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Hierarchical Engineering of Mn,;03/Carbon Nanostructured
Electrodes for Sensitive Screening of Acetylcholine in Biological
Sample

M. Y. Emran®®, M. A. Shenashen®¢, A. Elmarakbi¢, M. M. Selim¢, S. A. El-Safty ®*

Enzymeless electrochemical sensors have received considerable interest for the direct, sensitive, and selective monitoring
of biomolecules in a complex biological environment. Here, we designed a nonenzymatic electrochemical sensor based on
Mn20s nanolayers (NLs)/carbon (C) and Mn2Os flower-like (FL)/C structure to detect acetylcholine (ACh) molecules in human
fluids. The sensing property and electrochemical activity varied based on the structural and chemical composition of Mn,Os-
based materials. The Mn,0sNLs/C structure of two-dimensional NLs was arranged in parallel with a heterogeneous surface
texture, stair-like step-by-step layer formation, and cracked layers that formed free spaces. The Mn,OsFL/C were formed
with an FL structure. The parallel and perpendicular buildup of sheets from the bottom to top and sheets spreading in all
directions formed the FL structure of Mn,0s with multi-structural defects and edges, and heterogeneous surface texture.
This unique surface property of Mn,0sFL/C and composition facilitated the target diffusion through the inner/outer surface
and shortened the distance pathway. Moreover, the Carbon presence on the surface of Mn;0s induced the sensitivity and
stability of Mn0s, enhanced the electrochemical activity with high catalytic activity, hastened the electron diffusion, and
high loading of ACh molecules. The nonenzymatic ACh sensors of Mn,0sNLs/C and Mn0sFL/C showed a good sensor design
with low limits of detection (2 and 7 uM, respectively) and a linear range of 0.1-7 mM. The fabricated sensors provided high
stability and selectivity, easy fabrication, multi-usage, and fast response motioning of ACh in a complex mixture of human
fluids. The designed nonenzymatic sensors of Mn,0sNLs/C and Mn2OsFL/C signaled the ACh molecules with high stability
and selectivity and can be used to investigate and follow up on several neuronal disorders.

Introduction

Neurotransmitters are various kinds of molecules and proteins that
are founded in the central nervous systems and are responsible for
signal transduction [5, 6]. Choline (Ch) and acetylcholine (ACh) are
neurotransmitter molecules that play a key role in signaling
transduction and central nervous system functionality. In the central
nervous system, these molecule levels are regarded as an indicator
for various neuronal diseases 14. Therefore, the controlled detection
of ACh in human solutions and the brain is highly required. Various
neuronal diseases (i.e., Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease dystonia, and multiple sclerosis) could be
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investigated and followed up upon recognizing the Ch and ACh levels
14, These diseases are associated with age as the largest risk factor.
The control measures and follow-up of these diseases are related to
the screening of neurotransmitters in human fluids, the brain, and
the central nervous system. The ACh chemical structure lacks an
active center of electroactive redox groups, chromophore, or
fluorophore groups 7. So, the Faradaic electron transfer-based
method isn’t suitable for ACh deception. Thus, the enzyme-based
biosensors have been employed for ACh detection by immobilizing
Ch and ACh esterase at the active electrode surface 810, The direct
detection of ACh with a simple method and enzymeless-based
biosensor has attained great interest and development progress to
produce highly efficient ACh sensors.

Various analytical methods have been applied for qualitative and
quantitative investigation of ACh molecules in biological samples.
Various techniques, such as photoluminescence 16,
electrochemiluminescence 114, mass spectrometry 17, ion-sensitive
field-effect transistors 8, colorimetry 15, and electrochemical
methods 7> 9 19 20 have been implemented to detect the ACh levels.
Although most of these techniques show good sensitivity and
selectivity in the assays for ACh detection, they suffer from many
limitations including complex processes, highly expensive machines,
long time detection, lack of portable fabrication, and complicated
self-using device. In this context, the electrochemical technique
shows proper features such as easy fabrication, simple analysis
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without further purification, portable design, disposable use, and
high economic value for ACh detection 2123, Therefore,
electrochemical techniques offer definitive analytical strategies for
quantifying ACh in various resources and receptors with good
sensitivity and selectivity.

