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ARTICLE INFO ABSTRACT

Electrode fouling is a major issue in biological detection due to the adhesion of the protein itself and polymer-
ization of biomolecules on the electrode surface, impeding the electron transfer ability and decreasing the cur-
rent response. To overcome this issue, the use of anti-fouling material, especially boron-doped diamond (BDD)
electrode, is an alternative way. However, the electrocatalytic activity of BDD is inadequate compared with
graphene nanowalls, or other sp? phase materials. Furthermore, the contamination from other metals during
the synthesis of BDD can affect the electrochemical analysis. Herein, for the first time, we report boron/nitro-
gen co-doped with diamond graphene nanowalls (DGNW) integrated with the screen-printed graphene elec-
trode (SPGE) for the detection of serotonin (5-HT) as a model system. DGNW shows the integration of sp>
and sp® hybridized phases, leading to a high surface area, high electrocatalytic activity, wide potential window,
and a low background current. DGNWs prepared under different conditions were investigated and character-
ized. Compared to the bare SPGEs, the DGNW modified electrode exhibited good electrochemical performance
and a superior anti-fouling ability for neurotransmitter detection. A significant enhancement in current
response in a concentration-dependent manner was obtained using differential pulse voltammetry (DPV) in
the presence of 5-HT from 1 to 500 uM (R? >0.99) with a low detection limit (0.28 uM). Moreover, this pro-
posed method was applied in a synthetic urine sample to confirm its biological applicability. These results show
that the DGNW modified electrode could be productively utilized as an alternative electrochemical transducer
with a good anti-fouling performance.
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device lifetime [11]. Moreover, a high background current and narrow
electrochemical potential window of sp?-bonded carbon have limited
the application and functionalities of the electrodes. Therefore, dia-

1. Introduction

Carbon-based nanomaterials have been attractive interest as elec-

trode materials over the past few decades, particularly in electrochem-
ical sensors, biosensors, and bioelectronics [1,2]. Carbon-based
electrodes, including graphene [3], glassy carbon [1,4], carbon nan-
otubes (CNTs) [5-7], multiwall carbon nanotubes (MWCNT) [8],
and carbon nanowalls (CNWs) [9] are one of the most attractive mate-
rials for electrochemical sensing applications due to their remarkable
electrochemical properties. These materials are formed in sp>-bonded
carbon, leading to high electrical conductivity and good electrocat-
alytic activity for a variety of redox reactions [2,10]. Nonetheless,
sp? carbon electrodes are prone to surface fouling, which negatively
impacts on target analyte adsorption, electrical conductivity, and elec-
trocatalysis, resulting in poor limit of detection (LOD) and reduced
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mond [12] and another hybridized phase called “sp>-bonded diamond
materials” have gathered increasing attention.

Since pure diamond is an insulator, its use as electrode material
requires a controlled introduction of impurities called dopants. As a
result, doped diamond achieves metal-like conductivity [13]. The most
commonly used diamond dopant is boron which possesses one fewer
electron than carbon; thus, boron-doped diamond (BDD) is p-type
material (sp>-diamond phase). BDD electrodes have been reported as
detection electrodes for electrochemical sensors with different applica-
tions such as heavy metal [14], food and pharmaceutical controls [15],
neurotransmitters [16], biomolecules, and biomarkers [17,18]. These
electrodes are highly demanded features such as wide working poten-
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tial window, chemical resistance, anti-fouling properties, and biocom-
patibility, thus enabling them to be reused several times without a
decrease in current responses [14,18]. Due to BDD surfaces having a
lower amount of surface functional groups or the lack of oxygen func-
tional group on the diamond surface compared to conventional car-
bon-based materials, indicating that a very low tendency for
adsorption of chemical species, proteins, and biomolecules on the inert
diamond surface [19,20]. Even though the BDD electrode has been
widely used in various electrochemical applications, the electrocat-
alytic activity of the BDD electrode is not high as that of sp>-bonded
carbon [21]. Moreover, the production of diamond powder is carried
out mainly by the high-pressure high temperature process (HTHP),
resulting in challenges to get a properly doped diamond due to crystal-
lographic defects caused by a high content of boron [12]. Indeed, the
contamination of the dopant in the synthesized conductive diamond
can influence the electrochemical analysis. For these reasons, the
hybridized material has been developed, which integrates both sp?
and sp® phases. This material offers a trade-off exists between a wide
potential window and relatively high electrocatalytic activity, thus
leading to high efficiency and high performance in the detection of
analytes.

Recently, a new hybridized material that well integrates both sp>
and sp°® phases, boron-doped diamond/graphene nanowalls (DGNW),
has been developed by our group [22-24]. The GNWs can be like dia-
mond films in-situ doped by boron atoms in the microwave plasma
assisted chemical vapor deposition (MWPACVD) process. This process
is a catalyst-free-based process, thus making DGNW growth possible
on different substrates with no metallic contamination. In addition,
the DGNW is a perpendicular carbon wall overgrown by nanodiamond
clusters, making them a very promising electrochemical material in
terms of high electrocatalytic activity (k* = 1.1 x 1072 cm s~ ') and
wide working potential window (up to 3.2 V vs. Ag/AgCl) [23]. Hence,
it is worth noting that this material can be employed as an electrode,
as it exhibits excellent electrochemical performance for biosensing
applications. To the best of our knowledge, the DGNW has not been
used as an electrode material to examine neurotransmitters.

