY, USA, 2010; ISBN 978-0-07-182769-0.

2. Cragg, S.J.; Baufreton, J.; Xue, Y.; Bolam, J.P.; Bevan, M.D. Synaptic release of dopamine in the subthalamic
nucleus. Eur. J. Neurosci. 2004, 20, 1788–1802. [CrossRef]

3. Ikemoto, S. Brain reward circuitry beyond the mesolimbic dopamine system: A neurobiological theory.
Neurosci. Biobehav. Rev. 2010, 35, 129–150. [CrossRef]

4. de la Fuente-Fernández, R.; Ruth, T.J.; Sossi, V.; Schulzer, M.; Calne, D.B.; Stoessl, A.J. Expectation and
Dopamine Release: Mechanism of the Placebo Effect in Parkinson’s Disease. Science 2001, 293, 1164–1166.
[CrossRef] [PubMed]

5. Goto, Y.; Otani, S.; Grace, A.A. The Yin and Yang of Dopamine Release: A New Perspective. Neuropharmacology
2007, 53, 583–587. [CrossRef] [PubMed]

6. Missale, C.; Nash, S.R.; Robinson, S.W.; Jaber, M.; Caron, M.G. Dopamine Receptors: From Structure to
Function. Physiol. Rev. 1998, 78, 189–225. [CrossRef]

7. Höglinger, G.U.; Rizk, P.; Muriel, M.P.; Duyckaerts, C.; Oertel, W.H.; Caille, I.; Hirsch, E.C. Dopamine
Depletion Impairs Precursor Cell Proliferation in Parkinson Disease. Nat. Neurosci. 2004, 7, 726–735.
[CrossRef] [PubMed]

8. Xu, J.; Kao, S.-Y.; Lee, F.J.S.; Song, W.; Jin, L.-W.; Yankner, B.A. Dopamine-Dependent Neurotoxicity of
Alpha-Synuclein: A Mechanism for Selective Neurodegeneration in Parkinson Disease. Nat. Med. 2002,
8, 600–606. [CrossRef]

9. Moustafa, A.A.; Gluck, M.A. A Neurocomputational Model of Dopamine and Prefrontal-Striatal Interactions
During Multicue Category Learning by Parkinson Patients. J. Cognit. Neurosci. 2011, 23, 151–167. [CrossRef]

10. Beaulieu, J.-M.; Gainetdinov, R.R. The Physiology, Signaling, and Pharmacology of Dopamine Receptors.
Pharmacol. Rev. 2011, 63, 182–217. [CrossRef]

11. Ichinose, T.; Tanimoto, H.; Yamagata, N. Behavioral Modulation by Spontaneous Activity of Dopamine
Neurons. Front. Syst. Neurosci. 2017, 11, 1–12. [CrossRef]

12. Berger, M.; Gray, J.A.; Roth, B.L. The Expanded Biology of Serotonin. Annu. Rev. Med. 2009, 60, 355–366.
[CrossRef] [PubMed]

13. Mohammad-Zadeh, L.F.; Moses, L.; Gwaltney-Brant, S.M. Serotonin: A Review. J. Vet. Pharmacol. Ther. 2008,
31, 187–199. [CrossRef] [PubMed]

14. Heath, M.J.S.; Hen, R. Serotonin Receptors: Genetic Insights into Serotonin Function. Curr. Biol. 1995,
5, 997–999. [CrossRef]

15. Lucki, I. The spectrum of behaviors influenced by serotonin. Biol. Psychiatry 1998, 44, 151–162. [CrossRef]
16. Kosofsky, B.E.; Molliver, M.E. The serotoninergic innervation of cerebral cortex: Different classes of axon

