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A metal-free electrode using heteroatom-doped microporous carbon was fabricated for the ultrasensitive mon-
itoring of mono-bioactive molecules and the selective signaling of dopamine (DA) secreted by living cells. The
constructed electrode based on sulfur-doped microporous carbon (S-MC) shows a high surface area, a spherical
construction, numerous carbon chain defects, and microporous structures, which are the key factors of the
interactive signaling transducer, fast response, and active interfacial surfaces. The intrinsic features of S-MC with
different %S-doping (S-MC-1, and S-MC-2) through the sp>-carbon chain create abundant catalytic active sites,
facilitate molecular diffusion through the microporous structure, promote strong binding with the targeted
molecules, and induce interactions at electrolyte—electrode interfaces. The S-MC-1 provides selective signaling in
a tertiary mixture of DA, ascorbic acid (AA), and uric acid (UA) with a high sensitivity and a wide linear range of
0.01-5, 10-4000, and 1-2000 uM, respectively. The detection limits were set at 3nM, 1.26 uM, and 0.23 pM for
DA, AA, and UA respectively. The S-MC-1 demonstrated a selective screening of DA released from PC12 cells
under a K* ion- stimulator with high sensitivity and promoted high biocompatibility, low cytotoxicity, high
stability, and reliable reproducibility (%RSD ranged from 1 to 2.7). Our findings indicated that the S-MC-1 can
be utilized as an in-vitro model for simultaneously monitoring extracellular-DA secreted from living cells and
sensing mono-bioactive molecules in biological samples.

Mono-bioactive molecules
Living cells
Biocompatibility and low cytotoxicity

1. Introduction

The control and early investigation of various diseases and genetic
problems depend on the level of bioactive molecules, such as dopamine
(DA), ascorbic acid (AA), and uric acid (UA), (Chen and Chatterjee,
2013; Li et al., 2013). For instance, DA is a catecholamine neuro-
transmitter in the mammalian central nervous system, where it controls
learning, cognition, locomotion, emotion, and working memory (Zhang
et al., 2015a). The investigation of neurological disorders and psy-
chiatric disturbances, such as schizophrenia, cocaine addiction, and
Parkinson's disease is depended on the DA level in the brain and/or
human blood serum (Farjami et al., 2012; Zhang et al., 2015a). The AA
target may act as antioxidants in the human diet, leading to play an
important role in the prevention and treatment of several diseases, such
as the common cold, mental illnesses, scurvy, and AIDS, as reported
elsewhere (Huang et al., 2008). UA is one of the mono molecules pre-
sent in human fluids, and its level in urine and serum is an indicator of
several diseases, such as gout, hyperuricemia, and Lesch-Nyhan syn-
drome (Jiang and Du, 2014). The successful development of a biosensor

for the rapid, cost-effective, and on-site monitoring of a wide linear
range of targets is gaining considerable interest. Different techniques,
including fluorescence microscopy, high-performance liquid chroma-
tography, capillary electrophoresis, and spectrophotometry were ef-
fectively used for monitoring of species (Cheng et al., 2000; Gong,
2013; Lapainis et al., 2007; Wachman et al., 2004). However, on-site,
real monitoring, and selective detection of multi-species in one-post
screen assay remain challenge.

Electrochemical biosensors have been gaining significant attention
for their capability to recognize biomolecules such as DA, AA, and UA
because of their high sensitivity, easy operation, low cost, rapid re-
sponse, handling convenience, qualification for in situ monitoring, ex-
cellent compatibility with miniaturization, and good selectivity (Akhtar
etal., 2017; Emran et al., 2017, 2018a, 2018b). DA, AA, and UA coexist
in the extracellular fluid of the central nervous system and the serum. A
reliable analytical method for the one-pot measurement of DA, AA, and
UA levels in a biological sample is urgently needed for the in vitro
monitoring of DA from its original sources, including the brain or do-
paminergic cells, such as PC12, and even in the human blood serum
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(Liu et al., 2014; Qu et al., 2013; Sun et al., 2015a; Wu et al., 2015;
Zhang et al., 2013).

