Open Access Article. Published on 23 February 2024. Downloaded on 12/5/2025 12:42:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable

Food Technology

W) Check for updates ‘

Cite this: Sustainable Food Technol.,
2024, 2, 447

Received 21st October 2023
Accepted 1st February 2024

DOI: 10.1039/d3fb00198a

rsc.li/susfoodtech

Sustainability spotlight

I ROYAL SOCIETY
PPN OF CHEMISTRY

Biogenic-magnesium oxide nanoparticles from
Bauhinia variegata (Kachnar) flower extract:

a sustainable electrochemical approach for
vitamin-B,, determination in real fruit juice and
milk+

Sarita Shaktawat, Rahul Verma, (2 Kshitij RB Singh®® and Jay Singh (2 *

Vitamin-By, (Vit-By,) is an essential organo-metallic micronutrient necessary for the proper functioning of
the human body. Factors such as convenient lifestyle, starvation, and genetic defects are major contributing
reasons for Vit-B,, deficiencies, which can lead to increased morbidities. Today's challenge lies not only in
advancing the diagnosis of Vit-B, but also in making it sustainable. In this context, the electrochemical
detection of Vit-B;, was performed utilizing hydrothermally synthesized biogenic-magnesium oxide
nanoparticles (B-MgO-NPs) derived from Kachnar (Bauhinia variegata) flower extract. After the synthesis
of B-MgO-NPs, XRD, FTIR, Raman, UV-vis, XPS, SEM, EDX, and HR-TEM techniques were used to
determine their structural and morphological characteristics. Electrochemical analysis results suggest
that the fabrication of electrophoretically deposited B-MgO NPs on an indium tin oxide (ITO) glass
substrate-based bioelectrode has more current density when compared with bare ITO. Moreover, it was
also evident from cyclic voltammetry analysis that the fabricated bioelectrode exhibited sensitivities of
296 x 107° and 0.17 x 10> mA pM~t cm™2 in a linear concentration range of 1-100 and 200-1200
pM, respectively. Furthermore, it demonstrated a low limit of detection (LOD) of 0.0884 pM and a limit
of quantification (LOQ) of 13462 pM. Apart from standard sample analysis, the B-MgO NP/ITO
bioelectrode was used to quantify real samples, such as preservative juice, fresh milk, orange juice, and
vitamin-Bi, tablets. Thus, the fabricated bioelectrode is reliable for real sample analysis. This study is
important in the field of Vit-B,, detection, aiding in quality control, product development, and nutritional
assessments.

The synthesis of B-MgO NPs (biogenic-magnesium oxide nanoparticles) through a green route using Kachnar flower extract is considered an eco-friendly and
biocompatible approach. The utilization of natural extracts, such as Kachnar flower extract, in the synthesis process adds to the environmentally friendly nature
of the method. These extracts can act as reducing agents or stabilizers, eliminating the need for harsh chemicals or energy-intensive processes typically
associated with nanoparticle synthesis. The resulting B-MgO NP/ITO (indium tin oxide) bioelectrode is designed to be used as an electrochemical biosensor
specifically for detecting vitamin B,, (Vit-B;,). The bioelectrode exhibits high sensitivity and selectivity towards Vit-B;,, making it capable of accurately detecting
and quantifying this vitamin. One notable characteristic of the B-MgO NP/ITO bioelectrode is its ultralow limit of detection (LOD) of 0.088 pM (picomolar),
making it possible to detect even extremely low concentrations of Vit-B;, with high precision. The detection range of 10-1200 pM further demonstrates the
versatility and applicability of the biosensor in detecting a wide range of Vit-B;, concentrations. To evaluate the practical applicability of the electrochemical
biosensor, it has been tested on real samples. This testing allows researchers to assess the biosensor's performance in real-world scenarios, ensuring its
reliability and accuracy when used to detect Vit-B,, in actual samples. Overall, the use of B-MgO NPs synthesized via a green route with Kachnar flower extract,
combined with the B-MgO NPs/ITO bioelectrode for Vit-B,, detection, demonstrates an eco-friendly and biocompatible approach to biosensor development. The
high sensitivity, selectivity, and low limit of detection make it a promising tool for various applications in fields such as healthcare, food analysis, and envi-
ronmental monitoring.

1. Introduction
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functions, such as cell growth, energy production, neurological
function, production of RBCs, DNA synthesis, myelination, and
the cardiovascular system." Vit-B;, is converted into two bio-
logical metabolically active forms, methyl cobalamin and 5-
deoxyadenosylcobalamin.> The level of Vit-B;, in healthy
human serum is between 200 pM and 900 pM.* The source of
Vit-B;, is meat, eggs, liver, fish, clams, milk, vegetables, and
fruits. Approximately 1-2 pg of Vit-B;, is necessary for the
human body to sustain metabolic and physical activities, such
as growth, age, and libido.* Breathing difficulty, tiredness, and
atrophic gastritis are the common symptoms of Vit-B,, defi-
ciency in the human body.® Severe Vit-B,, deficiency can result
in serious disorders, such as megaloblastic and pernicious
anemia, neurological disorders, and immunological disorders.®
The development of techniques to measure vitamin By, levels is
critical because of the global problem of a lack of sophisticated
methods for the detection of vitamin B;,. Table 1 lists and
briefly describes several analytical methods that are essential
for determining Vit-B,, concentration in foods, medicines, and
biological samples.