terminals arise from dorsal and median raphe nuclei. Synapse 1987, 1, 153–168. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/j.1460-9568.2004.03629.x
http://dx.doi.org/10.1016/j.neubiorev.2010.02.001
http://dx.doi.org/10.1126/science.1060937
http://www.ncbi.nlm.nih.gov/pubmed/11498597
http://dx.doi.org/10.1016/j.neuropharm.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17709119
http://dx.doi.org/10.1152/physrev.1998.78.1.189
http://dx.doi.org/10.1038/nn1265
http://www.ncbi.nlm.nih.gov/pubmed/15195095
http://dx.doi.org/10.1038/nm0602-600
http://dx.doi.org/10.1162/jocn.2010.21420
http://dx.doi.org/10.1124/pr.110.002642
http://dx.doi.org/10.3389/fnsys.2017.00088
http://dx.doi.org/10.1146/annurev.med.60.042307.110802
http://www.ncbi.nlm.nih.gov/pubmed/19630576
http://dx.doi.org/10.1111/j.1365-2885.2008.00944.x
http://www.ncbi.nlm.nih.gov/pubmed/18471139
http://dx.doi.org/10.1016/S0960-9822(95)00199-0
http://dx.doi.org/10.1016/S0006-3223(98)00139-5
http://dx.doi.org/10.1002/syn.890010204
http://www.ncbi.nlm.nih.gov/pubmed/2463687


Biosensors 2019, 9, 3 12 of 13

17. Mamounas, L.A.; Mullen, C.A.; O’Hearn, E.; Molliver, M.E. Dual serotoninergic projections to forebrain
in the rat: Morphologically distinct 5-HT axon terminals exhibit differential vulnerability to neurotoxic
amphetamine derivatives. J. Comp. Neurol. 1991, 314, 558–586. [CrossRef]

18. Harro, J.; Oreland, L. Depression as a spreading adjustment disorder of monoaminergic neurons: A case for
primary implication of the locus coeruleus. Brain Res. Brain Res. Rev. 2001, 38, 79–128. [CrossRef]

19. McDonald, W.M.; Richard, I.H.; DeLong, M.R. Prevalence, etiology, and treatment of depression in
Parkinson’s disease. Biol. Psychiatry 2003, 54, 363–375. [CrossRef]

20. Maricle, R.A.; Valentine, R.J.; Carter, J.; Nutt, J.G. Mood response to levodopa infusion in early Parkinson’s
disease. Neurology 1998, 50, 1890–1892. [CrossRef] [PubMed]

21. Baronti, F.; Davis, T.L.; Boldry, R.C.; Mouradian, M.M.; Chase, T.N. Deprenyl effects on levodopa
pharmacodynamics, mood, and free radical scavenging. Neurology 1992, 42 Pt 1, 541–544. [CrossRef]

22. Goldberg, J.F.; Burdick, K.E.; Endick, C.J. Preliminary randomized, double-blind, placebo-controlled trial of
pramipexole added to mood stabilizers for treatment-resistant bipolar depression. Am. J. Psychiatry 2004,
161, 564–566. [CrossRef] [PubMed]

23. Corrigan, M.H.; Denahan, A.Q.; Wright, C.E.; Ragual, R.J.; Evans, D.L. Comparison of pramipexole,
fluoxetine, and placebo in patients with major depression. Depress Anxiety 2000, 11, 58–65. [CrossRef]

24. Keltikangas-JÄrvinen, L.; Salo, J. Dopamine and serotonin systems modify environmental effects on human
behavior: A review. Scand. J. Psychol. 2009, 50, 574–582. [CrossRef] [PubMed]

25. Boureau, Y.L.; Dayan, P. Opponency revisited: Competition and cooperation between dopamine and
serotonin. Neuropsychopharmacology 2011, 36, 74–97. [CrossRef] [PubMed]

26. Di Giovanni, G.; Esposito, E.; Di Matteo, V. Role of serotonin in central dopamine dysfunction. CNS Neurosci.
Ther. 2010, 16, 179–194. [CrossRef] [PubMed]

27. Samanin, R.; Garattini, S. The serotonergic system in the brain and its possible functional connections with
other aminergic systems. Life Sci. 1975, 17, 1201–1209. [CrossRef]

28. Van Bockstaele, E.J.; Pickel, V.M. Ultrastructure of serotonin-immunoreactive terminals in the core and shell of
the rat nucleus accumbens: Cellular substrates for interactions with catecholamine afferents. J. Comp. Neurol.
1993, 334, 603–617. [CrossRef] [PubMed]

29. Zhou, F.M.; Liang, Y.; Salas, R.; Zhang, L.; De Biasi, M.; Dani, J.A. Corelease of dopamine and serotonin from
striatal dopamine terminals. Neuron 2005, 46, 65–74. [CrossRef]

30. Bruns, D.; Riedel, D.; Klingauf, J.; Jahn, R. Quantal release of serotonin. Neuron 2000, 28, 205–220. [CrossRef]
31. Eshleman, A.J.; Carmolli, M.; Cumbay, M.; Martens, C.R.; Neve, K.A.; Janowsky, A. Characteristics of drug

interactions with recombinant biogenic amine transporters expressed in the same cell type. J. Pharmacol.
Exp. Ther. 1999, 289, 877–885.