The simultaneous detection of DA and UA in the presence of AA was
performed based on composite materials (carbon-based materials, such
as graphene and multiwall carbon nanotubes and other metal or metal
oxides), such as Pt/reduced graphene oxide (Pt/RGO), 3D porous gra-
phene, pDA/(MWCNT), poly(l-methionine)/AuNPs/GCE, 1D carbon
nanomaterial, and ZnO-polyaniline/RGO (Ghanbari and Moloudi,
2016; Ojani et al., 2014; Palanisamy et al., 2015; Wang et al., 2016a,
2016Db). Previous studies simultaneously detected DA, AA, and UA, such
as activated graphene/MWCNT nanocomposite-loaded Au nanoclusters,
flexible graphene fiber functionalized by NiCo,0,4 nanowires, Fe30, @
N-doped carbon nanotubes, Pt@GO, AuNPs-GO poly(2,6-pyridine di-
carboxylic acid), N,S-dual doping of porous carbon, CTAB-fGO/
MWCNT, NiCo@N-doped carbon nanoplates, and graphene-ZnO
(Abdelwahab and Shim, 2015; Cai et al., 2016; Fernandes et al., 2014;
Gao et al., 2014; Sun et al., 2011; T1g et al., 2017; Yang and Li, 2014;
Zhang et al., 2015b, 2016). These significant developments of elec-
trodes may enable the simultaneous detection of AA, DA, and UA in on-
site monitoring assay. However, fabrication of simple, low-cost capital
and easy-to-use electrodes yet associated with high-performance sen-
sing assays of biological target species is urgently needed in future
design of electrochemical biosensors for clinical application.

The porous materials has received considerable attention in many
applications, such as biosensors, catalysis, fuel cells, antimicrobial,
adsorption and energy storage (Aboelmagd et al., 2015; Akhtar et al.,
2014; Azzam et al., 2017; Derbalah et al., 2015; El-Safty et al., 2013a;
Hassen et al., 2016b; Khairy and El-Safty, 2013, 2014, 2015; Khairy
et al., 2012). Carbon-based materials have enormous characteristic
features, such as a large surface area, numerous edge-plane-like defects,
which are directly reflected on its highly electrocatalytic activity, and
significant biosensing applications (Inagaki et al., 2016). The addition
of a heteroatoms, such as nitrogen, sulfur, phosphorous, and boron, into
the graphitic carbon network could enhance the electrocatalytic ac-
tivity of carbon materials and change the surface characteristics of the
carbon matrix, including hydrophobicity, electrical resistivity, charge
transfer, and acid/base levels (Chen et al., 2014; Ismagilov et al., 2009;
Xiao et al., 2005).

In the present work, the design of metal-free catalysis electrode
based on heteroatom-doped carbon material for the ultrasensitive and
selective detection of mono-bioactive molecules in the biological fluids
and secreted from living cells was achieved. The S-atoms acted as
heteroatom dopants and altered the carbon-microspheres for efficient
electrocatalysis with high active sites. The S-MC-1 was characterized
and provided a high surface area, a dominant microporous structure, a
large pore volume, and a microsphere structure, making it an ideal
mediator surface for signaling transduction. The microporous structure
with efficient doping of S-atoms created highly efficient active sites,
facilitated molecular diffusion, and promoted interactions at electro-
lyte—electrode interfaces. The S-MC-1 showed a real evidence of selec-
tive and simultaneous signaling of AA, DA, and UA in the tertiary
mixture. The high biocompatibility, low cytotoxicity, high sensitivity,
and significant selectivity of the S-MC-1 were ideal as in vitro DA-sensor
model in living cells (PC12) and biological samples.

2. Experimental section
2.1. Synthesis of sulfur-doped microporous carbon (S-MC-1 and S-MC-2)

Sulfur-doped microporous carbon (S-MC) was synthesized as fol-
lows: 2 g of p-glucose was dissolved in 50 mL Milli-Q water and soni-
cated for 30 min. Then, two samples of 0.5 and 1 g of thiourea with a
mass ration of p-glucose: thiourea are 4:1 and 2:1. Each one was dis-
solved in 20 mL Milli-Q water and sonicated for 30 min. The thiourea
solution was added to the p-glucose solution and continuously stirred
for 4 h. After that, the two solutions were transferred to 100 mL Teflon-

238

Biosensors and Bioelectronics 109 (2018) 237-245

sealed autoclaves and maintained at 180 °C for 24 h. After being cooled
to room temperature, the black precipitate of the desired materials S-
MC-1 (4:1) and S-MC-2 (2:1) were washed several times with water/
ethanol and then dried at 60 °C for 24 h. The desired black materials
were annealed at 800 °C under N, atmosphere for 4 h with a step in-
crease in temperature by 2 °C/min.

