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nanomaterials by an electrochemical method

Mohammed M. Rahman, a M. M. Alam *b and Abdullah M. Asiri a

In this study, a novel in situ choline sensor was assembled by attaching the binary Mn2O3/NiO nanoparticles

(NPs) onto a glassy carbon electrode (GCE). Initially, Mn2O3/NiO NPs were synthesized via a wet-chemical

process and fully characterized via XRD, XPS, FESEM, EDS, FTIR and UV-Vis methods. The analytical

performances of the choline sensor were evaluated by an electrochemical method in the phosphate

buffer phase. The estimated linear dynamic range (LDR) was found to be 0.1 nM to 0.1 mM. The other

analytical performances of the choline sensor, such as sensitivity (16.4557 mA mM�1 cm�2) and detection

limit (5.77 � 0.29 pM), were also calculated very carefully from the calibration plot. Overall, the choline

sensor exhibited a reliable reproducibility, in situ validity, selectivity, interference effect, stability, and intra-

day and inter-day performances with high accuracy in a short response time. Moreover, the probe was

successfully applied to detect choline in real human, mouse and rabbit serum. This fabrication route

would be a novel approach for the detection of selective biochemical sensor in the healthcare and

biomedical fields.
Introduction

Choline is one of the essential nutrients for humans, and it is
obtained from the liver of beef and chicken, soybeans, wheat
germ and eggs.1,2 To ensure good public health, the recom-
mended choline amounts are 550.0 mg day�1 for men and
425 mg day�1 for women.3 Choline executes a number of
essential functions in the human brain and acts as a precursor
for the synthesis of phospholipids. It also facilities the transport
of cholesterol in human body.4 The critical neurotransmitter
acetylcholine, which mediates memory storage in human brain,
is generated from choline.5 Besides, choline is a primary methyl
group donor to the cellular methylation reaction in the human
biological system.6 Therefore, the deciency of choline in
human body may cause various health effects, such as fatty liver
development, damage of liver and muscles, and enhanced
sensitivity of carcinogens.7–11 It has been reported that the
abnormal metabolism of choline might cause neurodegenera-
tive disorders, such as Parkinson's and Alzheimer's diseases. It
also increases the risk of prostate cancer.12 The source of
choline for infants is only milk; hence, a supplement of choline
is necessary. It is well-known that choline is very important for
the human biological system; therefore, it is essential to develop
a reliable system to detect choline in human serum as well as in
baby food (milk). The enzymatic detection of choline using
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thermal, colorimetric and electrochemical methods has been
reported.13–16 Among the choline detection methods, the elec-
trochemical process is more reliable.

The transition metal oxide, Mn2O3, has a high band gap
energy of 4.2 eV, which allows Mn2O3 to be applied in various
elds of application, such as photo-catalysts, electrochemical
sensors, supercapacitors, and lithium ion batteries.17–19 There-
fore, Mn2O3 has been successfully implemented as an electro-
chemical sensor to detect acetone,20 3,4-diaminotoluene,21

hydrazine,22 etc. Due to the attractive electrochemical properties
of NiO, it has been applied in a number of electrochemical sensor
applications, such as 2,4-dinitrophenol,23 4-aminophenol,24 and
4-methoxyphenol.24 Thus, the goal of this study is to develop
a sensor based on Mn2O3/NiO NPs, since Mn2O3 and NiO have
performed successfully as electrochemical sensors using the I–V
method. The combination of Mn2O3 and NiO transition metal
oxidesmight work as a bio-sensor in electrochemical approaches.