32. Larsen, M.B.; Sonders, M.S.; Mortensen, O.V.; Larson, G.A.; Zahniser, N.R.; Amara, S.G. Dopamine Transport
by the Serotonin Transporter: A Mechanistically Distinct Mode of Substrate Translocation. J. Neurosci. 2011,
31, 6605–6615. [CrossRef] [PubMed]

33. VanderWender, C.; Johnson, J.C. Interaction of Serotonin with the Catecholamines—I. Inhibition of Dopamine
and Norepinephrine Oxidation. Biochem. Pharmacol. 1970, 19, 1991–2000. [CrossRef]

34. Arvizu-Santamaria, A.G.; Navarro, R.E.; Soberanes, Y.; Velazquez, E.; Santacruz, H.; Inoue, M. Complexation
of neurotransmitters–dopamine, serotonin, and melatonin—With DTPA-based cyclophane of high rigidity:
1H NMR shift and line-broadening. Supramol. Chem. 2017, 29, 658–667. [CrossRef]

35. Veldez-Pardo, C.; Jimenez Del Rio, M.; Ebinger, G.; Vauquelin, G. Redox Cycling Activity of
Monoamine-Serotonin Biding Protein Conjugates. Biochem. Pharmacol. 1996, 51, 1521–1525. [CrossRef]

36. Kim, M.H.; Yoon, H.; Choi, S.H.; Zhao, F.; Kim, J.; Song, K.D.; Lee, U. Miniaturized and Wireless Optical
Neurotransmitter Sensor for Real-Time Monitoring of Dopamine in the Brain. Sensors 2016, 16, 1984.
[CrossRef] [PubMed]

37. Pradhan, T.; Jung, H.S.; Jang, J.H.; Kim, T.W.; Kang, C.; Kim, J.S. Chemical Sensing of Neurotransmitters.
Chem. Soc. Rev. 2014, R1–R31. [CrossRef]

38. Basabe-Desmonts, L.; Reinhoudt, D.N.; Crego-Calama, M. Design of fluorescent materials for chemical
sensing. Chem. Soc. Rev. 2007, 36, 993–1017. [CrossRef]

39. Manciu, F.S.; Lee, K.H.; Durrer, W.G.; Bennet, K.E. Detection and Monitoring of Neurotransmitters—A
Spectroscopic Analysis. Neuromodulation 2013, 16, 192–198. [CrossRef]

http://dx.doi.org/10.1002/cne.903140312
http://dx.doi.org/10.1016/S0165-0173(01)00082-0
http://dx.doi.org/10.1016/S0006-3223(03)00530-4
http://dx.doi.org/10.1212/WNL.50.6.1890
http://www.ncbi.nlm.nih.gov/pubmed/9633754
http://dx.doi.org/10.1212/WNL.42.3.541
http://dx.doi.org/10.1176/appi.ajp.161.3.564
http://www.ncbi.nlm.nih.gov/pubmed/14992985
http://dx.doi.org/10.1002/(SICI)1520-6394(2000)11:2&lt;58::AID-DA2&gt;3.0.CO;2-H
http://dx.doi.org/10.1111/j.1467-9450.2009.00785.x
http://www.ncbi.nlm.nih.gov/pubmed/19930256
http://dx.doi.org/10.1038/npp.2010.151
http://www.ncbi.nlm.nih.gov/pubmed/20881948
http://dx.doi.org/10.1111/j.1755-5949.2010.00135.x
http://www.ncbi.nlm.nih.gov/pubmed/20557570
http://dx.doi.org/10.1016/0024-3205(75)90128-9
http://dx.doi.org/10.1002/cne.903340408
http://www.ncbi.nlm.nih.gov/pubmed/8408768
http://dx.doi.org/10.1016/j.neuron.2005.02.010
http://dx.doi.org/10.1016/S0896-6273(00)00097-0
http://dx.doi.org/10.1523/JNEUROSCI.0576-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21525301
http://dx.doi.org/10.1016/0006-2952(70)90295-9
http://dx.doi.org/10.1080/10610278.2017.1332368
http://dx.doi.org/10.1016/0006-2952(96)00093-7
http://dx.doi.org/10.3390/s16111894
http://www.ncbi.nlm.nih.gov/pubmed/27834927
http://dx.doi.org/10.1039/C3CS60477B
http://dx.doi.org/10.1039/b609548h
http://dx.doi.org/10.1111/j.1525-1403.2012.00502.x