Engineering and modification of working electrodes using the
synthesis of electroactive materials such as graphene, multi-walled
carbon nanotubes (MWCNTs), metal nanoparticles, metal oxides
(MOs), and others are key factors for the development of
electrochemical sensors 10,15, 18,24-28 M Qs and their composites have
been widely used in various electrochemical applications of
batteries, supercapacitors, and sensors 2834, Among transition metal
oxides, manganese (lll) oxide (Mn,03) has gained great interest due
to various factors, such as its easy synthesis and fabrication, high
stability, and good electrochemical and optical properties 3439, Mn
oxide materials have been widely used as electroactive materials for
detecting various targets (i.e., H20,, glucose (Gl), DA, and glutathione
35, 36, 38, 40, 41, Various morphological structures and composites of
MnO,-based materials such as MnO,/F-MWCNT/Ta 42, MnO,/CNT/Ta
43, MnO; nanostructures/Ta 44, MnO, nanosheets 45, Au/MnO,/GR-
CNTs 46, ZnO@MnO; 38, porous CNT/MnO; 4°, and Au/MnO,-
gC3N4/TiO; have been used for sensing and biosensing applications
including the detection of H,0;, DA, Gl, and lactose. MOs in sensing
and biosensing applications suffer from a lack of sensitivity,
durability, and stability 47- 48, Various composite materials of MOs and
carbon-based materials (i.e., graphene, CNTs, MWCNS, carbon
fibers, and carbon dots (CDs)) have been used to sustain
electrochemical and optical properties 27. 28, 34, 40-43, 48, 49 Therefore,
controlling the synthesis of MOs and carbon-based materials to
produce novel composite materials with high optical and
electrochemical properties is of great interest.

Herein, a novel material consisting of two structures of Mn,03
nanolayers (NLs)/carbon (C) and Mn,0; flower-like (FL)/C Mn,03/C
(Mn03NLs/C and Mn,03FL/C, respectively) were designed. The
materials were synthesized using a simultaneous and simple
approach (hydrothermal treatment (HT)). The starting materials
influenced the construction of Mn,0s3, where Gl acted as the
reducing agent and directing agent of Mn,03NLs/C. The creation of
Mn,0sFL/C was controlled by using sodium citrate as the directing
agent. The prepared Mn,03NLs/C and Mn,0s3FL/C were used for
direct electrochemical signaling of ACh (nonenzymatic sensor). The
Mn,0sFL/C exhibited a structural morphology of parallel stair-like
stacked NLs with a free space in between, heterogeneous outer
surface morphology, rough surface, and multiple edges. The
controlled structure of Mn,0sFL/C advanced the electrochemical
catalytic functionality and sensing property. The centrally spreading
Mn,0;3 sheets formed the Mn,0sFL/C structure in parallel and
perpendicularly to form a micrometric FL structure. The Mn,0sFL/C
and Mn,03NLs/C acted as transducing elements and electrocatalytic
mediators for the signaling of ACh molecules. The Mn,03FL/C sensor
showed a better electrochemical performance and higher stable and
sensitive nonenzymatic ACh-sensing property than the Mn,03NLs/C
sensor. These sensors provided high sensitivity and selectivity,
opening possibilities for application in monitoring of ACh in biological
samples (i.e., human serum samples). Therefore, the designed
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nonenzymatic ACh sensors can be used for clinical investigations of
several neuronal diseases.

Experimental
Mn,0;NLs and FL structures synthesis

Control of the synthesis of Mn,03NLs/C and Mn,0OsFL/C structures
was achieved via a one-pot HT approach. The Mn,03NLs/C material
was prepared as follows: The KMnO, acts as the Mn,03 source and
the ascorbic acid (AA) solution acts as the carbon source, reducing
and directing agent. 0.2 g of KMnO, (0.02 M) was added to 30 mL
deionized H,0 (DI H;0) with continuous stirring for 1 h (KMnO4
solution). 1.4 g of AA (0.13 M) was dissolved in 30 mL DI H,0 (AA
solution). The AA and KMnO, solutions were mixed and then
continuously stirred for 2 h, then this mixture solution was treated
hydrothermally at 180 °C for 6 h. Similarly, the Mn,0sFL/C were
synthesized using the same procedures described earlier. The AA
solution contained 1.4 g AA + 1.4 g Na citrate was dissolved in 30 mL
DI-H;0. The AA was added to KMNO, solution gently under stirring.
Then, the formed mixture was treated hydrothermally at 180 °C for
6 h.

After cooling, a reddish precipitate was collected and washed many
times using water/ethanol (1:1) to eliminate unwanted and
unreacted molecules. The collected materials were dried in an oven
at 60 °C for 24 h. The materials were annealed at 600 °C for 4 h under
N, flow. The materials, named Mn,03 NLs/C and Mn,03 FL/C were
collected and stored in an isolated environment for use in the sensor
design.

Electrode design of Mn,03NLs/C/GCE and Mn,0sFL/C/GCE

The modified electrodes of Mn,0sNLs/C/GCE and Mn,0sFL/C/GCE
were assembled based on ink formation, drop-casting, and drying.
Step 1, preparation of Mn,0sNLs/C/GCE and Mn,0sFL/C/GCE ink
solutions were formed by dispersing separately 10 mg of each
material (Mn,03NLs/C/GCE and Mn,0sFL/C/GCE) in 1 mL DI-H,0
(sonicated for 1 h). Step 2, electrode pre-treatment and fabrication,
the GCEs were polished using alumina (1%) and diamond (0.05 %)
slurries several times to attain a mirror-like surface. Step 3, 10 uL of
each Mn,03NLs/C and Mn,0sFL/C ink solution was dropped on the
GCE surface and then keep dried at 25 2C. The fabricated GCEs of
Mn,03NLs/C/GCE and Mn,0sFL/C/GCE were activated and stabilized
using the cyclic voltammetry (CV) technique in 0.1 M NaOH (scan rate
of 100 mVs~1and applied potential scanning of -0.6 V to +1.6 V).