Here, Mn2O3/NiO nanoparticles have involved a great deal of
consideration due to their chemical, structural, physical, and
optical properties in terms of large-active surface area, high-
stability, high porosity, and permeability, which directly
depend on the structural morphology of the reactant precursors
(nickel chloride and manganese sulphate) in the formation of
Mn2O3/NiO nanoparticles in a basic medium at a low-
temperature. Mn2O3/NiO nanoparticles were synthesized by
a wet-chemical method using NaOH as a reducing agent at
ambient conditions. This technique has several advantages,
including facile preparation, accurate control of the reactant
temperature, ease of handling, one-step reaction, and high-
porosity as well as the porous nature. The optical,
This journal is © The Royal Society of Chemistry 2019
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morphological, electrical, and chemical properties ofMn2O3/NiO
nanomaterials are of huge signicance from the scientic aspect,
compared to other undoped materials. Non-stoichiometry,
mostly oxygen vacancies, results in the conducting nature in
doped nanomaterials. The formation energy of oxygen vacancies
and metal interstitials in a semiconductor is very low, and thus,
these defects are readily formed, resulting in the experimentally
elevated conductivity of Mn2O3/NiO nanoparticles compared to
other undoped materials. Mn2O3/NiO nanoparticles have also
attracted considerable interest due to their potential applications
in the fabrication of opto-electronics, electro-analytical devices,
selective detection of assays, sensor devices, hybrid-composites,
electron-eld emission sources, biochemical detection, and
surface-enhanced Raman properties etc. Mn2O3/NiO nano-
particles offer improved performance due to the large-active
surface area, which increases the conductivity and current
responses of the Mn2O3/NiO NP/Naon/GCE assembly during an
electrochemical investigation.

In this study, a selective and sensitive chemical sensor was
fabricated based on Mn2O3/NiO NPs. Selective choline perfor-
mances were totally optimized very carefully in terms of
analytical parameters. The electrochemical sensor was found to
be selective towards choline and the detailed analytical perfor-
mances of this choline sensor, such as sensitivity, linear
dynamic range, detection limit, response time, reproducibility,
stability, and interference effect were evaluated. Based on the
obtained electrochemical results, the selective choline sensor
exhibited reliable and satisfactory results. Therefore, this
research might introduce a way to develop a sensor based on an
electrochemical method in the elds of bio-medical and
healthcare sectors at broad scales.

Experimental section
Materials and methods

To synthesize Mn2O3/NiO NPs, analytical grade chemicals, such
as NiCl2$6H2O and MnSO4$H2O, were purchased and used
directly as received from the supplier. As supplementary
chemicals of the research study, a number of bio-chemicals,
such as folic acid, creatine, D-glucose, ascorbic acid, choline,
L-glutamic acid, L(+)-lactic acid, cholesterol, and L(+)-aspartic
acid were obtained from Sigma-Aldrich (USA). Beside, NH4OH,
Naon (5% Naon suspension in ethanol) and monosodium
and disodium phosphate buffers were used to execute this
research work. Thermo-scientic K-a1 1066 X-ray photoelectron
spectroscopy (XPS) with an excitation radiation source (A1 Ka1,
beam spot size ¼ 300.0 mm, pass energy ¼ 200.0 eV, pressure �
10–8 torr) was implemented to study the binding energies and
oxidation states of the elements present in the as-synthesized
Mn2O3/NiO NPs. To characterize the absorption of visible
light, the as-prepared NPs were examined using a thermos-
scientic 300 UV-Vis spectrometer, while a thermos-scientic
NICOLET iS50 (Madison, WI, USA) FTIR spectrometer was
used to study the existing functional groups in Mn2O3/NiO NPs.
The elemental composition and structural morphology were
inspected by FESEM analysis equipped with EDS. The crystal-
linity and the particle size of the as-prepared NPs were evaluated
This journal is © The Royal Society of Chemistry 2019
by powder X-ray diffraction (XRD) using an ARL™ X'TRA
powder diffractometer. The electrochemical (I–V) investigation
was performed using a Keithley electrometer (6517A, USA). Real
samples were collected from a local medical center. All experi-
ments were performed in compliance with relevant laws or
institutional guidelines (CEAMR, King Abdulaziz University).
Aer the dilution of collected serum and urine samples in the
PBS buffer, they were analyzed with the fabricated Mn2O3/NiO
NP sensor by an electrochemical method at room conditions.
All experiments were performed in compliance with the relevant
laws and institutional guidelines (Center of Excellence for
Advanced Material Research at King Abdulaziz University, Jed-
dah, Saudi Arabia). All animal procedures were performed in
accordance with the Guidelines for Care and Use of Laboratory
Animals of “Center of Excellence for Advanced Materials
Research (CEAMR)” and approved by the Animal Ethics
Committee of “King Abdul Aziz University”.
Synthesis of Mn2O3/NiO NPs

