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

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online
View Journal | View Issue

REVIEW

Electrochemical sensing of B-complex vitamins:
current challenges and future prospects with
microfluidic integration

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 10331

Pakeeza,® Muhammad Umar Draz,? Asim Yaqub,® Ali Turab Jafry, © € Majid Khan®
and Huma Ajab @ *2

Vitamins are crucial micronutrients found in limited quantities in food, living organisms, and soil. Since most
vitamins are not produced within the human body, a lack of these essential nutrients can result in various
physiological disorders. Analyzing vitamins typically involves costly, time-consuming methods, requiring
skilled personnel, automated equipment, and dedicated laboratory setups. The pressing need is for the
development of efficient, portable, and user-friendly detection techniques that are cost-effective,
addressing the challenges associated with traditional analytical approaches. In recent years,
electrochemical sensors and electrochemical microfluidic devices have garnered prominence owing to
their remarkable sensitivity, quick analysis, cost-effectiveness, and facile fabrication procedures.
Electrochemical sensing and microfluidics are two distinct fields that are often integrated to create
powerful and versatile sensing devices. The connection between them leverages the advantages of both
fields to create highly efficient, miniaturized, and portable analytical systems. This interdisciplinary
approach has led to the development of innovative devices with broad applications in various scientific,
medical, and environmental domains. This review begins by outlining the importance of vitamins in human
nutrition and health and emphasizing the need for precise and reliable sensing techniques. Owing to the

limited literature available on electrochemical detection of vitamin B complexes, this review offers an in-
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Accepted 9th March 2024 depth analysis of modern electrochemical sensing of water-soluble vitamins, focusing on B1, B2, B6, B9,

and B12. The challenges faced by researchers are addressed, including selectivity, sensitivity, interference,
matrix effects, and calibration, while also exploring promising prospects such as nanomaterial integration,
miniaturization, microfluidics-based loTs, and innovative sensor designs.
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1 Introduction

The study of nutritional requirements produced notable find-
ings at the turn of the 20™ century. Vital amines, sometimes
called “vitamins” at the time, have been described.* Vitamins
are a substantial class of organic compounds that are present in
natural foods and are required in sufficient amounts in the diet
due to their wide range of biochemical functions.”? They are
crucial for many vital bodily functions, such as metabolism,
maintaining blood sugar levels, and cell growth control. Vita-
mins are also useful in activating enzymes, which enables them
to carry out a variety of enzyme-catalyzed biochemical reactions
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in the human body.? Vitamin deficiencies in people frequently
result in common illnesses like Parkinson's and Alzheimer's
disease, leukemia, hypoglycemia, and cutaneous (skin rashes,
alopecia, and conjunctivitis) conditions.*

Vitamin sensing can serve as an essential component for
purposes including nutritional evaluation, the diagnosis and
management of diseases, personalized nutritional interventions,
large-scale public health initiatives, and facilitating research and
development efforts. The instability and complexity of the
substrates in which they are typically found make it very chal-
lenging to determine the presence of water-soluble vitamins.
Various methods, as mentioned in Table 2, have been utilized to
measure vitamins in various samples but face a number of limi-
tations, including extensive analysis times, complex sample
preparation, expensive equipment, and skilled personnel. Hence,
in recent years, there has been a lot of interest in their quick and
precise identification in various samples, as can be seen in Table 3.

Considerable efforts have been made for the development of
vitamin sensing methods; researchers encounter numerous
challenges in their pursuit. These difficulties include the
sample matrix's complexities, the choice of suitable electrode
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materials, fouling problems, issues about the sensitivity and
repeatability of developed techniques, and the simultaneous
detection of the vitamins. It is imperative that these obstacles
are carefully addressed to advance the field of vitamin sensing.

Nanotechnology has led to substantial advancements in the
domains of electrochemical sensing and microfluidics, ushering
in groundbreaking possibilities for precise and sensitive detec-
tion. This progress is primarily attributed to the widespread
integration of nanomaterials such as carbon nanotubes, gra-
phene, and metal nanoparticles into electrochemical sensors
and microfluidic devices. Because these nanomaterials provide
an increased surface area, they consequently greatly improve
electrode modification and increase electrocatalytic activity.
This, in turn, empowers the detection of analytes at even lower
concentrations.” The combination of electrochemical sensors
with microfluidics is particularly beneficial for point-of-care
applications. The resulting devices can be used for rapid and
on-site detection of various analytes, ranging from medical
diagnostics to environmental monitoring and food safety.
Hence, integrating electrochemical sensors directly onto micro-
fluidic chips eliminates the need for external instrumentation,
making the entire system more compact and portable.

Though an additional significant challenge that has been
overlooked or devalued involves the responsible integration of
innovative nanomaterials and assemblies into sensor devices,
they generate data that must be processed and decoded, making
it a dynamic part of research in the sensing field. In order to
provide the final assessment to the end user in real time, the data
must be analyzed and converted by means of tools like deep
learning, artificial intelligence, etc. to cope with big data. Their
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O Non-Essential Vitamins
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Fig.1 Types of vitamins and their sources.
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integration should be accessible for the manufacturing of
commercial devices; otherwise, their use will be restricted to lab-
scale experiments with very narrow socio-economic impacts.®

1.1 An overview of vitamins

The structure, chemistry, biological characteristics, and solu-
bility of vitamins vary. The primary categorization of vitamins is
based on solubility, as vitamins A, D, E, and K are soluble in fat
while vitamins B and C are soluble in water.” The types of
vitamins and their sources are specified in Fig. 1, and their 3D
structural representations are given in Fig. 2.