2.2. Cell culture

The PC12 cell line was obtained from PC12 (ATCC® CRL1721™) and
was cultured by incubation under 5% CO, at 37°C in Dulbecco's
Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum
(FBS) and 10% heat-inactivated serum. Cells were passaged every five
days and the medium was changed two-three times a week throughout
the lifetime of all cultures.

3. Results and discussion
3.1. Micrometric spherical construction of S-doped microporous carbon

The spherical construction growth of carbon material was formed
with p-glucose acting as the source of carbon spheres after poly-
merization and carbonization at high temperature under hydrothermal
carbonization (HTC) conditions (Wang et al., 2002). The S-doped
carbon spheres from p-glucose were formed by adding thiourea as the S-
source under hydrothermal conditions. Two different mass ratios of
thiourea (% S) was added to 2 g of p-glucose (glucose: thiourea = 4:1
and 2:1) and heated under HTC at 180 °C for 24 h. Aromatization and
carbonization were performed with the formation of carbon spheres as
in Scheme S1. The presence of thiourea, which is the source of S-atoms
during the polymerization and spherical carbon growth, advanced the
S-atom to the carbon chain and formed S-doped carbon with different
sulfur contents as its source concentration. The complete carbonization
of the S-MC was formed with the microporous network after annealing
at 800 °C under N, flow at an increasing rate of 2°C/min. After an-
nealing at 800 °C, two varied materials appeared and were named S-
MC-1 and S-MC-2 according to the mass ratios of each sample.

3.2. Morphological and structural assessments of S-MC

The S-MC hieratical morphology was investigated through field-
emission scanning electron microscopy (FE-SEM), as shown in Fig.
S1(A-D). As illustrated in Fig. S1A, a high yield of carbon spheres of S-
MC-2 was formed with formally aligned spheres. The formation of
spherical carbon from p-glucose was grown after successive condensa-
tions and polymerization in a spherical shape. High-magnification FE-
SEM resulted in micro-spherical carbon structures with size in the range
of 3-5 um, as presented in the inset of Fig. S1IA. Fig. S1B shows that in
the low-magnification FE-SEM of S-MC-1, symmetrical and formal
micro-spheres of S- doped carbon (S-MC-1) were observed, where a
high yield and different spheres size were formed. Fig. S1(C & D) il-
lustrates the formation of spherical carbon with a homogeneous sphe-
rical distribution, and 3D spheres construction. The self-assembly of
spherical carbon-doped materials was realized with a microsphere
structure in the range of 1.5-5 um.

The effective and actual percentage of S-atoms in the carbon mi-
crospheres of S-MC-1 and S-MC-2 were investigated through EDX-SEM.
Fig. S1(E-i-E-iv) shows the EDX-SEM for S-MC-1 and displays the
homogeneity and formality distribution of the C, O, and S atoms on the
sphere's surface. Furthermore, Fig. S1(F-i-F-iv) shows the EDX-SEM for
S-MC-2 and displays the presence and distribution of C, O, and S. The %
mass for C, O, and S of S-MC-1 and S-MC-2 illustrate the higher per-
centage for S-atoms in S-MC-2 as thiourea concentration was increased.
The mass of S increased from 5.27% of S-MC-1-8.45% of the S-MC-2,
whereas the mass of C and O were decreased from 74.1% to 73.07% and
from 20.63% to 18.74%, respectively. Thus, the decrease in the mass of
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C and O as the S contents were increased may be related to the efficient
doping of S-atoms into the carbon chain framework with more edge
plane defects.

To investigate the effect of dopant material contents on the gra-
phitic structure nature; Raman spectra were performed for the S-MC
constructions. The Raman spectra of all the samples were performed at
A =532 nm, a laser power of 4.68 eV, a laser scan of 10 times, and a
laser exposure of 10s in the range of 700-2000 cm ™ 1. Fig. S2A shows
two bands at around 1353 and 1563 cm ™!, which are characteristic of
the D and G bands of carbon materials (Ali et al., 2017; El-Safty et al.,
2017; Hassan et al., 2016; Hassen et al., 2016a; Shenashen et al., 2017a,
2016, 2017b). The G band shifted from 1579 cm ™" to 1568 cm ™! as the
% mass of S increased as in S-MC-2. The Ip/Ig values of S-MC-1 and S-
MC-2 were 0.93 and 0.95, respectively, illustrating the effects of dopant
materials on the graphitic carbon structure. That is, S distorted the
graphitic structure and increased the edge plane deficiency, which are
reflected in the catalysis, charge transfer, charge density activity.