However, these techniques are complicated, time-
consuming, costly, and hazardous. The current challenge is to
develop approaches that are not only sensitive and selective but
also eco-friendly for the quantification of Vit-B;,." Electro-
chemical analysis is a sensitive, selective, cost-effective, and
convenient technique for the detection of Vit-B;,.”*

Nanomaterials have a large surface area and conducting and
electromagnetic properties,* which can be utilized to achieve
safe and eco-friendly and sustainable protocols.>® Thomele et al.
reported that metal oxide nanoparticles have shown trans-
formational behavior in aqueous environments. The metal
oxide nanoparticles were characterized by various interaction
pathways, such as dissolution-recrystallization and oriented
attachment processes.”” Heavy metals are characterized by their
inherent toxicity, risks, as well as their nano-metabolizable
nature and possible accumulation in the food chain.”® Bozdo-
gan et al. fabricated a Vit-B;, biosensor using synthesized
peptide nanotubes from a disposable pencil graphite electrode
system.”® The detection of Vit-B;, and Vit-C has been performed
in real samples through a miniaturized laser-induced graphene
platform. This graphene-based bipolar platform study of Vit-B;,
and Vit-C was achieved through an electrochemiluminescence
technique.®® Rajeev et al. fabricated a Ag-PEDOT/PGE (Silver-
poly(3,4-ethylenedioxythiophene)/pencil graphite electrode) for
the facile and economic electrochemical detection of methyl-
malonic acid.* A PdAu-PPy tailored carbon fiber-based paper
electrode was fabricated successfully to perform an electro-
chemical study of methylmalonic acid (MMA) as a biomarker of
Vit-B,, deficiency. The fabricated heavy metal-based PdAu-PPy
electrochemical biosensor of MMA is facile, sensitive, and non-
enzymatic, but it is hazardous and toxic.**

The biogenic magnesium oxide nanoparticle (B-MgO NPs) is
an alternative to these Vit-B;, biosensors. B-MgO NPs is
biocompatible, and an eco-friendly cubic crystal has been
synthesized by green route via the Kachnar (Bauhinia Variegata)
flower extract. The MgO is an interesting metal oxide having
specific properties, such as biodegradability, ease of being

© 2024 The Author(s). Published by the Royal Society of Chemistry
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metabolized, nontoxicity, surface catalytic properties, and
chemical and thermal stability.>® Several techniques are avail-
able for the synthesis of MgO NPs, such as direct trans-
formation,* hydrothermal method,*® microwave radiation,**
vapor-solid process,* laser ablation,*® sol-gel,*” solid-state
interfacial diffusion reaction® and others.** Kachnar is phyto-
chemical-rich (alkaloids, terpenoids, flavonoids, amino acid
and carbohydrates) medicinal plant that has been used as an
anti-diabetic, anti-dyslipidemia and nephroprotective agent.*
These phytochemicals are utilized as a capping, reducing, and
stabilizing agent for the formation of B-MgO NPs. In summary,
the synthesized B-MgO NPs exhibit eco-friendly, nontoxic,
biodegradable, and biocompatible properties. Additionally,
they demonstrate sensitivity and selectivity towards Vit-B,,
which has been detected using cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) with electrochemical
detection. The detection of Vit-B,, was achieved by electro-
phoretically depositing B-MgO NPs onto an ITO (indium tin
oxide) electrode. The resulting B-MgO NP/ITO bioelectrode was
successfully utilized as a Vit-B,, biosensor, enabling the anal-
ysis of both standard and real solutions of Vit-B;,. The fabri-
cated B-MgO NP/ITO bioelectrode material is suitable and
highly effective in detecting Vit-By,.

2. Experimental section

2.1. Materials and methods

Initially, 20 mL of a 0.1 M solution of magnesium nitrate hexa-
hydrate (Merck, 99%) [Mg(NO3),6H,0] with a precursor weight
of 512.82 mg was taken. To achieve a pH of 12, 5 M NaOH (Fisher
Scientific) was added dropwise. Subsequently, 10 mL of Kachnar
(Bauhinia Variegata) flower extract was slowly added, resulting in
an immediate color change from milky white to dark green. The
reaction mixture was then transferred to a Teflon container
placed in a hydrothermal cell and left for 24 hours. The muffle
furnace temperature was set to 180 °C. After thermal treatment,
the sample was collected and centrifuged at 9500 rpm for 10
minutes. The resulting precipitate was washed with water, and
this process was repeated two more times. The overall process of
nucleation of B-MgO NPs, starting from the salt of magnesium to
the formation of magnesium nanoparticles, is briefly described
in eqn (1). The synthesized material was then dried under
vacuum for further investigation. Fig. 1 shows a schematic
representation of the synthesis process of B-MgO NPs, and its
function in fabricating an electrochemical biosensor.

[Mg(NO3),]-6H,0 + NaOH — Mg(OH), —» MgO (1)

2.2. Preparation of the standard stock solution of vitamin-B,,

To prepare a 1 mM standard stock solution of vitamin B,
(Sigma), 1.35 mg of vitamin B,, was dissolved in 1 mL of double-
distilled water. This standard stock solution was then used to
facilitate the preparation of diluted solutions at 1 uM and 1 nM
concentrations. For the preparation of a 1 uM standard stock
solution, 1 pL of the 1 mM vitamin By, stock solution was
diluted in 1 mL of distilled water. Similarly, for the preparation

Sustainable Food Technol.,, 2024, 2, 447-460 | 449
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Fig. 1 Schematic presentations of the green route synthesis of the B-MgO NPs using the Kachnar (Bauhinia Variegata) flower extract, and the

prepared electrochemical biosensor platform for Vit-Bi,.

of a 1 nM standard stock solution, 1 pL of the 1 pM vitamin By,
stock solutions was diluted in 5 mL of distilled water. The
prepared 1 nM standard stock solution was further diluted
within the concentration range of 10 pM to 1200 pM for
subsequent investigations. This range of diluted solutions was
used to analyse the detection of vitamin B,, on the B-MgO NP/
ITO bioelectrode.

