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Abstract

To date, the production and development of portable analytical devices for environmental
and healthcare applications are rapidly growing. Herein, a portable electrochemical sensor
for monitoring of noradrenaline (NA) secreted from living cells using mesoporous carbon-
based materials was fabricated. The modification of the interdigitated electrode array
(IDA) by nitrogen-doped mesoporous carbon spheres (N-doped MCS) and nitrogen-doped
carbon hollow trunk-like structure (N-doped CHT) was used to fabricate the NA sensor.
The N-doped CHT surface shows multiple holes distributed with micrometer-sized open
holes (1-2 um) and nanometer-sized thin walls (~98 nm). The N-doped CHT surface
heterogeneity of wrinkled and twisted hollow trunk structures improve the diffusion
pathway and the NA molecules loading. The N-doped CHT/IDA showed a highly selective
assay for monitoring of NA with high sensitivity (1770 pA/uMxcm?), a low detection limit
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(0.005 pM), and a wide linear range (0.01-0.3 puM). The N-doped CHT/IDA monitored the
NA secreted from PC12 cells under various concentrations of simulation agents (KCI). The
designed N-doped CHT/IDA provides a portable NA-sensor assay with facile signaling,
good stability, high biocompatibility, in-vitro assay compatibility, and good reproducibility.
Therefore, the designed sensor can be used as a portable sensor for NA detection in live

cells and can be matched with portable smartphones after further developments.

Keyword; Portable electrochemical sensor; Noradrenaline; In-Vitro assay; Alzheimer

diseases; PC12; Porous N-doped carbon materials.

1. Introduction

Catecholamines (adrenaline, noradrenaline (NA), and dopamine (DA)) are biogenic amines
present in the central nervous system and act as neurotransmitters. These biomolecules play
a vital role in signaling transmission and further biological activity in the human body [1-
4]. NA is one of the catecholamines produced from the adrenal gland and nerve tissue [4].
The effects of NA can be observed on various biological functions and human health
activities, such as heart rate, blood glucose level, blood vessels, muscle activity, and
fight/flight actions [5-7]. In addition, NA acts as an alpha receptor and is present in arteries
[8].

The fluctuation in NA levels serves as a biomarker of psychiatric disorders, such as
dementia, Alzheimer’s, and Parkinson’s disease [9-11]. NA is used to manage several
diseases, including hypotension, cardiac disease, anxiety, and diabetes [12-14]. In this
respect, scholars focus on a highly sensitive protocol for identifying NA in various
biological samples (i.e., human fluids and brain samples) for therapeutic and neurological
applications.

Monitoring of NA has been conducted using various analytical methods, such as
fluorescence microscopy [15-17], ultra-performance liquid chromatography-tandem mass
spectrometry [18], and electrochemistry [7, 11, 19]. These methods suffer from

disadvantages, including the pretreatment of samples, requirement of highly specialized



equipment, and long-term need for highly qualified technicians. Most of these
disadvantages can be resolved by electrochemical methods involving rapid reactions, easy
processing, no sample pretreatment, use of handheld devices, ease of use, and applicability
in in vitro and in vivo tests [20-23]. Point-of-care-based devices have been widely designed
for the production of portable biosensors [20, 24]. The highly sensitive and selective
quantification of NA in neural models of neuronal cells/neural tissues, brain samples, and
human fluids remains a challenge. Various approaches have been developed to overcome
these limitations by producing highly active materials that convert the NA signal with high
sensitivity and selectivity [7, 11, 14, 19, 25]. The modified electrodes of conducting
polymer [14], metal oxides such as NiO [11], nanocomposites [26, 27], carbon-based
electrodes [7, 19, 28], and treated and modified multi-walled carbon nanotubes (MWCNTS)
[29] have been used for the detection of NA. The designed materials surface structure, size,
and composition play an important role in the biomolecules sensing such as NA. Most of
these materials need sophisticated preparation procedures, multiple treatment process,
fabrication limitations of mechanical and thermal stabilities, low biocompatibility, and high
cytotoxicity for further applications in in-vivo applications, and lack of sensitivity and
selectivity [30, 31]. Therefore, we aimed to synthesis an electrode material that overcome
most of these limitations with beneficial advantages of i) economic benefits, ii) easy
processing, iii) high electrochemical behavior, iv) solid mechanical and thermal stability,
and v) intense sensing properties. Besides, the development of highly sensitive and

selective approaches for in-situ biomolecular monitoring remains a challenge.

Carbon-based materials with multi-function heteroatom centers can be candidate catalysts
because of their numerous active centers, high structural stability, low cost, high
mechanical and thermal stability, excellent electron mobility, fast load transport, and
outstanding resilience [32, 33]. Heteroatom doping of graphene and MWCNTSs has been
widely used for various heterogeneous catalysts and biosensing applications [32, 34, 35].
Graphene and MWCNTSs are highly ordered structures that limit the active doping by
heteroatoms (N, P, S, and B) in the carbon framework and active functional sites [32].