Herein, we report an electrochemical sensor based on DGNW for
neurotransmitters detection. To be highlighted, this present work
mostly focuses on the neurotransmitters in the catecholamine family,
i.e., serotonin (5-hydroxytryptamine, 5-HT), epinephrine (adrenaline,
EPI), and dopamine (3,4-dihydroxyphenylthylamine, DA), which play
an important role in the biological processes of our body [25]. These
molecules are responsible for various functions essential to the brain,
e.g., behavior and recognition, hormone functions, and establishing
human brain-body function [26]. The average levels of 5-HT, EPI,
and DA in urine samples are in the range between 0.03 - 0.13 uM, 0
— 0.1 uM, and 0.3-3 pM, respectively [27]. Suppressed levels or the
complete depletion of these neurotransmitters can be associated with
severe health problems, including Parkinson’s and Alzheimer’s dis-
eases, schizophrenia, Huntington’s disease, or hypertension neuropsy-
chiatric disorders [28]. Accordingly, it is necessary to develop
sensitive and selective methods for the determination of
neurotransmitters.

A wide range of detection methods has been reported to analyse
neurotransmitters, such as colorimetry, mass spectroscopy, chemilumi-
nescence, chromatography, and capillary electrophoresis [29]. How-
ever, these techniques require sophisticated training, benchtop
operation, and costly and bulky instruments, making these techniques
limited the real time analysis and on-site monitoring [30]. To
approach the onsite analysis, the miniaturized analytical device has
been proposed with electrochemical technique. Screen-printed elec-
trodes (SPEs) have been mostly reported in numerous electrochemical
applications because their enable simplicity, portability, inexpensive-
ness, ease of fabrication, and operation [4,31]. Taking advantage of
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these aspects, the SPEs offer mass production and can be implemented
with an electrochemical technique for neurotransmitters detection.

In this present study, we propose for the first time using DGNW
coupled with screen-printed graphene electrode (SPGE) for electro-
chemical detection of 5-HT. The DGNWs were prepared using conduc-
tive diamond-based powder synthesized from commercially available
nonconductive nanodiamond powder. Synthesized DGNW powder
shows features between BDD (sp® diamond phase) and graphene nano-
wall (sp®>-bonded carbon phase) on the same surface. Depending on the
synthesis conditions, we obtained carbonaceous powder with a differ-
ent surface resembling morel-like structures in shape. The variety of
DGNW shapes can affect their surfaces, chemical composition, and
electrochemical properties. The DGNW was coupled with the SPGE
using a drop-casting procedure. The surface morphologies of each
DGNW type, including scanning electron microscope (SEM) and
Raman spectroscopy, are discussed. The electrochemical characteris-
tics of DGNW modified electrode are studied using cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS), and com-
pared to the bare SPGE electrode. To quantify the concentration of
neurotransmitters, differential pulse voltammetry (DPV) was used.
Compared to bare SPGE, the DGNW modified electrodes shows signif-
icantly better sensitivity with a low detection limit and reduced foul-
ing effects. Besides, to evaluate the efficiency and applicability of
the proposed sensor in real sample analysis, a synthetic urine sample
was then tested. This proposed sensor presents simplicity, portability,
and high-antifouling capability, and can be applied in a wide range of
biological assays.

2. Experimental

The details of the chemical, reagents, apparatus, and measure-
ments, and the preparation of glassy carbon electrode (GCE) and gold
disk electrode (GDE) are presented in the supporting information sec-
tion 1-3.

2.1. Synthesis of boron/nitrogen co-doped diamond-graphene nanowall-
structured particles (DGNW)

DGNWs were synthesized using a microwave Plasma Assisted
Chemical Vapor Deposition system (MWACVD, SEKI Technotron
AX54008S, Japan). In brief, two sets of samples were prepared with
and without additional nitrogen in the gas phase. As the substrate, a
diamond powder was used with ca. 1 um size (YDY) in an amount of
1 g. The following process conditions: gas mixture—H,, CH,, B>Hg,
with a total flow of 325 sccm; process pressure—50 Torr; microwave
power—1.3 kW; microwave radiation—2.45 GHz. All samples were
doped by using diborane (BoHg:1000 H,) as an acceptor precursor.
The [B]/[C] ratios in the gas phase were set to 2000 and 5000 ppm,
which resulting in the various contents of boron incorporated into
nanowalls. During the process, the substrate holder was heated up to
700°C by an induction heater, which was controlled by a thermocou-
ple. Four different DGNW samples were tested in this study. All param-
eters for DGNW preparation are shown in Table 1. More details about
the growth mechanism of DGNW are described in the previous work
[23].

Table 1
The condition parameter of the DGNW preparation in this present work.

Sample [B]/[C] ratio Additional Ny Growth time
DGNW-2 k N, 2000 Yes 3h
DGNW-2 k 2000 No 3h
DGNW-5 k Ny 5000 Yes 3h
DGNW-5 k 5000 No 3h
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2.2. Screen-printed graphene electrode (SPGE) material and fabrications

The screen-printed graphene electrode (SPGE) pattern was fabri-
cated according to a previously described procedure [32]. In short, a
three-electrode system was constructed using an in-house screening
method on a transparency film as an electrode substrate. The SPGE
pattern was designed by AutoCAD software and cut using a laser cutter
(GCC C1801D) in a transparency film. For electrode fabrication, a gra-
phene-based ink (as the WE, 4 mm in diameter) and counter electrode
(as the CE), and Ag/AgCl ink (as the RE) were printed on transparency
film. After that, the printed electrode was cured in an oven at 60°C for
1 h to eliminate residual organic solvents in the ink composition.
Finally, the SPGE was connected with an alligator clip to perform
the electrochemical measurement. The electrode design and schematic
illustration of the SPGE electrode are shown in Fig. 1.