The surface characteristics, such as the BET surface area, porous
structure, and pore volume, of S-MC, were investigated by using N
adsorption isotherms. Fig. S2B shows the N, adsorption isotherms for S-
MC-1 (green line) and S-MC-2 (red line). The adsorption isotherm
proceeded similar to a type I isotherm with H4 hysteresis loops, which
were related to the formation of microporous constructions (El-Safty,
2008; El-Safty et al., 2015a; El-Safty et al., 2012; El-Sewify et al., 2017;
Shenashen et al., 2013a, 2013b, 2014a, 2014b). The Sggr of S-MC-1 and
S-MC-2 were 522 and 171 m?g ™!, respectively. Fig. S2C and its inset
show the NLDF pore distribution for S-MC-1 and S-MC-2, in which the
pore size and pore volume of S-MC-1 were 1.52 nm and 0.328 cm®g ~?,
whereas those of S-MC-2 were 2.2 nm and 0.1251 cm®g ™ *. These results
confirmed that the conformation structure was clearly defined as a
microporous structure for S-MC-1 and S-MC-2. All of these results
proved that S-MC-1 had a high surface area with a microporous struc-
ture and a large pore volume (El-Safty et al., 2008, 2015b, 2013; El-
Safty and Shenashen, 2013; El-Safty et al., 2015, 2013b; Gomaa et al.,
2017; Selim et al., 2018; Soliman et al., 2017).

X-ray diffraction (XRD) analysis revealed the crystalline nature of S-
MC-1. As shown in Fig. S2D, two broad peaks were centered at 20
= 29.81° and 42°, which were related to graphitic carbon formation (Li
et al., 2009). The presence of a broadband at 42° indicated the distor-
tion of the crystalline graphitic carbon and the formation of carbon-
doped microspheres. Furthermore, the chemical compositions of the S-
MC were investigated by conducting XPS analysis (Fig. S3). The XPS
spectra of S-MC showed three peaks centered at 165.1, 531.68, and
284.76 for S, O, and C, respectively (Fig. S3) (for more details, see the
Supporting Information).

3.3. Interaction mechanism of DA on S-MC-based electrode

The highly active biosensor for signaling of mono-bioactive mole-
cules, such as AA, DA, and UA, from its resources was successfully as-
sembled. The PC12-cell line was chosen as the neuronal cells model,
which can synthesize monoamine neurotransmitters such as DA. The
concentration of DA secreted from neuronal cells depends on the con-
centration of stimulated agents, such as K (Akhtar et al., 2017; Emran
et al., 2018a, 2018b). The DA secreted from neuronal cells enriched the
PC12 medium and were injected into the electrochemical cell to
monitor the DA (Scheme 1). SWV measurements were used to detect DA
concentrations with the modified electrode of S-MC-1 as the working
electrode. The DA molecules incorporated with the surface of S-MC-1
lead to the enriched electrode surfaces with dense, mobile electron
movement along the actively heteroatom S-doped carbon-sphere sur-
faces. Our finding indicated that the activated of the carbon sphere
surfaces with various functional groups such as SO,, COOH, and OH
groups, in addition to the textural surface features such as high surface
area, microscopic porous spaces, and spherical networks may lead to
highly sensitive and selective sensing of DA released from living cells.
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Furthermore, the S-MC-1 illustrates an effective catalytic mediation of
the selective signaling of mono-bioactive molecules.

3.4. Signaling transduction assessments of S-MC-1 and S-MC-2

The signaling behavior of S-MC-1/GCE, S-MC-2/GCE, and GCE was
investigated through cyclic voltammetry (CV), and electrochemical
impedance microscopy (Fig. S4). S-MC-1 exhibited the highest elec-
trocatalytic mediator over S-MC-2/GCE and GCE in terms of electron
charge transfer, catalytic activity, diffusion pathway, charge resistance,
and high active surface electrodes (for more details, see the Supporting
Information). Thus, the S-MC-1 displayed a highly active electro-
chemical mediator, efficient %mass of S-contents, high surface area,
and dominant mesoporous structure (Akhtar et al., 2015; Sun et al.,
2015b; Yang et al., 2012, 2011).