The water-soluble vitamins that are the subject of this review
include thiamine, riboflavin, pyridoxine, folic acid, and cobal-
amin. A well-known water-soluble vitamin of the B complex
family, thiamine, also known as vitamin B1, is produced by
a variety of plants and microbes. Only a small amount of it is
produced in mammals by the gut bacterial flora.? Thiamine, with
a short half-life ranging from 1 to 12 hours and limited body
stores, underscores the necessity for a consistent dietary intake
to maintain thiamine levels in tissues. Whole grains, yeasts,
meats, legumes, and nuts stand out as some of the richest food
sources of thiamine.” The methylene bridge joins an amino-
pyrimidine and a thiazolium ring to form the hydrophilic and
biosafe amino acid thiamine. Thiamine demonstrates significant
coordination with nanoparticles (NPs) in the presence of sulfur
moieties.” Riboflavin (vitamin B2) is a biochemically active
vitamin that is a member of the enormous flavin family and is
a crucial cofactor in enzymatic reactions, including the Krebs
cycle. The fluorescence and redox capabilities of riboflavin (RF)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 3D structural representations of vitamins (white = hydrogen, g
cobalt).

are due to the isoalloxazine ring group's presence in its chemical
structure. It is a crucial substance for overall human health.™ It
performs several essential tasks in biological systems, including
the metabolism of lipids, carbohydrates, and proteins. It also
contributes significantly to the human diet.”” Examples of
natural sources of RF include milk, eggs, and leafy vegetables.
According to the Food and Nutrition Board, the recommended
daily allowance of RF for both women and men, assuming good
health, is between 1.1 and 1.3 mg."

Among the B-group vitamins, pyridoxine (Py), also known as
vitamin B6, is essential for both physical and mental health. Py is
a crucial vitamin that promotes the growth of healthy red blood
cells and supports the most crucial physiological metabolism.**
Numerous studies suggest that the root cause of various diseases
lies in a deficiency of vitamin B6. Since vitamin B6 cannot be
synthesized within the human body, it needs to be supplied
through foods rich in vitamin B2, such as fish, milk, certain
fruits, and green vegetables.” Water-soluble vitamin B9, also
known as folic acid (FA), belongs to the B complex family. Its
molecular structure consists of three moieties: glutamic acid
(Glu) residues, 6-methyl pterin residues (Mep), and p-amino
benzoic acid residues (PABA).* FA is not naturally synthesized in
the human body and can only be obtained through fortified foods
and snacks, such as yeast, green vegetables, and certain citrus
fruits."” This vitamin has lately attracted a lot of consideration
due to its apparent biological and antioxidant properties.*®

Vitamin B12, also known as cobalamin or cyanocobalamin,
is a vital organic chemical with a complex structure that has
a corrin ring with a central Co(m) atom covalently bonded to

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

ray = carbon, red = oxygen, blue = nitrogen, brown = sulfur, green =

nitrogen from corrin, allowing Co®" to be reduced to Co>".* The
human body produces blood cells and needs vitamin B12 to
maintain brain processes. Primary sources of vitamin B12
include meat, eggs, dairy products, etc. Consequently, vegetar-
ians are at a heightened risk of vitamin B12 deficiency.”® Thus,
its absence results in numerous serious and irreversible harms,
particularly to the neurological system and brain.*® Table 1
(references given refer to daily requirements) represents daily
requirements and imbalances related to vitamin B complex.

1.2 Non-electrochemical detection strategies for vitamins
analysis

Numerous techniques have been devised to detect vitamins,
including fluorescence® ultra-performance liquid
chromatography-electrospray  ionization multiple reaction
monitoring/mass spectrometry (UPLC-ESIMRM/MS)* surface-
enhanced Raman spectroscopy (SERS),” surface plasmon reso-
nance (SPR),*® capillary electrophoresis,” and ultraviolet-visible
spectroscopy.®® Various studies were done that used novel
approaches, like Chen et al. developed a novel cyanostilbene
macrocycle (CSM)-based organic fluorescence sensor. By using
a straightforward Schiff-base “1 + 1” condensation and a crown-
ether cyanostilbene macrocycle, a significant 78% yield was ob-
tained, which showed high turn-on green fluorescence for vitamin
B1 among other guests in aqueous media. CSM shows a limit of
detection (LOD) of 7.8 x 1077 M.*!

A method for simultaneous quantification of vitamins B1,
B6, and B12 in multivitamin tablets was established using high-
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Table 1 Requirements and related imbalances of vitamin B complex
Consequences
Daily requirement Excessive
Vitamins (ngd™h Deficiencies intake References
Thiamine (vitamin B1) 1300 Metabolic, neurological, and Allergic reactions, urticaria, 21
developmental problems angioedema, diaphoresis,
cyanosis
Riboflavin (vitamin B2) 1300 Digestive problems, burning DNA and liver oxidative 22
of the eyes injury
Pyridoxine (vitamin B6) 1500 Hyperemia, edema, skin Malabsorption, impaired 23
problems, neurological nerve function
diseases
Folic acid (vitamin B9) 400 Megaloblastic anemia, Impede the absorption of 17
cardiovascular and birth VB12 and zinc
defects
Cobalamin (vitamin B12) 2.4 Cognitive, cardiovascular, Liver dysfunction, 24
hematological and neurotoxicity, and kidney
neuropsychiatric disorders failure
Table 2 Comparing novel and conventional methods for vitamin sensing
Limit of detection
Sr. no. Technique Vitamin (ng mL™7) References
1 Colorimetric technique Vitamin B1 7.0 x 10° 34
2 Surface plasmon resonance sensor Vitamin B2 13.5 x 107* 35
3 Ultraviolet-visible spectroscopy Vitamin B2 6.0 x 10° 36
4 Albumin-stabilized fluorescent copper nanocluster Vitamin B6 1.83 x 10° 37
5 Surface plasmon resonance sensor Vitamin B9 2.5 x 107* 35
6 High-performance liquid chromatography-photodiode Vitamin B12 2.85 38
array
7 Fluorescence based sensor Vitamin B12 6.9 x 10" 39
8 Surface plasmon resonance sensor Vitamin B12 2.5 x 107* 35

performance liquid chromatography (HPLC) by Markopoulou.
Gradient elution and a Hypersil-BDS C18 reversed phase
column are used in the procedure. Triethylamine was 0.015% of
the aqueous mobile phase; pH was adjusted to 2.7 using 1 N
sulfuric acid and acetonitrile. By linearly altering the system's
proportion with time-schedule software, separation and quan-
titation were made possible. A dual-beam ultraviolet (UV)
detector tuned at 280 and 350 nm was employed for the
detection process. Pyridoxine HCI was detected up to 0.005 g
mL ™", thiamine HCI to 0.014 ¢ mL ™", and hydroxocobalamin-Cl
equal to 0.006 g mL™" in the concentration range of 50-300 g
mL .32

HPLC stands out as a widely favored technique for sepa-
rating vitamins in diverse products because of its exceptional
selectivity and sensitivity. However, this approach often neces-
sitates a larger sample volume, increased solvent usage, labor-
intensive sample preparation, and prolonged analysis times,*
hence, having a question mark on following green chemistry
principles. A comparative study between conventional and non-
conventional methods for vitamin detection, along with their
sensitivities, has been summarized in Table 2.