2.3. Fabrication of the B-MgO NP/ITO electrode

To detect Vit-By,, electrophoretic deposition (EPD) of B-MgO
NPs on a conducting supporting surface of ITO glass electrode
was performed using an electrophoresis unit (Genetix-GX300C).
A physical binding of B-MgO NPs to the conducting surface of
the ITO glass electrode was achieved through EPD. For EPD,
a uniform colloidal solution of 15 mL was prepared by mixing
an 80:20 ratio of de-ionized water and ethanol with 1 g of B-
MgO NPs. The dispersion of B-MgO NPs was achieved by soni-
cating the EPD solution for 1 hour. A copper rod and hydrolyzed
ITO glass electrode were used as the anode and cathode,
respectively. These electrodes were placed parallel to each other,
separated by approximately 1 cm, and immersed in the colloidal
solution of B-MgO NPs. EPD is an excellent technique for the
thin and even distribution of B-MgO NPs on the ITO glass
surface (0.25 cm?). Using the electrophoresis unit, the colloidal
solution of B-MgO NPs was drop-casted onto the ITO glass at
a maintained potential of 0.50 mV for 5 seconds. The fabricated
modified B-MgO NP/ITO bioelectrode was used for the electro-
chemical sensing of Vit-B,.

450 | Sustainable Food Technol, 2024, 2, 447-460

2.4. Mechanistic pathway for the electrochemical
determination of Vit-B,,

A phosphate buffer with a pH of 7.5 was used in the electro-
chemical detection of Vit-B;, using a three-electrode cell
system on a B-MgO NP/ITO electrode with a surface area of
0.25 cm”. The PBS contained K,[Fe(CN),] and K;[Fe(CN),] as
mediator ions between the B-MgO NP/ITO bioelectrode and
Vit-By,. The electrochemical study of the B-MgO NP/ITO bio-
electrode was conducted using a three-electrode cell system.
The working electrode consisted of a 0.25 cm” area of the B-
MgO NP/ITO bioelectrode dipped in a phosphate buffer with
a pH of 7.5 containing [Fe(CN)¢]* ~/*~. A Ag/AgCl electrode was
used as a reference electrode to control the cell potential and
the flow of electrons in the phosphate buffer. The third elec-
trode, known as the counter electrode, was a Pt electrode
resistant to oxidation. The B-MgO NP/ITO bioelectrode was
used for the detection of Vit-B,,, which is a water-soluble
cobalt compound with variable oxidation states between Co>*
and Co®" ions. The overall internal reaction between the B-
MgO NP/ITO electrode, the mediator Fe**** ions, the Co*"/**
ions of Vit-B;,, and the function of the three electrodes are
depicted in Fig. 2.

2.5. Characterization

The structural and morphological characterization of B-MgO
NPs was performed through combination of several techniques.
UV-vis spectroscopy (Agilent Cary 60 UV-vis) was used to
confirm the absorbance, conducting and non-conducting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic illustration of Vit-By, detection in phosphate buffer containing [Fe(CN)

behavior. FTIR-spectroscopy (modal FTIR 4700 make: JASCO,
TOKYO) provided information of the available functional
groups. XRD (D8-ADVANCE(eco)/(Bruker)) corrected the infor-
mation of the crystalline shape, structure and size. AFM (NT-
MDT model-solver Next) showed the 3D and 2D images, and the
roughness of the surface. XPS (PHI 5000 Versa Probe (III)
(scanning XPS microprobe)) provided information on the
particular elements and corresponding binding energies. SEM
and EDX (Carl Zeiss company instrument; model EVO-18
Research) sample preparation coating was achieved through
spattering of Au on the B-MgO NPs and using a source laser and
lanthanum hexaboride (LaBs). SEM confirmed the morphology,
size, and high-quality 3D image, and EDX confirmed the pres-
ence and percentages of different elements in the compound.
TEM HR-TEM and SAED (Techai G* 20 TWIN, FEI company of
USA) confirmed the particle size, shape, d-spacing between
planes, and the crystalline and amorphous nature. The elec-
trochemical analysis of B-MgO NPs was performed by the
instrument electrochemical workstation Corrtest CS studio 350.
An ITO (resistivity-20 Q sq ') electrode was used as the working
electrode for the fabrication of the biosensor.

3. Results and discussion

3.1. Structural analysis of B-MgO NPs

3.1.1. Powder XRD analysis. The powder X-ray diffraction
(PXRD) analysis shown in Fig. 3(a) confirmed the crystalline
system and phase of B-MgO NPs. The PXRD of B-MgO NPs
exhibits peaks at 37°,43°, 62°, 74° and 78°, corresponding to the
(111), (200), (220), (311) and (222) planes with d-spacings of 2.4,
2.1,1.4,1.2 and 1.2 nm (JCPDS No-897746), respectively.** They

© 2024 The Author(s). Published by the Royal Society of Chemistry

6)>~/*" and the working three-electrode system.

confirm that the B-MgO NPs have a perfect cubic crystal system
with a face-centered cubic type lattice close packing. Here, Mg>*
is bonded to six equivalent O*~ atoms, occupying the corner
and edge-sharing MgO, octahedral platform. A PXRD pattern
shows a highly intense orientation peak (200), confirming the
pure phase and high crystallinity of B-MgO NPs.** The average
crystalline size can be calculated by the Debye Scherrer (eqn (2)).

0.92
- G cos 0 2)

In this equation, D corresponds to the crystallite size, where A is
the wavelength of the X-ray source Cu Ka radiation, ( is the full-
width at half-maxima (FWHM) of the most intense peak (8 =
0.0164) and @ is the Bragg diffraction angle.”® The average
crystallite size of B-MgO NPs has been calculated as 9.08 nm.
3.1.2. FTIR analysis. FTIR (Fourier Transforms Infrared)
spectroscopy analysis of B-MgO NPs is shown in Fig. S1(a),t and
was performed in the range of 500-4000 cm ', confirming
various functional groups. The B-MgO NPs showed detectable
peaks at 3430, 1462, 1097, 870, 642 and 482 cm ™" for various
functional groups. The strong broad peak at 3430 cm ™" indi-
cates the presence of a stretching vibration of the hydroxyl
group.*! The sharp peaks at 1462 cm™ ' and 1097 cm ™' relate to
the bending vibration of the hydroxyl group.*” The intense peak
observed at 870 cm ™" confirms the presence of MgO, along with
the O-C=0 group of biomolecules.** The two sharp peaks at
642 cm ™' and 482 cm ™' are the stretching and bending vibra-
tions of Mg-0O, respectively, and may confirm the formation of
the metal oxide bond.** Balakrishnan et al. investigated the
MgO nanoparticles using FTIR spectroscopy and identified
a vibration peak corresponding to the O-Mg-O bond at

