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Abstract - A non-enzymatic choline biosensor was demonstrated with chitosan (CS) supported NiFe;O4 modified on a
carbon paste electrode (CPE). NiFe,O4 is synthesized via the hydrothermal method to study the choline chloride (ChCI)
behavior towards the distinctive performance of choline. The prepared sample with CPE. The synthesized NiFe,O. was
examined with different characterization techniques to confirm the formation of the specified material. X-ray diffraction
(XRD), Fourier-Transmission Infrared spectroscopy (FTIR), and Raman Spectroscopy were used to optimize and evaluate
the various properties of the prepared material. XRD confirmed the cubic inverse spinel crystal structure of NiFe,O4 with
a crystallite size of 14nm, while FTIR spectra revealed the stretching and bending vibration over the IR frequency range,
and modes confirmed through Raman spectra frequency range. The modified electrode of NiFe,O4/CS/CPE was used to
perform electrochemical studies by voltammogram and evaluated through Cyclic voltammetry (CV). The CV curves
taken at different working ranges (5-15uL) of potential 0.0- +1.0 V and the analyte signal of LoD (0.002uM), considering
the S/N=3 across the current system, with the linear regression (R?) of 0.99. The prepared electrode showed a low (LoD)
in the smaller range of the chloride choline and demonstrated a good response.
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1. Introduction

Nickel ferrite is one of the most attractive nanostructure materials, having an equal
distribution of tetrahedral and octahedral sites and containing inverse spinel shows great properties
as an electrode material. NiFe2O4 and its nanostructure are good candidates that exhibit large thermal
and chemical stability, show excellent electrochemical behavior and their applicable in different fields
as energy storage devices, large density recording value and biomedicine. The nanocomposites of
NiFe2O4 as a cathode material are highly effective and show great stability, selectivity, linearity and
detect rapid dopamine, uric acid and ascorbic acid in real samples [1,2]. Chitosan-based nickel ferrite
nanoparticles form high-performance films, good biocompatibility, and high mechanical strength,
performing as highly compatible biosensors and called polymer-based biosensors [3,4]. They have a
wide space in the emergence of new well-structured biomaterials and determine the biotic immune
assay, detection of an analyte in real and clinical samples and the quantity of particles in drug delivery
[5]. Nickel ferrite nanoparticles based on chitosan show excellent performance for biosensing of
choline, as the structure of NiFe204is shown in Figure 1.

Figure 1. Crystal structure of inverse spinel NiFe;O4

Choline or CsH12NO*(trimethyl-beta-hydroxyethyl-ammonium) is an essential nutrient. It
acts as a precursor for the biosynthesis of many neurotransmitters, such as acetylcholine. Choline’s
deficiency and its abnormal metabolism can cause neurodegenerative disorders, liver dysfunction and
multiple cancers [6,7]. Choline, an important source of initial upgrading of brain cells, is needed at
an early age in the diet because it influences neural tube closure, apoptotic messaging in neurons and
liver cells and hepatic transport of lipoproteins. Alpha-glycerophosphocholine (GPC) is another name
for choline alfoscerate (CsH20NOsP), a cholinergic molecule and precursor to ACh that is widely used
as a dietary supplement. The dose of choline under the recommendation of the department concerned
for adults must be greater than 550mg/day, and we can take it under regular use of enriched foods
having a concentration of choline for metabolism. So, monitoring the level of choline in serum
through the proper channel, providing a good electrochemical response, is very important [8,9].
Choline metabolism, with its relevant characteristics, is shown in Figure 2.
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Figure 2. Choline’s metabolism, its components, and related nutrients