The electrochemical behavior of mono-bioactive molecules, such as
AA, DA, and UA, in the S-MC-1/GCE and S-MC-2/GCE were in-
vestigated through CV in 0.1 M PBS (pH 5) at a scan rate of 100 mVs ™~ 1
Fig. 1(A&B) shows the catalytic oxidation of 0.5 mM AA and 0.1 mM UA
on GCE, S-MC-1/GCE, and S-MC-2/GCE. Irreversible oxidation peaks
for AA and UA were observed by shifting the applied potential to ne-
gative in the S-MC-1/GCE (0.297 and 0.592V for AA and UA), S-MC-2/
GCE (0.3 and 0. 62V for AA and UA) and GCE (0.613 and 0.677 V for
AA and UA). The S-MC-1/GCE revealed highly catalytic oxidation peaks
with an enhanced applied potential peak for more negative, which
corresponded to the oxidation of AA to de-hydroxy AA and of UA to
quinoid form. The S-MC-1/GCE was a more sensitive electrode than S-
MC-2/GCE and GCE for the electrooxidation of AA and UA (Kim et al.,
2014; Sheng et al., 2012). The same behavior was observed for 5 uM
DA, where the catalytic oxidation current of DA at S-MC-1/GCE
(17.88 pA) was higher than that of S-MC-2/GCE (5.88 pA) and GCE
(2.5 pA). Furthermore, two significant reversible oxidation-reduction
peaks were observed for DA with AEpy rq = 53 mV (Fig. 1C).

The possibility of the simultaneous detection of AA, DA, and UA in
one step was investigated by conducting CV on AA (0.5mM), DA
(10 uM), and UA (0.1 mM) in PBS (pH 5) on GCE, S-MC-1/GCE, and S-
MC-2/GCE. As shown in Fig. 1D (olive line), a broad peak was observed
for all coexisting molecules at the GCE, thus proving the lake efficiency
of GCE for the selective signaling of each target. Three well-defined
peaks for AA, DA, and UA were observed on S-MC-1/GCE and S-MC-2/
GCE. Fig. 1D (wine line) confirmed that

S-MC1/GCE exhibited a significant selective signaling with a higher
sensitivity than that of S-MC-2/GCE (Fig. 1D (light blue line)). The Ep
peaks on S-MC-1/GCE were at 340, 485, and 650 mV for AA, DA, and
UA, respectively, and the AE between the oxidation peaks of AA-DA,
AA-UA, and DA-UA were 145, 310, and 165 mV, respectively. Thus, The
S-MC-1/GCE was suitable for the sensitive and selective detection of
AA, DA, and UA in one step.

The pH dependence of the electrocatalytic oxidations of 0.5 mM AA,
1uM DA, and 0.1 mM UA in the S-MC— 1/GCE were investigated by
performing CVs in the pH range of 5-7 at a scan rate of 100 mVs ~*. The
oxidation peak potentials of the detected biomolecules shifted to ne-
gative values within the pH range of 5-7, as shown in Fig. 2(A-D). The
peak potentials of AA, DA, and UA with respect to the pH values ex-
hibited linear relationships with the following regression equations: pH
= 0.455 — 0.031 E(V) (R* = 0.93), pH = 0.87 — 0.072 E(V) (R?
0.964), and pH = 0.1.017 — 0.076 E(V) (R? = 0.988) for AA, DA, and
UA, respectively (Fig. 2[B, D, F]). The slopes of the straight lines were
0.031, 0.072, and 0.076 for AA, DA, and UA, respectively. These results
indicated that the number of number of protons was equal to the
number of electrons and further confirmed the suggested mechanism of
electrooxidation with the loss of 2~ /2H™* (Emran et al., 2017, 2018a,
2018b). Furthermore, the optimum pH solution for the best selective
signaling of the mono-bioactive molecules was determined by con-
ducting square wave voltammetry (SWV) in the pH range of 5-7. Fig. S5
and its table illustrate that the applied potential shifted to negative



M.Y. Emran et al.

Plan-view of S-MC

Biosensors and Bioelectronics 109 (2018) 237-245

B .
® .
v
L
- L J
P >
4 ™ ’
<. < DA
g »
¢ s
e 8
< | <
ng ¥F®
p-4 ¥ oS -
€ - -
0 e
e - -
-y Wy