Sustainable Food Technol.,, 2024, 2, 447-460 | 451
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Fig.3 The (a) XRD spectra of B-MgO NPs in the 26 range of 20-80°. (b) Raman spectra of different modes of B-MgO NPs; (c) XPS survey spectra

and (d) Mg (2s) XPS spectra of B-MgO NPs.

approximately 600-850 c¢cm™'. Additionally, a broad band
around 3268 cm ' was observed, indicating the stretching of
hydroxyl groups on the surface of the nanoparticles, likely due
to moisture.*

3.1.3. UV spectroscopy. The formation of B-MgO NPs was
confirmed by Ultraviolet (UV) spectroscopy detection, as shown in
Fig. S1(b). The UV spectra have been plotted between the
absorbance and wavelength (range 200-800 nm). In this regard,
Hassan et al. reported on the micro-synthesized MgO NPs maxima
from surface plasmon resonance (SPR) at 282 nm.*® Furthermore,
Aghebati-Maleki et al. reported on the UV absorption spectra in
the 220-650 nm region without a maxima of the chemically-
synthesized MgO NPs.*” The present data are compatible with the
previously reported B-MgO NPs showing a distinctive absorption
band of MgO up to 800 nm. There are no sharp peak observed,
confirming that the nanoparticles are of different sizes.”®
Furthermore, the UV spectra of B-MgO NPs were used to calculate
the energy band gap (E,) value by Tauc's relation, as expressed in
the following formula (eqn (3)):

(ahv)* = A(hv — Ey) (3)
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where, & is Planck’s constant, 4 is a constant, « is the absorption
coefficient, and E, is the energy band gap. To calculate the energy
band gap, Tauc's equation curve in Fig. S1(c)t was extrapolated
and an energy band gap of 5.6 eV was observed.* This band gap
should have low conducting properties, but the increasing elec-
trostatic potential on the surface of the nanosheet due to the
presence of 7 electrons from the p-orbital resulted in a transition
to the Fermi level. Due to this transition, B-MgO NPs should be
conducting.* Nelson et al. reported on a MgO nanoparticle band
gap at 5.8 eV.* These results confirm that the B-MgO NPs surface
ions are involved in electron transfer via incident UV radiation. It
shows a conceivable reaction, which is presented in eqn (4).*
Mg 0> + ™ — Mg'O~ (4)
Fermi levels reduced the energy gap for a suitable transition
of electrons from the lower energy level to higher energy levels,
as well as enhanced conductivity with a 5.6 eV non-conducting
band of B-MgO NPs.
3.1.4. Raman spectroscopy. Raman spectroscopy introduces
the structural and compositional information with bond vibration
and stretching properties of B-MgO NPs. Fig. 3(b) exhibits the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sharp, intense peaks at 1563, 1284, 907, 670 (B), 583 (Ay), 385 (A,),
269 (By), and 214 (By) cm ™. Chen et al. defined the magnesium
oxide nanoparticle Raman- and IR-active modes of different
frequencies, their corresponding irreducible representations, and
point groups. Based on the previously reported data and similarity
with the defined spectra reported herein, the collective results
defined the samples as (MgO)s, (n = 4) with Cy,, point group,
introducing four modes such as A, A,, B, and B. A, and B, are
Raman-active modes, and A, and B, are IR-active modes. Mean-
while, one mode is neither Raman-active nor IR-active due to the
significant figure of computation.” The Raman band at 907 cm ™"
represents the Mg-O bond stretching vibration in B-MgO NPs.
Boyadjian et al. promoted the Li/MgO catalyst properties with
a variable amount of MgO NPs for the oxidative conversion of n-
hexane, which was confirmed through a Raman study. They
precisely described the MgO stretching vibration of the Mg-O
bond as represented by a sharp peak at 908 cm™*, and the Raman
shifting with a variable amount of MgO NPs.*®* The G-band
appearing in the 1550-1600 cm ™' range is attributed to the
tangential modes (E,) of the vibration of sp” bonded C atom.
Hussain et al. reported a new band at 1250 and 1440 cm *,
attributed to the mixed vibration of C=C and C-C, associated
with a reduced tip distance of 2.5 A. This band complements the
observation of non-uniform amorphous carbon in the green
rough, evident in the 1280-1430 cm™ " range attributed to the D-
band.> These spectra matched the previously reported MgO NPs;
thus, it can be concluded that the B-MgO NPs have a C,;, point
group with two Raman-active and two IR-active modes.