Even though these methods offer notable advantages,
including high selectivity and sensitivity, they also have draw-
backs such as lengthy analysis times, complex sample

10334 | RSC Adv, 2024, 14, 10331-10347

preparation, large samples, expensive equipment, skilled
personnel, and specialized labs. To address related issues
effectively, there is a need to develop portable, user-friendly,
and cost-effective approaches.*” Recent developments in elec-
tronics and sensor technology have established themselves as
an affordable, quick, highly sensitive, and straightforward tool
that makes point-of-care (POC) monitoring and the identifica-
tion of medical conditions easier than with conventional diag-
nostic methods.**

1.3 Electrochemical approaches for sensing

Sensors have great importance due to their vast applications in
automobiles, agriculture, medicine, water treatment, and many
other fields. There are many types of sensors, like chemical
sensors, immunosensors, voltammetric sensors, biosensors,
and electrochemical sensors. The electrochemical technique
represents a potent analytical tool capable of detecting electrical
currents produced during redox reactions. Electrochemical
detection happens when a working electrode (WE) interfaces
with a target analyte and a potential is applied to it relative to
the reference electrode (RE), with the simultaneous measure-
ment of the resultant current.*” An illustration of the electro-
chemical setup and examples of respective electrode materials
are given in Fig. 3.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of electrochemical setup and examples of respective electrode materials.

1.4 Synergy between nanotechnology and electrochemical
sensing

The combination of nanotechnology and electrochemical
sensing has demonstrated impressive collaboration, yielding
improved functionality across a wide range of applications. The
integration of nanoscale materials, including nanoparticles,
nanowires, and nanocomposites, into electrochemical sensors
has yielded several benefits. The resulting advantages include
increased surface area, improved electron transfer rates, and
increased sensitivity, which together result in more accurate
and efficient target analyte detection.”

Within the field of biosensing, gold and silver nanoparticles
have been widely used to immobilize biomolecules, which
makes it easier to identify individual analytes with precision.
This collaborative approach has culminated in the creation of
highly sensitive biosensors, which hold significant promise for
utilization in healthcare, environmental monitoring, and
ensuring food safety.**

1.4.1 Nanozyme-based electrochemical sensor. A number
of enzyme-based electrochemical sensors for vitamins have
been studied, and excellent substrate specificity and sensitivity
have been reported.*>*® Unfortunately, their high price and poor
stability, which caused them to denature under usual circum-
stances, limited their practical applicability.

Non-enzymatic electrochemical sensors have been introduced
in place of these drawbacks as a possible improvement.*
Researchers have successfully fabricated a selection of
nanomaterial-based artificial enzymes (nanozymes) for the
sensing of B complex vitamins. Yan et al. developed a promising
non-enzymatic sensing platform based on zinc porphyrin MOF

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

nanosheets for vitamin C with an LOD of 3.61 uM.** Nanozymes
derived from graphene exhibit intrinsic nanomaterial charac-
teristics that not only serve as a straightforward alternative to
enzymes but also provide a versatile platform capable of sensing
analytes in intricate biochemical surroundings.* MoS,/MWCNT
porous nanohybrid structured nanozymes possessed oxidase-like
properties and were used for the detection of carbendazim.*
Apart from nanozyme-based sensors, there are various types of
electrochemical sensors. These sensors identify and quantify
chemical or biological substances by utilizing the electrical
response generated during a chemical reaction. Additional
categories of electrochemical sensors include ion-selective elec-
trodes (ISEs),”* biosensors,”* voltammetric sensors,* potentio-
metric sensors,’ amperometric sensors,” and field-effect
transistors (FETs).*® Each type of electrochemical sensor has its
advantages and limitations, making them suitable for specific
applications. The choice of sensor depends on factors such as
sensitivity, selectivity, cost, and the nature of the target analyte.

1.5 Various transducing matrixes for vitamins sensing

For electrochemical analysis, researchers have employed a wide
variety of transducing matrices and electrodes. Electrochemical
transducers play a crucial role in converting chemical infor-
mation into electrical signals, finding applications in diverse
fields. They are prized for their exceptional sensitivity, selec-
tivity, and ability to operate in harsh environments. These
transducers possess properties such as rapid response, wide
dynamic range, and low detection limits, making them valuable
for precise analyte detection. Furthermore, their compactness
and ease of integration into portable devices enable on-site

RSC Adv, 2024, 14, 10331-10347 | 10335
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monitoring and diagnostics, enhancing their significance.””
Some of the transducing platforms are discussed here.
Furthermore, this comparative overview paves the way for
various researchers to choose a more selective and sensitive
transducer platform for future investigations.

1.5.1 Carbon based electrodes. Recently, there has been
progress in creating electrochemical sensors that are respon-
sible for detecting specific substances with high sensitivity.
Enhancing these sensors responses includes altering carbon-
based electrodes through the incorporation of diverse mate-
rials. This section discusses recent developments in electro-
chemical detection of B complex vitamins using modified
carbon-based electrodes, including carbon paste electrodes
(CPEs), glassy carbon electrodes (GCEs), and screen-printed
electrodes (SPEs).

1.5.1.1 Glassy carbon electrode (GCE). GCEs are among the
most popular electrodes because of their lustrous surface.
Glassy carbon, a non-graphitic carbon variety derived from the
pyrolysis of specific polymeric precursors, offers exceptional
properties. GCEs are widely employed in electrochemistry due
to their attributes, which include high-temperature resistance,
hardness, low density, and excellent electrical and chemical
resistance when combined with other composite materials.*®
This electrode is now frequently utilized in electrochemical
sensing due to its effective sensing capabilities.