0.1M solutions of NiCl2$6H2O andMnSO4$H2Owere prepared in
100.0 mL round bottom asks using de-ionized water. A
250.0 mL of conical ask was taken and 50.0 mL of each
prepared solution were added. Then, the conical ask was placed
on a hot plat at 80 �C temperature with continuous magnetic
staring. To gradually increase the pH of the resultant solution,
a 0.1 M prepared NH4OH solution was slowly added dropwise. As
the pH of the solution was increased, the metals started to co-
precipitate in the form of metal hydroxide to form nuclei of
crystal formation. As the pH was continuously increased, the
metal hydroxides were precipitated and got adsorbed on the
nuclei of the crystals to form large crystallites. At pH 10.5, all
metals were precipitated quantitatively as crystals of metal
hydroxides. The proposed reactions are presented as follows (eqn
(i)–(iv)):

NH4OH(l) $ NH4(aq)
+ + OH(aq)

� (i)

NiCl2(s) / Ni(aq)
2+ + 2Cl(aq)

� (ii)

MnSO4(s) / Mn(aq)
2+ + SO4(aq)

2� (iii)

Ni(aq)
2+ + Mn(aq)

2+ + OH(aq)
� + nH2O $

Mn(OH)2$Ni(OH)2(s)$nH2OY (iv)

The resultant precipitate was separated from the aqueous
medium and washed with acetone and de-ionized water,
consecutively. The washed crystals of metal hydroxides were
allowed to dry at a 110 �C temperature inside an oven overnight.
A similar metal hydroxide formation has been described by
previous authors.25–27 Aer that, the nano-crystals of metal
hydroxides were subjected to calcination in a muffle furnace at
a 500 �C temperature for 6 h. In this calcination process, metal
hydroxides were oxidized in the presence of atmospheric oxygen
and got converted to their oxide form with a higher oxidation
number. The corresponding oxidation reaction (eqn (v)) in the
muffle furnace is shown below.
RSC Adv., 2019, 9, 35146–35157 | 35147
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Mn(OH)2$Ni(OH)2(s) + O2 / Mn2O3$NiO + H2O (v)

Fabrication of GCE with Mn2O3/NiO NPs

The working electrode of the desired bio-sensor was fabricated
with Mn2O3/NiO NPs. To do this, slurry of Mn2O3/NiO NPs was
prepared using ethanol, which was deposited onto a GCE as
a very thin layer. Subsequently, the modied GCE was allowed
to dry at ambient room conditions. Since this sensor will be
used to detect in the aqueous medium, the stability of the
fabricated working electrode is necessary. Therefore, the
binding strength between NPs and the GCE was enhanced by
the addition of a drop of Naon (5% Naon suspension in
ethanol) onto the modied dry GCE, followed by putting inside
an oven at a 35 �C temperature for an adequate time to dry up
the assembled working electrode completely. Thus, Mn2O3/NiO
NP/binder/GCE was applied to detect choline in an optimized
buffer system. The desired choline bio-sensor was assembled by
an electrometer, where the recently fabricated electrode acted as
a working electrode, while a Pt-wire acted as the counter elec-
trode. To execute the analytical performances of the projected
Fig. 1 The XPS analysis of sample Mn2O3/NiO NPs. (a) Core-level XPS of
level.
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choline bio-sensor, choline solutions based on various
concentrations ranging from 1.0 mM to 0.1 nM were prepared
with de-ionized water and used as the target analyte. A cali-
bration curve was plotted as the concentration of choline vs.
current, and the linearity (r2) of this resulted calibration curve
was estimated. Therefore, depending on the maximum linearity
of the calibration plot, the linear dynamic range (LDR) was
computed. The sensitivity and detection limit (DL) of the pro-
jected choline bio-sensor were estimated from the slope of the
calibration curve. It should be mentioned that, the assembled
electrochemical sensor was a simple two electrode system.
During the electrochemical investigation by the assembled
choline bio-sensor, the buffer solution in the detecting beaker
(10.0 mL) was taken as a constant throughout the whole
experimentation.