3.1.5. XPS analysis. X-ray photoelectron spectroscopy (XPS)
is used to detect the oxidation state, valence state, composition,
and empirical formula of elements. The XPS survey spectra of B-
MgO NPs are shown in Fig. 3(c) in the 0-1200 eV binding energy
region. The Mg, O, and additional impurity of the organic
contaminant green material carbon are present in the B-MgO NPs.
Magnesium reveals different binding energies of different species
of magnesium, like Mg (2s), Mg (2p), Mg (KL1), Mg (KL2), Mg
(KL3), Mg (KL4) and Mg (KL5). Oxygen of B-MgO NPs shows
different binding energies like O (2s), O (1s), O (KL1) and O
(K110L2), as well as carbon.” Carbon is also revealed in the survey
spectra, showing the binding energy of C (1s).® The deconvoluted
spectra of Mg was fitted in the Shirley-type background in XPS 4.1
software. Fig. 3(d) shows the asymmetric XPS spectra of the Mg
(2s) orbital, which is the Shirley-type fit in the 83-91 eV range of
the imported DAT file, and the background fitting of the possible
binding energies. After the complete fit procedure, exporting of
the ASCII file, and saving the deconvoluted file, the plot in Origin
software shows two peaks at 87.48 eV and 89.10 eV from MgO and
Mg(OH),, respectively.* The same fit procedure was done with the
oxygen and carbon elements. Furthermore, O 1s in Fig. S1(d)f
shows that the asymmetric XPS spectra could be deconvoluted
into two peaks at 528.30 eV and 530.25 eV.*® They may be ascribed
to the lattice oxygen of MgO and Mg(OH),, respectively.”
Fig. S1(e)T shows the asymmetric XPS spectra of C 1s, which could
be deconvoluted into two peaks at 283.35 €V and 288.53 eV of C-C
and C-O, respectively.* The XPS analysis of B-MgO NPs has briefly
introduced the preponderance of the formation of MgO with an
evidential amount of Mg(OH),.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.1.6. Atomic force microscopy. Atomic Force Microscopy
(AFM) of B-MgO NPs confirmed the texture of the thin film and
its surface morphology. Fig. 4(a) shows the topographic 2D
image of B-MgO NPs, wherein the highlighted bright spherical
shape spots represent the B-MgO NPs crystallites grown relative
to the grain morphology. This result indicates that the B-MgO
NPs are uniformly deposited into the ITO surface, forming
a precise platform for the electrochemical biosensing of Vit-B;,
by B-MgO NPs. Fig. 4(b) is the 3D-image of the faceted columnar
microstructure, representing the roughness of the B-MgO NPs.
Fig. 4(c) is the histogram of the 3D image, confirming that the
root mean square roughness (Sq), average roughness (Sa) and
maximum area of the peak height are 1.756, 1.411 and 7.590
nm, respectively.*®

3.1.7. SEM and EDX analysis. Scanning electron micros-
copy (SEM) was used to obtain a high-quality image of the
surface morphology of B-MgO NPs. SEM confirmed the nano-
flake-like structural images of B-MgO NPs, as presented in
Fig. 4(d and e). These results indicate that the average particle
size is probably in the 1 pm and 2 um range. The aggregation of
several nanoparticles introduced the nano cornflakes structure
of B-MgO NPs.” Auxiliary information of the characteristic
elemental composition of the B-MgO NPs was confirmed by
energy dispersive X-ray (EDX) spectroscopy. The existence of
Mg, O and C elemental peaks is shown in Fig. 4(e), and confirm
the purity of the B-MgO NPs. Here, the extra elemental peak
shows the growing existence of the green material. The atomic
percentage and weight percentage of the individual element are
affixed with the EDX spectra plot.' The atomic percentage (%)
and weight percentage (%) of Mg, O, and C are 20.08, 12.73,
47.69 and 45.93, 32.23, 41.34, respectively. No peak observed in
the spectra demonstrates the purity of B-MgO NPs.

3.1.8. TEM spectroscopy. Transmission electron micros-
copy (TEM) and high-resolution transmission electron micros-
copy (HR-TEM) images revealing the particles in the nano-range
are shown in Fig. 4(f and g). The morphology, crystalline and
amorphous, size of the particles and d-spacing, and properties
of B-MgO NPs can be observed. Herein, we introduce the 200
nm and 10 nm range resolution images, which reveal the
overlapping of several spherical B-MgONPs.* Fig. 4(g) shows
the HR-TEM interplanar lattice fringes of the corresponding d-
spacing. These d-spacings are confirmed by JCPDS card number
897746 with the approximate accurate results of the corre-
sponding PXRD. At the obtained planes (111), (200), (220), (311)
and (222), the d-spacing is 0.24, 0.21, 0.14, 0.12 and 0.12 nm,
respectively, which were calculated through the Image] soft-
ware. Fig. 4(h) is the Selected Area Electron Diffraction (SAED)
pattern, showing the crystallographic image of B-MgO NPs. The
SAED pattern shows clear, dark, visible rings of diffracted light
beams, which confirm that the highly peaked crystals were
formed and also gives information of the interplanar distance,
i.e., d-spacing. The average particle sizes of the B-MgO NPs were
confirmed through the histogram fitting by Lorentzian func-
tion. A histogram plot of B-MgO NPs has been inserted in
Fig. 4(i), which shows that the average particle size is 17.17 nm,
confirming that the nano-sized particle has been formed. These
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Fig. 4 Morphological characterization of B-MgO NPs. AFM images showing the (a) 2D-image, (b) 3D-image, and (c) height peak profile. SEM
image of (d) 2 pm and (e) 1 um; inset shows the EDX plot of elements. (f) TEM micro-image at 200 nm and (g) 10 nm HR-TEM image and the inset
is the magnified image of fringes; (h) SAED pattern and (i) histogram plot of the particle size.

results correlate with the average crystalline size of 9.08 nm
verified through PXRD.* These HR-TEM and SAED patterns
clearly show the mono-crystalline nature of B-MgO NPs, with
different diffraction planes including (111), (200), (220), (311)
and (222). These diffraction planes are confirmed through the
PXRD pattern and reveal the cubic structure of B-MgO NPs.*

4. Electrochemical study

4.1. CV and DPV study

The electrocatalytic behavior of the B-MgO NP/ITO bioelectrode
has been confirmed by cyclic voltammetry (CV). These CV
studies of the modified B-MgO NP/ITO bioelectrode were per-
formed in [Fe(CN)s]*~’*~ containing phosphate buffer (5 mM,
0.9% NaCl) at a scan rate of 50 mV s~ " in the potential range of
—0.8 V to 1.0 V (Fig. 5(a)). A comparative cyclic voltammogram
(CV) study of the conducting bare ITO and modified B-MgO NP/
ITO bioelectrode in [Fe(CN)s]>*~ mediator exhibited an
oxidative peak current density (Ip,) of 0.97 mA em™? and 1.03
mA cm 2, respectively. The resultant peak current density of the

454 | Sustainable Food Technol., 2024, 2, 447-460

modified B-MgO NP/ITO bioelectrode is higher than that of the
bare ITO. This is due to the high electrochemical conductivity,
large surface area, and superior catalytic behavior of the
modified B-MgO NP/ITO bioelectrode compared to the bare ITO
for the detection of Vit-B;,. The reductive peak potential (Ep.) of
0.03 V and oxidative peak potential (Ep,) of 0.37 V were shown by
the B-MgO NP/ITO bioelectrode. The catalytic behavior and
high electrochemical conductivity of the B-MgO NPs were vali-
dated by differential pulse voltammetry (Fig. 5(b)).