Doped carbon-based materials with heteroatoms of P, N, S, and B have been recognized as
highly functional carbon materials with high electrical conductivity and highly active
centers. [32, 36-38]. Heteroatoms and carbon atoms form new bonds and functionality,
change the bond lengths, and create an atomic charge density between carbon and doping
heteroatoms. New carbon-based materials are designed with high electrochemical
performance, including fast charge transport, facile binding to targets, and high
electron/molecular diffusion [32, 36]. The presence of N atoms in the graphitic carbon
chain breaks the carbon electroneutrality and creates abundant active sites with a partially
polarized surface of positive and negative charges. This functionality arises from the
difference in the electronegativity and electron configuration between N and C atoms [39,
40]. Thus, the preparation of N-doped carbon-based materials with a novel procedure,
porous network, high surface area, long durability, highly stable structure, and homogenous
atomic distribution produces highly active materials with synergetic catalytic activity and
high charge mobility and electron density.

Herein, a portable electrochemical sensor based on the fabrication of interdigitated
electrode array (IDA) modified by nitrogen-doped mesoporous carbon spheres (N-doped
MCS) and nitrogen-doped carbon hollow trunk (N-doped CHT) was designed. The IDA
acted as the portable sensor base that can signal the oxidation—reduction reaction with fast
response, low sample volume, and a microfabricated chip. The N-doped CMS and N-doped
CHT functionalized the surface of IDA and mediated the detection of NA with high
sensitivity and selectivity. The N-doped CMS and M-doped CHT were synthesized using a
simple approach, one-pot reaction, and self-assembly management. The surface
morphology of the wrinkled and twisted hollow trunk with multiple micrometer-sized open
holes, very thin-sided wall, deep penetration, and a cave-like structure facilitated the
molecular diffusion and increased the contact interface through the inner/outer surface of
N-doped CHT. In addition, the nanoporous network, large surface area, and N-doped
graphitic carbon chain ascertained a highly active electrochemical surface that can bind
sensitively and selectively to NA targets and rapidly transduce the redox signal. The

morphology and chemical composition of N-doped CHT played crucial roles in the fast



response, sensitive and selective assay for NA detection, fast charge transport, facile
molecular and electron diffusion, multiple functionalized surfaces, and intense interaction
between the surface and target. The N-doped CHT/IDA can be produced for sensitive and
selective NA detection in live cells (PC12 cells) with high biocompatibility, high signaling
stability, fast response time, low sample volume, and smooth matching with the inner/outer

gates in various portable smartphones.

2- Experimental

Electrode design and fabrication of N-doped MCS and N-doped CHT on IDA

2.1 Synthesis of N-doped MCS and N-doped CHT

The N-doped MCS and N-doped CHT-based materials were synthesized based on
hydrothermal treatment (HT) approaches of hydrocarbons (i.e., glucose) and other organic
compounds at high temperatures [41]. For the synthesis of N-doped MCS, a) a glucose
solution (carbon source) was prepared by dissolving 1.8 g glucose (0.2 M) in 30 mL
deionized water (DI water), and the mixture was stirred for 2 h. b) The thymine solution
(nitrogen atom source) was prepared by dissolving 0.5 g thymine in 0.1 M NaOH (20 mL),
sonicated for 1 h and stirring the mixture for 2 h. The solutions of glucose and thymine
were mixed and stirred for 1 h at room temperature (solution A).

For the synthesis of N-doped CHT: a) The glucose solution was prepared as described in
the previous steps. Sodium dodecyl sulfate (SDS) (0.5 g) was added to the glucose solution.
Then, the mixture was sonicated for 30 min and stirred until the formation of a
homogeneous solution. The thymine solution was prepared by dissolving 0.5 g in 20 mL
0.1 M NaOH. The glucose and thymine solutions were mixed and then stirred for 2 h
(solution B).

Solutions A and B were poured into 100 mL Teflon-sealed autoclaves and maintained at
180 °C for 24 h. After cooling, the black precipitates of N-doped MCS and N-doped CHT
were collected. The residues were washed multiple times by a water/ethanol solution (1:1)
and then dried at 80 °C for 24 h. The prepared N-doped MCS and N-doped CHT materials



were annealed at 800 °C for 2 h with a step increase in temperature of 3 °C/min under N>

atmosphere.

2.2 Fabrication of portable sensor based on N-doped MCS and N-doped CHT

A portable sensor was designed based on the modification of the IDA electrode by N-doped
MCS and N-doped CHT. The thin films of N-doped MCS and N-doped CHT on the IDA
working electrode area were formed by deposition of the ink solutions of these materials
using the drop-casting method. The fabrication process was performed as follows: a) The
ink solutions of N-doped MCS and N-doped CHT were prepared by diffusing 10 mg of
each sample in 1 mL DI water containing 10 pL Nafion solution (5 %wt) (sonication for 2
h). b) The IDA was fabricated by drop-casting 20 pL N-doped MCS and N-doped CHT ink
solutions on the open area of the IDA electrode surface. The portable electrodes were
named N-doped MCS and N-doped CHT. c¢) The reference electrode of the IDA electrode
was fabricated by the addition of Ag/AgCl ink and heating at 80 °C for 1 min to form a
thin-film layer of Ag/AgCl. d) Designed electrode stabilization: Continuous cyclic
voltammetry (CV) sweeps in 0.1 M PB (pH = 7) at a scan rate of 100 mVs* was used to
stabilize the IDA working electrodes for 20 cycles within the potential window of 0.0-1.6
V.