Actual monitoring of ACh using nonenzymatic sensors of
Mn,0sNLs/C/GCE and Mn,O;FL/C/GCE

The ACh levels in human blood samples and the validity of the
designed electrodes for actual monitoring of ACh in complex
mixtures (human blood serum samples) were determined using
Mn,03NLs/C/GCE and Mn,03FL/C/GCE. The human blood serum
solution was set by mixing 100 pL blood serum with 9.9 mL 0.1 M
NaOH solution. Standard concentrations of ACh were injected into
the human blood solution and measured by the designed electrodes
using the chronoamperometry technique (CA). The ACh
concentrations in human serum blood samples were measured using
CA under E= 0.6 V under N; saturation at room temperature and
continuous stirring.

This journal is © The Royal Society of Chemistry 20xx



Results and discussion
Synthesis of Mn,03NLs/C and Mn,03FL/C

The synthesis of various nanostructures of Mn,03 was approached
using the green synthesis method (HT) (Scheme 1). The oxidation-
reduction process occurred under the controlled HT of AA and
KMnOQj4. At a high temperature of 180 °C, the AA molecules acted as
reducing agents, whereas the KMnO; molecules acted as the
oxidizing agent. AA was oxidized, and the Mn (VI1) ions were reduced
to Mn (Ill) ions. For the formation of Mn,03NLs/C, the AA molecules
act as the reducing and directing agent to form two-dimensional
layers with a cracked and multilayer morphology. After forming the
Mn,03 materials, the residual molecules of AA formed the carbon-
based materials 0. Thus, AA acted as the directing agent, reducing
agent, and C-source. Similarly, the addition of Na-citrate to the
solution of AA and KMnO, controlled the formation of the new FL
structure of Mn,0sFL/C with horizontal and perpendicular sheet
arrangements. The Na-citrate with multi-oxygenated groups helped
in the orientation and formation of the FL structure due to its
branched molecular structure. In addition, citrate acted as the source
of C formation within AA. These results were also configured from
the energy-dispersive X-ray spectroscopy (XPS) and energy dispersive
X-ray-scanning electron microscopy (EDX-SEM). The results showed
that the carbon contents of Mn,03FL/C were higher than those of
Mn,0sNLs/C. Therefore, the one-pot synthesis of nanostructured
Mn,03 was achieved with a simple approach and without any
capping agents. The structural morphology and composition of NLs
and FL played key roles in the sensing sensitivity and stability of the
prepared materials. The oxidation of ACh molecules has occurred at
Mn, 03 surface structures due to their direct contact with Mn atoms
and carbon that induced the surface charge and maintained the
catalytic stability.

A) Control synthesis of Mn,0, nanolayers/Carbon
(Mn,0,NLs/C)

Ascod;ic acid
[

KMno,

B) Control synthesis of Mn,0, flower/Carbon
(Mn,0,FL/C)

Mn;0,FL/C

Scheme 1. The schematic synthesis of Mn;0s structures of
nanolayers (A) and flower (B) like structures decorated by carbon.

Surface morphology, composition, and intrinsic properties of
Mn;03NLs/C and Mn;0sFL/C

The composition and surface nature of the prepared materials were
investigated using various techniques, including field emission SEM
(FE-SEM), X-ray diffraction (XRD), Raman shift, and XPS. The surface

This journal is © The Royal Society of Chemistry 20xx

morphology of Mn,03NLs/C was composed of stacked and parallel
NLs (Figure 1A). The NLs were stacked and deposited one by one with
surface heterogeneity and various free spaces (Figure 1Aa). The free
spaces were formed between layers and on the top layer surface,
leading to a heterogeneous surface with multi-surface defects of
cracked NLs (Figure 1Ab). A rough surface texture was obtained,
which possibly appeared as the presence of C at the external surface
of Mn,03NLs. The parallel and perpendicular axial orientation of NLs
formed the surface structure of Mn,0sNLs/C with a rough surface
texture, multi-free space, outer surface coverage by C, and cracked-
like deposited layers. Figures 1B (a—c) show the EDX-SEM mapping of
Mn;03NLs/C. The EDX-SEM mapping indicated the homogeneous
distribution of Mn, C, and O atoms with 59.51, 36.25, and 4.24 %wt,
respectively. The EDX mapping confirmed the presence of carbon
atoms in the chemical composition of Mn,Os3NLs. Figures 2A (a—d)
show the FE-SEM of Mn,0sFL/C. The layer-by-layer formation of the
micrometric FL structure was observed. The focused top-view
illustrates the FL construction with an open leaf-like structure and
connecting sheets on the centers that spread out in three directions
(Figure 2Ab). The side-view-focused image shows the spread of
sheets in various directions, merging at the center to form the FL
structure (Figure 2Ad). Moreover, the bright dots on the outer
surface illustrate the formation of C. In addition, the rough surface
texture and bright circular centers established the existence of C at
the external surface of Mn,OsFL structure. The EDX-SEM mapping of
Mn,03FL/C shows a homogeneous existence of Mn-, O-, and C-
atoms and confirms the presence of carbon. Mn, O, and C had %wt
distributions of 65.09%, 25.56%, and 9.35%, respectively (Figure
S1A). These data illustrate the controlled synthesis of various
structures of Mn,0s3 by controlling the starting materials. The FL and
stacked NLs of Mn;03 decorated by C on its outer surface can control
the surface activity toward the electrooxidation of ACh with facile
diffusion of molecules and electrons through the outer/inner
surface.

