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Abstract

Waste coal tar pitch is a carcinogenic substance but it can be turned into an environmentally safe and high-value electrode
material when it is pyrolyzed at high temperatures. In this study, carbonized coal tar pitch (CTP)-based electrode material
was first prepared using an eco-friendly green chemistry approach. Gold nanorods (AuNRds) were then attached to CTP
with 4-aminothiophenol junctions by self-assembled monolayers. AuNRds-terminated carbonaceous material was character-
ized with microscopy and spectroscopy techniques. The nanocomposite material was modified on a glassy carbon electrode
by drop coating under an infrared lamp. An analytical method for the determination of 5-HT was developed on the new
carbonaceous electrode using differential pulse voltammetry. The prepared sensor exhibited a limit of detection of 0.03 pM
(S/N=3) with a linear range from 0.5 to 10 pM and shows good reproducibility and stability. Finally, real sample tests have
been successfully applied to measure 5-HT in human serum to demonstrate the feasibility of the proposed sensing platform.
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Introduction

Serotonin, also known as 5-hydroxytryptamine or 5-HT,
is a crucial neurotransmitter involved in regulating vari-
ous aspects of the emotional system. It plays a vital role in
controlling mood, sleep patterns, vomiting, sexual behavior,
and appetite (Ressler and Nemeroff 2000; Perry and Fuller
1992). Insufficient levels of serotonin can lead to serious
conditions like depression, bipolar disorder, anxiety, and
migraines (Lin et al. 1998; Imeri et al. 1999). Conversely,
excessive levels of serotonin can result in a life-threatening
condition called serotonin syndrome (Isbister et al. 2004).
Therefore, the accurate and reliable detection of serotonin
in biological samples is of utmost importance.

Various methods have been employed to determine the
levels of serotonin (5-HT) in biological samples. These
include spectroscopy (Selvarajan et al. 2018), chroma-
tography (Torfs et al. 2012), chemiluminescence (Barnett
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et al. 1998), capillary electrophoresis (Coelho et al. 2014),
and fluorometry (Panholzer et al. 1999). However, among
these methods, in vitro electrochemical detection stands
out as a cost-effective solution with a low limit of detec-
tion (LOD <1 uM) (Déscilescu and Apetrei 2021; Song
et al. 2021). It is difficult to accurately detect 5-HT in blood
samples due to the electrochemical interaction of easily oxi-
dizable species such as ascorbic acid (AA) and dopamine
(DA). Therefore, it is important to use a sensitive electrode
configuration to accurately differentiate the signal for a short
range of oxidation potential in a complex sample such as
human serum. Furthermore, inexpensive and simple elec-
trode configurations are essential for practical applications.

Raw coal tar pitch (r-CTP) is a highly toxic mixture and
can include very complex aromatic compounds. On the other
hand, its rich carbon content makes it an ideal candidate
for the preparation of carbonaceous electrode materials
(Ustijndag and Erkal 2017). Carbonized coal tar pitch (CTP)
can be used as a non-toxic and highly conductive polycrys-
talline electrode material for electrochemical applications
(Erkal et al. 2016). On the other hand, gold nanoparticles
are also widely used as an electrode material because of
their excellent electrocatalytic activity, electrical conduc-
tivity, and high surface area (Rodriguez et al. 2014; Hebié
et al. 2013). Especially, shape-controlled gold nanoparticles
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(AuNPs) supported on high-area carbonaceous materials
on the electrode surface were reported as electrochemically
active catalysts in the literature (Erikson et al. 2014). The
electrochemical sensing of 5-HT has been studied in the
literature using different carbon-based materials and nano-
particles such as multi-walled carbon nanotubes (Babaei
et al. 2013), graphene oxide (Han et al. 2013), reduced gra-
phene oxide (Rajarathinam et al. 2023; Xue et al. 2014),
and AuNPs (Mahato et al. 2019) with the limit of detection
values down to the nM scale (Song et al. 2021).