3. Results and discussion

3.1 Surface modulation of N-doped MCS and N-doped CHT

Scheme 1 shows the schematic of the synthesis of N-doped MCS and N-doped CHT. The
N-doped MCS morphology became self-oriented after HT of glucose and thymine in 0.1 M
NaOH solution. The spherical carbon materials formed with variations in size, interlinked
spheres, and rough outer surfaces. The controlled formation of carbon materials with a
novel morphology was achieved by using SDS as a directing agent. The novel design of N-
doped CHT was developed after the removal of SDS by washing several times with
ethanol/water solution and carbonization at high temperature, leaving the open trunk-like

structure with wrinkled and twisted orientation. During HT, bubbles of CO2, CO, and H>



formed and possibly acted as the template for carbon sphere formation [42]. The presence
of SDS in the glucose and thymine solutions created hollow spheres that merged to form an
open wrinkled and twisted trunk-like structure. The chemical structure of SDS is
CH3(CH2)1:SO4Na and includes one hydrophilic (sulfate end) and one hydrophobic end
(long aliphatic chain end). The hydrophilic end was adsorbed easily at the bubble interface,
whereas the hydrophobic end remained inside. The glucose molecules electrostatically
adsorbed at the sulfonic group. The adsorbed glucose around the bubbles aromatized and
carbonized to form carbon materials of N-doped CHT. The nitrogenous compound of
thymine acted as the nitrogen source and electrostatically adsorbed on the bubble surface
and SDS molecules. The formed carbon materials interacted with the N source and formed
the N-doped carbon-based materials [43-45].

After the removal of SDS by washing and carbonization at high temperature (800 °C under
N2 flow), a novel hollow, twisted, and wrinkled trunk-like structure was formed. A
micrometer-sized open hollow with nanometer-sized wall thickness created multiple
grooves and vortexes and facilitated molecular and electron diffusion. The surface
morphology of N-doped CHT supported the circular diffusion pathway with a high mass-
to-volume ratio and induced the high loading of targets on its surface. The N atoms
enhanced the characteristic features of the carbon-based materials (linear sp? hybridization)
by forming multiple functional sites with a high density of electrons and several plane edge
defects. The N-doped CHT was produced with a novel geometrical structure of open,
hollow, twisted, and wrinkled trunk with multiple micrometer-sized open holes and
ultrathin walls and high molecular diffusion through the inner/outer the trunk wall. In
addition, the porous structure and high surface area increased the surface interface contact
and the loading of targets. Therefore, N-doped CHT can be used as a mediation surface for

signaling of ultra-trace concentrations of NA with high sensitivity and selectivity.

Scheme 1
The surface morphology and topography were investigated using field emission-scanning

electron microscopy (FE-SEM). Figures 1A(a and b) show the surface morphology and



self-assembly formation of N-doped MCS, respectively. The low-magnification FE-SEM
image illustrates the formation of carbon microspheres with various shapes and sizes
(Figure 1Aa). The self-assembly of carbon microspheres and thymine in the alkaline
medium led to the formation of carbon microspheres with structural defects, such as
merged spheres of various sizes (range: 1-2 um), several of which were egg-like with a
round shape. Figure 1Ab shows a focused FE-SEM image indicating the formation of
micrometer-sized carbon spheres with surface-to-surface link to the other spheres. In
addition, the surface of the spheres was similar to a wave with a rough texture and 3D
structure. Figures 1B(a—c) show the energy-dispersive X-ray spectroscopy (EDX)-SEM
mapping of N-doped MCS and the atomic distributions of C, O, and N. The homogeneous
distributions of C, O, and N reached 20.12, 12.56, and 7.32 %wt, respectively. These data
indicate the presence of various functional groups on the surface of N-doped MCS and
component N atoms. Figures 1C(a—d) show the FE-SEM images of N-doped CHT and the
surface structure design and morphology. A heterogeneous surface was designed based on
the direct action of SDS. After the removal of SDS, the final structure of N-doped CHT was
formed with high stability. The multiple micrometer-sized open holes in a huge trunk are
observed in Figure 1Ca. The holes showed a similar formation of twisted and wrinkled
hollow dead tree trunk. The wrinkled and twisted hollow trunk contained numerous surface
defects, such as grooves, vortices, and ridges. Figure 1Cb shows the focused FE-SEM
image of one of the open holes, which indicates a wrinkled trunk formation with thin walls
and multiple holes. The vertical and horizontal cross-section images present the
micrometer-sized open holes (hole size: 1-2 pum). The sidewalls of the open holes were
extremely thin, with a size of up to 98 nm. The open holes induced interior/exterior
molecular diffusion and increased the mass-to volume ratio, leading to a high loading of
targets and detection at ultra-low concentrations. Figures 1D(a—d) show the EDX-SEM
mapping of N-doped CHT and the homogenous distribution of C (81.83 %wt), O
(10.32 %wt), and N (7.85 %wit).
Figure 1