Result and discussions
XPS analysis of Mn2O3/NiO NPs

To evaluate the surface composition and valence states of the
as-synthesized Mn2O3/NiO NPs, X-ray photoelectron spectros-
copy (XPS) analysis was performed, as presented in Fig. 1. Based
Mn2p, (b) Mn3s orbit, (c) O1s orbit, and (d) high resolution XPS of Ni2p

This journal is © The Royal Society of Chemistry 2019
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on the XPS spectrum in Fig. 1, Mn2p, Mn3s, O1s and Ni2p spin
orbits are observed. The XPS spectrum of Mn2p shows two
identical high resolution peaks at the binding energies of 641.3
and 653.0 eV, corresponding to Mn2p3/2 and Mn2p1/2. The spin
energy separation of Mn2p orbits is equal to 11.7 eV as repre-
sented in Fig. 1(a) and it indicates the oxidation state of Mn4+ in
Mn2O3/NiO NPs.28,29 Another Mn2p3/2 peak is centered at
643.0 eV. To conclude the oxidation state, Mn3s orbit is evalu-
ated as in Fig. 1(b) and the spin energy separation of Mn3s
doublet is 3.0 eV. Therefore, it is conrmed that the oxidation
state of Mn3+ is in the sample of Mn2O3/NiO NPs.30 As it is
illustrated in Fig. 1(c), the peak of O1s at 531.6 eV can be
assigned to the O2� oxidation state in the Ni–O bond.31,32

Furthermore, the Fig. 1(d) represents the XPS spectrum of Ni2p,
which exhibits two peaks at 854.4 and 872.0 eV, corresponding
to Ni2p3/2 and Ni2p1/2 spin orbitals, with a spin energy separa-
tion of 17.6 eV, a characteristic value of the Ni2+ oxidation state
in NiO.33,34
Optical and structural analysis of Mn2O3/NiO NPs

To identify the absorption of visible light, the as-synthesized
Mn2O3/NiO NPs were analyzed by UV-Vis spectroscopy in the
range of 265 nm to 800 nm. The resulted UV-Vis spectrum is
Fig. 2 Optical and structural analysis of the as-synthesized Mn2O3/NiO N
Mn2O3/NiO NPs.

This journal is © The Royal Society of Chemistry 2019
illustrated in Fig. 2(a). As it is observed from Fig. 2(a), the three
absorption bands at 270, 274 and 280 nm wavelengths corre-
spond to associate band gap energies of 4.59, 4.53 and 4.43 eV.
The three absorption bands in the range of 265 to 800 nm
wavelengths are assigned to the transition of Ni2+ in Mn2O3/NiO
NPs.35,36

To identify the functional groups existing in the as-prepared
Mn2O3/NiO NPs, FTIR investigation was executed in the wave-
number range of 400 to 4000 cm�1. The obtained FTIR spec-
trum is demonstrated in Fig. 2(b) and two major peaks at 400
and 1120 cm�1 are observed. The peak at the 400 cm�1 wave-
number can be ascribed to the Mn–O vibration and the peak at
1120 cm�1 is associated to the bending mode of OH�.37,38

The resulted X-ray diffraction spectrum of Mn2O3/NiO NPs is
shown in Fig. 2(c) and the crystalline planes of Mn2O3 are (211),
(222), (321), (332), (431), (440), and (622). In comparison to the
standard XRD data of pure Mn2O3, a great similarity was found
with JCPDS no. 041-1442 and the data reported by previous
authors.39,40 Two major crystalline planes of NiO, namely (111)
and (200), were found in the XRD pattern in Fig. 2(c), which has
a great similarity to the standard data of pure NiO JCPDS no.
047-1049 and the data reported in articles.41,42 Using the Debye–
Scherrer's formula given in eqn (vi), the particle size of NPs was
calculated and it was found to be 17.87 nm at peak Mn2O3 (332).
Ps. (a) UV-Vis spectrum, (b) FTIR, and (c) X-ray diffraction spectrum of

RSC Adv., 2019, 9, 35146–35157 | 35149
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D ¼ 0.9l/(b cos q) (vi)

Here, l is the wavelength of X-ray radiation (1.5418 �A), b is the
full width at half (FWHM) of the peak at a diffracted angle q.

Morphology and elemental analysis of the as-prepared NPs

To analyze the structural morphology of Mn2O3/NiO NPs,
FESEM was performed as presented in Fig. 3(a and b). As it is
observed from Fig. 3(a and b), the as-synthesized nano-
materials are nanoparticles in shape with an irregular
arrangement. This similar observation was obtained from the
EDS report, as shown in Fig. 3(c). The elemental compositions
of Mn2O3/NiO NPs are demonstrated in the EDS analysis
report, as shown in Fig. 3(d). As it is analyzed by EDS, the
elemental compositions are O 9.77%, Mn 12.58% and Ni
77.64% as the weight percent.