4.2. Scan rate and kinetic study of the B-MgO NP/ITO
bioelectrode

The interfacial kinetics of the B-MgO NP/ITO bioelectrode was
explored by CV study of the scan rate, and a redox peak was
observed in the range of 10 to 100 mV s~ * as shown in Fig. 5(c).
That distinguishable magnitude linearly increases with the
square root of the scan rate (v"/?) of the anodic (I,,,) and cathodic
(Ipc) peak current densities (Fig. 5(d)). The CV curve of the scan
rate shows a continuously enhanced oxidation peak, as well as

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fb00198a

Open Access Article. Published on 23 February 2024. Downloaded on 12/5/2025 12:42:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Sustainable Food Technology
(a) 1.0 — (b) — BareITO (C
~ ——B-MgO NPsATO 64 BMeONPATO! g s
E ’.‘g "f_
1% - b
< g E
£ z 021 z
g k-] £
- £
: - g
= 0.5 i ;E
Q-US 6] E
s S —— (8]
0.0{=—= —
-1.0 -0.4 0.0 0.4 0.8
Potential (V') 0.8
04 0.0 0.4 0.8
(e) 0.4+ _;g ﬁi e Potential(V')
. —op N
/-; 60 pAL / (h20 —izp:: A
o — 04 ~——400p) 7~ 5
.5 0.2 80 pM a ——600 pAM /\\
& £ —— 3800 pM /
£ s _| —1000pM )/
2 0.0 £05 —noopn v
a &
g g 0.0 /f‘&
£.02] - B I
© ]
E
= R \/
YO Y S P 05 0.0 0.5 1.0
08 -06 04 -02 00 02 04 06 08 10 P
. Potential (V) Potential (V) -1.04 ] ] . ]
(1) ) 05 0.0 05 1.0
116 R (k)L Potential (V)
2 ’.‘E 119+ 270 0p 2406 1406 220 0
g : o 00001993°!0ﬂ‘-' '1.6=b- o 1406 2206 13 0p)
- 2 ', 0.81 = @ o ’f
& = § . ) El 3 ?)
- £ P = 8 = = -
£ 112 % 118 £ os {00 S SN N2 H =
g a .‘g'gg‘gﬁﬁh-a
5 E RP=0.99425 E‘é"%ﬁ'{'ﬁ'ﬁ},,
g R*=oomw| £ 117 LOQ=13462 pM A 041 i E i 'g wl g
2 LOD=008844pM | © ™ Linearity =200 - 1200 pM H B e = g 2
© 1.084 Li ity = 10 -100 pM N \ E ] g S0 8 o
inearity = 10100 p\ Sensitivity = 0174 x 10-3 mApM eor? 3 02 g - B
Sensifivity = 2.968x 103 mA /pM em™> . . . . . . 4
r ; r r . 200 400 600 800 1000 1200 3 i
0 20 40 60 80 100 120 Concentration (pM) 0.0 -

Concentration (pM)

Real z:ample analyzis

Fig.5 Cyclic voltammetry studies of the B-MgO NP/ITO bioelectrode in [Fe(CN)¢l* 4~ containing phosphate buffer (0.9% NaCl, pH 7.5) at a scan
rate of 50 mV st in the potential range of —0.8 to 1.0 V. (a) CV study of the bare ITO and B-MgO NP/ITO bioelectrode. (b) DPV study of the bare ITO
and B-MgO NP/ITO bioelectrode. (c) CV study of the scan rate and ((d), inset of (c)) relative calibration plot of the current density vs. square root of
the scan rate (vV//?). (e) pH (5.7-8.0) range studies via CV, and ((f), inset of (e)) linear fit curve of the pH sensitivity of the B-MgO NP/ITO bioelectrode
towards Vit-By». Linearity in sensitivity towards (g) 10—-100 pM concentration and (h) 200-1200 pM concentration, while (i) and (j) are the respective
calibration curves for (g) and (h). (k) Bar graph from the Vit-B;, analysis of a real sample using the B-MgO NP/ITO bioelectrode.

a shifting of the reductive peak towards more positive and
negative directions, respectively; thus, this redox process is
quasi-reversible. By the linearity relation of the electrochemical
reaction between the electrode and electrolyte, it is concluded
that this process is a diffusion-controlled process rather than
adsorption. The Laviron equation (eqn (5))**-verified surface
modification can be confirmed by the charge transfer rate
constant (Ks):

mnFy

where F is the Faraday constant (96 500 C mol '), m is the peak-
to-peak separation (V), n is the number of transferred electrons
(1), R is the gas constant (8.314 J K~ mol™'), v is the scan rate
(50 mv s7%), and T is the temperature (25 °C). The surface
physiochemistry and electronic structure of the B-MgO NPs
were shown to increase via calculated Kg (1.071 s~') of the B-
MgO NP/ITO bioelectrode. This enhanced electron transfer is
due to the high catalytic behavior of the B-MgO NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The linearity relation of the scan rate of the cathodic peak
potential (Ep), anodic peak potential (Ej,), and difference in the
peak shift potential (Ep = Ep,, — Epc) have shown that the process is
diffusion-controlled.®* The diffusion coefficient (D) of the tunable
electrons between the electrolytic solution ([Fe(CN)s*'*") and
electrode surface of the B-MgO NP/ITO bioelectrode has been
calculated by the Randles-Sevcik equation (eqn (6)).

I, = (2.69 x 10>n*?4D"*Cy'? (6)

where I,, is the anodic peak current and I, is the cathodic peak
current, I, is the peak current density of the relative electrode, A is
the surface area (0.25 cm?) of the electrode, C is the surface
concentration in mol (5 mM), 7 is the number of electrons (1), D is
the diffusion coefficient and v is the scan rate (50 mV s *). The
value of D for the B-MgO NP/ITO bioelectrode is 0.149 cm* s~ ™.