The Raman spectra of carbon materials exhibited carbon formation in the presence of
heteroatoms in the carbon chain. Figure 2A shows the Raman shift of N-doped MCS and
N-doped CHT. The presence of G (1320 cm™) and D (1616 cm™) bands refer to the in-
plane vibrational sp? hybridization of carbon atoms and the formation of various site
defects through the distortion of sp? hybridization (sp® hybridization), respectively [46-49].
The Ip/lc values indicate the degree of graphitization and various distorted and plane edge
defects. The Ip/lc values of N-doped MCS and N-doped CHT were 0.94 and 0.97,
respectively. Therefore, the N-doped CHT presented a higher graphitization than N-doped
MCS, leading to doping of the graphitic carbon chain by N and O atoms (sp?
hybridization). Figures 2(B and C) show the N2 adsorption isotherm and nonlocal density
functional theory of N-doped MCS (wine line) and N-doped CHT (green line) for the
investigation of pore size distribution, surface area, and pore volume. N-doped MCS and N-
doped CHT followed a type IV N adsorption isotherm (high step loading at P/P, = ~0.01).
This behavior indicates the dominant mesoporous structure of N-doped MCS and N-doped
CHT. The pore size (dp) of N-doped MCS and N-doped CHT was 2.08 nm, with
differences in the pore volume (Vp) of 0.042 and 0.083 cm3g?, respectively. The large pore
volume of mesoporous N-doped CHT, in addition to the open and hollow surface
morphology, facilitated the electrolyte diffusion and fast mass transfer inside/outside the
designed surface [49, 50]. The wide-angle X-ray diffraction (WA-XRD) indicates the
degree of graphitization and conforming distortion of graphitic carbon materials. Figure 2D
shows the WA-XRD of N-doped MCS (wine line) and N-doped CHT (green line). Two
broad WA-XRD peaks centered at 20 = 29.65°, 42° indicate the amorphous graphitic
carbon [47]. These data support the existence of heteroatoms and the formation of plane
edge defects through the distortion of the graphitic carbon chain due to O and N atoms
within the carbon chain (in-plane vibrational sp? hybridization) [51]. Figure S1 shows the
X-ray photoelectron spectroscopy (XPS) analysis and the presence of C (286.21 eV), O
(392.86 eV), and N (532.59 eV) in N-doped CHT. The XPS survey of N1S showed the
presence of four peaks centered at 398.21, 299.13, 400.4, and 402.9 eV, representing
pyridinic, pyrrolic, quaternary, and graphitic and oxidized N, respectively (Figure 2E) [3,



11, 52]. Nitrogen doping of carbon chain was confirmed by the presence of high contents of
pyrrolic and pyridinic N. The redox activity and surface electron charge density were
enhanced by pyridinic and pyrrolic N through the carbon chain of N-doped CHT material
and improved the sensing property and selectivity toward the NA targets. These
characteristics were attained due to the lone electron pair conjugated with the p-coupled
rings and the electron support property. Moreover, the electrochemical conductivity and
activity were enhanced due to graphitic and oxidized N of the graphitic carbon layers.
Figure 2F shows the XPS survey of Cls and the presence of various carbon bond types,
including C=C (284.04), C-C (285.75), C=0 (288.2), and O-C=C (289.51 eV). Moreover,
the XPS survey of O 1S indicated the presence of phenol-type (C—OH), quinone-type
(C=0), and groups (C-O-C and C-O-OH), which can provide surface wettability and
selectivity to N-doped CHT. Therefore, the surface nature of porosity, high surface area,
and formation of N-doped carbon-based materials, in addition to the novel structure of CHT
with twisted and wrinkled hollow trunk with multi micrometer-sized open holes, thin-sided
walls, deep open holes, rough surface, multi grooves, and vortexes, ascertained the highly
active and facile surface for high loading and highly sensitive and selective electrode
surface for the detection of target molecules.

Figure 2

3.3 Catalytic activity, sensing property, and selectivity of N-doped MCS/IDA and N-
doped CHT/IDA

The catalytic activities of N-doped MCS/IDA, N-doped CHT/IDA, and IDA were tested in
[Fe(CN)s]*"* solution (1 mM in 0.1 M KCI) using CV and electrochemical impedance
spectroscopy (EIS). Figure 3A shows the CVs of various electrodes of IDA (a), N-doped
MCS/IDA (b), and N-doped CHT/IDA (c). The current values (la) and applied position
difference (AE) of the quasi-reversible redox Fe?*3* peaks were used to outline the catalytic
activity and charge transport velocity of the designed electrodes, respectively. The anodic
current peak (la) values were 3.47, 11.79, and 25.09 YA for IDA, N-doped MCS/IDA, and
N-doped CHT/IDA, respectively. The AE values were 160 (IDA), 153 (N-doped
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MCS/IDA), and 89 (N-doped CHT/IDA) mV. These results indicate the high catalytic
activity and fast charge transport of N-doped CHT/IDA. The IDA, N-doped MCS/IDA, and
N-doped CHT/IDA electrode surface areas were calculated from the Randles—Sevick
formula: [53]