Moreover, most of these studies incorporate metals and
alloys in their electrodes such as RuO,/CeO,—Au nanofib-
ers (Samie and Arvand 2019) and AuAg nanoalloys (Thanh
et al. 2017) alongside the carbon nanomaterials. Such sys-
tems offer high sensitivity and low limits of detection but
also suffer from the use of expensive carbon materials, dura-
bility issues, and complicated synthesis processes for practi-
cal applications. Therefore, herein, it is aimed to develop a
novel electrode configuration using an easy-to-synthesize,
low-cost, and non-toxic electrocatalyst for the sensitive
detection of 5-HT from biological samples.

This study presents the development of a novel and highly
sensitive sensor for the precise determination of serotonin
(5-HT) levels. The sensor was constructed by synthesizing
gold nanoparticles and subsequently modifying them onto a
carbonaceous thin film electrode surface (CTP) using 4-ami-
nothiophenol (4-ATP) as a linker. The resulting nanocom-
posite was then drop-coated onto a glassy carbon electrode.
The nanocomposite and the modified electrode surfaces
underwent comprehensive characterization to assess their
structural and electrochemical properties. An electroanalyti-
cal method was subsequently devised based on the modi-
fied electrode for the sensitive detection of 5-HT in human

Fig.1 Schematic diagram of
the CTP synthesis and electrode
modification stages
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serum. The objective was to establish a robust and accurate
analytical approach for quantifying 5-HT levels in biologi-
cal samples.

Experimental
Materials

All chemicals were obtained from Fluka, Riedel, Merck,
and Sigma-Aldrich. CTP was obtained from Orcan Group
(Turkey). All electrochemical experiments were performed
using an Ivium CompactStat analyzer (Ivium Technologies,
Netherlands). In electrochemical experiments, the modified
carbonaceous glassy carbon (GC, BASi MF-2012 model,
@ =3 mm, geometric surface area="7.1 mm?) electrode was
used as the working electrode, and Ag/AgCl,, and Pt wire
were used as a reference and auxiliary electrodes, respec-
tively. The ultrapure water (UPW) used in the experiments
has a conductivity of 18.3 MQ cm obtained using a Human
Power 1% purification system.

Preparation of AuNRds-ATP-CTP/GC electrodes

The pyrolysis process of r-CTP involved heating it at
1000 °C with a heating rate of 10 °C/min under a nitrogen
atmosphere for a duration of 1 h. Following pyrolysis, the
resulting material was ground using a planetary ball mill
(Retsch PM-100) at 500 rpm for 1 h before proceeding with
electrode modifications. The schematic representation of
the CTP synthesis and electrode modification stages can be
found in Fig. 1. To synthesize AuNRds, the seed-mediated
method described in the literature was employed (Gole and
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Murphy 2004). The synthesized AuNRds were characterized
using transmission electron microscopy (TEM, JEOL JEM-
2100, Japan) to obtain images and were stored in absolute
ethanol at a temperature of +4 °C until further use. The CTP
material was synthesized from raw tar using a tube furnace
(Protherm, USA) under a nitrogen atmosphere.

Carboxylate-terminated groups were introduced to the
CTP material by refluxing it in 4 M HNO; for 6 h, following
a method described in the literature (Profumo et al. 2006).
The CTP material with carboxyl groups was then subjected
to treatment with 0.1 M EDC in ethanol for 6 h, and the
resulting colloidal solution was centrifuged at 10,000 rpm
for 10 min. The activated CTP material was subsequently
washed with UPW and ethanol, respectively.

Next, the activated CTP material was combined with a
1-mM solution of 4-ATP in ethanol and stirred on a mag-
netic stirrer for 6 h. During this process, covalent attachment
of 4-ATP to the carbonaceous amide took place, resulting in
a modified material referred to as ATP—CTP. The ATP-CTP
solution was then centrifuged at 10,000 rpm for 10 min,
and the solid material obtained was washed successively
with water and ethanol, followed by centrifugation under
the same conditions. The final precipitate obtained from the
washing steps was added to a solution containing AuNRds,
resulting in the formation of a composite electrode material
denoted as AuNRds—ATP-CTP.