The crystalline structure, crystallinity degree, and Mn,03 formation
were illustrated using XRD analysis. Figure 1C shows the XRD
patterns of MnyO3NLs/C (a) and Mn,0sFL/C (b). The XRD peaks
centered at 20 of 28.75°, 41.92°, and 53.54° corresponded to the
002, 001, and 004 crystal planes of graphite, respectively, indicating
the presence of carbon materials in the structure of Mn,0s3 and
ascertaining the formation of C 2224 34, The formation of a-Mn,03
was verified from the XRD diffraction peaks with the dominant 222
crystal plane and orthorhombic crystal system (pbca (61)) 5. The XRD
peaks were centered at 26 of 23.24°, 33.11°, 38.39°, 45.32°, 49.51°,
55.34°, and 65.95°, which were corresponded to the (211), (222),
(400), (332), (431), (440), and (622) planes, respectively ((JCPDS card
151-4104). These data illustrate the highly crystalline degree and
purity of a-Mn,03 decorated by C.

J. Name., 2013, 00, 1-3 | 3
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Figure 1. A) The FE-SEM of Mn,03NLs/C (a) and focused image (b)
illustrate the free spaces and cracked nanolayers. B) The EDX-SEM
mapping of Mn,0sNLs for Mn (a), O (b), and C (c). C[a-d]). C) The WA-
XRD patterns of Mn,03NLs/C (a) and Mn,0sFL/C (b). D) The Raman
shift spectra of Mn,03NLs/C (a) and Mn,OsFL/C (b).
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Figure 2. A) The FE-SEM of Mn,03FL/C at various magnifications and
positions (a-d). B) The XPS survey of Mn,0sFL/C. The XPS survey of C
1s (C), O 1s (D), and Mn 2p (E).
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The Raman spectra of Mn,0sNLs/C (a) and Mn,OsFL/C (b) are
presented in Figure 1D. The main peaks of Mn,03; were observed and
centered at 332 and 638.96 cm 1. The peaks centered at 1368 and

4| J. Name., 2012, 00, 1-3

Journal Name

1600 cm™ are related to the D and G bands, respectively. Therefore,
the designed materials were composed of Mn,0; decorated by
graphitic carbon in the form of C 5L 52 Fourier-
transform infrared spectroscopy (FT-IR) showed the formation of
Mn,0s, where two broad stretching bands centered at 3452, 1720,
and 1612 cm~! were related to the presence of adsorbed H,0 and OH
group, C=0, and C=C, respectively (Figure S1E). The FT-IR peaks at
458.86 and 527.79 cm™ were related to the vibrational bending
mode of M-O. Therefore, the prepared materials contained Mn;03
and carbon 33 34, The XPS outlines the chemical composition and
oxidation states of Mn,0s. Figure 2B shows the XPS of Mn,0sFL/C,
four main peaks centered at 653.9, 642.03, 530.81, and 284.03 eV
are related to Mn 2p1/;, Mn 2p3/;, O 1s, and C 1s, respectively. The
two peaks that center at 653.9 and 642.03 are related to the
oxidation states of Mn3* (Mn 2p1/;, Mn 2ps3,;) with spin-orbit energy
separation of 11.87 eV (Figure 2E). These data provide the formation
of Mn;03°5%7. The O 1s XPS survey indicates a broad peak at 532.98
eV, and two peaks at 531.66 and 530.49 eV for various carbon-
oxygen groups, adsorbed water (OH, H,0, and O;), and Mn-O-Mn,
respectively (Figure 2D). Figure 2C shows the C 1s XPS survey and
indicates the presence of carbon formation of C-C (sp2), C-C (sp3),
and groups of C-O bonds that centered at 285, 286.55, and 289.65
eV, respectively. These results prove the chemical composition of
Mn;03NLs/C and Mn,05FL/C with high crystalline degrees and C
covering the layers and FL structures.