la (A) = 2.69 x 10° n®2 AgDo2Cov2 )
where la (A) refers to the anodic peak current, n represents the number of electrons
transferred, D (cm? s?) is the diffusion coefficient, Co (mole cm?) is the [KsFe(CN)g]
concentration, A (cm?) is the electrode surface area, and v (V s?) is the scan rate [54]. The
calculated electrode surface areas were 0.0013, 0.005, and 0.01 cm? for IDA, N-doped
MCS/IDA, and N-doped CHT/IDA, respectively. The N-doped CHT/IDA exhibited a
higher electrode surface area than N-doped MCS/IDA (twofold) and IDA (10-fold).
Therefore, N-doped CHT/IDA showed the best catalytic activity and highest surface-to-
volume ratio with fast charge mobility and facile electron diffusion.
Figure 3B shows the EIS Nyquist plot of IDA (a), N-doped MCS/ID (b), and N-doped
CHT/IDA (c). The semicircle at high frequency signifies the surface charge resistance
(Ret), whereas the line pathway at low frequency signifies electron diffusion on the
electrode surface. The inset in Figure 3 illustrates the lowest semicircle and highest line
pathway of N-doped CHT/IDA compared with IDA and N-doped MCS/IDA. These results
denote the fast charge transport and low surface resistance of N-doped CHT/IDA, leading
to the design of a highly active electrode surface for sensing and biosensing applications.
The sensing property of various electrodes (IDA, N-doped MCS/IDA, and N-doped
CHT/IDA) for the detection of NA was studied using CV on PB (pH = 7) containing 100
UM NA at a scan rate of 100 mVs and in the range of -0.2 V to 0.8 V: Figure 3C shows
the CVs of IDA (a), N-doped MCS/IDA (b), and N-doped CHT/IDA (c). Four well-known
peaks were observed for the oxidation-reduction of NA with the applied potential
difference of 76 mV, indicating that the oxidation—reduction of NA is quasi-reversible
process [ 11, 26-28, 61]. The NA was oxidized to o-quinone with losing of 2e’/2H* The N-
doped CHT/IDA presented the highest and sharpest peaks for NA compared with other
electrodes of IDA and N-doped MCS/IDA. This result may be related to the novel
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geometric structure of open trunks similar to a heart, micrometer-sized holes, thin hole
edges (70-100 nm), surface heterogeneity orientation of inner/outer free spaces with high
Brunauer-Emmett-Teller (BET) surface area, mesoporous network, and high electrode
surface area. Further confirming the sensing property of N-doped CHT/IDA, various NA
concentrations (0, 100, and 200 uM) were measured using CV (Figure 3D). With the
increased concentrations of NA, the corresponding peak current increased. Therefore, the
N-doped CHT/IDA was used as an active portable sensor for NA detection.

Figure 3

3.4 Physicochemical parameters for sensing performance and surface interaction of
NA on N-doped CHT/IDA

Physicochemical parameters, including pH and surface interaction, that influence the
sensing property were used to understand the surface—target interaction. The pH
dependence of the supporting electrolyte was studied using CV of N-doped CHT/IDA.
Figure S2A shows the CVs of 100 uM NA under various pH (5.2 to 8) within the scan rate
of 100 mVs. The peak position (E) and anodic (la) and cathodic (Ic) current peak values
varied as the pH changed. A high current value was observed at pH = 7. Thus, this pH was
considered the optimum and near the physiological value (Figure S2B). pH and E/V
exhibited a linear relationship with a regression equation of E(V) = 0.63 — 0.059 pH, R? =
0.995 (Figure S2C). This result indicates the proton participation in the overall NA
electrooxidation and followed the mechanism of losing and accepting 2e /2H" (slope = 59
mV, which equals the theoretical Nernst value) [21, 41, 55].

The controlled interaction of N-doped CHT/IDA surface to NA molecules was investigated
using the scan rate effect (20-280 mVs™). Figure S2D shows the CVs of 100 pM NA under
varied scan rates. The la and Ic peak values increased as the scan rate increased (Figure
S2E). The relationships between the plot of scan rate versus the la and Ic were linear with
the regression equations of la (uA) =9 + 0.21 v (mVs™?), R? = 0.994 and Ic (UA) = 0.87 —
0.1 v (mVst), R? =0.997 (S/N = 3), respectively. Moreover, the applied potential varied
with the scan rate function, indicating that the adsorption-controlled process is the actual
NA mechanism on the surface of N-doped CHT/IDA [41, 56].
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By applying the following equation, the adsorbed NA molecules (I') on the surface of N-
doped CHT/IDA was calculated to be 5.59 nM cm=2[57]:

la = N°FT'VA/4RT, 1)
where A is the IDA surface area, n is the number of electrons transferred, T is the absolute
temperature, F is Faraday’s constant, R is the gas constant, and v is the scan rate.
The physical parameters of the electrode interaction of NA to N-doped CHT/IDA surface
(charge transfer coefficient (a) and electron transfer rate constant (Ks)) were estimated.
Figure S2F shows the plot of Ea and Ec versus In v. The linear relationships were
accompanied with regression equations of Ea (V) = 0.29 + 72x10°° Inv (V s7) (R? = 0.965)
and Ec(V) =0.211 - 87x10° log v (V s7') (R? = 0.92).

By applying Laviron’s theory [58], the following equation was obtained:

log ka/kc =log a/(1-a) or ka/ke =a/(1-a1) 2
where Ka (slope of Ea vs. log v) equals 2.3RT/ (1 — a) nF, and Kc (the slope of Ec vs. log
v) equals —2.3RT/anF. The calculated values of o and Ks were 0.525 s and 0.21 cms!,

respectively.

3.4 Sensitivity, stability, and reproducibility of the portable N-doped CHT/IDA

A portable sensor was designed based on an IDA covered by N-doped CHT/IDA for
signaling NA level in human neuronal cell lines. The sensitivity, stability, linear range,
detection limit, and calibration curve of the N-doped CHT/IDA-based sensor were
investigated using square wave voltammetry (SWV) and chronoamperometry (CA). The
SWVs of various NA concentrations ranged from 0.01 uM to 0.3 pM, implying the design
of a highly sensitive portable NA sensor based on N-doped CHT/IDA (Figure Aa). The
SWV peak current increased with the dynamic and dramatic increase in NA concentrations.
The calibration curve of the plot of NA concentrations (UM) versus current (LA) showed a
wide linear relationship (0.01-0.3 puM) with the regression equation of I (uA) = 9.7 + 17.7
[NA](UM), R? = 0.997 (S/N = 3) (Figure 4Ab). The calculated detection limit was 0.005
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UM with a high sensitivity of 1770 pA/uMxcm? The detection limit of the portable NA
sensor was calculated from the calibration curve (Figure 4Ab), according to the following
equation of 3o/n; where o is the standard error of the intercept and n is the slope value.