Biosensors 2019, 9, 3 13 of 13

40. Qiu, C.; Bennet, K.E.; Tomshine, J.R.; Hara, S.; Ciubuc, J.D.; Schmidt, U.; Durrer, W.G.; McIntosh, M.B.;
Eastman, M.; Manciu, F.S. Ultrasensitive Detection of Neurotransmitters by Surface Enhanced Raman
Spectroscopy for Biosensing Applications. Bionterface Res. Appl. Chem. 2017, 1, 1921–1926.

41. Moore, T.J.; Moody, A.S.; Payne, T.D.; Sarabia, G.M.; Daniel, A.R.; Sharma, B. In Vitro and In Vivo SERS
Biosensing for Disease Diagnosis. Biosensors 2018, 8, 46. [CrossRef]

42. Manciu, F.S.; Ciubuc, J.D.; Sundin, E.M.; Qiu, C.; Bennet, K.E. Analysis of Serotonin Molecules on Silver
Nanocolloids—A Raman Computational and Experimental Study. Sensors 2017, 17, 1471. [CrossRef]
[PubMed]

43. Ciubuc, J.D.; Qiu, C.; Bennet, K.E.; Alonzo, M.; Durrer, W.G.; Manciu, F.S. Raman Computational and
Experimental Studies of Dopamine Detection. Biosensors 2017, 17, 43. [CrossRef] [PubMed]

44. Wang, P.; Xia, M.; Liang, O.; Sun, K.; Cipriano, A.F.; Schroeder, T.; Liu, H.; Xie, Y.H. Label-Free SERS Selective
Detection of Dopamine and Serotonin Using Graphene-Au Nanopyramid Heterostructure. Anal. Chem. 2015,
87, 10255–10261. [CrossRef] [PubMed]

45. Pande, S.; Jana, S.; Sinha, A.K.; Sarkar, S.; Basu, M.; Pradhan, M.; Pal, A.; Chowdhury, J.; Pal, T.
Dopamine molecules on Aucore-Agshell bimetallic nanocolloids: Fourier transform infrared, Raman, and
surface-enhanced Raman spectroscopy study aided by density functional theory. J. Phys. Chem. C 2009,
113, 6989–7002. [CrossRef]

46. Palanisamy, S.; Yan, L.; Zhang, X.; He, T. Surface enhanced Raman scattering-active worm-like Ag clusters
for sensitive and selective detection of dopamine. Anal. Methods 2015, 7, 3438–3447. [CrossRef]

47. Becke, A.D. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652.
[CrossRef]

48. Lee, C.; Yang, W.; Parr, R.G. Development of the Colle-Salvetti correlation-energy formula into a functional
of the electron density. Phys. Rev. B 1988, 37, 785–789. [CrossRef]

49. Polavarapu, P.L. Ab initio vibrational Raman and Raman optical activity spectra. J. Phys. Chem. 1990,
94, 8106–8112. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3390/bios8020046
http://dx.doi.org/10.3390/s17071471
http://www.ncbi.nlm.nih.gov/pubmed/28640186
http://dx.doi.org/10.3390/bios7040043
http://www.ncbi.nlm.nih.gov/pubmed/28956820
http://dx.doi.org/10.1021/acs.analchem.5b01560
http://www.ncbi.nlm.nih.gov/pubmed/26382549
http://dx.doi.org/10.1021/jp810210a
http://dx.doi.org/10.1039/C4AY03061C
http://dx.doi.org/10.1063/1.464913
http://dx.doi.org/10.1103/PhysRevB.37.785
http://dx.doi.org/10.1021/j100384a024
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Procedure 
	Sample Preparation and Equipment 
	Computational Analysis 

	Results and Discussion 
	Conclusions 
	References