Electrochemical behavior of Mn,OsNLs/C and Mn,0sFL/C

The Mn,03NLs/C and Mn,0sFL/C electrochemical activities were
outlined by measuring the behavior of [Fe(CN)e]>/4 in 0.1 M KCI
using CV- and EIS- techniques. The electrochemical properties (i.e.,
catalytic activity and charge transport velocity) of GCE and
Mn;03NLs/C and Mn,0sFL/C were investigated based on the redox
peaks’ positions (E/V) and the current values (I/uA) of Fe3*/2+. Figure
S2A shows the CV measurements of Mn,OsNLs/C (blue line),
Mn,03FL/C (red line), and GCE (black line). The Mn,0sFL/C/GCE
exhibited a high la value (22.45 pA) and low peak-to-peak separation
potential values (AE = 0.171 V) compared to the Mn,03NLs/C (la =
15.6 uA, AE=0.202 V) and GCE (la=10.4 pA, AE=0.214 V). Therefore,
the Mn,03FL/C/GCE showed high electrochemical performance >°.
This result may associate with Mn-atom’s presence and activity, the
presence of C on the inner/outer surface, the morphological
structure of FL, and numerous free spaces interior/exterior of the FL
surface. The surface areas of GCE, Mn,0sNL/C/GCE, and
Mn,0sFL/C/GCE were calculated to be 0.374x1073, 0.604x1073, and
2.21x1073 cm?, respectively, based on Rundles—Sevick equation >°
(for more information, see supporting information).

The EIS measurements are one of the tools that are used for outlining
the electrochemical properties of the fabricated electrodes 4% 60-62,
The EIS examination of GCE, Mn,03sNLs/C/GCE, and Mn,0sFL/C/GCE
showed the surface resistance and electron diffusion pathway.
Figure S2B displays the -Nyquist plots of GCE (black line)
Mn,03NLs/C/GCE (blue line), and Mn,0sFL/C/GCE (red line) in 1 mM
[Fe(CN)¢]3~ /4-. The inset Figure S2B demonstrates the equivalent
circuit of the EIS. The surface charge resistance (Rct) is represented
by the semicircle outlines, while the electron diffusion velocity is
represented by lines 6165, The Mn,05FL/C/GCE displayed a low

This journal is © The Royal Society of Chemistry 20xx
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semicircle and high line While the GCE and
Mn,03NLs/C/GCE showed a high semicircle and low line pathway.
Therefore, the Mn,05FL/C/GCE shows high electron diffusion and
low surface charge resistance. The electrochemical activity of

Mn,03FL/C/GCE may associate with a) the rich Mn atoms in contact

pathway.

and distributed on the outer surface of Mn,0sand b) the FL structure
surface morphology with NLs formed by layer buildup, numerous
free spaces interior and exterior the materials surface, and the
presence of C at the outer surface. The C played a crucial role in
enhancing the electron mobility, enriching the negative charge
surface, stabilizing, sustaining the catalytic activity, and supporting
the multi-functional active surface foundation.

Active signaling of ACh on Mn,0;NLs/C and Mn,03FL/C

The Mn,03NLs/C/GCE and Mn,03FL/C/GCE sensing functionality for
detection of ACh was examined using CV measurements. Figure 3A
shows the CV measurements of ACh (1.5 mM) on GCE (black line) and
Mn,03NLs/C/GCE (green line). A high CV signal was observed during
the ACh electrooxidation on the surface of Mn,03NLs/C/GCE,
whereas no response was observed on the GCE. This behavior
indicates that the Mn,;03NLs/C/GCE can detect ACh molecules
through a direct electrooxidation process using a Mn;0s-based
surface. Figure 3B shows the CVs of 0 (background) and 1.5 mM ACh
for Mn,03NLs/C/GCE. This behavior confirmed the formation of a
highly active catalytic surface, where a broad anodic peak at 0.6 V
was detected compared with the background. This anodic peak is
related to the ACh electrocatalytic oxidation on the
Mn,03NLs/C/GCE surface. Figure 3C shows the ACh (1.5 mM) CVs on
the Mn,03FL/C/GCE surface. A broad anodic peak centered at 0.6 V
was observed on Mn,0sFL/C/GCE, whereas no peaks were obtained
on the surface of bare GCE. Moreover, the ACh sensing on the
Mn,0sFL/C/GCE surface was tested using CV of 0 (black ground) and
1.5 mM ACh (Figure 3D). These results indicate the ACh catalytic
oxidation on the surface of Mn,03FL/C/GCE. Figure 3E shows the CV
of 1.5 mM ACh on Mn,03NLs/C/GCE (black line) and Mn,05FL/C/GCE
(green line). The Mn,03FL/C/GCE showed a better performance and
higher CV anodic peak current than Mn,03NLs/C/GCE. This behavior
may be related to the structural formation of an FL structure with
multi-direction orientation, free spaces, ridges end, rough surface
texture, and surface heterogeneity.

The ACh electrooxidation interaction mechanism on the surface of
Mn,03/GCE has been outlined 66-68,

First, the anodic and cathodic peaks of Mn,03 are attributed to the
redox process of Mn3*/Mn2+,

The reaction mechanism can be summarized as follows.