The sensitivity and stability of the portable N-doped CHT/IDA sensor were evident within
a wide range of concentrations at fixed applied potentials, as evidenced from the CA
analysis (Figure 4Ba). Figure 4Ba shows the CA response of various NA concentrations
(0.01-2 uM) injected into the PB (pH = 7) under continuous stirring, N2 flow, and fixed
applied potential of 0.27 V. The stable and step increase of the CA current as a function of
various NA concentration groups (10, 25, 50, 100, and 500 nM) verified the high sensitivity
and stability of the portable electrode of N-doped CHT/IDA. The calibration plot of the
wide concentration range of 0.01-2 uM versus the current showed good linear behavior and
low detection limit of 90 nM with the regression equation of la (uA) = 0.9 + 11.3
[NAJ(UM), R? = 0.963 (S/N = 3) (Figure 4Bb). Figure 4Bc shows the detection of ultra-low
concentration of NA (0.01-0.1 uM) by CA. The calibration plot within the range of 0.01-
0.1 uM showed a linear relationship and a low detection limit of 0.006 uM with high
sensitivity of 320 pA/uMxcm?. These results support the highly sensitive NA portable
sensor design based on N-doped CHT/IDA resulting from the surface morphology
(micrometer-sized open holes, thin walls, interlinked open trunks, high surface area, and
mesoporous network) and chemical composition (N-doped carbon chain that produced
multifunctional active sites and induced the electrochemical conductivity). The N-doped
CHT/IDA acted as an ultra-low-concentration detective sensor compared with the other
designed electrodes (Table 1). Comparison of different electrodes and N-doped CHT/IDA
(i.e., based on the detection limit and linear DA detection range) indicate the opportunities
for fast-detection, high-stability, high-economy, and on-site detection by portable NA
sensors with low sample volume and high sensitivity and selectivity.

Figure 4
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The selectivity of N-doped CHT/IDA was studied using CV and SWV techniques in the
presence of various competitive interfering molecules. For example, it is well-known that
ascorbic acid (AA) and uric acid (UA) are potential interfering molecules of NA detection
[23, 53]. Figure S3A shows the CVs of 500 uM AA and 100 uM NA on N-doped
CHT/IDA. Two well defined peaks were observed at applied potentials of 0.123 and 0.27 V
for AA and NA, respectively. The selectivity of N-doped CHT/IDA was confirmed by
screening the interfering molecules in one-pot method (AA and UA). As presented in
Figure S3B, three well-defined CV peaks were observed for AA, NA, and UA at applied
potentials of 0.126, 0.27, and 0.4 V, respectively. The peak-to-peak potential separation of
AA-NA (0.144 V), AA-UA (0.274 V), and NA-UA (0.13 V) confirmed the design of NA-
selective sensor based on N-doped CHT/IDA. Furthermore, Figure S3C shows the SWV
measurements of 1 uM NA only (red line), and 1 uM NA in the presence of 1 uM
dopamine (DA), 1 uM epinephrine (EP), 500 uM AA, 1000 uM glucose (GI), and 100 1
MM UA. By plotting of the current value of NA (19.89 pA) as compared to the current
response of the other molecules, a strong and high current value have been observed for
NA. Our finding shows that low current values for DA (1.53 pA) and EP (2.31 pA) are
observed. Meanwhile, no significant current responses for Gl, AA, and UA molecules were
evident. This result indicates that the N-doped CHT/IDA electrode-based material is
sensitive and selective NA portable sensor design.

Overall, the results showed real evidence that the N-doped CHT/IDA portable sensor
featured certain advantages; i) strong signaling of NA in the presence of various interfering
molecules, ii) low sample volume and sensitive NA response, and iii) highly stable and
reproducible response upon the stable and dramatic increase of the anodic and catholic peak
current at a fixed applied potential (0.27 V). The key parameters of our portable electrode-
based materials such as i) high BET surface area, ii) novel open trunk morphology similar
to that of a heart, including micrometer-sized holes, thin walls, and high surface-to-volume
ratio, iii) porous structure, iv) N-doped graphitic carbon chain that creates a multifunctional

surface with high electron density, v) several active sites with numerous plane edge defects,
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vi) strong binding to NA targets, and vii) fast charge transport with low surface resistance

play significant role in the leverage NA sensing system [11, 30, 34, 38].