The preparation steps of the AuNRds—ATP-CTP elec-
trode were characterized with TEM, scanning electron
microscopy (SEM, Nova NanoSEM-650, Belgium), and
X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaP-
robe, ULVAC-PHL. Inc., Japan/USA). For the preparation of
the modified carbonaceous electrodes, 20 mg of AuNRds-
ATP-CTP was diluted with 1 mL of acetonitrile (MeCN)
and brought into suspension. Different volumes (i.e., 5, 10,
15, 20, and 25 mL) of the suspension were dropped onto
the bare GC electrodes and dried under the IR lamp (75 W)
for 10 min.

Electrochemical characterization and analytical
investigations of the modified electrodes

The optimization of GC electrodes modified with vari-
ous concentrations of carbonized material was carried out
using cyclic voltammetry (CV) with a scan rate of 200 mV/s
within the voltage range of —0.2 to 0.4 V versus Ag/AgCI,
reference electrode. Subsequently, an electroanalytical
method was developed for the accurate determination of
serotonin (5-HT) in the concentration range of 0.5-10 uM
(specifically, 0.5, 1.0, 1.5, 2.5, 4.0, 5.0, 6.0, 7.5, and 10 uM).
This method utilized differential pulse voltammetry (DPV)
with specific parameters: a pulse width of 0.06 s, ampli-
tude of 0.05 V, sample period of 0.02 s, and pulse period of
0.20 s. Following the establishment of the calibration curve

for 5-HT, precision and accuracy tests were conducted, both
intraday and interday (over 5 consecutive days), to assess
the reliability of the method. Additionally, an interference
study was performed to evaluate the influence of potential
substances found in blood serum, including Na*, K*, Mg?*,
Fe2*, ascorbic acid, uric acid, and dopamine. Finally, real
blood serum samples with varying concentrations of 5-HT
(1.0, 3.0, and 5.0 uM) were analyzed using the developed
method to validate its applicability in real sample analysis.

Results and discussion

The preparation steps of the AuNRds-ATP-CTP nanocom-
posite were characterized with TEM, SEM, and XPS as
shown in Fig. 2. The stages of the synthesis process from
nano seeds 10-20 nm Fig. 2a to nanorods 50 nm Fig. 2b can
be seen where the length of the final nanorods, is around
100 nm, with a diameter of 20-30 nm (Fig. 2c¢).

During the synthesis of nanorods, the sizes of the
nanorods were determined through image analysis using
Gwyddion® software based on TEM and SEM images. A
minimum of 20 samples were examined, and the measure-
ments were presented as the average value accompanied
by the standard deviation (o). Initially, the formation of
seed particles with dimensions of 8 +4 nm was observed
(Fig. 2a). As the crystallization of the nanomaterial pro-
gressed in the later stages of the synthesis (Fig. 2b), fully
developed nanorods were observed in conjunction with the
seed particles, exhibiting dimensions of 26 +24 nm. Fol-
lowing the completion of the synthesis, the nanorods had an
average length of 91 +17 nm and a diameter of 12+2 nm
(Fig. 2¢).

Scanning electron microscopy (SEM) is commonly
employed for the morphological characterization of nano-
materials with multilayer coatings (Saleh et al. 2022). SEM
analysis of the AuNRs-ATP-CTP structure (Fig. 2d) revealed
the formation of partially agglomerated but well-defined
rod-like carbonaceous structures, exhibiting lengths of
7+2.3 um and diameters of 1+0.3 um. A notable observa-
tion was the close resemblance between the average aspect
ratios of the nanorods (12:91=0.13) and the carbonaceous
structures (1:7=0.14). This indicates that the carbon struc-
tures grew on the nanorods in a manner consistent with the
underlying material, providing evidence of their presence.
While limited literature comparisons may exist for the SEM
imaging of this specific structure due to its novelty in syn-
thesis, the morphology bears a resemblance to fiber struc-
tures coated with graphene oxide or similar carbonaceous
materials (Cui and Zhou 2018; Raagulan et al. 2018). The
additional carbon content contributes to the organic appear-
ance of the material and the partially non-uniform widths,
which can be attributed to the carbon form. Additionally, the
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Fig.2 TEM images of a Au nano seeds, b Au nano seed-nanorod hybrid nanoparticles, ¢ gold nanorods; SEM image of d AuNRs-ATP-CTP, e
Survey spectrum of AuNRbs-ATP-CTP, XPS core spectra of f Au4f, g S2p, and h N1s

energy-dispersive X-ray (EDX) analysis presented in Fig.
S1 confirms the presence of Au, S, N, and C elements in the
nanocomposite, further supporting the successful synthesis
of AuNRs-ATP-CTP.