Mn,03 + 2H,0 + 2e~ = 2Mn(OH), (1)
2Mn(OH), — 2e~ - Mn,03; + 2H,0 (2)
Second, the ACh oxidation arises via the next equation:

Mn,05 + 2ACh — 2Mn(OH), + 2HOOCCH,N*(CH;); + 2H,0  (3)
Based on the previous works, step 2 outlines the conclusion of the
following 19 69:

CH5CO0(CH,),N*(CHz); + H,0 — CH;COOH + HO(CH,),N*(CH,); (4)
Then, the hydroxyethyl groups oxidized as follows:

This journal is © The Royal Society of Chemistry 20xx

Mn, 05 + 2HO(CH,),N*(CH3); + 20H™ - 2HOOCCH,N*(CH;); +

2H,0 + 2Mn(OH), (5)
In an alkaline solution, the ACh molecules are hydrolyzed to liberate
acetate anions and Choline (Ch) molecules. Mn (lll) was reduced to
Mn (11). Mn (Ill) is unstable and reduced easily to Mn (1) with a high
capability of oxidizing the biomolecules via the redox reaction
mechanism in alkaline solutions under honestly applied potential.
The Ch-molecules have been oxidized to carboxylic acid by forming
Mn (l11) 6768, The Mn,03FL/C/GCE and Mn,03NL/C/GCE act as the
highly efficient
Therefore,

electrooxidation.
related to the

surface for ACh-molecules

flow and current intensity are
concentrations of ACh- molecules during oxidation.
The ananL/C/GCE

Mn,03NLs/C/GCE surfaces was explored using CVs at a certain scan

kinetic mechanism of ACh on and
function rate. Figure S3A shows the CVs of ACh electrooxidation (1.5
mM) on Mn,03NLs/C/GCE in 0.1 M NaOH under scan rate dependent
function (50-300 mVs™1). The la (MA) increases as the increase of scan
rate. In the plotting function of the square root of scan rate versus |
(1A)-values, a linear relationship was indicated, and the regression
equation was | (HA) = —4.25 + 0.959 v05 (mVs~1), R2 = 0.994 (Figure
S3B). Similarly, the scan rate effect on ACh catalytic oxidation (mVs~
1) was studied on Mn,03FL/C/GCE. Figure S3C shows the CVs of ACh
(1.5 mM) under scan rate functionality of 50-300 mVs1. The la (nA)
increases as the increase in scan rate values. The relationship
between the scan rate (mVs™1) versus the la(pA) was linear and the
regression equation was | (MA) = =5.62 + 1.3 v05 (mVs™1), R2 = 0.995
(Figure S3D). These data illustrate that the kinetic mechanism of the
ACh at the surface of Mn,;0sNLs/C/GCE and Mn,0sFL/C/GCE is a
diffusion mechanism 19,6570,
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Figure 3. A) The CVs of GCE (black line) and Mn,03NLs/C/GCE (green
line) in 0.1 M NaOH containing 1.5 mM ACh. B) The CVs of
Mn;03NLs/Cs/GCE in 0.1 M NaOH and 0.1 M NaOH containing 1.5 M
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ACh. C) The CVs of GCE (black line) and Mn,05FL/C/GCE (green line)
in 0.1 M NaOH containing 1.5 mM ACh. D) The CVs of
Mn,0sFL/C/GCE in 0.1 M NaOH (black line) and 0.1 M NaOH
containing 1.5 M ACh (green line). E) The CVs of Mn,03NLs/C/GCE
(black line) and Mn,0s FL/C/GCE (green line) in 0.1 M NaOH
containing 1.5 mM ACh.

Nonenzymatic sensitive sensor assay for detection of ACh based on
Mn;0;NLs/C/GCE and Mn,0sFL/C/GCE

The design of a sensitive and selective sensor for ACh detection is
highly required for point-of-care diagnosis. The key points for
nonenzymatic sensors are simplicity, direct detection, reusability,
and efficient stability. We studied ACh-sensitive detection on various
electrodes of Mny03NLs/C/GCE and Mn,0sFL/C/GCE using the
chronoamperometry (CA) technique. Figure 4A shows the CA
response upon multiple injections of ACh concentrations (0.1-6.5
mM) at an applied potential of 0.6 V under N, saturation and
continuous stirring on Mn,03FL/C/GCE. Sensitive and fast (within 5 s)
CA—current response was detected upon the adding of ACh
concentrations with stable and gradual current increase (inset of
Figure 4A). The calibration curve showed a linear relationship
between the [ACh]/(mM) versus the la (uA) (Figure 4B). The
regression equation is I(HA) = 5.56 + 7.87 [ACh](mM), R2=0.997. The
limit of detection (LOD) was calculated to be 0.002 mM based on
30/s (o is the standard error of intercept; s is the slope value) for the
full range of 0.1- 6.5 mM. The stable and linear response at low range
of 0.1-1 mM was observed with a LOD of 0.002 mM (I(1A) = 4.985 +
8.5 [ACh](mM), R2 = 0.997) (Figure 4C). These data illustrate the
highly ACh
Mn,0sFL/C/GCE. The same response was observed in the detection
of ACh concentrations by Mn,03NLs/C/GCE with less sensitivity than
Mn,0sFL/C/GCE (Figure 4D). A high signaling response with a stable
reading out was observed upon the injection of ACh concentrations