The stability and reproducibility of the devices were investigated by CA using different
samples and portable electrodes to detect NA. Figure S4A shows a stable and sensitive CA
response for the detection of NA (0.1 uM). The calculated relative standard deviation
(%RSD) of 2.9 and a standard deviation (SDEV) of +0.015 puM (Figure S4A). A
reproducible device was optimized after designing 5 electrodes and measuring 0.25 uM NA
by CA. A stable response was observed with %RSD = 2.6 and SDEV= +0.039 uM (Figure
S4C). The highly stable and reproducible device based on N-doped CHT/IDA showed good
applicability and portability for measuring NA in its resources and receptors. Figures S4
(E&F) show the SEM-images N-doped CHT at the electrode substrate surface of IDA. The
designed electrode surface is highly stable and shows a homogeneous and open hollow
trunk design that facilitates the diffusion of NA-electrolytes outward/downward the
electrode. These data provide the surface dependent of N-doped CHT/IDA for designing of
highly active NA-sensor with high sensitivity and stability.
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Table 1. Survey of NA detections using different modified electrodes obtaining the limit of
detection and linear range for each one, and the detection limit of N-doped CHT/IDA with

its linear range.

Electrode detelz_citrir(;irtl ?LM) éLinear range (pM) Ref.
S-CSN-11 0.001 0.01-0.8 [7]
CNNB-12 0.009 0.5-32 [11]
fMWCNT/GCE? 0.0043 0.7-100 [25]
ZnO/CNTSs 0.02 0.05 - 4500 [27]
5ADBCN/ PE* 0.6 1.2-900 [29]
CNT-monb?&rg)TP(EVI) complexé 0.043 30— 700 [50]
Hematoxylin/GCE 0.09 0.7 —2000 [60]
P-trypan blue/GCE 0.06 0.1-560 [61]
CNT/PE® 0.21 0.47 - 5000 [62]
GC/MWCNT/FC098 ° 0.76 160 — 1910 [63]
SiTi/AuNP 0.35 [64]
Activated pencil graphite i 0.832 25 _ 250 [65]
electrode ; : :
MoO3; NWs/GCE 0.11 01-2000  [66]
N-doped CHT 0.005 0.01-0.3 This work

1Sulfur-doped carbon spheroidal surface

2CNNB-1: C-, N doped NiO broccoli-like hierarchy
$fMWCNT: flavonoid multiwall carbon nanotube
“5ADBCN; 5-mino-3',4"- dimethyl-biphenyl-2-ol (5ADB)
SCNT; carbon nanotube PE: paste electrode

® Cobalt ferrite nanoparticles and carbon nanotubes
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3.7 Sensitivity assay for monitoring of DA in dopaminergic cells (PC12)

Early and proper diagnosis will help in minimizing sickness, thereby reducing healthcare
costs. The levels of monoamine neurotransmitters such as NA are abnormally low in the
human brain [67, 68]. The N-doped CHT/IDA was designed for in-vitro monitoring of NA
released from PC12 cells (neuronal cell line model), conveying the portable sensor’s
benefits, including the low sample volume, easy fabrication, and on-site detection.

The biocompatibility and cytotoxicity of N-doped CHT were investigated using confocal
microscopy and Cell Counting Kit (CCK)-8 cytotoxicity assay. Figures 5A-D show the
confocal microscopy images of PC12 cells incubated with 100 mg/mL N-doped CHT.
Figure 5A displays the bright-field image of N-doped CHT and PC12 cells and confirms
the presence of studied the materials around the cells. The PC12 structural morphology
(cytoskeleton) and nucleus were unaffected by the presence of N-doped CHT (Figures 5B
and 5C, respectively). Figure 5D shows the merged images of the nucleus (4',6-diamidino-
2-phenylindole (DAPI) counterstaining) and F-actine (phalloidin 488) staining fluorescence
of PC12 cells. These data illustrate that the N-doped CHT is biocompatible due to its stable
structure, and no damages were observed on the PC12 cell structure. The CCK-8 assay
protocol was used to study the cytotoxicity of N-doped CHT to PC12 cells. Various N-
doped CHT concentrations (20-250 pg/mL) were incubated with PC12 cells (1x10°
cells/mL). Figure 5E shows the column plot of N-doped CHT concentrations (ug/mL)
versus the % viability. At 50 pg/mL concentration, 98.4% of the cells were viable, whereas
at high concentrations (250 pg/mL), 83.2% of the cells were alive. Therefore, N-doped
CHT showed low cytotoxicity to the PC12 cells, indicating its high biocompatibility and
applicability for in-vitro and in-vivo applications. A portable sensor design based on N-
doped CHT/IDA was fabricated for in-vitro monitoring of NA released from PC12 cells.
The N-doped CHT/IDA was tested to measure the NA secreted from PC12 cells by
changing the stimulating agent concentrations (0-50 mM KCI) using SWV measurements.
Figure 5F shows the column plot of [KCI]/(mM) versus the response current of the cell’s
supernatant. With the increase in K* concentrations, the anodic current response increased.

The exact functions of potassium ions occurred on the cell membrane and included the
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depolarization and opening up of voltage-gated Na* and Ca?* channels [69]. Scheme 2
shows the design of a highly sensitive portable NA sensor based on N-doped CHT/IDA.
Furthermore, N-doped CHT/IDA may be employed in therapeutic applications and early-
stage diagnostics of certain neurological conditions such as Alzheimer’s disease. The
portable sensor using N-doped CHT/IDA offers sensitivity, selectivity, low cytotoxicity,
and high biocompatibility for NA monitoring in live cells.
Figure 5
Scheme 2