2.3. Drop casting for electrode modification

Prior to electrode modification, the 1 mg mL™" of the DGNW pow-
der dispersion in ultrapure water was bath sonicated for 30 min before
use. Four different types of DGNW powder were compared, designated
DGNW-2k N,, DGNW-2k, DGNW-5k N,, and DGNW-5k. All DGNW
types were characterized by SEM and Raman spectroscopy, as shown
in Fig. 2A and 2B. To prepare the modified electrode, 8 uL. of DGNW
suspension in water was dropped on the electrode surface (all elec-
trodes: SPGE, GCE, and GDE) and then kept dry to evaporate the sol-
vent at room temperature for 30 min (the optimization of the
amount of DGNW loading and number of drop-casting layers can be
found in the supporting information, section 8, and Fig. S5). Finally,
the modified electrodes are ready to measure the neurotransmitter.

2.4. Electrochemical of neurotransmitter determination

For the detection of neurotransmitters on SPGE, 100 pL of different
concentrations of 5-HT and other neurotransmitters solution were
applied to the three-electrode system. A differential pulse voltammo-
gram signal was then monitored in the potential range from —0.3 V
to 0.6 V (vs. Ag/AgCl), with a modulation amplitude of 200 mV, a
standby potential of 0 V, a step potential of 5 mV, and an equilibration
period of 3 s at room temperature.

RE
Ag/AgCI

Conductive
pads

Transparency film substrate
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2.5. Preparation of synthetic urine sample

The preparation of synthetic urine samples was prepared following
the previous report [33,34]. Briefly, all reagents which are including
CaCl,-2H,0 (0.28 g), NaCl (0.73 g), Na,SO, (0.56 g), KH,PO,
(0.35 g), KC1 (0.40 g), NH,Cl (0.24 g), and urea (6.25 g) were prepared
in 250 mL of ultrapure water (pH 7.6). It should be noted that the syn-
thetic urine sample was immediately used after its preparation to elim-
inate other interferences in case of the hydrolysis of urea.

3. Results and discussion
3.1. Surface morphology and structure of DGNW

To characterize the different types of the DGNW several tech-
niques, including high-resolution scanning electron microscope (HR-
SEM) and Raman spectroscopy, were carried out. Initially, the surface
morphologies of each different DGNW type were characterized using
HR-SEM. According to the previously reported, the morphological
characteristic of a DGNW is formed in a maze-like shape, with grain-
sized in a micrometric range [23]. The production of DGNW affects
to the sp3 (diamond phase) and sp2 (non-diamond phase) on the mate-
rial surface, and influences the electrochemical properties, such as sur-
face area, surface morphology, electrocatalytic properties, as well as
the double-layer capacitance of DGNW in the electrochemical analysis
[35,36]. Here, the diamond powder was modified in the MWPACVD
process with and without N, in the gas composition to obtain the
DGNW. SEM images of each DGNW type are presented in Fig. 2A.
These changes have a crucial influence on the DGNW growing onto
the diamond powder. As shown in Fig. 2A panels I and III, the diamond
powder is visibly overgrown by DGNW, creating maze-like or morel-
like structures. Likewise, the N, influences the growth of DGNW in
the gas phase and determines the structure ‘density’ of the GNWs. As
expected, the increasing boron content had significantly affected to
the quantity and amount of GNWs growth on the substrate. Besides,
the obtained DGNWs are shortened, which is in agreement with our
previous research [23]. It should be pointed out that the shortened
walls of DGNW provide a positive effect, indicating that this material
has a high surface area. Contrarily, when there is no additional N, the
DGWN grows poorly; only other forms of sp® carbon overgrown the
diamond powder (Fig. 2A, panels II and IV). Therefore, we conclude
that the difference in [B]/[C] ratios and the presence of N, in the dop-

WE and CE
Graphene

0.4 cm

2.3cm

1.4 cm

Fig. 1. (A) and (B) schematic illustration of screen-printing graphene electrode (SPGE) for 5-HT detection. The flexible transparency film was used as a substrate.
The graphene-based ink and Ag/AgCl ink were screened to create a working electrode (WE, 4 mm in diameter) and counter electrode (CE), and reference electrode

(RE), respectively.


http://mostwiedzy.pl

/\/\ MOST WIEDZY Downloaded from mostwiedzy.pl

J—

S. Boonkaew et al.

. 2 1345 cm”
DGNW-2k N, 1345 o

Signal Intensity (arb. units)

Signal Intensity (arb. units)

(i) (I oL

Signal Intensity (arb. units)

Journal of Electroanalytical Chemistry 926 (2022) 116938

Peak  Peak position Area FWHM

1572 cm’

D-band 1345 7612466 1272
G-band

G-band 1572 4782554 102.36

I/l = 1.59

T T . 1
250 500 750 1000 1250 1500 1750 2000
Raman Shift (cm™)

DGNW-2k 1332 cm'
) sp’ diamond
Peak Peak position Area FWHM
sp’ 1332 501231 7.93
1358 cm™

D-band 1358 8808430 24029 st

G-band 1570 3628131 11858

= 1598 cm™
1,/1,=2.49 oA

250 500 750 1000 1250 1500 1750 2000
Raman Shift (cm™)

Peak  Peak position Area FWHM

D-band 1350 64528.95 180.21

G-band 1580 3237296 113.14

I/l = 1.99

T { ] T 1
250 500 750 1000 1250 1500 1750 2000
Raman Shift (cm™)

DGNW-5k i o
Peak  Peak position Area FWHM
BB 481 7211.36 187.47
sp’ 1330 302857 831
D-band 1343 44539.14 267.62
G-band 1572 16577.31 187.47

1,/1,= 2.69

T - T — T T T v
250 500 750 1000 1250 1500 1750 2000
Raman Shift (cm™)

Fig. 2. (A). HR-SEM images and (B). Raman spectra of DGNW with 2000 and 5000 ppm of [B]/[C] and with and without additional nitrogen in the gas phase. The
spectral decomposition was achieved by fitting the Gaussian distribution. DGNW-2k N, (with N, [B]/[C] 2000 ppm), DGNW-2k (without N, [B]/[C] 2000 ppm),
DGNW-5k N, (with Nj, [B]/[C] 5000 ppm), and DGNW-5k (without N5, [B]/[C] 5000 ppm) are shown in panel (I), (I), (IIl), and (IV), respectively.
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ing process of GNWs play the main role in terms of the density and
length of DGNW and influence on the quality of the electrode surface,
and accordingly to the electrochemical performance.