Applications: in situ choline sensor development

In this approach, an electrochemical sensitive sensor was
fabricated using a GCE coated with Mn2O3/NiO NPs with an
Naon conducting binder, which was used to selectively detect
choline in the phosphate buffermedium. At an early stage of the
optimization of the as-fabricated sensor based on Mn2O3/NiO
NPs/binder/GCE, the fabricated sensor was analyzed to test the
selectivity. To execute the sensor performance, several bio-
chemical samples at micro-level concentrations, such as folic
acid, creatine, D-glucose, ascorbic acid, choline, L-glutamic acid,
Fig. 3 Morphological and elemental analyses of NPs. (a and b) Low- and h
analysis report.

35150 | RSC Adv., 2019, 9, 35146–35157
L(+)-lactic acid, cholesterol, and L(+)-aspartic acid, were analyzed
in the potential range of 0 to +1.5 V with a 0.1 M phosphate
buffer system, and are presented in Fig. 4(a). As it is observed
from Fig. 4(a), choline was found to exhibit the highest elec-
trochemical response with the Mn2O3/NiO NP/binder/GCE
fabricated sensor probe. The fabricated sensor is very active
and efficient in the presence of choline compared to other
biological substances. Here, the electrochemical detection
process of selective choline based on theMn2O3/NiO NP/binder/
GCE responded signicantly well. Choline and dissolved oxygen
molecules are adsorbed onto the surface of the working elec-
trode in the electrochemical method (with respect to the
applied potential), and betaine and hydrogen peroxide are
produced. Subsequently, the resulting H2O2 was automatically
converted into H2O and released e�. These released electrons
signicantly enhanced the resultant current in the electro-
chemical process compared to other bio-chemicals. Further-
more, to get the maximum electrochemical responses, the
fabricated sensor was tested in various phosphate buffer media.
The performance was analyzed at a 0.01 mM concentration of
choline with an applied potential of 0 to +1.5 V, as shown in
Fig. 4(b). Obviously, the choline sensor based on Mn2O3/NiO
NP/binder/GCE shows the maximum electrochemical response
in a phosphate buffer system with pH 5.7.

Fig. 4(c) presents the electrochemical response of choline
concentration ranging from 1.0 mM to 0.1 nM, and it can be
observed that the electrochemical responses are completely
igh-magnified FESEM images of Mn2O3/NiONPs and (c and d) the EDS

This journal is © The Royal Society of Chemistry 2019



Fig. 4 Optimization and analytical performances of the choline sensor based on the Mn2O3/NiO NP/binder/GCE. (a) Selectivity, (b) pH opti-
mization, (c) electrochemical responses based on the concentration variation of choline from lower to higher, and (d) the calibration curve [inset
current vs. log(conc.)].
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distinguishable from lower to higher concentrations. This
similar tendency of electrochemical responses has been re-
ported previously to measure various toxins.43–46 The current
data from Fig. 4(c) at an applied potential of +1.5 V have been
collected and presented as current vs. concentration of choline
in Fig. 4(d), known as the calibration curve. The slope of the
calibration curve was measured and was used to calculate the
sensitivity of the choline biosensor, which was equal to 16.4557
mA mM�1 cm�2, a value that is appreciable. At a signal to noise
ratio of 3, the slope of the calibration curve was also used to
measure the detection limit (DL) of the choline bio-sensor
based on Mn2O3/NiO NP/binder/GCE and it was found to be
5.77 � 0.29 pM, a result that might be considerably lower. To
estimate the linearity of the calibration plot, the current data
are plotted against the concentration of choline in logarithmic
scale, as shown in Fig. 4(d) and inset Fig. 4(e). As it is observed
from Fig. 4(e), the current data are tted with a regression
coefficient (r2) value of 0.9906 in the concentration range of
0.1 nM to 0.1 mM, which is identied as the linear dynamic
range (LDR). Obviously, the LDR was found to be a very wide
range of concentrations.
This journal is © The Royal Society of Chemistry 2019
To analyze the reproducibility performance of the choline
bio-sensor, the test was performed at a 0.01 mM concentration of
choline and an applied potential of 0 to +1.5 V in the phosphate
buffer medium with pH 5.7, as demonstrated in Fig. 5(a). As it is
shown in Fig. 5(a), the seven runs are practically indistin-
guishable in an identical condition. The resulted electro-
chemical responses did not change even aer the washing of
the electrode aer each trial. Therefore, the result of this
reproducibility test provides the evidence for the reliability of
the choline sensor.