Electroanalysis offers a powerful tool for the detection and
quantification of redox-active vitamins in biological samples.
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The method for detecting vitamin B1 in a neutral solution via
differential pulse voltammetry (DPV) was developed using
a GCE by Putra et al. The deprotonation of thiamine hydro-
chloride was studied with an electro-generated base directly on
the working electrode surface. An in situ method was suggested
to do both: generate the base (with the applied negative
potential) and detect the analyte (with the applied positive
potential). The interference effects and real applications are
investigated. In the obtained data, an oxidation peak for thia-
mine was observed at a potential of 0.03 V versus Ag/AgCl. The
linear range extended from 0.6 mM to 1.6 mM, with a high
correlation coefficient (R* = 0.9809), and the method exhibited
a detection limit of 5.14 x 10~* M, a quantitation limit of 1.71 x
107 M, and a precision (% RSD) of 4.46%.> However, without
modification, bare GCE could not attain a much more sensitive
range as compared to modified GCEs, as explained in subse-
quent examples.

The synthesis of cobalt-doped dysprosium oxide nanocubes
(Co-Dy,03; NCs) and their modification with GCE was first
explained by Sangavi et al. for the selective and sensitive
detection of vitamin B2. In that work, the electrochemical
behavior of RF on the 10 wt% Co-Dy,03/GCE significantly
improved due to the high cobalt concentration, acting as
a promoter to enhance the electrochemical reaction and
improve electron transfer in RF, where the electrocatalytic
reaction involved a redox process with the transfer of two
protons and two electrons, shown in Fig. 4A. DPV and cyclic
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Fig. 4 GCEs modification processes for various vitamins detection. (A) Reproduced from ref. 60 with permission from Wiley-VCH, copyright
2024 and (B) reproduced from ref. 61 with permission from Wiley-VCH, copyright 2022 (C) reproduced from ref. 62 with permission from
Elsevier, copyright 2023 (D) representation of SPE potentiostat adopted from ref. 64 permission under the terms of the CC-BY Creative

Commons Attribution 4.0.
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voltammetry (CV) were carried out using a three-electrode
system to evaluate the samples. The modified electrode has
two linear concentration ranges (0.5-50, 50-300 pM) with a low
LOD of 0.094 uM and a high sensitivity of 3.67 pA pM ™" cm 2.

Vitamin B6 was measured using square wave voltammetry
(SWV) at a copper-poly(1,8-diaminonaphthalene)/graphene-
modified GCE by Vu et al® In their study (Fig. 4B), a novel
approach was employed to construct a copper-poly(1,8-
diaminonaphthalene)/graphene composite film with the
purpose of electrochemically detecting VB6. The polymer poly(1,8-
diaminonaphthalene) exhibits chelating complexation properties
with Cu®" ions through the amine and secondary amino groups
present on its chain. As a result of Cu®" ions adhering to the
polymer surface, a monolayer copper catalyst was formed, and the
proposed catalyst facilitated the electrocatalytic oxidation of VB6.
The integration of graphene into the composite film is aimed at
improving its electrochemical properties, presenting a potential
avenue for enhanced effectiveness and significance in the detec-
tion process. The peak current in SWV of pyridoxine exhibited
a linear correlation with its concentration within the range of 0.58
to 24.51 pM, boasting the LOD of 0.3 uM in a 0.1 M phosphate
buffer solution (pH 7.4) with better repeatability and stability.

Mo,C/SCN nanocatalyst was used to modify GCE for the
purpose of sensing FA, as reported.®® Bare glassy carbon modi-
fication with Mo,C/SCN nanocomposites has been presented in
Fig. 4C. The Mo,C/SCN nanocatalyst produced in that study
underwent through characterization techniques such as scan-
ning electron microscopy (SEM), including elemental mapping
and X-ray diffraction (XRD). Exploration of the SEM images
revealed a homogeneous attachment of the porous SCN
network onto Mo,C, leading to a reduction in crystallinity
evident in the diffractogram. Elemental mapping of Mo,C/SCN
displayed distinct peaks corresponding to nitrogen (32.54%),
carbon (41.47%), molybdenum (24.62%), and sulfur (1.37%),
with no observable impurity peaks. The outcome indicated the
effective synthesis of the nanocatalyst without additional
contaminants. The designed Mo,C/SCN/GCE, exhibiting an
enhanced electron transport rate, demonstrated the ability to
electrochemically detect FA in a binary mixture. Using the DPV
method, the LOD for FA was determined to be 14.7 nM (linear
range = 0.09-167.25 uM) at Mo,C/SCN/GCE.*

Another important study was reported that was based on
combining methylene blue and zinc oxide nanoparticles on
a GCE (PMb/ZnO NPs/GCE) to assess VB12 in commercially
available supplements. The improved DPV response for VB12 in
the material could be attributed to the formation of a VB12-Zn
complex. The complex involved PMb/ZnO NPs serving as an
electrocatalyst, facilitating VB12 reduction. The polymer has
a dual role, aiding electron transfer and increasing the elec-
trode's surface area, enhancing sensitivity to VB12 in an
aqueous solution. Surface coverage with PMB further improves
electrode properties, such as electroconductivity and biocom-
patibility. These collective enhancements result in an increased
response and sensitivity during the VB12 measurement. The
linear relationship I, = 0.0673x + 0.3449, r = 0.9942, and the
redox peak current for the Co(u/i) pair at —0.8 V vs. Ag/AgCl
under optimal circumstances revealed a quantification range
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for vitamin B12 concentrations of 0.099-69.51 uM with
a detection threshold of 0.0104 uM.%

1.5.1.2 Carbon paste electrode (CPE). CPE is a heterogeneous
hybrid made from graphite powder and a pasting fluid.*®® The
CPE's easy modification, renewable surface, low background
current, wide potential range, small ohmic resistance, and
affordability have made it a popular choice for working elec-
trodes in the detection of biologically active substances.®