To confirm the different forms of carbon layers of DGNW, Raman
spectroscopy was then carried out (Fig. 2B). The samples with Ny
(DGNW-2k N, in panel I and DGNW-5k N, in panel III) reveal only
two prominent peaks, the D-band located at 1345-1350 cm ™! and
G-band 1572 — 1580 cm ™!, corresponding to the finite crystalline size
in A;; mode and E,, mode of sp>-bonded carbon, respectively. In the
second case (DGNW-2k in panel III and DGNW-5k in panel IV), the
Raman spectra appear to be a mixture of sp® and sp> carbon phases
(at 1330 — 1332 cm ™ 1), resembling more sp? than sp® diamond phase.
The presence of broad peak of DGNW-5k located at 481 cm ™! was
associated with the boron-modified carbon nanosheet as shown in
Fig. 2B, panel IV. The decomposition by Gaussian distribution also
shows differences between samples with and without nitrogen such
as larger area under the peaks but smaller full width at half-maximums
(FHWM) which also confirms the influence of N, on the growth of
DGNW. Experimentally, the I/l of each DGNW type was found to
be 1.59 for DGNW-2k N, 2.49 for DGNW-2k, 1.99 for DGNW-5k N,
and 2.69 for DGNW-5K, respectively. The ratios I/Ig are significantly
smaller for samples with additional N5 in the growth process compared
to no additional N,. It should be noted that the presence of N, during
the preparation of DGNW led to a high sp? phase and consequently
improved the electrical conductivity of the electrode surface. These
results are in accordance with the previous work [22,37]. We hypoth-
esize that the difference in surface morphologies of each DGNW clearly
evident in SEM and Raman images contributes to the electrochemical
behavior as presented in Fig. 3. More details of surface characteriza-

—
Q
'

& gl e SPGE
£ —— DGNW-2k with Nitrogen
: DGNW-2k
£ —— DGNW-5k with Nitrogen
= 35 —— DGNW-5k e
Q .
®
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tion of this material using X-ray photoelectron spectroscopy (XPS)
and molecular composition can be found in previous reports [23,38].

3.2. Electrochemical properties of the DGNW modified electrode

The electrochemical behavior after the modification of each DGNW
type onto the electrode surface can be characterized by CV and EIS
techniques. According to the literature review, the presence of sp>
on the BDD electrode exhibits a wide potential window, low back-
ground current, high corrosion resistance, and high-antifouling capa-
bility [39]. In contrast, a high sp2 content on the electrode surface
could favor the oxidative reaction or the electrocatalytic property of
biomolecule compounds [35]. Furthermore, the oxygen reduction
reaction (ORR) can occur in the presence of high sp? content on the
electrode surface, causing an enhancement of the background current
and the limit the electrochemical potential window [13,40]. Thus, the
integration of sp® and sp phases in our system were then verified. CV
experiments of the modified SPGE electrode with DGNW were
recorded and compared with the bare SPGE electrode by sweeping
the potential range between —2.0 and 2.0 V (vs. Ag/AgCl) at
100 mV s~ ' as presented in Fig. 3a. A lower background current
response can be obtained after the DGNW-modified on the SPGE elec-
trode surface than that of the bare SPGE electrode, which is correlated
with sp® content on the DGNW surface. As expected, these results can
be confirmed that the DGNW-5 k gives both sp? and sp® content levels,
which can increase the electrocatalytic properties, give a wide poten-
tial window, low background current as well as high anti-fouling prop-
erties. The received results are in agreement with results revealed by
SEM and Raman techniques.

(b)

80 -

-0.2 0 0.2 0.4 0.6
E (V) vs. Ag/AgCI

Log Z (kQ cm?)

1.5 T T

-1 1 3 5
Log Frequency (Hz)