The interference effect of the choline sensor was determined
and the corresponding data are shown in Fig. 5(b). This test was
done with a 0.01 mM concentration of choline and an applied
potential of 0 to +1.5 V in an optimized buffer system. The
electrochemical (I–V) responses are not altered in the presence
of interfering metal ions, such as Na+, K+, Mg2+ and Ca2+.
Therefore, the projected choline bio-sensor is free of interfer-
ence effect during the analysis of biological samples. The
response time is an important criterion of a sensor and it
provides information about the efficiency of the sensor. This
test is performed at a 0.01 mM concentration of choline and an
RSC Adv., 2019, 9, 35146–35157 | 35151



Fig. 5 The reliability performances of the choline sensor based on Mn2O3/NiO NP/binder/GCE. (a) Reproducibility, (b) interference effect of the
choline sensor, and (c) the response time.
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applied potential of 0 to +1.5 V in a phosphate buffer medium.
As it is demonstrated in Fig. 5(c), the obtained response time is
around 16 s, a result that might be satisfactory. To estimate the
accuracy of the reproducibility test, the percentage of the rela-
tive standard deviation of current data were measured and it
was found to be 0.90%. Thus, it can be concluded that the
projected choline bio-sensor was able to perform reliably in real
elds of application. Similar reproducibility tests of the choline
bio-sensor were performed for an elongated period of four days,
as shown in Fig. 6(a–d). The analogous observations are ob-
tained, as shown in Fig. 5(a).

The choline bio-sensor was fabricated by attaching active
Mn2O3/NiO NPs onto a GCE and the binding strength between
NPs and GCE was improved by the addition of Naon (5%
Naon suspension in ethanol). The fabricated sensor was
applied to detect choline in the phosphate buffer medium. At
the very initial phase, the surface coverage due to the
adsorption of a few number of choline molecules on the
surface of the working electrode is small, and as a result, the
corresponding reaction rate is very slow. With the increase in
the surface coverage, the rate of reaction increased and
approached a steady state equilibrium condition. Initially,
35152 | RSC Adv., 2019, 9, 35146–35157
a saturated surface coverage on the working electrode surface
occurred and an equilibrium rate of reaction was observed. At
this condition, the steady state current density was experi-
mented in the phosphate buffer medium. Such steady state
current data are demonstrated in Fig. 4(d). As presented in
Fig. 4(d), steady state current data are homogeneously
distributed along the linear plot. Thus, this homogeneous
linear distribution of current data provide evidence about the
reliability of the method. As it is shown in Fig. 5(c), the
response time of the choline bio-sensor is 16 s. Therefore, this
16 s is necessary for the choline bio-sensor to achieve the
steady state I–V response. Considering the moderately high
sensitivity (16.4557 mA mM�1 cm�2) of the choline bio-sensor
based on Mn2O3/NiO NPs on GCE, it can be assumed that
the projected choline sensor has active catalytic decompos-
ability and high adsorption ability.47,48 A comparison of recent
research activities on the choline bio-sensor49–53 was per-
formed, and the corresponding data based on sensitivity,
detection limit (DL) and linear dynamic range (LDR) are rep-
resented in Table 1. According to the presented data in Table
1, the choline bio-sensor based on Mn2O3/NiO NP/binder/GCE
shows signicant and qualied analytical performances.
This journal is © The Royal Society of Chemistry 2019



Fig. 6 The validation test of the choline sensor based on Mn2O3/NiO NP/binder/GCE. (a) Reproducibility at 1st day, (b) reproducibility at 2nd day,
(c) reproducibility at 3rd day, and (d) reproducibility at 4th day.

Table 1 Comparison of the sensor performance with similar work based on different modified electrodes by an electrochemical approacha

Modied GCE DL LDR Sensitivity Ref.