The Brown-Anson model equation (eqn (7))* can be used to
estimate the surface concentration of the B-MgO NPs on the
electrode.

Sustainable Food Technol.,, 2024, 2, 447-460 | 455


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fb00198a

Open Access Article. Published on 23 February 2024. Downloaded on 12/5/2025 12:42:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Sustainable Food Technology

22
where F is the Faraday constant, R is the gas constant (8.314 ]
K" mol™"), n is the number of electrons (1), I* is the surface
concentration of the corresponding electrode (mol cm™?), A is
the surface area of the electrode (0.25 cm?), v is the scan rate (50
mV s '), and T is the temperature (25 °C). The observed surface
concentration (I*) of the B-MgO NP/ITO bioelectrode is 0.557

mol cm ™2,

4.3. pH optimization

The electrochemical behavior of the B-MgO NP/ITO bio-
electrode has been studied in the physiological range of pH
5.7-8.0, confirming the effect of the solution. The continuous
solution effect on the B-MgO NPs has been measured by cyclic
voltammetry (CV) technique in [Fe(CN)s*"*~ containing
phosphate buffer (5 mM, 0.9% NacCl) at a scan rate of 50 mV
s~ in the potential range of —0.8 to 1.0 V. Fig. 5(e and f) shows
the maxima of the physiological range of pH observed at pH
7.5. Its attribute is most probably due to the limited electron
flow between the electrode and medium. These results
confirmed the decrease in E,, with the simultaneously
increase in the current density at pH 7.5. The cyclic voltam-
metry study of the B-MgO NP/ITO bioelectrode presented the
redox reaction and simultaneous electron flow between Mg?"/
* of the bioelectrode and [Fe(CN)4]*~/*~ of PBS. It was found
that pH 7.5 is the best buffer condition for the redox reaction
of the B-MgO NP/ITO bioelectrode and [Fe(CN)s]* /*~ of the
phosphate buffer.

4.4. Electrochemical response study of Vit-B;, on the
fabricated B-MgO NPs bioelectrode

An electrochemical response study was performed for the B-MgO
NP/ITO electrode for investigating Vit-B;,. A current density have
been linearly increases with an increase Vit-B;, concentration
from 10 to 100 pM and 200 to 1200 pM at 50 mV s~ " scan rate
(—0.8 to 1.0 V) using CV technique, as shown in Fig. 5(g and h).
The current density continuously increased with the addition of
20 umL Vit-B,, of each concentration range because the electrode/
electrolyte interface increases the concentration gradient, and the
oxidation and reduction of Vit-B,, take place simultaneously at the
electrode. The continuous increase in the a concentration
gradient with current density has been attributed to the thickness
of the diffusion layer with increasing time. The relationship
between the magnitude of the peak current density with different
concentrations of Vit-B;, is shown in the calibration curve in
Fig. 5(i and ).

A good linearity was observed in the 10 pM to 100 pM range
with R* = 0.973, and in the 100 pM to 1200 pM range with R> =
0.994. The limit of detection (LOD) and limit of quantification
(LOQ) were calculated by eqn (8) and (9), respectively. The
sensitivity of the fabricated bioelectrode was found to be 2.96 x
10% and 0.17 x 10 * mA pM ' cm 2,

3x 8D

LOD = — (8)
sensitivity
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where S is the sensitivity which is calculated by the difference
between the slope and area of the electrode, and ¢, and o,
represent the standard deviation of the low and high
concentrations of Vit-B;,. The LOD and LOQ for the B-MgO
NP/ITO electrode are 0.088 pM and 1.346 pM, respectively.
Table 2 presents a summary of the previously reported
synthesized nanomaterials, fabrication of the electro-
chemical Vit-B;, biosensor, and sensitivity toward Vit-By,.

4.5. Reusability test of the fabricated B-MgO NP/ITO bio-
electrode

Reusability of the B-MgO NP/ITO bio-electrode was investi-
gated at 200 pM concentration of Vit-B;,, by taking 9 repetitive
measurements of the current density, as shown in Fig. S2(a
and b).t The response was measured in regular time intervals
of 5 s, in [Fe(CN)s]* /*~ containing phosphate buffer (0.9% of
NaCl, pH 7.5, 50 mM). Reusability of the B-MgO NP/ITO bio-
electrode was retained at 6 scans. However, after that, the
current density gradually decreased. The RSD value at 2, 3, 4,
5, 6, 7, 8 and 9 scans with respect to the first scan is 0.001%,
0.00%, 0.065%, 0.22%, 2.81%, 4.08%, 4.56% and 4.95%,
respectively. These show that there is only a slight change in
the RSD value until 6 scans; after that, the RSD value gradually
increases. This confirms that the investigated B-MgO NP/ITO
is reusable for 6 scans with an approximate 0% to 5% RSD
value.

4.6. Stability of the fabricated electrode

The stability of the B-MgO NP/ITO bio-electrode was monitored
via CV at a regular time interval of 5 days in [Fe(CN)s>/*~-
containing phosphate buffer (0.9% NacCl, pH 7.5, 50 mM), as
shown in Fig. S2(c and d).f The B-MgO NP/ITO bioelectrode
maintained activity for up to 20 days, demonstrating its stability
(Fig. S2(d)t). The stability of the B-MgO NP/ITO bioelectrode
depends on the physiologically integrated stability of the B-MgO
NPs material on ITO, which affects the response of the current
density. Results indicate that the B-MgO NP/ITO bioelectrode
was stable for 20 days at 4 °C, demonstrating the long lifetime
and excellent storage capacity of the B-MgO NP/ITO bio-
electrode towards Vit-B,, detection.