Fig. 3. (a) CVsin the presence of 0.1 M KNOs3, recorded at 0.1 Vs~ 1 over the range potential between — 2.0 to 2.0 V vs. Ag/AgCl. (b) CVs in the presence of 5 mM Fe
[CN]*7* in 0.1 M KNOs, recorded over the range potential from — 0.3 V to 0.5 V vs. Ag/AgCl. (c) The Nyquist plot and (d) the Bode plot using 5 mM Fe[CNe1>”* in
0.1 M KNOs, investigated over the frequency range between 0.01 to 10° Hz, potential at O V vs. Ag/AgCl, amplitude 0.01 V with 6 points per frequency decade, for
bare SPGE (dot line), DGNW-2k N, (green line), DGNW-2k (yellow line), DGNW-5k N, (red line), and DGNW-5k (blue line), respectively. Inset picture: the Randles
circuit applied to model EIS data. Ry: electrolyte solution resistance; Cq;: constant phase angle element; R.: interfacial electron transfer resistance; Z,,: Warburg
impedance introduced by the diffusion of ions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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To investigate which DGNW type provides better electrochemical
properties, CV was used to measure peak-to-peak separation (AE;)
and the electrochemical current repones in the presence of Fe
[CNg]*”* as an inner-sphere redox species [41]. This species is an elec-
trochemically reversible redox species. Its redox reaction has been
shown to be sensitive to the presence of some surface oxides; there-
fore, the current response was dependent upon the oxide coverage
and cleanliness of the electrode surface. Here, CVs of the modified
electrode were compared with the bare SPGE electrode and scanned
from —0.3 to 0.5 V (vs. Ag/AgCl) at 100 mV s~ ! in the presence of
5 mM Fe[CNg]®>/* in 0.1 M KNOs. As shown in Fig. 3b, symmetrical
voltammograms were obtained, and the calculated AE, values after
each DGNW-modified electrode were 109.5 = 5.6 mV for DGNW-
2k N, 113.5 = 5.7 mV for DGNW-2k, 109 + 2.8 mV for DGNW-
5k No, and 104.5 * 1.4 mV for DGNW-5Kk, respectively (n = 3). In
contrast, the measured AE; value of bare SPGE was 145 + 10 mV.
As expected, after modification with each DGNW type, smaller AE,
values of the modified electrode were achieved compared to the SPGE
electrode, meaning that the modified electrode exhibited a faster elec-
tron transfer rate and greater electrochemical reversibility than that of
the bare electrode. These results can also indicate a high level of sur-
face cleanliness and low oxide content on the electrode surface. The
measured AE, values are much higher than the theoretical value
(59 mV) because of the resistivity of the DGNW layer grown by the
CVD process [42]. Nonetheless, the obtained AE, values of the DGNW
modified electrode toward Fe[CNg]>”* redox solution are close to
those of undoped DGNW electrode materials characterized electro-
chemically without any electrochemical pretreatment. Likewise, these
obtained AE, values are much lower than other pristine CNWs
[43-45] or stencil-printed carbon electrode [46]. Note that all of these
obtained values are in line with previous work [23].

Moreover, EIS was used to examine insight into electrode kinetics
or the change of an electrical property on the electrode surface after
DGNW modified electrode by measuring the charge transfer resistance
(R¢o) between the redox species employed and the electrode surface.
This technique provides the data in terms of the Nyquist plot, which
including a semicircle part at high frequencies and a straight-line part
at low frequencies. The semicircle and the straight-line parts demon-
strate the electron transfer efficiency from the electrochemical cell
and the behavior of the redox solution from the diffusion-controlled
region, respectively. The Nyquist plot of each DGNW modified elec-
trode type is shown in Fig. 3c. After modified each DGNW on the SPGE
electrode surface (green line, yellow line, red line, and blue line), a
negligibly discernible charge transfer with a long straight line at high
frequency was obtained, indicating a high conductivity and superior
electron transfer of the DGNW material. The results after modified
each DGNW type provide the same trend. In contrast, the narrow
straight-line was obtained for the bare SPGE (dot line) at high frequen-
cies. This result indicated that the bare SPGE electrode provides the
lowest electron transfer rate and conductivity but increases after mod-
ification with DGNW. For better visualization, the bode plot was eval-
uated in Fig. 3d. Similarly, parallel results were achieved with the
Nyquist plot. More information of EIS measurement and the calcula-
tion of heterogeneous electron-transfer constant are shown in the sup-
porting information in section 4 — 5, and Fig. S1.

The electroactive surface areas (A, cm?) of the bare electrode and
the modified electrode were measured via CV at various scan rates in
the presence of 5 mM Fe(CN)Z/# in 0.1 M KNOj; using the Randles-
Sevcik equation [11]:

i, = (2.69 x 10°)AD"2n*/%1/2C

where i, is the current response of the bare SPGE electrode or the
DGNW modified electrode (amps), D is the diffusion coefficient of Fe
(CN)E/* (em? s~ 1), v is the scan rate (V s~ 1), and C is the concentration
of Fe(CN)g'/ 4 (M). The calculated A. values were found to be
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0.0126 cm? for bare SPGE electrode, 0.0167 cm? for DGNW-2k N,
0.0155 cm® for DGNW-2k, 0.0178 cm? for DGNW-5k N, and
0.0184 cm? for DGNW-5k modified electrodes, respectively. These
increases in the A, values could imply the successful modification of
DGNW on the bare SPGE electrode surface through the physical chem-
istry (drop-casting procedure). Besides, the increase in the electrochem-
ical current response was caused by a high surface area of DGNW as the
component of the electrochemical system. More details can be found in
the supporting information (section 6, Fig. S2).

3.3. Electrochemical current response of 5-HT on the modified electrode

As proof of concept, the electrochemical behavior of 5-HT on the
bare SPGE electrode and the DGNW modified electrode using
DGNW-5k were evaluated by CV and DPV techniques. As shown in
Fig. 4a and 4b, the voltammogram results clearly show that this 5-
HT studied typically gave an ill-defined oxidation peak at 0.37 V vs.
Ag/AgCl with a large background current at the unmodified SPGE
electrode (black line). Meanwhile, the DGNW modified electrode (blue
line) provides a well-defined peak at 0.25 V vs. Ag/AgCl and current
significantly higher compared to that of the bare SPGE. These results
suggested that the DGNW modified electrode could combine with
SPGE to improve the sensitivity and the detection limit for the deter-
mination of neurotransmitters.

To confirm a diffusion-controlled process, the electrochemical pro-
cesses of 5-HT on the DGNW modified and unmodified electrodes were
further examined by CV at various scan rates (25-100mV s~ Y as pre-
sented in Fig. 4c-d. The logarithm of oxidative current response of 5-
HT of the modified electrode increases linearity with the logarithm of
scan rate, indicating that the electrochemical process is a diffusional
control. As displayed in Fig. 4e, the slopes were found to be 0.54 for
bare SPGE and 0.55 for DGNW-5k modified electrode, respectively.
More details can be found in the supporting information in section
7, Fig. S3. It should be noted that the theoretical slope value was equal
to 0.5 for a purely diffusion process [22]. These obtained values were
close to the theoretically expected value of a diffusion-controlled pro-
cess. Thus, the electro-oxidation of 5-HT was controlled by a diffusion
process.