The non-enzymatic choline’s sensing can be achieved by using choline as an analyte and the
oxidation of the neurotransmitter performs the electrocatalytic properties. Electrochemical
performance was checked with the rate of limit of detection, the linear range and sensitivity and
calculated by using different techniques. The range for non-enzymatic choline sensors varied from
0.05 to 10.0 (mM), the limit of detection (LOD) is from (-134 to 25.4) uM or (-97 to 60.5)
nAmM tecm~2 by going through different transition metals literature [10]. Electrochemical biosensors
are the most promising tool that provides economical, quick and specific biomolecule sensing
channels with an excellent response time, durability and selectivity and are classified according to
their transduction mechanism [11]. The extraction and/or hydrolysis method is the primary hurdle in
the analysis of choline in consumed foods and dietary supplements. New studies of non-enzymatic
chemical sensors have used metals and metal oxides as sensing materials. These materials demand
strong alkaline solutions, such NaOH and KOH, and high synthesis temperatures to detect
acetylcholine as a direct measure of choline. Potentiometric sensors, which rely on the measurement
of electrical potential and generate a change in potential according to the logarithm of the activity of
the ion of interest in the sample, can be designed enzyme-free because choline is a cation [12—14].

Biosensors are devices that recognize a biological material based on the integration of self-
made receptors and transducers, which are very close to electrochemical transducers. These
electrochemical sensors display the intrinsic selectivity and particularity of the receptor, joined with
the large value of stability and low recognition limit of the analyte. They can be formed with
miniaturization and efficiently manufactured for a minimal price and furnish a quick logical reaction
with a couple of micro-liters of test [15,16]. The modern sensor devices consist of the insertion of
new nanostructures, which are used to enhance the identification of the analyte, referred to as
sensitivity, lower limit of detection (LOD), and specificity [17,18]. As compared to previously
reported electrodes, the electrochemical sensors that were doped using various nanomaterials showed
better sensitivity and selectivity for choline detection. In addition to increasing response signal
sensitivity, the doped FesOs magnetic nanoparticles with other materials utilised as peroxidase
mimics in the choline biosensor have advantageous features of stability, magnetic separation, and
relatively simple fabrication [7,19]. Moreover, materials like nano-gold, magnetic nanoparticles,
silver nanorods, lanthanide-doped nanoparticles, and heterogeneous nanowires were included in the
nanosensors employed in these applications. Recent advancements have influenced the selection
criterion for MIONPs for biomedical applications thus far. Magnetic iron oxide nanoparticles
(MIONPs) that are optimized should: i. have the right size and desired magnetic properties; ii. be
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uniform in size and shape to guarantee repeatable performance; iii. minimize surface disorders and
crystallographic defects to maximize magnetic properties; and iv. appropriate surface functionalities
that guarantee colloidal stability and biocompatibility in physiological environments [20,21]. Herein,
we report the synthesis of NiFe2O4 via the hydrothermal method and further modified a carbon paste
electrode (CPE) with the NiFe2O4/CS process for the choline chloride quantification, which is the
first time that work has been done on it. The distinctive structure of NiFe.O4/CS composites offers
excellent stability and linear regression, and it also ensures stable performance of the blended
electrode with choline chloride. In the second half of the work, different characterization techniques
were discussed to confirm the structural properties, vibrational modes, size distribution, and
electrochemical behavior of NiFe204/CS.

2. Materials and Methods

Ferric chloride hexahydrate (FeClz.6H20) and nickel Chloride hexahydrate (NiCl..6H20) were
purchased from Merck Sigma, USA. NaOH (25% solution) was sourced from Thermo Fisher
Scientific (UK). For the preparation of NiFe204/CS modified CPE, Chitosan (CS) of low molecular
weight and Choline chloride (ChCI) [CH3)sNCH.CH.OH] ClI, were purchased from Sigma-Aldrich.
A carbon paste electrode (CPE) of 0.5mm thickness was used in this research work. Further, deionized
water was used throughout the experimentation.