XPS survey spectrum of AuNRds-ATP-CTP/GC is given
in Fig. 2e showing the binding peaks of Cls, Nls, Ols,
S2p, and Audf. XPS core spectra of Audf, S2p, and N1s of
AuNRds-ATP-CTP/GC are also given in Fig. 2. In Fig. 2f,
Aud4fs,, and Audf;, binding energies at 87.6 eV and 83.9 eV,
respectively, indicated that the gold nanorods were bound
to the AuNRds-ATP-CTP/GC surface (Kariper et al. 2019).
S2p XPS high-resolution narrow region spectra at 163.7 eV
and 162.4 eV showed the presence of S2p,,, and S2p;,,
at the surface, respectively (Fig. 2g) (Giizel et al. 2013).
Figure 2h shows that CTP oxidized with 4-aminothiophe-
nol (4ATP) is bound by amidation since the N1s peaks at
405.2 eV, 401.8 eV, and 399.8 eV corresponded to —C-N,

@ Springer

—CO-NH, and -NH, residues from 4ATP, respectively (Lara
et al. 2018).

Figure 3 presents CVs of 1 mM K;Fe(CN), on differ-
ent electrode surfaces: bare GC, CTP-GC, ATP-CTP/GC,
and AuNRds—ATP-CTP/GC in 0.1 M KCl electrolyte. The
anodic peak currents observed for the redox probe on the
respective electrodes were measured as 39.3 uA, 47.6 pA,
59.9 pA, and 91.6 pA. Notably, the AuNRds-ATP-CTP/
GC electrode exhibited a higher peak current compared to
the other electrodes, suggesting enhanced electron transfer
rates for the redox probe on this electrode surface. Further-
more, CVs of 5 uM 5-HT in a pH 7.0 phosphate-buffered
saline (PBS) solution at various scan rates are shown in
Fig. 3b. These CVs indicate that the anodic oxidation cur-
rent increases with increasing scan rates. This behavior is
further validated by the Randles—Sevcik plot of peak current
versus the square root of the scan rate presented in Fig. 3c
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(Elgrishi et al. 2018). The linear relationship observed in the
plot (1,=6.59450"+5.7667, R*=0.9997) suggests that the
determination of 5-HT could potentially be performed quan-
titatively under diffusion-controlled conditions. To optimize
the suspension volume coated on the AuNRds-ATP-CTP/
GC electrode, different volumes (ranging from 5 to 25 uL)
of a suspension containing 20 mg of AuNRds-ATP-CTP in
1 mL of MeCN were tested. Figure 3d displays the peak
current responses obtained from DPV experiments in the
presence of 10 uM 5-HT. The highest peak current response
was observed for a suspension volume of 10 pL, thus indi-
cating that the calibration study should be conducted using
a suspension volume of 10 pL.

DPV of different concentrations (0.5-10 uM) of 5-HT
standards (in PBS, pH=7) tested on AuNRbs-ATP-CTP/
GC electrode are given in Fig. 4. An increasing oxidation
current response was obtained related to the increased oxida-
tion of 5-HT on the electrode surface (Fig. 4a). The linear
relationship between the peak currents obtained from the
DPV results at 0.4 V versus Ag/AgCl,, , and the concentra-
tion change of 5-HT is given in Fig. 4b. The high reproduc-
ibility of the results is reflected in Fig. 4b showing the low
standard deviation (RSD values less than 5%) of signals to
different concentrations of the sample. A linear response
(Ip =—0.1204 +2.5403[5-HT]) was obtained with sensi-
tivity and LOD of 2.54 pA/uM and 0.03 pM, respectively.
The summary of the analytical performance parameters of
AuNRbs-ATP-CTP/GC electrode for the detection of 5-HT
is given in Table 1.