Scheme 1. A) The confocal image of PC12 cells, which synthesize DA under K* stimulation. The secreted -DA interact with the surface of S-MC-1, which is constructed from spheres as
illustrated from plan and top of view. B) The DA-molecules binds to the active surface of S-MC-1, and then under chemical potential, the DA oxidized to QDA with losing of 2e’/2H™".
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Fig. 1. CVs S-MC-1/GCE (wine line), and S-MC-2 /GCE (light blue
line)-modified electrodes and bare GC (olive line) electrode
during the detection of 0.5 mM AA (A), 200 uM UA (B), and 5 uM
DA (C). D) The simultaneous monitoring of 0.5 mM AA, 10 uM DA
and 100 uM UA on GCE (olive line), S-MC-2/GCE (light blue line),
and S-MC-1/GCE (wine line) in N, saturated of 0.1 M PBS (pH =
5) at scan rate 100 mVs-'.
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DA, and 100 uM UA using S-MC-1/GCE.

values as the pH values increased. In addition, the best pH supporting
electrolyte value was pH 5, at which the highest separation potential
values of AEpa pa, AEaa.ua, and AEpp ya were achieved with significant
high signals. Thus, pH 5 was used as the optimum pH for the selective
signaling of AA, DA, and UA in one step.

The electrochemical kinetics on the surface of S-MC-1/GCE was il-
lustrated by CV at a varying scan rate in 0.1 M PBS (pH 5). The overall
process of DA and AA on S-MC-1/GCE was controlled diffusion me-
chanism, whereas the controlled process of UA was a diffusion-con-
trolled process (for more details, see the Supporting Information, and
Fig. S6).

3.5. Monitoring of AA, DA, and UA on S-MC-1

The sensitivity of S-MC-1/GCE for monitoring of AA, DA, and UA
was examined through SWV at a frequency of 25 Hz, an amplitude of
25 mV, an integration time of 3 ms, and a step height of 0.5mV in 0.1 M
PBS (pH 5). Fig. 3(A, C & E) shows the SWV oxidation peak current
increased with increasing AA, DA, and UA concentrations in the range
of 10-4000 pM, 0.01-5uM, and 1-2000 uM, respectively. Fig. 3A and
its inset show the oxidation peak current increased linearly with in-
creasing DA concentrations from 0.01 to 0.1 uM on the S-MC-1/GCE. In
addition, the electrode sensitivity of DA decreased because of electrode
saturations, which enforced the highest sensitivity of the designed
electrode at low DA concentrations. Furthermore, the linear ranges of
AA and UA at S-MC-1/GCE are in the range of 10-4000 and 1-2000 uM,
respectively (Fig. 3[C&E])). By plotting the concentration versus the

current for AA, DA, and UA at low concentrations, a linear relation was
obtained with the following regression equations: [I pa (uA)
=1.69 + 154.2C (uM), RZ =0.996, 1 ap (pA) =13.22 + 0.038C
(uM), R? = 0.964 and Iys (pA) = 3.94 + 0.557 (uM), R? = 0.997]
(Fig. 3[B, D&F]). The detection limits were found to be 1.26, 0.003, and
0.23 uM (S/N 3) for AA, DA, and UA, respectively. Therefore, S-MC-1/
GCE was suitable as a highly sensitive DA sensor with a detection limit
of as low as 0.003 uM, which was higher than that of AA and UA by
100-1000-fold, validating that S-MC-1/GCE was an efficient sensitive
and selective electrode for biosensing applications.

3.6. Sensitivity and selectivity of AA, DA, and UA on S-MC-1

To demonstrate the sensitivity and selectivity with fine resolution
signaling of the mono-bioactive molecules, SWV measurements were
performed in 0.1 M PBS (pH 5) on S-MC-1/GCE by varying the con-
centration of one target while maintaining the concentration of the
other two targets constant, and then varying the concentrations of all
targets in one-step. Fig. 4A and its inset show that the DA oxidation
peak was centered at 0.474V (vs. Ag/AgCl), and it increased linearly
with the addition of DA (0.01-1 uM) in the presence of AA (500 pM)
and UA (50 uM). The regression equation is as follows: I (uA)
= 6.74 + 100.25 [DA](uM), R*> = 0.988; N = 3 (Fig. 4B), and the de-
tection limit was calculated to be 27 nM. The DA concentrations higher
than 1 uM displayed a nonlinear behavior because of the DA saturation
at active adsorption sites. Similarly, the anodic peak currents increased
linearly with the concentrations in the range of 20-2000 and 1-400 uM
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Fig. 3. Square wave voltammetry measurements (SWV) of S-MC-1-modified electrode at varying DA concentrations (0.01-5 uM), its inset the SWV measurements of DA at low con-
centrations (A), varying the AA-concentrations ranged from 10 to 4000 pMj, its inset the SWV measurements of AA at low concentrations (C), and varying the UA-concentrations ranged
from 1 to 2000 pM,, its inset the SWV measurements of UA at low concentrations (E) in 0.1 M PBS (pH = 5) at step amplitude = 25 mv, frequency = 25 Hz, time of integration = 3 ms and
step height= 0.5mV on S-MC-1/GCE. The calibration plot of AA (B), AA (D), and UA (F)- concentrations (uM) vs the currents (uA), its inset the calibration plot at low concentrations.