2.1. Synthesis of NiFe204 Nanopatrticles

The NiFe2O4 was prepared via the hydrothermal method. To prepare the solution of chlorides, 40
ml of deionized (DI) water was taken in different-sized beakers for each salt precursor and stirred on
the magnetic hot plate until it became homogeneous. Then, we obtained the homogeneous mixture of
both the salts after 1 hour of stirring. 1M solution of sodium hydroxide was added dropwise into the
solution until the pH~11 of the solution was maintained and stirred constantly. After the addition of
NaOH, the metal chlorides will be precipitated into a dark brown color, containing metal hydroxide
of the form Fe (OH)s and Ni (OH)2, respectively. Then the solution was autoclaved and placed into
an oven at 200 °C for 15 hours. The particles were collected according to their density after washing
15 to 20 times with DI water under centrifugal force. Then, the collected liquid form was placed into
an oven at 90 °C for 8-9 h to obtain a completely dry sample. The grinding of the sample was
performed to get a fine powder with great homogeneity and to reduce the particle size. The grinding
process of the sample was done by using a pestle and mortar. The sample has been saved in the bullet
box for further processing [22].

2.2. Modification of the electrode with the synthesized NiFe204 based on chitosan (CS)

The carbon paste electrode (CPE) substrate of HB (0.5mm) was used after cleaning and washing
with deionized water. The carbon paste electrode has been modified by using synthesized NiFe204
powder composite with chitosan. Firstly, the PBS buffer was prepared by taking 5 tablets of phosphate
buffer saline in 500 mL of distilled water and setting aside until we got a homogeneous solution. The
slurry of NiFe204/CS was prepared in the PBS buffer at room temperature. The measured quantity
of NiFe204 powder (5mg) and chitosan (3mg) was mixed into an 8uL solution of PBS and placed
into a sonication bath for 40 min. The washed bare carbon paste electrode of small thickness is taken
and put into the prepared slurry for 20 min and set aside at 25 °C. The freshly prepared electrode was
used as a working electrode for the non-enzymatic quantification of choline based on a three-electrode
system. The analyte for the detection of biomarkers was prepared by taking a quantity of chloride
about 0.28 g, put into a 1mM solution of PBS and all the steps proceeded under pH ~ 7 at room
temperature. The analyte is ultrasonicated for 30 min and used as prepared. The second step includes
the preparation of an analyte for the detection of biomarkers. The measured quantity of choline is
about 0.28 g, put into a 1mM solution of PBS and all the steps proceed under pH ~ 7 at room
temperature. The analyte is ultrasonicated for 30 min and used as prepared.
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Figure 3. Schematic representation for the preparation of NiFe,04/CS modified CPE

3. Results and Discussions

XRD analysis was done using an X-ray diffractometer (Perkin EImer Diamond Series) with Cu-
Ka radiation source (k = 1.5406 A°) to examine the crystal structure of NiFe204 materials and
structural parameters calculated subsequently. Figure 4a illustrates the XRD spectroscopy
measurements of the NiFe204 synthesized via the hydrothermal method. The results from the XRD
data using wavelength A = 0.15406 nm and a radiation source of CuKa have been investigated for the
various structural parameters at different peak values. The indexed pattern represents the crystal
planes (220), (311), (222), (400), (422), and (511) formed by following Bragg’s law, Bins = 0.5730
matched with the reference pattern: NiFe204, 96-591-0065 [23]. The prepared sample has a cubic
inverse spinel structure, and there are no impurity peaks found in the boundary of X-ray detection.
The XRD analysis of NiFe204 represents the single-phase structure. The intense and sharp peaks are

an indication of good crystallinity of NiFe204, and the crystallite size (D) was calculated by using

, 0.92 . .
Scherrer’s formula D = oot The prepared sample has a cubic inverse spinel structure, and no

impurity peaks are found in the X-ray detection boundary. The XRD analysis of NiFe204 represents
the single-phase structure. The lattice constant (a) is calculated from the interplanar spacing (d) value
by using the relation:

a=dvh?+k% + 2

Where (hkl) represent the Miller indices, and the value of “d” has been calculated for all the planes
indexed at sharp intensity values defined in Table 1.

Table 1. Calculated values of different parameters from the XRD pattern with 2% Ni.