sensitive and stale sensor assay based on

in the range of 0.1-7 mM. The calibration curve showed a linear
relationship ([ACh]/mM versus la (nA)) in the full concentration
range with a regression equation of la(uA) = 15.03 + 8.2 [ACh](mM),
R2 = 0.996 and LOD of 0.009 mM (Figure 4E). A linear relationship
([ACh]/mM versus la (nA)) at a low ACh concentration range of 0.1—
1 mM was observed with a LOD of 0.007 mM (Figure 4F). The LOD
values were affected by the construction of Mn,03 (layers or FL
structure), chemical composition, and ACh concentrations. At high
concentrations, the possibility of poisoning the active site is high,
thus affecting the sensor detection limit 7. In addition, the Mn,03FL
structural morphology facilitated the diffusion of ACh on the
outer/inner surface and increased the mass-to-volume ratio. The
higher amounts of C and %wt of Mn contents in Mn203FL/C than
Mn203NLs/C induced high surface stability and increased the
sustainability of catalytic active sites 7274, The presence of a thin layer
of carbon materials at the surface of Mn,03 nanostructures forms a
pool of electrons at the outer surface that play a key role in sustaining
the catalytic active site centers. In addition, the presence of carbon
materials increases the conductivity of the electrode. All these
factors provided highly sensitive detection of ACh-molecules based
on Mn,03FL/C materials. The ACh levels in the nervous system
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(synapse) are about ~2.4 mM, leading to a good response and well
fits with our reported data 1% %9, Table S1 outlines the comparison
between the Mn,0sFL/C, Mn;03NLs/C, and other materials in the
functions of linear range and LOD values such as Ni-Al hydroxides
(LDH)/ mesoporous carbon, hollow nickel microsphere-carbon
microparticles, Cu nanoparticles, Ni—Al LDH decorated CDs, Cu/Cu,0,
lichen-like NiO nanostructure, CuCo,04 nanoplates, and magnetic
core-shell. The designed sensors (Mn,O3FL/C and Mn,0sNLs/C)
showed a good sensitive assay. In addition, these data provide a wide
linear range and a low LOD. In addition, the synthesized materials
achieved the outcomes of a cost-effective and simple approach.
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Figure 4. A & its inset) The CA response of ACh concentrations within
the range of 0.1 — 7 mM at E= 0.6 V in 0.1 M NaOH solution using
Mn,0s3FI/C/GCE. The plot of [ACh]/mM Vs the la/pA for the range of
0.1 -7 mM (B) and low range of 0.1 -1 mM (C). D and its inset) The
CA response of ACh concentrations (0.1 — 7 mM) using
Mn,03NLs/C/GCE. The plot of [ACh]/mM Vs la/uA for the range of
0.1 -7 mM (E) and low range of 0.1 -1 mM (F). The CA-response of
1 mM ACh and other potential interfering molecules of Gl (1ImM),
H,0, (ImM), AA (1ImM), DA (0.1mM), Tr (0.1mM), Ad (0.1mM), Gu
(0.1mM), AD (0.1mM), and NA (0.1mM) on Mn,03FL/C/GCE (G) and
Mn,03FL/C/GCE (H) at E=0.6 V in 0.1 M NaOH electrolyte solution.

Selectivity ACh sensor of Mn,03;NLs/C/GCE and Mn,03FL/C/GCE in
human fluids

Selectivity is one of the potential and intrinsic factors present in the
design of sensors/biosensors. The selectivity of Mn,O3NLs/C/GCE
and Mn,03FL/C/GCE-based ACh sensors was studied using CA (at 0.6
V) in the presence of other potential interfering molecules. Human
fluids multiple interfering that
reduce/increase the response to ACh. The potential interfering

contain molecules may
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molecules in human serum samples include Glucose (Gl), dopamine
(DA), adrenaline (AD), tryptophan (Tr), AA, H,0,, adenine (Ad),
guanine (Gu), and noradrenaline (NA). Figure 4G displays the CA-
response after the addition of 1 mM ACh, other interfering
molecules, and then 1 mM ACh was added. The Mn,03FL/C/GCE
sensor activity showed an increased current response upon ACh
addition before and after the inclusion of interfering molecules. This
behavior illustrates the successful assembling of a highly selective
electrode for ACh recognition in the presence of other interfering
molecules. Similarly, selectivity studies were performed by CA on
Mn,03NLs/C/GCE with the addition of ACh molecules and other
interfering molecules. The Mn,0sNLs/C/GCE showed a selective
nonenzymatic sensor design for detecting ACh molecules in the
presence of potential interfering molecules. These results are due to
the nanoengineered structures of Mn,03; and the active doping of
these materials by carbon-based material.