Table 2 summarizes the analytical performance com-
parison of the developed sensor with similar studies in the
literature for the detection of 5-HT. It can be seen that the
developed sensor performance was satisfactory based on the
literature data and especially shows fairly better performance
than recently published studies using carbonaceous-based
electrodes (Dong and Zhang 2022; Winiarski et al. 2022).

The precision and accuracy values of the developed
method for intraday and interday (for five consecutive days)
were investigated for 1 and 5 uM 5HT and summarized in
Table S1 (N=5 samples). Precision (RSD %) was calculated

Fig.4 a DPVs (pulse width a

of 0.06 s, amplitude of 0.05 V, 30

sample period of 0.02 s and

pulse period of 0.20 s, vs Ag/

AgCl, ) of ATP-CTP/GC <:tL

electrode for different 5-HT -

concentrations (tested in PBS, 5
S
5
o

10 uM

pH 7) and b linear calibration
curve at the working dynamic

range 0.5 uM

Table 1 Summary of analytical parameters of the developed method
(n=5)

Analytical parameters Values

Working dynamic range (uM) 0.5-10
Regression equation, I, (pM) and [5-HT]  [,=-0.1204+2.5403(5-

(M) HT]
Standard error of the slope, + 0.04
Standard error of the intercept, + 0.02
R? 0.998
Sensitivity (LA/pM) 2.54
LOD, uM (S/N=3) 0.03
LOQ, pM (S/N=3) 0.09

as the coefficient of variation which is the standard deviation
divided by the mean measured concentration X 100 (Garrido
et al. 2008). On the other hand, accuracy was calculated
as a % difference from the mean value. The accuracy of
the developed method for 1 and 5 uM SHT was calculated
as 2.08% and —0.8% for intraday and —3.0% and 2.4%
for interday, respectively. The precision of the method for
1 and 5 uM SHT was calculated as 2.94% and 3.63% for
intraday and 4.12% and 3.32% for interday, respectively. In
general, < 15% values of RSD % are acceptable for analyti-
cal methods in the literature (Karnes and March 1993). The
results of precision and accuracy are < 5% indicating that the
developed sensor provides significantly precise and accurate
results when tested in different conditions.

The possible interfering substances that might be present in
human serum such as ions (Na*, K*, Mg?*, Fe?*) and mole-
cules (ascorbic acid, uric acid, and dopamine) were also tested
for their effect on the peak current responses of 5 uM 5-HT in
buffer solution (PBS, pH=7). Table S2 shows that the signal
change of the peak current of 5-HT was approximately < 3%
and > -4%. Therefore, it can be concluded that no remarkable
interference effects were observed with the tested substances.
The validity of the developed method was finally confirmed
by spike sample experiments with human serum samples. The
spike method was selected due to its widely demonstrated

00 02 04

Potential, V
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Table 2 Response of different

! Method Electrode materials Range (pM) LOD (uM)  Refs.

electrochemical sensors for

5-HT in literature CV/EIS rGO-Ag,Se/GCE 0.1-15 0.030 Selvam and Yun (2020)
Amperometry  Poly(3-amino-5-mercapto-1,2,4-  0.01-50 0.013 Revin and John (2012)

triazole) modified GC electrode

Swv AuNP@Ppy/GSPE 0.1-15 33.22 Tertis et al. (2017)
Swv MS/CPE 0.49-13.6 0.1 Winiarski et al. (2022)
SwWv AuNPs/poly-AMT/f-CNT/GCE ~ 0.015-5 0.008 Shekher et al. (2023)
DPV CSE/PdNPs/C dots/SiO2 0.5-7 0.036 Ferreira et al. (2023)
DPV SPCE/ZnONR/PMBDES/AuNP  0.1-25 1.91 Atici et al. (2023)
DPV e-CS/MWCNTSs/GCE 9-1000 10 Tang et al. (2023)
DPV BVG/HG: 1-350 0.361 Xue et al. (2023)
DPV Fe;0,/MWCNT-p(BCG)/GC 0.5-100 0.0 Ran et al. (2017)
DPV PYMWCN T/PPy/AgNPs 37.5-125 0.15 Cesarino et al. (2014)
DPV DGNW/SPGE 1-500 0.2 Boonkaew et al. (2022)
DPV CTAB/NiS/CS/GCE 0.01-200 0.033 Dong and Zhang (2022)
DPV Ag/Cu,O/Ppy/GCE 0.01-250 0.0124 Selvarajan et al. (2018)
DPV AuNRds-ATP-CTP/GC 0.5-10.0 0.0288 This study