Conclusion

In-vitro monitoring of neurotransmitters (i.e., NA) is regarded as a biomarker for the
follow-up of several neuronal disorders, such as Alzheimer’s, schizophrenia, and
Parkinson’s disease. This work focused on the design of a portable sensor for the in-vitro
detection of NA released from live cells (PC12). The portable NA sensor was designed
based on the functionalization of chipset IDA using N-doped carbon materials. N-doped
MCS and N-doped CHT materials were used to modify the IDA after the controlled
formation of a thin-film layer on the working area. The sensing property and
electrochemical activity were studied using CV and EIS and indicated the high catalytic
activity and sensing property of N-doped CHT. The controlled design of a hollow trunk (N-
doped CHT)-like structure included multiple holes in various positions, deep hole
penetration, thin-sided walls, wrinkled and twisted surface formation, and numerous free
spaces through holes and pores. The N atom components doped on the graphitic carbon
chain induced the surface functionality and charge transport velocity with a highly charged
surface, numerous plane edge defects, and a pool of electrons. The structure and chemical
composition features of N-doped CHT illustrate a highly active mediator with facile
molecular/electron diffusion through the inner/outer surface, fast charge transport, strong
binding to NA targets, and high loading of targets. The N-doped CHT showed high
biocompatibility and low cytotoxicity and matched well with the DAPI nucleus
counterstaining, indicating the applicability of the sensor for the detection of NA secreted

during in-vitro monitoring of PC12 cells. The portable N-doped CHT sensor showed a high
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selectivity for NA with a high sensitivity of 1770 pA/uMxcm?, a low detection limit of
0.005 uM, and a wide linear range of 0.01-0.3 uM. A portable N-doped CHT/IDA sensor
was designed for the in-vitro monitoring of NA secreted from live cells, and it exhibited
high sensitivity and selectivity, facile signaling stability, good stability, high
biocompatibility, and good reproducibility. The N-doped CHT/IDA was applied as a
portable NA sensor for live cells. This sensor can be used for on-site detection and daily

monitoring of various neuronal diseases and advance the use of portable healthcare devices.
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Figure caption

Scheme 1. A) The schematic diagram of N-doped CMS and N-doped CHT. The
hydrothermal treatment of glucose and thymine at 180 °C for 24h have been proceeded for
forming the desired materials (a). The N-doped CMS was carbonized at 800 °C under N»-
flow (b). B) The control synthesis of N-doped CHT after mixing of glucose, thymine, and
sodium dodecyl sulfate (SDS), then treated at high temperature (a), and carbonized at 800
°C under Nz-flow (b).

Figure 1. A) The FE-SEM images of N-doped MCS with low (a) and high magnification
(b). B) The EDS-SEM of N-doped MCS for C (a), O (b), and N (c). C) The FE-SEM of N-
doped OHCS with low magnification (a), high magnification (c), side view (c), and upper
view (d). D) The EDS-SEM of N-doped OHCS for C (a), O (b), and N (c).

Figure 2. A) The Raman shift spectra of N-doped MCS (wine line) and N-doped OHCS
(green line). B) The Nz-adsorption isotherm of N-doped MCS (wine line) and N-doped
OHCS (green line). C) The NLDFT pore size distribution of N-doped MCS (wine line) and
N-doped OHCS (green line). D) The WA-XRD of N-doped MCS (wine line) and N-doped
OHCS (green line). The XPS survey of N 1S (E) and C 1S (F).

Figure 3. A) The CVs of IDA (a), N-doped MCS (b), and N-doped CHT (c) in the
electrolyte solution of 0.1 M containing 1 mM KCI [Fe(CN)g]*>”* at scan rate of 100 mVs™.
B) The EIS Nyquist plot of IDA (a), N-doped MCS/IDA (b), and N-doped CHT/IDA (c) in
the electrolyte solution of 0.1 M containing 1 mM KCI [Fe(CN)s]**~. C) The CVs of IDA
(@), N-doped MCS (b), and N-doped CHT (c) in 100 uM NA (PB, pH = 7). D) The CVs of
various NA-concentrations of 0, 100, and 200 uM (PB, pH = 7) on N-doped CHT/IDA.

Figure 4. A) The SWV measurements of various NA concentrations in the range of 0.01 —
0.3 uM on N-doped CHT/IDA (a). The calibration plot of [NA]/(uM) Vs the current (LA)
at wide range of 0.01 — 0.3 uM (b). B) The chronoamperometry (CA) response of NA
within dynamic injection of various concentrations from 0.01 to 2 uM at fixed applied

potential of 0.27 V, under continuous stirring and N2 flow (a). The calibration plot of
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[DA]}/(UM) Vs the current (LA) at wide range of 0.01 — 2 uM (b). The CA response of NA

at low concentration range (c) and the calibration plot in the range of 0.01 — 0.1 uM (d).

Scheme 2. The schematic diagram of designing of the portable sensor based on N-doped
CHT/IDA. A-C) The IDA design and fabrication for sensing of NA secreted from PC12

cells. D) The chipset connected to the potentiostate for recording the signal of NA.

Figure 5. The confocal microscopy image of PC12 cells incubated with the 100 pg/mL of
N-doped CHT for bright field (A), phalloidin 488 for F-actine (B), DAPI for nucleus
counter staining (C), and merged image (D). E) The column plot of N-doped CHT
concentrations (ug/mL) versus the %cells viability using CCK-8 protocol and measured by
microplate reader at 450 nm. E) The column plot of [K+]/mM versus the responded current
(HA) of the released NA from PC12 cells
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Scheme 1.
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Figure 3.
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Figure 4.
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Scheme 2.
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Figure 5.
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