An actual monitoring assay of ACh was performed using
Mn,03FL/C/GCE as a nonenzymatic sensor. The blood serum was
purchased from Sigma-Aldrich Company for investigating the Ach
molecules in the human fluids. Using the standard addition method,
known concentrations of ACh were examined using CA-technique. A
sensitive and selective assay of ChA on Mn,0sFL/C/GCE has been
observed from the fast and strong CA signal of 1 mM ACh in an
electrolyte solution containing human serum. The addition of
different ACh concentrations with strong and stable CA-signal
introduced a highly ACh sensor assay based on Mn,03FL/C/GCE.
Figure 5B shows the column plot of various [ACh]/(mM)
concentrations Vs. the la(uA) values, leading to the design of
sensitive and selective nonenzymatic sensors for monitoring ACh in
humans’ serum samples with % relative standard deviation (RSD) =
3.34%. Thus, the Mn,03FL/C/GCE can be used for analyzing and
investigating some neuronal disorders. Scheme 2 shows the ACh-
molecules synthesis process in the postsynaptic cells. The ACh-
molecules are regarded as one of the neurotransmitters in the
nervous system. Through the nonenzymatic ACh electrooxidation,
the surface of Mn,03FL/C/GCE acted as the mimetic catalase like
acetylcholine esterase. The ACh-molecules were hydrolyzed into
choline and acetic acid and then electrochemically oxidized with the
generation of electrons and formation of betaine molecules in fast
time and high efficiency. Therefore, the Mn;0s3 structures of
nanolayers and flower-like structures decorated by C propounded a
functionalized electrode surface for selective monitoring of ACh in
biological fluids.

This journal is © The Royal Society of Chemistry 20xx
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ACh nonenzymatic sensor stability and reproducibility based on
Mn;03NLs/C/GCE and Mn,0sFL/C/GCE

Stability and reproducibility are regarded as key factors for producing
an economical and commercial sensor assay. In this regard, the
reproducibility and  stability of  Mn,O3NLs/C/GCE  and
Mn,03FL/C/GCE were studied by multiple measurements of ACh
concentrations using various electrodes. Figures 5C and 5E show the
column plot of electrode numbers (n = 10) versus the la (uA) values
to 0.1 mM ACh for Mny0sFL/C/GCE and Mn,03NLs/C/GCE,
respectively. These data show the high reproducibility of the
designed electrodes, which can be redesigned with high efficiency
with an RSD of 0.93%. The 0.2 mM ACh was measured 10 times by
CA using the same electrode of Mn,03FL/C/GCE and
Mn,03NLs/C/GCE and washed by DI H,O after each measurement.
Stable nonenzymatic ACh sensors were designed based on
Mn,03FL/C/GCE and Mn,03NLs/C/GCE. The column plots of the
sample numbers versus CA current values illustrate the stable
measurement of ACh after further use. The electrode sensitivity loss
was 1% from the first measurement with %RSD of 1.01% and 0.84%
(Figures 5D and 5F, respectively). Therefore, the designed
nonenzymatic  sensors based on  Mn,0sFL/C/GCE  and
Mn,03NLs/C/GCE showed highly stable and reproducible sensors for
detecting ACh molecules 33.75. 76,
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Figure 5. The CA response of 1 mM ACh added into the human serum
solution (100 pL blood serum to 9.9 mL 0.1 M NaOH) on
Mn,03FL/C/GCE at E= 0.6 V. The column plot of electrode number
versus the la/pA for measuring of 0.1 mM ACh on Mn,0sFL/C/GCE
(C) and Mn,03NLs/C/GCE (E). The column plot of sample number Vs
the la/pA for measuring 0.2 mM ACh on Mn,0sFL/C/GCE (D) and
Mn,03NLs/C/GCE (F).

Conclusions

Hybrid Mn,03 nanostructured materials decorated by C
(Mn203NLs/C and Mn,0sFL/C) were designed as active
materials for ACh molecules monitoring in human fluids. The
cracked NLs structure enlarged the contact area between the
electrolyte and the electrode surface. Moreover, the features of
FL structure of Mn,OsFL/C led to the creation of a highly active
interfacial surface with high loading/diffusion of the target
through the inner/outer electrode surface. The presence of C
on the surface of Mn,03 created a multi-functional active site,
sustained the electrochemical activity, and enhanced the
material stability toward ACh electrooxidation on Mn,0s3 active
sites. In addition, the sensitivity and stability of Mn,O3 for the
detection of ACh at high concentrations were enhanced. The
designed ACh sensors based on Mn;03NLs/C and Mn,0OsFL/C
produced highly sensitive nonenzymatic sensors with low LOD
of 2 £ 0.002 and 7 £ 0.001 uM and a wide linear range of 0.1-7
mM with fast response (>5 s), respectively. The designed
sensors provided high stability and good reproducibility after
multiple uses with a %RSD of 0.5%-1.4%. The designed
nonenzymatic sensors of Mn,O3NLs/C and Mn,0sFL/C detected
ACh in human fluids with high recovery, sensitive and stable
signal, and fast response. Therefore, the nonenzymatic ACh
sensors based on Mn,03NLs/C and Mn,0sFL/C can be employed
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in ACh sensor assays and used for the follow-up investigation of
several neuronal disorders.
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