rGO reduced graphene oxide, GC or GCE glassy carbon (electrode), AuNP gold nanoparticles, Ppy
polypyrrole, GSPE graphite-based screen-printed electrodes, MWCNT multi-walled carbon nanotube,
p(BCG) poly(bromocresol green), DGNW diamond graphene nanowalls, CTAB cetyltrimethyl ammonium
bromide, MS mill scale, CSE/PANPs/C dots/SiO2 PdNPs/carbon dots/SiO2 nanoparticle on the printed
carbon electrode, SPCE/ZnONR/PMB,;/AuNP zinc oxide nanorods/polymethylene blue (deep eutectic
solvent)/gold nanoparticles on screen-printed carbon electrodes, e-CS/MWCNTs/GCE electrodeposited
chitosan and carboxylated multi-walled carbon nanotubes on glassy carbon electrode, AuNPs/poly-AMT/f-
CNT/GCE gold nanoparticle/poly-(amino-5-mercapto-1,3,4-thiadiazole)/functionalized carbon nanotube on
glassy carbon electrode, BVG/HG B-doped vertical graphene/horizontal graphene

Table 3 Recovery values of 5-HT in human serum sample (N=15)

Spiked (uM) Found (pM) RSD% Recovery%
1.0 0.98+0.03 3.06 98.0
3.0 2.87+0.06 2.09 95.7
5.0 4.93+0.08 1.62 98.6

performance in the literature for validation experiments to
help identify matrix effects and determine the recovery of the
analyte (Thakur et al. 2022). The results showed very promis-
ing sensor performance with recovery values between 95 and
99% versus spiked 5-HT concentrations (1.0, 3.0, and 5.0 uM)
as given in Table 3. These recovery values of >95% suggest
that it’s within the acceptable range of between 70 and 120% in
the literature (Schoenau 2019). It is reported that the standard
levels of human serum 5-HT are between 0.28 and 1.24 uM
(Chernecky and Berger 2012), therefore, the developed sensor
can be used as a sensitive and accurate measurement tool from
human serum samples.

Conclusion

In conclusion, this study successfully developed a highly
sensitive and reliable sensor for the determination of 5-HT
using a novel carbonized electrode material. The electrode
material, prepared from CTP through a green chemis-
try approach, was modified with AuNRds using 4ATP as
a linker. The nanocomposite material was characterized
using microscopy and spectroscopy techniques, confirming
the successful attachment of AuNRds to the carbonaceous
material.

The modified electrode exhibited excellent electrochemi-
cal properties, enabling the accurate detection of 5-HT
through DPV. The sensor demonstrated a LOD of 0.03 uM
with a linear range of 0.5-10 uM. The sensor showed good
reproducibility and stability, as evidenced by low standard
deviations and high precision values obtained from intra-
day and interday experiments. Furthermore, an interfer-
ence study revealed minimal effects of potential substances
present in human serum, highlighting the selectivity of the
sensor for 5-HT detection. Real-sample tests conducted on
human serum samples validated the applicability of the
developed sensor for practical use. The recovery values
obtained from spiked samples demonstrated the accuracy
of the sensor, with recovery percentages exceeding 95% for
different spiked concentrations of 5-HT.
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Overall, this study highlights the potential of carbona-
ceous electrode materials, derived from waste coal tar pitch,
in electroanalytical applications. The combination of gold
nanorods and carbonaceous materials resulted in a sensitive
and cost-effective sensor for the determination of serotonin.
The developed sensor offers a promising tool for the accurate
detection of serotonin in biological samples, with potential
applications in clinical diagnostics and research.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11696-023-03016-7.
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