In a study conducted by Tesfaye et al., a CPE was modified with
poly(glutamic acid)/zinc oxide nanoparticles to create a sensor that
exhibited reliability, repeatability, stability, and selectivity for
measuring the amount of vitamin B2 in milk samples and
nonalcoholic drinks. Under optimized conditions, the sensor
demonstrated substantial electrocatalytic activity towards VB2
(Fig. 5A). During polymerization, an anodic peak at 1.54 V indi-
cated the formation of monomer radicals, which initiated the
process. A conductive polymer coating on ZnO NPs-CPE may have
developed as a result of the increased oxidation peak current with
cycles. Initially, oxidation of the glutamic acid monomer occurred
at a higher positive potential, resulting in the formation of a-amino
free radicals. The carbon electrode surface developed carbon-
nitrogen bonds as a result of these radicals, which subsequently
caused the formation of poly(glutamic acid) films. The redox peak
currents at poly(glutamic acid)/ZnO NPs-CPE significantly
increased, attributed to the synergistic effect of ZnO NPs and
poly(glutamic acid). Because of its increased conductivity, large
effective surface area, presence of functional groups, and strong
accumulation capability, the suggested synergy featured high
sensitivity and a low detection limit. The polymer film and VB2
engaged in hydrogen bonding and m-m interactions, which
together increased the VB2's electron transfer rate and promoted
its accumulation. The proposed sensor exhibited a linear response
within the concentration range of 0.005-10 uM, with an LOD of
0.0007 uM and a high sensitivity of 21.53 pA uM ™" with acceptable
recovery rates.*’

In an investigation carried out by Moustafa et al., a straight-
forward electrochemical sensor for transformed CPE with iron
oxide nanoparticles was presented (Fig. 5B). The electro-
oxidation mechanism of pyridoxine involves the generation of
the aldehyde form (pyridoxal) and its subsequent oxidation to
pyridoxic acid. The method tested vitamin B6 in phosphate
buffer with a pH of 5.0-8.0, detection limits of 9.06 uM, and
concentration ranges of 8.88-1000.0 uM, resulting in positive
results in real samples.®®

Vitamin B9 sensor was successfully fabricated by Nejad et al.
by modifying a carbon ionic liquid paste electrode (CILPE) with
two-dimensional transition metal dichalcogenide MoS,. The
electrochemical properties of the produced electrode were
investigated using chronoamperometry, DPV, and CV. The
oxidation peak current for DPV was proportional to the
concentration of B9 in the range of 5.0 M to 100.0 uM. The
mechanism for the oxidation of FA on MoS,~CILPE was
proposed based on the correlation between the oxidation
potential and the pH of the supporting electrolyte (Fig. 5C). The
optimized pH, corresponding to the highest peak current, was
determined to be 7.0. This suggests the involvement of protons
in the FA oxidation reaction, indicating a process that includes
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2 electrons and 2 protons with an estimated LOD of 1.0 uM and
a limit of quantification of 5.0 pM.* In spite of having reason-
able outcomes, using an ionic liquid-based modifier may be
a limitation based on economic analysis.

Tomcik et al. introduced an innovative CPE for the detection
of vitamin B12. CPE utilized trans-1,2-dibromocyclohexane
(DBCH), serving both as a binding agent and a reactive
component, enhancing the voltammetric signal (SWV) by
reducing Co(m) or Co(u) to Co(1). Co(1) subsequently engaged in
electrocatalytic reactions with DBCH, leading to the regenera-
tion of Co(u). The proposed sensor reflected an outstanding
sensitivity (LOD = 8.5 x 10 '° mol dm ) based on the selected
strategy of using ¢rans-1,2-dibromocyclohexane as a binder as
well as amplifying material (Fig. 5D).”

1.5.2 Screen printed electrode (SPE). Screen Printed Elec-
trode (SPEs) are shaped through the application of diverse
conductive inks onto plastic or ceramic substrates. Typically,
polyester screens are employed for printing, allowing analysts
to create patterns tailored to their specific analytical objectives.
The selectivity and sensitivity needed for each study are
determined by the different ink compositions when they are
printed on electrodes.” This technology has many advantages,
including adaptability, affordability, excellent miniaturization
capability, acceptable reproducibility, capacity for complicated
structures, and commercial viability. The screen-printed
carbon electrode SPCE, which has a primary electrochemical
background and can typically be adjusted with a variety of
modifiers, has been reported to have a broad range of

10338 | RSC Adv, 2024, 14, 10331-10347

applications in the fields of clinical, biological, pharmaceu-
tical, environmental, and food analysis."” SPE-potiostat setup
is shown in Fig. 4D.**

Papavasileiou et al. enhanced vitamin B2 with the use of
silver nanoparticles coated onto SPEg using controlled-energy
sparking discharges. RF sensing was shown to work best with
electrical discharges that had dissipated energies of 0.85 m],
transferred charges of 1.5 C, and time constants of roughly 2 s
per sparking site. The enhanced electrocatalytic characteristics
of the silver nanoparticle (AgNP)-modified SPEs were demon-
strated in the superior electroreduction of RF. The electroactive
behavior of riboflavin includes a redox transition involving the
transfer of 2 electrons and 2 protons (2e /2H"). The detection
range for DPV was 1.9 (LOQ) to 100 nM (R* = 0.997) under ideal
conditions, and an LOD of 0.56 nM was attained in real media.”

Jahani et al. employed zinc ferrite nanoparticles (ZnFe,0,) to
modify a screen-printed graphite electrode (SPGE) to volta-
metrically determine vitamin B6 levels in real samples. Their
findings indicated that on this modified electrode, the oxida-
tion of vitamin B6 occurred at a potential approximately 150 mV
less positive compared to an unchanged SPGE. The sensor
demonstrated a strong linear response within the concentration
range of 0.8-585.0 uM, boasting a detection limit of 0.17 pM for
vitamin B6. Furthermore, the modified electrode effectively
resolved the overlapping voltammetric peaks of vitamin B6 and
vitamin C by nearly 530 mV.”*

An electrochemical sensor for the detection of vitamin B9 was
created by Mohammadi et al. using a Ni-BTC (BTC = benzene-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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1,3,5-tricarboxylic acid) metal-organic framework (MOF) modi-
fied SPE. The detection limit for this electrochemical sensor was
determined to be 0.030 puM, and its linear response range was
from 0.08 to 635.0 uM. In addition, the conventional addition
method was used to assess the viability of the Ni-BTC MOF/SPE
sensor's ability to detect B9 in real samples.”™

Abid et al. suggested a 2-D MoS, nanosheet with applied gold
nanoparticles at the SPCE (AuNPs-MoS,/SPCE)-based electro-
chemical sensor for detecting vitamin B9. The AuNPs-MoS,/
SPCE sensor showed a good sensitivity of 20.636 pA uM ™" cm 2,
in the linear concentration range of 0-20 pM with an LOD of
1.04 uM.” Although the reported sensor has good sensitivity, its
cost-effectiveness might be compromised to some extent.