ChOx/PDDA/PB/FePO4/GC 0.4 mM 2 mM to 3.2 mM 0.0752 mA mM�1 cm�2 49
MWCNT/GNp/ChOx/PDDA/Ptc 0.3 mM 0.001–0.5 mM 0.183 mA mM�1 cm�2 50
PVA/Au/ChOx/Ptf 10 mM 0.02–0.4 mM 0.0157 mA mM�1 cm�2 51
ChOx/poly(1,2-DAB) NTs/Ptk 50 mM 0.05–2 mM 0.0 67 mA mM�1 cm�2 52
(ChOx/PDDA)n/(PVS/PAA)3/Pt 0.2 mM 0.005–0.1 mM 0.1774 mA mM�1 cm�2 53
Mn2O3/NiO NPs onto GCE 5.77 pM 0.1 nM to 0.1 mM 16.4557 mA mM�1 cm�2 This study

a DL (detection limit) and LDR (linear dynamic range).
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In the electrochemical detection process of choline based on
the Mn2O3/NiO NP/binder/GCE in the optimized buffer medium,
choline and the dissolved oxygen molecules are adsorbed onto
the surface of the working electrode in the electrochemical
method (with respect to the applied potential), and betaine and
hydrogen peroxide are produced. Subsequently, resulted H2O2

was automatically converted into H2O and released electrons (e�).
These released electrons signicantly enhanced the resultant
current in the electrochemical process. Similar electrochemical
observations of the choline detection have been reported in
This journal is © The Royal Society of Chemistry 2019
previous articles.54,55 Therefore, the enrichment of electrons is
observed in the sensing medium as well as in the conductivity by
I–V responses. This is the major objective to have the elevated
electrochemical response with the increase in the choline
concentration, as presented in Fig. 4(c). From this enzyme-less
selective choline sensor study, it was observed that the sensor is
most selective and highly sensitive towards choline with low-
dimensional ternary mixed Mn2O3/NiO nanoparticles by electro-
chemical approaches compared to other published non-
enzymatic sensors with different sensingmatrices (Scheme 1).56–76
RSC Adv., 2019, 9, 35146–35157 | 35153



Scheme 1 Pictorial presentation of choline detection in the phosphate buffer medium in electrochemical approaches.

Table 2 Analyses of real biological samples with the Mn2O3/NiO NP/binder/GCE sensor

Sample
Added choline
conc. (mM)

Measured choline conc.a by Mn2O3/NiO NP/
binder/GCE (mM)

Average recoveryb (%) RSDc (%) (n ¼ 3)R1 R2 R3

Human serum 0.01 0.009901 0.009885 0.009835 98.74 0.35
Mouse serum 0.01 0.009732 0.009637 0.009585 96.51 0.77
Rabbit serum 0.01 0.009973 0.009942 0.009954 99.56 0.16

a Mean of three repeated determination (signal to noise ratio 3) with Mn2O3/NiO NPs/binder/GCE. b Concentration of choline determined/
Concentration taken (unit: nM). c Relative standard deviation value indicates precision among three repeated measurements (R1, R2, R3).
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Analysis of real samples

To study the validity of the proposed sensor based on Mn2O3/
NiO NP/binder/GCE in real biological samples, such as human
serum, mouse serum and rabbit serum, were analyzed. The
results are presented in Table 2. As it is demonstrated in Table
2, the electrochemical responses show that it is possible to
reliably apply the proposed choline sensor based on Mn2O3/NiO
NP/binder/GCE to real samples.
Conclusion

A choline sensor with Mn2O3/NiO NPs was fabricated via a wet-
chemical (co-precipitation process) process at a low tempera-
ture. The as-synthesized NPs were fully characterized via
powder X-ray diffraction, XPS, UV-Vis, FTIR, FESEM and EDS
analyses. A thin layer of NPs was deposited onto the GCE with
a conducting Naon binder to result in the working electrode
of the desire choline sensor. A calibration curve was plotted as
current versus concentration of choline in this approach. The
sensitivity (16.4557 mA mM�1 cm�2) and detection limit (5.77 �
0.29 pM) were calculated from the slope of the calibration
curve. The proposed sensor was found to be linear over the LDR
(0.1 nM to 0.1 mM) of choline at an applied potential of +1.5 V.
This novel research approach might be a reliable way to
develop future sensors in the eld of biomedical sector in
broad scales.
35154 | RSC Adv., 2019, 9, 35146–35157
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