for AA (Fig. 4C) and UA (Fig. 4E) in the presence of DA (0.1 uM) and UA
(50 uM), and DA (0.05 uM) and AA (400 uM), respectively. The detec-
tion limits of AA and UA were determined from the calibration plot of
the concentrations vs. the peak currents (Fig. 4(D&F). The regression
equations were expressed as I (uA) = 2.08 + 0.35 [AA](uM), R>
=0.964 and I (A) = 4.99 + 0.746 [UAJ(uM), R? = 0.973 for AA and
UA with detection limits of 1.9 and 0.8 uM, respectively.

One-step selective signaling with high sensitivity of AA, DA, and UA
on S-MC-1/GCE was investigated by SWV. Fig. 4G shows three well-
defined peaks at 0.22, 0.422, and 0.57 V, which corresponded to the
electrooxidation of AA, DA, and UA at S-MC-1/GCE, respectively. The
peak potential separations were up to 200, 178, and 350mV for
AA —DA, DA—UA, and UA — AA, confirming that S-MC-1/GCE can de-
tect AA, DA, and UA in one step. Fig. 4H shows that the SWV anodic
current increased linearly with the simultaneous addition of various
concentrations of mono-bioactive molecules in the range of 20-200 uM,
0.05-0.35 pM, and 1-10 uM for AA, DA, and UA, respectively. The ca-
libration curves of the simultaneous AA, DA, and UA detection were
expressed as I (uA) = 7.53 + 0.0251 [AA](uM); R? =0.88, I (nA)
= 3.99 + 83.2 [DA](uM); R? = 0.978,1(nA) = 5.74 + 1.04 [UA](uM);
R? = 0.887, respectively. The calculated detection limits revealed the
highest sensitivity and honest selectivity, where the detection limits
values were 1.2, 0.0041, and 0.24 uM for AA, DA, and UA, respectively.
These findings proved that the S-MC-1-/GCE successfully monitored
AA, DA, and UA in one-step with high sensitivity, and selectivity. That
is, demonstrate a better performance when compared with other
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modified electrodes, as presented in Table S1. Furthermore, the S-MC-
1/GCE exhibited highly candidate stable sensitive and selective elec-
trode for monitoring of DA in its resources or receptors, such as neu-
ronal cells and human blood.

3.7. One-step detection of AA, DA, and UA in biological sample, monitoring
of DA secreted from living cells under K™ - stimulator

The validation of the designed electrode for real application with
real human blood serum for the selective screening of bio-interfering
molecules (AA, DA, and UA) is summarized in Table S2. The recoveries
of the spiked samples were in the range of 100.1-104.3%, 100.8-105%,
and 99.84-102.5% for AA, DA, and UA (for more details, see the
Supporting Information, and Table S2).

The successful monitoring of neurotransmitter (i.e., DA) levels in
the brain and human fluids is urgently needed for the discovery of
neurological disorders, such as schizophrenia. The suitability of S-MC-
1/GCE for the control in vitro monitoring of DA released from PC12
cells (cells with extracellular DA) was tested (Akhtar et al., 2017; Emran
et al.,, 2018a, 2018b). The PC12 cells were visualized by using laser
scanning confocal microscopy measurements after confirming the ac-
tive wavelength region (Fig. 5A-D). An in vitro model was adopted to
study the interaction between S-MC-1 (20pug/mL) and PC12 cells
(2 x10° cells/mL). DAPI (0.1 pg/mL) was used for PC12 cell nuclear
counterstaining, which indicated the localization within the incubated
cells (Fig. 5B). Fig. 5A shows the bright field photo of PC12 within S-
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MC-1, where S-MC-1 dispersed and contacted within the cells. Fig. 5(B&
C) illustrates the nuclear staining with DAPI (Fig. 5B) and the F-actin
staining by phalloidin (Fig. 5C). Fig. 5D shows the merged photo of the
nucleus and cytoskeleton of PC12 cells, which indicate the presence of
S-MC-1 at the cell membrane without any interference or damage to the
cell structure. Thus, S-MC-1 provided high biocompatibility, as it ex-
erted no damage or shrinkage at the cell membrane and no any effect
on the nucleus constructions.