Microfluidic electrochemical devices enable cost-effective,
sensitive, selective, and multiplexed vitamin analysis in
diverse matrices and facilitate the development of portable and
user-friendly systems. Fig. 6 represents some examples of inte-
grating electrochemical sensing with microfluidics.”®””

2 Challenges in electrochemical
sensing of vitamins

Electrochemical detection has become a versatile and efficient
method for assessing vitamin concentrations due to its high
sensitivity, rapid response, and cost-effectiveness. Despite signif-
icant progress in refining electrochemical methodologies for
vitamin quantification, challenges persist in addressing issues
such as sample matrix complexity, electrode fouling, calibration
accuracy, and sensitivity and specificity limitations (Fig. 7). The
full potential of electrochemical sensors for precise and reliable

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

vitamin analysis can be realized through sustained research and
innovative efforts focused on improving electrode materials,
surface enhancements, and detection approaches. Overcoming
these obstacles is crucial to unlocking the complete capabilities of
electrochemical detection in the field of vitamin analysis.

2.1 Pretreatment of complex vitamin matrixes

Vitamins are frequently found in complex matrices like phar-
maceuticals, food, and biological fluids, requiring tailored
electrochemical methods to accurately distinguish different
vitamin derivatives based on their redox properties.”® Despite
their potential, several challenges, like pretreatment (which
converts the complex matrix into a simpler, more suitable
form), exist in the electrochemical detection of vitamins that
need to be addressed for reliable and accurate analyses. The
concentration of analytes in real samples, for instance, in food,
biological fluids (up to nmol), and pharmaceutical formulations
(up to mg g "), is low, and the molecular weight of analytes is
small compared to coexisting foulants in matrices.”*

The presence of interfering species can adversely affect
selectivity and sensitivity, and the capture of small-molecule
analytes in complex food matrices and the signal transduction
of sensing surface changes are challenging for sensors.** Many
real samples contain complex matrices that can interfere with
the electrochemical measurements of vitamins. Strategies such
as sample pretreatment,® electrode surface modifications,*
and the use of suitable mediators®*> have been explored to
mitigate interference effects.

Developing sensors that can selectively detect vitamins in
complex matrices remains a significant challenge. Also, there is

RSC Adv, 2024, 14, 10331-10347 | 10339
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Fig. 7 Challenges in electrochemical sensing of vitamins.

not much literature reported on electrochemical sensors for the
simultaneous detection of both fat-soluble and water-soluble
vitamins; therefore, it is necessary to explore such dynamic
electroactive platforms that have the ability to work on all the
vitamins. In this way, a complete picture of the vitamin profile
of the required sample (human, animal, plant, etc.) using
a single platform can be attained.

2.2 Electrode material selection

A critical challenge in the electrochemical detection of vitamins
is the appropriate selection of electrode materials. New elec-
trode materials and improved sensor designs are needed to
enhance the selectivity of electrochemical sensors towards the
target vitamins while minimizing interference from coexisting
compounds.®®

The performance of a sensor depends on the choice of
material, which should possess excellent electrocatalytic prop-
erties, a high surface area, and stability. Researchers have
investigated various materials, such as carbon-based mate-
rials,**® metal nanoparticles and composites,**° and con-
ducting polymers,®** to enhance the sensitivity and selectivity
of sensors. However, finding an ideal electrode material that
provides both stability and sensitivity to different vitamins
remains an ongoing challenge.

2.3 Electrode fouling in real complex media

Electrode fouling remains a persistent issue during vitamin
detection and leads to a decline in sensitivity and accuracy over
time.*® The formation of biofilms, oxidation products, or
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adsorbed species on the electrode surface can obstruct the elec-
tron transfer process, resulting in a degraded analytical perfor-
8 Matrix components might lead to fouling of the
electrode surface, thus passivating them, masking the target
analytes, or altering the electrochemical behavior.*® Scientists
need to explore novel surface modification techniques and elec-
trode materials to mitigate fouling effects and extend the opera-
tional lifetime of electrochemical sensors. Various antifouling
materials have been used, like modified multiwalled carbon
nanotubes,” zwitterionic polymers,*® mesoporous silica film,”
poly(glutamic acid),” cellulose,” and hybrid materials.'***"
However, exploring active anti-fouling materials from green and
synthetic sources is an ongoing issue on which current research is
focused.

mance.

95 96

2.4 Sensitivity and limit of detection (LOD)

The accurate detection of vitamins at trace levels is crucial for
various applications, including dietary assessments and clinical
diagnostics. However, achieving ultralow detection limits for
some vitamins, particularly those required in minute quanti-
ties, can be challenging.'” Researchers have employed various
signal amplification strategies, such as nanomaterial modifi-
cation using AuNP, CuS, ZnFe,0, (ref. 73, 104 and 105) enzy-
matic amplification, ie., NAD(P)H-dependent quinone
reductase,'* and signal enhancement techniques, i.e., amplifi-
cation by employing materials like MoS,@ErGO, CoNPs/
CuNPs,'**1” to improve sensitivity and LOD.

Although electrochemical techniques offer good sensitivity,
achieving ultralow detection limits for certain vitamins remains
a challenge. Particularly for water-soluble vitamins, such as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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vitamin B complex and vitamin C, enhancing sensitivity beyond
current levels is vital to address nutritional deficiencies and
monitor health conditions effectively.'*®*'* Exploring advanced
signal amplification strategies and utilizing nanomaterial-
based sensors is a potential avenue for enhancing sensitivity.
However, further improvements are required to achieve the
desired sensitivity levels.