4.7. Response time

The response time of the B-MgO NP/ITO bioelectrode was per-
formed in Vit-B;, at 200 pM concentration, as shown in Fig. S2(e
and f).t During the CV measurement for a total of 60 s with 5 s
regular time intervals (Fig. S2(e)t), the current density gradually
increased until 45 s and remained steady from 45 to 50 s, and
then continuously decreased until 60 s (Fig. S2(f)T). This sensor
achieved 99.63% of the steady state current density in less than
45 s, indicating that the B-MgO NP/ITO bioelectrode has
excellent conductivity towards Vit-B;, detection.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Results of real sample analysis using the fabricated B-MgO NP/ITO electrode
Concentration

S. no. Real sample detection of real sample Recovery percentage RSD

1 Standard vitamin-B;, 200 pM 100% 0.00%
2 Preservative juice 201.87 pM 100.93% 0.93%
3 Preservative juice + standard vitamin-B,, 198.35 pM 99.17% 0.83%
4 Real orange juice 205.58 pM 102.79% 2.79%
5 Real orange juice + standard vitamin-B;, 203.34 pM 101.67% 1.67%
6 Milk 204.94 pM 102.47% 2.47%
7 Milk + standard vitamin-B;, 202.90 pM 101.45% 1.45%
8 Tablet-vitamin-B,, + 204.40 pM 102.20% 2.20%
9 Tablet-vitamin-B,, + standard vitamin-B,, 202.70 pM 101.35% 1.35%

4.8. Interference study

The influence of interference on the transducer signal was
investigated in [Fe(CN)s]>/* -containing phosphate buffer
(0.9% NacCl, pH 7.5) at a scan rate of 50 mV s ' in the potential
range of —0.8 to 1.0 V, as shown in Fig. S2(h).t The conversion
of the electrochemical current density was measured in phos-
phate buffer containing an equal amount (1:1) of standard
vitamin-B,, (200 pM/20 pL), along with a normal physiological
concentration of different interferents, such as vitamin-B, (40
uM/20 pL), vitamin-C (20 pM/20 pL), glucose (500 pM/20 uL),
lactic acid (100 pM/20 pL), glutamic acid (500 pM/20 pL), urea
(40 pM/20 uL), and vitamin-D; (500 pM/20 pL). The interference
study of Vit-By, has been performed in Vit-B, (1%), Vit-C (11%),
glucose (6%), lactic acid (8%), glutamic acid (6%), urea (8%),
Vit-D; (5%) and the mixture (6%) shows the % RSD, respec-
tively, with the approximation £11% change.

4.9. Real sample analysis

The performance of the fabricated B-MgO NP/ITO bioelectrode
electrochemical biosensor in detecting Vit-B;, was examined in
real samples. The analysis of a real sample was performed on
the modified B-MgO NP/ITO bioelectrode in a [Fe(CN)q]* "*~
containing phosphate buffer (0.9% NaCl, pH 7.5) at a scan rate
of 50 mV s™' in the potential range of —0.8 to 1.0 V. The
distinguishable deviation in the electrochemical current density
response was measured in phosphate buffer with the same
quantity of the standard Vit-B,, (200 pM/20 pL), along with real
samples (undisclosed concentration/20 pL), such as preserva-
tive juice, real orange juice, fresh milk, and vitamin-B,, tablet.
Fig. 5(k) shows the bar graph of the real sample analysis
between the current density and a real sample concentration,
such as standard Vit-B,,, preservative juice, real orange juice,
fresh milk, vitamin-B,, tablet, and the % RSD values are indi-
cated in Table 3. This relative % RSD approximation +3%
change value confirmed that the B-MgO NP/ITO biosensor
shows less fluctuation in the current density in the real sample.
The undisclosed concentration of Vit-By, in the real sample was
confirmed, as determined by the standard current density with
respect to the real current density and standard concentration
(200 pM). The undisclosed concentration of the real samples
was revealed with respect to the standard concentration (200
pM), showing the percentage recovery (%) in the preservative
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juice, real orange juice, fresh milk, and vitamin-B,, tablet rep-
resented in Table 3. The results of the real sample analysis
confirmed that the prepared B-MgO NP/ITO biosensor was
selective toward Vit-B;, in [Fe(CN),]*~/*~-containing phosphate
buffer (0.9% NaCl, pH 7.5) at a scan rate of 50 mV s~ ' in the
potential range of —0.8 to 1.0 V.

5. Conclusion

In summary, B-MgO NPs were successfully synthesized using
a green route hydrothermal method with Kachnar (Bauhinia
Variegata) flower extract. The synthesis was confirmed through
various optoelectronic characterization techniques, such as UV-
vis, FTIR, XRD, XPS, AFM, SEM, TEM, and HR-TEM. Analysis of
the XRD and TEM data revealed an average crystalline size of
9.08 nm, which is smaller than the average particle size of 17.17
nm. To explore its potential for Vit-B,, detection, a thin and
uniform layer of B-MgO NPs was electrophoretically deposited
onto an ITO substrate. The modified B-MgO NP/ITO bio-
electrode exhibited enhanced conductivity compared to bare
ITO, as confirmed by CV and DPV studies. Scan rate studies
indicated a high catalytic behavior (Ks) of 1.071 s, a diffusion
coefficient (D) of 0.1496 cm® s, and a surface concentration
(I*) of 0.5572. The sensitivity of the modified B-MgO NP/ITO
bioelectrode was determined to be 2.968 x 107> mM pM™'
cm 2 in the range of 10 to 100 pM, and 0.174 x 10> mM pM "
cm 2 in the range of 100 to 1200 pM. The B-MgO NP/ITO bio-
electrode demonstrated high accuracy for Vit-B;, detection,
with a limit of detection (LOD) of 0.088 pM and a limit of
quantification (LQD) of 1.346 pM. Moreover, the B-MgO NP/ITO
bioelectrode exhibited stability for up to 20 days and reusability
for up to 9 times with regular 5 second intervals. It also showed
a better response time of 45 seconds, with +6% interface
interaction and £3% acceptable percentage error in real sample
studies. The fabrication process using the green route ensured
the biodegradability, biocompatibility, reusability, selectivity,
sensitivity, and specificity of the B-MgO NP/ITO bioelectrode for
Vit-B,, detection.
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