Next, electrochemical current responses of the bare electrode and
each DGNW modified electrode type were evaluated to confirm the
proposed method. The oxidative current responses of 5-HT using the
DPV technique were investigated with a scanned potential range of
—0.3Vto 0.6 V (vs. Ag/AgCl) at the DGNW-modified SPGE electrodes
and compared with the bare SPGE electrode. As shown in Fig. 4f, an
increase in the current response in the presence of 5-HT could be
observed at the DGNW-modified electrode. In comparison with the
bare SPGE electrode, the oxidative current responses of DGNW-
2k Ny, DGNW-5k N,, and DGNW-5k modified electrode were obtained
to be significantly higher (2-3 times) than that of the non-modified
electrode. Meanwhile, the DGNW-2k modified on the SPGE electrode
provides a similar current response to the bare SPGE electrode. The
higher current response in the presence of DGNW could possibly be
attributed to the high surface area and efficient electron transport of
the DGNW material, which potentially improved the degree of 5-HT
oxidation reaction [16,47]. We further considered the oxidative cur-
rent responses in the presence of 5-HT of each DGNW modified elec-
trode on GCE and GDE, bare GCE, and bare GDE electrode. More
details are shown in the supporting information (Fig. S4). Briefly,
the current response of the DGNW modified on the SPGE electrode
provides a higher current response for 5-HT detection over the DGNW
modified on GCE and GDE electrodes, indicating a high sensitivity of
the electrode platform. Considering all the results mentioned above,
it certainly indicates that the DGNW-5k modified on the SPGE elec-
trode demonstrates the highest sensitivity for 5-HT detection. Hence,
a DGNW-5k and SPGE electrode were selected for subsequent
experiments.
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Fig. 4. (a) CVs and (b) differential pulse voltammograms in the presence of 50 pM 5-HT for bare SPGE (black line) and DGNW modified on the SPGE (DGNW-5k,
blue line). (c) CVs of bare SPGE and (d) DGNW modified electrode recorded as a function of a series of scan rate using 50 uM 5-HT , (e) The relationship between
the logarithm of oxidative current response (log I, ,) and logarithm of scan rate (log v), and (f) The comparison of the oxidative current response before and after
modified various DGNW types on SPGE using 100 pM of 5-HT. The error bar represents the standard deviation calculated from three replicated measurements
(n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Optimization

In this work, various parameters, such as the amount of DGNW
loading and the number of drop-casting layer, affecting the sensitivity
and the electrochemical performance of the proposed sensor were
investigated to obtain the high sensing efficacy for 5-HT detection.
The optimization parts were carried out with DGNW-5 k modified elec-
trode. Briefly, the optimal conditions were as follow: 1 mg mL ™" of the
amount of DGNW loading and 2 drop-casting layers. The discussion
and more details can be found in the supporting information (section
8, Fig. S5).

3.5. Analytical performance

The analytical performance of the electrochemical sensor for the 5-
HT sensor was evaluated using both the DGNW-5k modified and bare
SPGE. As illustrated in Fig. 5, the electrochemical current response of
the DGNW modified on the SPGE electrode (red line, Fig. 5a) propor-
tionally increases with increasing concentration of 5-HT in the range
of 1 - 500 uyM (I = 0.1245 Csyr (UM) + 1.2724, R* = 0.993) with
a limit of detection (LOD = 3SD/slope) of 0.28 uM. For the bare SPGE
electrode (green line, Fig. 5a), the calibration plot shows a linear
response in the range of 5 — 500 pM (I 0.0644 Csyr (M) —
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Fig. 5. (a) linear relationship between the oxidative current response and the concentration of 5-HT of bare SPGE (green line) and DGNW modified electrode (red
line). (b) differential pulse voltammograms of the DGNW modified electrode and (c) bare SPGE tested at different concentrations of 5-HT ranging from 1 uM to
500 uM and 5 uM to 500 uM, respectively. (d) the influence of other interferences on the current response of 5-HT and the current response was calculated in terms
of normalized current to correct the background of each interference. The error bar represents the standard deviation calculated from three replicated
measurements (n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

0.8311, R? = 0.9924) with a limit of detection (LOD = 3SD/slope) of
1.23 uM. The oxidative current response plotted at different concentra-
tions of 5-HT using a modified electrode and the bare SPGE are pre-
sented in Fig. 5b and Fig. 5c, respectively. We also evaluated and
compared the analytical performance on GDE and GCE for 5-HT detec-
tion; all results are shown in the supporting information (section 9,
Fig. S6). Moreover, a comparison of the analytical performance
between previously reported methods and the proposed sensor modi-
fied with DGNW for 5-HT detection is shown in Table 2. Among the
methods, our approached sensor provided a high-antifouling elec-
trode, acceptable LOD, wide dynamic range, disposability, and ease
to operation with the lowest cost for 5-HT determination. Although,
other reports show superior performance with lower LODs, most of
them require complicated and notable materials for modification
steps, and expensive electrode materials. Additionally, the perfor-
mance of the proposed sensor is sufficient to detect 5-HT in urine
and serum sample (normal range between 0.27 and 1.65 uM), thereby
making our proposed format for an alternative point-of-care
application.

To verify the reproducibility, five DGNW modified SPGE electrodes
under the same conditions were used to detect 5-HT at different con-
centrations. The relative standard deviations (RSDs) of the electro-
chemical current response are less than 10 % (in the rage of 5.36 to
9.43 %), indicating satisfactory reproducibility of the developed
electrode.