Sr.no Angle 20 | Miller indices | Inter-planer
' © (h,k,) Spacing d (A)
1. 30.34° 220 2.95
2. 35.74° 311 2.88
3. 43.39° 400 2.94
4. 53.80° 402 2.79
5. 57.37° 511 2.93

The crystallite size (D) and microstrain (¢) =  have been calculated by using line broadening
values (B) and the small average crystallite size (D) calculated to be 14nm, indicating that an ultra-
fine NiFe204 formed, while the broad peaks have a large FWHM, providing a small value of
crystallite size. The dislocation density (6) = 1/D2 is also calculated from data points of D shown in
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Table 2. The distortion in the crystal structure and some imperfections refer to the strain due to the
peak’s broadening [24].

Table 2. Calculation of FWHM, crystallite size (D), microstrain (g), and dislocation density (3).

FWHM . Microstrain Dislocation
Sr.no | Angle (0) (radians) Crystallite size D (nm) ) Density 5x10-2 (nm-2)
1. 15.170 0.58 14 0.91 0.39
2. 17.870 0.52 15 0.91 0.39
3. 21.690 0.58 13 0.90 0.40
4, 26.90 0.57 16 0.89 0.40
5. 28.680 0.58 12 0.90 0.39

Where B represents the full width half maxima (FWHM) and relates to line broadening, half of the
detection angle (0), called Bragg’s angle, A is the X-ray wavelength, and 0.9 is Scherrer’s constant
(k) within the limit of Gauss’s formula [25]. The crystal data collected for the cubic spinel structure
have a chemical formula Ni16.00Fe8.00032.00, which forms the space group Fd-3m, density of
580.09g/cm3 with lattice parameter (a) = 8.34A. The small average crystallite size (D) calculated at
14nm indicates that an ultra-fine NiFe204 formed, while the broad peaks have a large FWHM,
providing a small value of crystallite size. The distortion in the crystal structure and some
imperfections refer to the strain due to the peak’s broadening [26,27]. The XRD pattern of NiFe204
with a smaller concentration of nickel salt is shown in Figure 4b. The precursor of the sample was
prepared through a hydrothermal method, and the intense peaks involved the angles 26 = 35.50, 43.10,
53.90 and 57.1°, showing the cubic and face-centered type of NiFe204 matched with the reference
pattern: NiFe204, 96-591-0065 through Xpert High Score Plus, as shown in Table 3. The other peaks
representing the presence of hydroxide and observed at high intensity referred to another phase and
were present due to the large concentration of sodium hydroxide, which is used in this sample during
the experimental procedure of NiFe204 formation [28]. The crystal data collected for the cubic
structure have a chemical formula Ni16.00Fe8.00032.00, which forms the space group Fd-3m,
density of 580.09g/cm3, with lattice parameter (a) = 8.34 A.

Table 3. Calculated values of different parameters from the XRD pattern with 4% Ni.
Miller indices | Inter-planer

o
Sr.no | Angle 20 (hk.)) Spacing d (A)

1. 35.58° 311 2.52
2. 43.74° 400 2.52
3. 53.97° 402 2.58
4 57.42° 511 2.59

The data points have been mentioned at various intensities with 26 values in Table 4. and the
crystallite size (D) has also been determined against Miller indices (h,k,l) by the FWHM value shown
in Table 4. The calculated range of microstrain has decreased as the peaks became sharper and the
FWHM of the defined peaks reduced. The peak around 33.30 is attributed to higher water oxidation
and the formation of oxide occurs at this angle [29]. The average crystallite size (D) calculated is 32
nm for the mentioned peaks.

Table 4. Calculation of FWHM, crystallite size (D), microstrain (¢) and dislocation density (3).

Sr.no Angle | FWHM | Crystallite size | Microstrain Dislocation
' (0) | (radians) D (nm) (¥) Density 610 (nm)
1. 17.81° 0.16 36 0.20 0.026
2. | 21.86° 0.16 34 0.19 0.023
3. | 26.98° 0.16 30 0.18 0.030
4. | 28.78° 0.21 28 0.17 0.045
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Figure 4. (a) XRD pattern peaks of NiFe,04 2%, (b) 4% Ni-concentration.