2.5 Stability and reproducibility

The stability of electrochemical sensors for vitamin detection
pertains to the ability of the sensor to maintain uniform
performance over time and under varying conditions. Electrode
surface modifications, interactions with the sample matrix, and
electrochemical reactions can all contribute to sensor insta-
bility. For instance, the degradation of electrode materials over
time can lead to decreased sensitivity and altered response
characteristics. To combat this issue, researchers have explored
novel electrode materials and protective coatings.*****

Reproducibility in electrochemical vitamin detection refers
to the ability to obtain consistent results when repeating
experiments under similar conditions. Inconsistencies can
arise from variations in electrode fabrication, sample prepara-
tion, and measurement conditions. These variations can stem
from factors such as electrode surface roughness, deposition
techniques, and operational parameters. Achieving high
reproducibility requires standardized protocols and rigorous
quality control measures."*™'** To ensure reliable results, elec-
trochemical sensors for vitamin detection should demonstrate
long-term stability and reproducibility. Electrode fouling,
degradation, and drift can occur over time, leading to decreased
sensor performance. Developing robust electrode surface
modifications and optimizing the experimental conditions is
essential to overcome these challenges and maintain sensor
stability and reproducibility over extended periods.

2.6 Robust and on-spot real-time monitoring

In various applications, real-time monitoring of vitamin levels is
crucial to promptly respond to changes or deficiencies. However,
the time required for electrochemical analysis, including sample
preparation and analysis, is a limitation. The time required for
the sensor to reach equilibrium, respond to changes in the ana-
lyte concentration, and stabilize can limit its ability to capture
rapid changes in vitamin levels."** Therefore, researchers must
develop rapid and portable electrochemical devices capable of
providing on-site, real-time measurements of vitamins.

2.7 Calibration and standardization

Establishing accurate calibration curves and standardizing
electrochemical methods for vitamin detection is crucial for
obtaining reliable results. Factors such as electrode prepara-
tion, solution composition, and potential scan rate can influ-
ence the electrochemical response. The creation of
standardized protocols and reference materials will aid in the
comparison and reproducibility of results across different
laboratories.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3 Microfluidic systems in vitamins
detection

Microfluidics has emerged as a high-performance platform in
recent years capable of liquid handling at the micro- and
nanoscale. It refers to a channel or device size in which one
characteristic length is less than a millimeter. Due to the small
size of the channel, microfluidic devices are more affordable,
automated, integrated, portable, and offer point-of-care testing.
These devices are divided into various types of liquid handling
platforms, such as channel-based microfluidics (continuous
flow), paper-based microfluidics (porous media), and digital
microfluidics (droplets) which rely on electrowetting.**>*

Fabrication of microfluidic devices is based on either
photolithography based chemical etching techniques, or by
physical ablation or cutting such as laser machine and micro-
machining represented in Fig. 8. This is termed as the top-down
approach. Additive manufacturing such as 3D printers have also
emerged recently as a viable fabrication method using the
bottom-up approach. Once the platform is fabricated, it is
sealed and connected to flow control electronics to allow
movement of fluid at the micron level. There are different
materials used for microfluidic devices among which silicon is
the most common element. This was later replaced by the more
affordable elastomer, PDMS, still requiring a cleanroom facility
for its fabrication. Other materials include thermoplastics,
paper, and thin films.""”

These devices are applied in food safety testing, environ-
mental detection of elements, and health diagnostics. Specifi-
cally, the food sensing application relies extensively on
electrochemical detection, primarily because the original test
uses the same technology. These electrochemical sensing elec-
trodes have various options to be deposited onto micro-
electromechanical systems (MEMS). These electrodes can be
deposited using photolithography, soft lithography, screen
printing, inkjet printing, roll-to-roll printing, electro-
hydrodynamic printing, stamping, vapor deposition, sputter-
ing, dip pen, polymer-assisted metal deposition, and ion-
exchange technology.'*®

Using these techniques, vitamin detection platforms have
been developed in recent years, combining electrochemistry
with MEMS technology. Examples include the detection of
water-soluble vitamins using carbon nanotubes deposited using
screen printing to enhance the resolution by a factor of 2.'*°
Paper-based devices have also been developed to detect vitamin
C on a low-cost, disposable platform using an electrochemical
sensor.*”® The device used a polyaniline (PANI)-modified carbon
electrode as the working electrode and two simple screen-
printed carbon electrodes as the reference and counter elec-
trodes. The results showed a limit of detection of 30 + 3 uM
using a 30-270 uM concentration.

As perceived from Table 3, there are still opportunities where
electrochemical methods have not been explored for various
vitamins or their functionality testing in functional environ-
ments such as organ-on-chip.'*® Therefore, there is a need to
focus more on such platforms for direct diagnosis and analysis.
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Fig. 8 Representation of types, detection methods, and electrode modification processes involved in microfluidics devices.

3.1 Wearable devices

There have been significant advancements in wearable or
portable devices that can be easily attached to the human body
or carried with ease, so that vital signal detection can be per-
formed at any time and place. For instance, a vitamin C sensor
developed by researchers from UC-Berkeley uses the three-
electrode system on planar polyethylene terephthalate
substrate.”” It is further functionalized using Au dendrites,
PEDOT/LiClO, deposition, and enzyme immobilization
surfaces. The flexible sensor maintains consistent current
output and measures vitamin C levels using sweat. Another
wearable biosensor used polyaniline film modified with organic
acids for vitamin C detection.'” Wagih et al. demonstrated the
use of graphene electrodes functionalized with redox-active
nanoparticles and combined with microfluidics and iontopho-
resis to detect various amino acids and vitamins."® Fig. 9
demonstrates recent developments and future opportunities in
MEMS.32,116,129—131,133

3.2 Challenges in device fabrication

As the diversity of food choices expands, chemical usage
proliferates, and our standards of living continue to rise in
tandem with the pursuit of healthier lifestyles. Herein, the
detection of vitamin levels has garnered considerable interest.
In a society where healthcare and food safety are fundamental
priorities, this attention is well-placed, however, the sensing
platforms have a significant challenge in the following areas:

(1) Affordable

(2) Reliable

(3) Energy utilization

(4) Sustainable manufacturing

(5) Ease of manufacturing

(6) Biodegradable

(7) Biocompatible

Some challenges have already been addressed, such as paper
substrates providing an affordable and biodegradable substrate
that uses no energy for fluid flow. Similarly, polymer materials

Table 3 Microfluidic platforms and detection methods used for the vitamin B complex

Vitamin Platform material Detection method LOD (nM) References

Thiamine (vitamin B1) Transparency sheet Colorimetric sensing 8.88 121

Riboflavin (vitamin B2) Microchannel SERS and electrochemical detection 1 and 100 122

Pyridoxine (vitamin B6) Carbon fiber paper Electrochemical detection 10 123

Folic acid (vitamin B9) Self-assembly of graphene SERS 9 124
oxide/Ag nanoparticle hybrids

Cobalamin (vitamin B12) Microchannel Chemiluminescence 125
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have been designed for microfluidics for flexible and improved
surface modification properties. However, both have challenges
in terms of high volumes of production and reliability issues in
the long run. Another challenge is the multidetector system
since sensing only a single analyte will not be enough for
a complete health analysis. Therefore, the MEMS technology
(denoted in Fig. 6) needs significant improvement to achieve
real-time multi-component detection with high sensitivity and
selectivity.'?*"3?

4 Future aspects

Electrochemical sensing has a bright future ahead of it, with
constant progress and inventions that could completely trans-
form a number of sectors. Electrochemical sensors are predicted
to become essential in areas including food safety, environ-
mental monitoring, and healthcare with continued research and
development. These sensors are expected to become smaller and
more sensitive, allowing for more accurate real-time on-site
detection of a variety of analytes. Integration with cutting-edge
technology, such as microfluidics, artificial intelligence, and
the Internet of Things (IoT), could result in the creation of smart
sensing systems that offer data analysis and seamless connec-
tions. Additionally, the exploration of new materials and fabri-
cation techniques is likely to enhance the performance,

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

durability, and versatility of electrochemical sensors, opening
doors to novel applications and expanding their impact on
monitoring and control systems in the future (Fig. 10).

4.1 Miniaturization and wearable devices

The electrochemical vitamin sensors are likely to extend into
wearable technologies and “electrochemical microfluidics” or
“electrochemical lab-on-a-chip” devices. These compact devices
could facilitate real-time monitoring of vitamin levels in indi-
viduals, offering valuable insights into personalized health and
wellness.

4.2 Biosensors and recognition element

Integrating biomolecules like enzymes, antibodies, or aptamers
into electrochemical microfluidic sensors has the potential to
amplify precision and exclusivity when detecting specific vita-
mins. Progress in the field of bioconjugation methods and bio-
recognition components could substantially improve the
precision of vitamin detection.

4.3 Point-of-care (POC) diagnostics

Electrochemical vitamin detectors prove to be highly suitable
for POC medical assessments owing to their portable nature
and user-friendly operation. Subsequent advancements might

RSC Adv, 2024, 14, 10331-10347 | 10343
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Fig. 10 Future aspects of electrochemical sensors.

concentrate on designing approachable devices capable of
being operated by individuals without specialized training,
thereby delivering swift and precise insights into vitamin defi-
ciencies or excesses.

4.4 Data analysis and artificial intelligence

With the rising intricacy and abundance of data produced by
electrochemical sensors, the incorporation of artificial intelli-
gence (AI) and machine learning has the potential to support
real-time analysis of data, the identification of patterns, and the
creation of predictive models. This could ultimately elevate the
precision and dependability of vitamin detection. Sensors
produce data, a key but sometimes overlooked aspect of sensor
technology. This data requires processing, often involving arti-
ficial intelligence and deep learning, to provide real-time feed-
back to users. Handling the growing volume of diverse data
from various sources is a significant challenge in this field.®

4.5 Simultaneous detection of various vitamins

Revolutionizing the realm of vitamin analysis, the development
of electrochemical microfluidics sensors capable of simulta-
neously detecting numerous vitamins at a time holds the
potential to streamline analytical procedures and offer a holistic
comprehension of nutritional well-being. This innovative
research direction has the power to transform the landscape of
vitamin analysis.

4.6 Environmental monitoring and food safety

Electrochemical vitamin sensors have the potential to be
utilized for tracking vitamin levels in food items and evaluating
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the nutritional composition of crops in agriculture. This tech-
nological advancement could play a vital role in safeguarding
both food safety and quality standards.

5 Conclusions

In summary, vitamins are essential micronutrients vital for
human health and well-being, playing a central role in various
physiological processes. Insufficient intake of these nutrients
can result in a spectrum of health-related issues, underscoring
the imperative for accurate and dependable sensing methods to
monitor their presence. While multiple analytical techniques
exist for vitamin detection, they often entail significant draw-
backs, including high costs, lengthy analysis times, and
resource-intensive processes. In response to these limitations,
electrochemical sensors have gained prominence as a viable
solution. These sensors offer notable advantages, including
exceptional sensitivity, rapid analysis capabilities, cost-
effectiveness, and straightforward fabrication procedures. This
review underscores the increasing significance of electro-
chemical sensing, particularly in the context of water-soluble
vitamins like B1, B2, B6, B9, and B12.

Nevertheless, the path toward effective vitamin sensing
presents its share of challenges. Researchers grapple with
issues pertaining to selectivity, sensitivity, interference, matrix
effects, sample preparation, and calibration. These hurdles
constitute critical areas for ongoing exploration and innovation.
Looking forward, the integration of nanomaterials, sensor
miniaturization, electrochemical microfluidics, and the devel-
opment of inventive sensor designs hold significant promise for
the field. These advancements offer a route to the creation of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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portable, user-friendly, and highly cost-efficient methodologies
for the detection of essential vitamins. By addressing these
challenges and embracing emerging technologies, we can
enhance our capacity to monitor and safeguard human health
through precise vitamin detection methods.

Data availability
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cannot be shared at this time as the data also forms part of an
ongoing study.
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