The DA released from PC12 cells was monitored through SWV
measurements in 0.1 M PBS pH = 5. Fig. S7 shows the SWV measure-
ments of the supernatant of 6 x 10° cells/mL PC12 with and without
incubation with different concentrations of (0-75 mM) KCl on S-MC-1/
GCE. A sharp well-resolution SWV peak was observed at 0.31 V, which
corresponded to the electrooxidation of DA at S-MC-1/GCE. By con-
ducting the calibration curve of DA, each cell will produce 2nM.
Consequently, the effect of the stimulating agent for releasing DA from
PC12 was assessed by incubating the PC12 cells with different
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concentrations of K (25, 50, and 75 mM) for 30 min. As presented in
Fig. 5E, the PC12 cells release more DA with increasing concentration
of KCl. Furthermore, the results illustrated that the cell membrane was
depolarized by K* extracellular stimulation and induced an influx of
Ca®* and Na* by opening the voltage-sensitive Na* and Ca®* channels
(Mir et al., 2015; Shinohara et al., 2013). In addition, our designed
electrode provides high sensitivity and profound highly economic
electrode (metal-free-based electrode) that can be employed as DA-
sensing in living cells, as shown in Table S3.

To establish an in vitro model for DA-sensing from neuronal cells,
the cell proliferation and cytotoxicity of S-MC-1 were investigated by
using Cell Counting Kit-8 (CCK-8) assays. The PC12 cells were in-
cubated with S-MC-1 at 37 °C for 24 h with different concentrations of
S-MC-1 (10-200 pg/mL). Untreated cells served as a control for all
measurements. Fig. 5F shows that 27% of the cells were lost at high
concentration of 200 ug/mL and around 8% for 10 pg/mL. Therefore,
the S-MC-1 had no significant effect on the cell populations. Thus, the
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Fig. 5. (A-D) Confocal microscope images recorded at an excitation wavelength of 405, and 488 nm of control PC12 cells. A) Bright field image of S-MC-1incubated with PC12 cells. B)
Nucleus blue staining DAPI of the PC12 cells. C) Filamentous actin staining (phalloidin) of the PC12 image. D) Merged image of nucleus and f-actin of PC12. E) The column plot of
studying the effect of a stimulating agent of K* (0-75mM K™) on the amount of DA-secreted from the PC12 using SWV-measurements. F) The cytotoxicity assay of S-MC-1 on the PC12
cell line with various concentrations (10-200 pg/mL) using CCK-8 assay protocol and measured by microplate reader at 450 nm.

cell metabolic activity was too low within the incubation of S-MC-1,
verifying its low cytotoxicity.

4. Conclusion

We report a fabrication of simple, low-cost capital and easy-to-use
electrodes yet associated with high-performance sensing assays of
bioactive AA, DA, and UA molecules using sulfur-doped microporous
carbon as an efficient electrochemical biosensor in resources/biological
fluid samples. The efficient S-contents resulted in an sp>-carbon matrix
with a high surface area, a microporous structure, which created ef-
fectual active sites, and easy molecular diffusion, and facilitated the
interactions at electrolyte—electrode interfaces for initiating active sig-
naling transduction. The S-MC exhibited a highly active electrode sur-
face with fast electron-transfer, active signaling of mono-bioactive
molecules, facile transduction of electrochemical interaction, and sig-
nificant selective binding with the targeted molecules. The highly ac-
tive S-MC-1 achieved selective signaling with high sensitivity and sta-
bility, where the detection limits were up to 4.1 nM, 12 pM, and 2.4 pM
for DA, AA, and UA for one-step detection, respectively. The S-MC-1
successfully monitored the DA released from dopaminergic cells (PC12)
and raised effects of the stimulating agents (K™) on the amount of ex-
tracellular- DA (increasing the extracellular DA secretion). In vitro DA-
assay in dopaminergic cells (PC12) was established with high sensi-
tivity, selectivity, biocompatibility, and low cytotoxicity. Our findings
proved that the S-MC-1 is a promising material for a highly efficient
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electrochemical biosensor with high sensitivity, selectivity, and reliable
bio-application in human serum for monitoring of mono-bioactive
molecules and in vitro DA-sensing in living cells. The S-MC-1 can be
employed for routine clinical diagnosis and neuronal investigations.
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