Raman analysis was done using a Raman Microscope (RENISHAW UK) with the excitation laser
514nm and laser exposure time of 10s, having laser power 50%. In the present study, the NiFe204
spectra exhibit several bands and intensity of the dehydrated material across the applied wavelength,
as shown in Figure 5. The NiFe204 spectroscopy studies the characteristic bands having 5 Raman
active modes Alg, 3T2g, and Eg, while the strong and broadened peaks around 464cm-1 and 699cm-
1 have a connection with the crystallized spinel structure of NiFe204. These sharp valued peaks are
the allocation to octahedral and tetrahedral sites of Fe+3 and Ni+2 on the sites of the crystal structure.
The peak values oriented at 213cm-1 and 279cm-1 represent the dispersion bands of NiFe204
powder, and the band (T2g) at 497cm-1 is formed due to the peak’s allotment around 490cm-1 and
522cm-1, as shown in Figure 5. The difference in peaks around 200-400 cm-1 occurs due to the varied
ionic radii of Ni and Fe ions, and Alg mode at 497cm-1 formed the Fe203-hematite. All the bands
at peak values of 213, 279, 358, 497, 539, 522, and 699cm—1 represent the symmetrical and anti-
symmetrical stretching of an oxygen atom at the octahedral and tetrahedral sites. The composition of
nickel with iron has an impact on the crystal structure of the formed nanoparticles; a higher percentage
of nickel and a large reaction temperature have resulted in a sharp and intense peak of inverse spinel
nickel ferrite. The ferrite's inverse spinel structure has more intense peaks at the band values 464cm-
1 and 497 cm-1, owing to high temperature, and shifted towards higher frequency as shown below at
699cm-1. They contribute to the vibration modes formed due to oxygen atoms, remark to Fe3+ and
(Fe3+ and Ni2+) octahedral and tetrahedral sites [30]. The weak and less intense peaks at 530cm-1
correlate with the transfer of nickel ions from the octahedral site to the tetrahedral site and result in a
highly cation-disordered disorder. The wider and intense peaks from 630cm-1 to 699cm-1 in all the
Raman spectra graphs given below represent the Eg phonon mode and Alg (tetrahedral breathing
mode) with the formation of a tetrahedron in ferrites. The T2g modes at a large peak of 213cm-1
represent the single crystal structure of NiFe204, and these bands formed because of the low heat
treatment, as shown in Figure 5 [31].
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Figure 5. Raman spectra correspond to NiFe,O4 nanoparticles. Formation of NiFe,O4 as synthesized with
the molar ratio 1:2.

FTIR studies are done by a Varian-4100 spectroscope. Figure 6. shows the FTIR absorbance
spectra of the synthesized NiFe204 in the wavenumber range of 500-4000cm-1. The selected range
of frequency for the absorbance spectra of nickel ferrite elaborates the stretching and bending
vibrations of the different functional groups. The peak values at 648cm-1, 896¢cm-1, and 1652cm-1
are due to the stretching and bending vibration of the C-N=0O, C-C, and C=0. The peak value at
648cm-1 is attributed to the tetrahedral inverse spinel structure of NiFe204, and the other lower peak
frequency value at 896cm-1 and 1652cm-1 subsists the stretching vibration of a-FeOOH, deformation
and bending vibration of -OH in Y-FeOOH. The formed bands are at different positions because of
the radii difference of Fe-O in the inverse spinel A and B sites [32—34]. The existence of the iron
oxide around 1000cm-1 or less, favorably observed for vibrations, atomic levels of the material, and
the stretching vibration, is the framework of the octahedral vibration [35]. The IR active molecules
with the different functional groups at 896cm-1 and 2181cm-1 are preferable to C=C and the
absorbance of CO2 from the air. While the frequency mode of high peak value at 3318cm-1 indicates
the presence of (OH) hydroxyl group, concerned with the hydrogen-bonded stretching vibration
[36,37].

648 cm™
3318 cm?

Absorbance(a.u.)