We further investigated the influence of other proteins and biomo-
lecules that can be found in urine samples. Other interferences, such as
epinephrine (EPI), uridine, urea, uric arid (UA), ascorbic acid (AA),
guanine (Gua), L-cysteine (L-Cys), L-serine (L-ser), L-lysine (L-Lys),

L-phenylalanine (L-Phen), and glutamine (Glu), were employed in this
study. All interferences were prepared in PBS buffer and diluted in a
proper concentration. The results can be seen in Fig. 5d. As expected,
the change in DPV current response was only obtained when 5-HT is
present in the system. Contrarily, no significant changes (generating
merely less than + 10 % of the error) were obtained from other inter-
ferences even in 10-fold excess of EPI and UA, 40-fold of AA, and 100-
fold of other interferences greater concentrations (More details are
provided in the supporting information in section 10, Table S2 and
Fig. S7). Consequently, it can be concluded that the proposed electrode
provides a good selectivity and specificity toward targeted 5-HT.

We additionally evaluated the storage stability. The modified elec-
trode and the SPGE were prepared and stored in a closed container at
room temperature (22 * 2 °C). As shown in Fig. S8a, the results show
that the modified electrode can preserve its activity for at least 1 month
while causing a signal change less than 10 % (the normalized currents
are retained in the range from 92.95 % to 103.76 %) with %RSDs less
than 10 % (3.73 % to 6.72 %). On the other hand, there was no distinct
change in the normalized current after storage of the SPGE in dry con-
ditions for over 8 weeks (ca. 2 months) (the normalized currents are
obtained in the range from 95.41 % to 105.71 % with %RSDs ranging
from 5.28 % to 9.68 %), as presented in Fig. S8b. Therefore, a DGNW
modified electrode and SPGE can maintain the constant response as
the initiation for more than 1 month and 2 months, respectively.

3.6. anti-fouling properties

Electrode fouling is a major problem of the electrochemical detec-
tion of neurotransmitters, such as 5-HT, DA, and EPI. The oxidation
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Table 2
A comparison of the analytical performance between the previously reported methods and the proposed sensor using DGNW for 5-HT detection.
Modified electrode materials Detection technique Linear range (uM) LOD (uM) Number of measurement (scans) Ref.
G/p-AHNSA/SPCE SWV 0.05 - 150 0.003 2 [48]
SWCNTs/SPCE DPV 1 - 2500 0.4 Not specified [49]
PPyNPs-AuNPs/SPGE SWV 0.1-15 0.0332 Not specified [50]
PEDOTNTSs/rGO/AgNPs/GCE DPV 0.01 - 500 0.0001 5 [51]
5-HTP/GCE DPV 5-35 1.7 Not specified [52]
CNT-IL/GCE DPV 5-900 2 Not specified [53]
AuAg-G/G/ITO Amperometry 0.0027 - 4.82 0.0016 Not specified [54]
MWNTs-ZnO/CS/ITO SWV 01-1 0.01 Not specified [55]
Capt/TP/GE ASDPV 4 - 250 0.028 Not specified [56]
EIS 0.002 - 3.5 0.0012
pBDD FSCV 0.05-1 0.05 1 [571
CNTN
BDDPE DPV 0.25-7.5 0.5 3 [11]
DGNW/SPGE DPV 1-500 0.28 15 This work
SPGE 5 - 500 1.23

Abbreviation: Graphene (G), poly-4-amino-3-hydroxyl-1-naphthalenesulfonic acid (p-AHNSA), Screen-printed graphene electrode (SPCE), Screen-printed graphene
electrode (SPGE), Glassy carbon electrode (GCE), Indium tin oxide electrode (ITO), Single-wall carbon nanotube (SWCNTs), Polypyrrole nanoparticle decorated
with gold nanoparticles (PpyNPs-AuNPs), Poly (3,4-ethylene dioxythiophene)-reduced graphene oxide-silver Hybridge nanocomposite (PEDOTNTs/rGO/AgNPs),
5-hydroxytryptophan (5-HTP), Carbon Nanotube-Ionic liquid composite (CNT-IL), Graphene encapsulate gold and silver alloy (AuAg-G), Multiwall nanotubes-zinc
oxide/chitosan composite (MWNTs-ZnO/CS), Gold electrode (GE), Captopril/thiophenol (Capt/TP), Anodic stripping differential pulse voltammetry (ASDPV),
polycrystalline boron-doped diamond (pBDD), Pristine carbon nanotube networks (CTNT), Fast-scan cyclic voltammetry (FSCV), Boron-doped diamond paste

electrode (BDDPE).

reaction of these analytes is a surface adsorption dependent two-elec-
tron and two-proton process, which can undergo to hydroxylated prod-
ucts for 5-HT [58], leucodopaminechrome for DA [59],
leucoepinephrinechrome for EPI [60], and dimers or other electroac-
tive species. In addition, the adsorption onto the electrode surface of
these by-products and neurotransmitters itself can create the insulat-
ing layer and block or retard the electron transfer through the elec-
trode surface, thus leading to a decrease in the electrochemical
current response. To verify the resistance of the DGNW electrode into
electrode fouling, the consecutive measurements of DPV in the pres-
ence of neurotransmitters were therefore carried out on the modified
DGNW and unmodified electrodes (SPGE). The current responses of
both electrodes were obtained in the determination 50 pM of 5-HT,
EPI, and DA by using the same electrode in each repeated measure-
ment without any pretreatment steps. Fifteen consecutive DPVs in
the presence of neurotransmitters were monitored as a function of
the normalized current responses with respect to the first DPV over
the scan number are shown in Fig. 6. After 15 consecutive scans, the
current responses of the unmodified electrode (black line) continu-
ously decreased to 19.06 % of 5-HT and 59.47 % of EPI, and constantly
increased to 151.46 % of DA from the initial value, respectively. The
obtained results of the unmodified electrode show a greater degree
of adsorption of neurotransmitters products and dimers film on the
electrode surface than that of the modified electrode. The fluctuation
in the current response of the bare SPGE could possibly be explained
by the oxidation reaction of neurotransmitter that generates hydro-
quinone, dimers, and other electroactive species [61]. This product
can possibly produce an electrochemical current response and adsorb
onto the electrode surface [62]. In the meantime, the current responses
of the DGNW modified electrode (blue line, green line, and red line in
Fig. 6a—c) provided relatively constant for at least 15 scans compared
to the bare SPGE electrode. Consequently, the modified electrode has a
maximal anti-fouling capability for analysis of neurotransmitters up to
15 measurements. The comparison of the differential pulse voltammo-
grams between the 1** (solid line) and 15" scans (dash line) of the
modified and unmodified electrode are shown in the right-hand side
of Fig. 6. Considering all obtained results, compared to the bare SPGE
electrode, the presence of DGNW exhibits a wider electrochemical
potential window, lower background current response, and is able to
circumvent the fouling of neurotransmitters, such as 5-HT, EPI, and
DA, respectively.