800 1200 1600 2000 2400 2800 3200 3600 4000
wavenumber (cm™)

Figure 6. FTIR measured spectra of NiFe;O4 (1:2).

3.1. Electrochemical Analysis Cyclic Voltammetry (CV)

The graphite paste electrode modified NiFe204/CS is held for electrochemical performance
without analyte and with 1mM choline (choline chloride) in 20mM PBS using cyclic voltammetry
(CV) at 100 mVs-1 scan rates. The bare GCE without modification showed no oxidation, while the
peak current increased for NiFe204/CS modified CPE, as shown in Figure 7 (a). Choline oxidation
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is described by varying the concentration of choline and showing that the modified electrocatalyst
oxidizes the choline, as shown in Figure 7 (b). The other interface and biomolecule also contributed
to the detection of choline and disturbed the anodic peak current (Ip). The anodic current of the
modified electrode increased in the selected range of choline concentration from 0.005 to 0.015 mM.
The plot of modified electrodes at different concentrations has been taken using a Pt-wire as a counter
electrode, which provides the resultant current. The scanned potential over the modified electrode
transfers the electron, and the choline is oxidized at +0.5 V. The cathodic current increased directly
with the analyte range, and a large concentration of choline chloride showed maximum oxidation for
the modified electrode compared to the blank electrode, and for the modified electrode detected
without choline. The linear curve manipulates the various concentrations of choline chloride (0.005
mM, 0.010 mM & 0.015 mM). The modified electrode showed a limit of detection (LoD) of 0.002
uM or limit of quantification (LoQ) of 0.0086 uM, which was measured through a linear calibration
function having a regression coefficient (R2) of 0.99 over the applied working range, as shown in
Figure 8 [38].

124 Modified electrode s0 4 Modified electrode without analyte
Bare CPE With analyte 5plL,10pL,15pL
29 \_
60 =
. 10 1 -
é f:; 40 4
= 8+ =
E é 20 -
S 64 5
© © ‘__—ﬁ/
4 - 0]
[ — —
2= -20
0 T T T T -40
0.0 0.2 0.4 0.6 0.8 1.0 ' ! ' ' '
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Figure 7. Cyclic voltammograms of NiFe,0./CS/CPE (a) i: bare CPE ii: NiFe,04/CS modified CPE (b) CV
curves supporting electrolyte PBS 0.02 mM, analyte 1mM; scan rate 100 mVs™* of NiFe,0./CS modified
CPE with the choline chloride working limit (SpuL-15pL).
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Figure 8. Calibration graph artifacts the analyte sensitivity (ChCl) into the linear range of (0.005mM-
0.015mM) at 25°C quantified over a small range.
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4. Conclusions

In this study, the choline detection has been discussed using the synthesized CS based NiFe2O4
modified with GCE. The prepared material has good electrochemical behavior towards advances in
choline biosensing with simple step analysis. The prepared sample of NiFe>Os showed the cubic
inverse spinel structure and crystalline nature, having a crystallite size of 14nm with a lattice
parameter of 0.84nm. The average particle size of the samples was calculated as 14nm, 25nm, and
37nm. The FTIR spectra analyzed the octahedral and tetrahedral stretching vibration at 471cm™ and
648cm™. The inverse spinel A and B sites are formed at different positions because of the radii
difference of Fe-O and Ni. The Raman Spectra with the 5-Raman active modes (Axg, 3T2g, and Eg)
confirmed and, at a frequency of 699 cm™, justified A4 (tetrahedral breathing mode) and referred to
the tetrahedral sites of Ni*? on the B site of the crystal structure. The modified electrode for choline
quantification has been discussed with CV and cyclic voltammogram at the smallest linear range of
choline chloride (0.005 mM-0.015 mM) defines the mechanism of electrocatalysis of choline with
the lowest limit of detection (LLoD) of 0.002 uM. The modified electrode showed the large oxidation
of choline on their surface at the fixed potential of reference electrode in the presence of choline
chloride as compared to without choline chloride (ChCl)curves of bare and modified electrode.
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