In addition, a pretreatment method was applied to reactivate the
electrode surface and enhance the resistance to electrode fouling.
According to previously reported results [11,16], an anodic pretreat-
ment on the DGNW modified electrode was tested and compared the
DPV results in the presence of 50 pM 5-HT between before and after
pretreatment. The modified electrode was tested for 15 consecutive
cycles before the beginning of pretreatment with 0.01 M PBS buffer
at 1.5 V (vs. Ag/AgCl). As presented in Fig. S9, the voltammograms
after pretreatment at different times in the range of 60 s to 300 s
(Fig. S9b-f, orange line, yellow line, green line, red line, and blue line)
on the same electrode without any cleaning steps were performed and
compared with the first voltammogram of 5-HT detection (black line).
As expected (Fig. S9a), the current responses after anodic pretreatment
were similar to those of the fresh DGNW modified electrodes at 240 s.
These results demonstrated that the DGNW modified electrode was
reactivated to its original state after this pretreatment procedure.
Therefore, this anodic pretreatment was proposed as an alternative
way to refresh the electrode surface for 5-HT and other neurotransmit-
ters in the future.

3.7. Electrochemical detection of serotonin in the synthetic urine sample

Eventually, the proposed sensor was employed to evaluate the
applicability of the method for 5-HT detection in the synthetic urine
sample by using a standard addition method. A series of synthetic uri-
nes with known amounts of spiked 5-HT in the range from 30 to
250 uM were used to create a linear calibration plot. As exhibited in
Fig. S10, there is no significant difference in slope (m) between the
standard calibration curve (black line) and standard addition curve
(blue line), meaning that a negligible effect from other interferences
and matrices presented in the urine sample. Moreover, the %recover-
ies and %RSDs of 5-HT in synthetic urine samples were determined to
be in the ranges of 95.55 % to 102.43 % and 0.42 % to 1.14 %, respec-
tively. The obtained results are summarized in table S3. Based on these
results mentioned above, it can be concluded that the developed sen-
sor based on DGNW modified electrode has favorable application pro-
spects to be used for quantitative 5-HT in the biological sample
without a complicated modification step. Also, this proposed electro-
chemical sensor can be capable as an alternative electrode material
that increases the electrochemical signal as well as an anti-fouling elec-
trode for in vivo monitoring neurotransmitters in the future.
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Fig. 6. Left: Plots between differential pulse voltammetric normalized current of 50 uM (a) 5-HT, (b) DA, and (c) EPI and number of consecutive measurements
using the DGNW modified electrode (blue line, green line, and red line for 5-HT, DA, and EPI, respectively) and bare SPGE (black line). Right: The comparison of
differential pulse voltammograms before (1* scan, dash line) and after successive measurement (solid line) of 5-HT, DA, and EPI. Note that the first peak current

response measured in each case has been normalized to 100 %. The signals are shown as means of the measured values (n =

3). (For interpretation of the

references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Conclusion

We demonstrated portable electrochemical sensing for the determi-
nation of serotonin (5-HT) using DGNW coupled with SPGE for the
first time. Herein, two hybridized carbon materials, sp® and sp® carbon
hybridized phases, were explicitly produced to enable an excellent
electrochemical property and anti-fouling capability. The DGNW mod-
ified electrode was prepared via a drop-casting procedure. This pro-
posed sensor presented a good performance as a cost-effective,
sensitive, and selective sensor, which can be used as an alternative
detection method of neurotransmitters in the catecholamine family.
Under the optimized conditions, DGNW-5k was selected as its
enhanced the oxidative current response, improved the sensitivity,
and had good antifouling capability. The sensor presented a linear

10

dynamic range of 1 — 500 uM with a LOD of 5-HT was found to be
0.28 puM. Even though the obtained LOD value was relatively high
by this platform, the developed sensor is sensitive enough to analyze
5-HT in a real sample without any pretreatment methods and compli-
cated modifications. Additionally, electrode fouling from the elec-
trooxidation of 5-HT, DA, and EPI is easily overcome through an
anodic pretreatment, making this electrode use for multiple measure-
ment (i.e.,, measuring of 15 samples in situ by using only one elec-
trode). To verify the feasibility, the DGNW modified electrode was
applied for 5-HT detection in a synthetic urine sample with standard
addition method. The results demonstrated that this platform showed
satisfactory %recovery and %RSDs values. Not only the sensitivity and
selectivity can be achieved, but this platform also exhibited an excel-
lent anti-fouling capability, as well as high reproducibility, and can
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possibly be fabricated in large-scale industry. Consequently, the utility
of this sensor can be further extended to other biological molecules
and biomarkers of interest.
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