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PREFACE

The 30™ international conference Ecological Truth & Environmental Research — EcoTER 23
kept three areas in focus: ecology, environmental protection and sustainable development.
The conference will be held on Mt Stara Planina in hotel Stara Planina, Serbia, 20-23 June
2023. The monograph is published on the occasion of the 30th anniversary of the conference.
On behalf of the scientific and organizing committee, it is a great honor and pleasure to wish
all the participants a warm welcome to the conference.

The monograph is published on the occasion of the 30™ anniversary of the conference.

We hope to convey the message of the conference, which is that a transformation of attitudes
and behavior would bring the necessary changes. This is also an opportunity for the
participants who are experts in this field to exchange their experiences, expertise and ideas,
and also to consider the possibilities for their collaborative research.

The 30" international conference Ecological Truth & Environmental Research — EcoTER 23
Is organized by the University of Belgrade, Technical Faculty in Bor, and co-organized by the
University of Banja Luka, Faculty of Technology, the University of Montenegro, Faculty of
Metallurgy and Technology — Podgorica, the University of Zagreb, Faculty of Metallurgy —
Sisak, the University of Pristina, Faculty of Technical Sciences — Kosovska Mitrovica and the
Association of Young Researchers, Bor.

These Proceedings 103 papers from the authors coming from the universities, research
institutes and industries in 11 countries: Australia, USA, Brazil, Spain, Portugal, Libya, Italy,
Bulgaria, Bosnia and Herzegovina, North Macedonia, and Serbia.

As a part of this year's conference, the 5™ Student Session — EcoTERS 23 is being held. We
appreciate the contribution of the students and their mentors who have also participated in
the conference.

The support of the Gold donor and their willingness and ability to cooperate has been of
great importance for the success of the EcoTER’23. The organizing committee would like to
extend their appreciation and gratitude to the Gold donor of the conference for their donation
and support.

We appreciate the effort of all the authors who have contributed to these Proceedings. We
would also like to express our gratitude to the members of the scientific and organizing
committees, reviewers, speakers, chairpersons and all the conference participants for their
support to the EcoTER 23. Sincere thanks go to all the people who have contributed to the
successful organization of the EcoTER '23.

Prof. Snezana Serbula,

President of the scientific and organizing committee
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Abstract

The purpose of this article is to analyze the findings from studies on the electrochemical determination
of folic acid (Vitamin B9). Folic acid is an important water-soluble vitamin for various biological
processes, and its deficiency in human organisms can lead to health problems. Different
electrochemical sensors are available for detecting folic acid in various mediums. These sensors
provide rapid, selective and sensitive detection of folic acid, making them a valuable tool in analytical
research. The results of researchers who used low-cost and environmentally friendly materials to
prepare sensors are presented in this study. The limit of detection of one such sensor was
1.8x10%° mol dm™ indicating its good selectivity and sensitivity.

Keywords: electrochemical sensors, folic acid, vitamins, differential pulse voltammetry.

INTRODUCTION

Vitamins represent essential nutrients that are necessary for normal functioning of the
human organism. They are introduced into the body through food or supplements because the
body cannot synthesize them [1]. The B group vitamins include eight water-soluble vitamins
that play important roles in cell metabolism. They are: B1 (thiamine), B2 (riboflavin), B3
(niacin), B5 (pantothenic acid), B6 (pyridoxine), B7 (biotin), B9 (folate), and B12
(cobalamin). Each B vitamin has its own unique function, but they all work together to help
the body convert food into energy and to support the nervous system. Deficiencies in B
vitamins can lead to various health problems, such as anemia, neuropathy, and birth defects
[2]. Folic acid (vitamin B9) is important for several processes in the human body, including
the formation of red blood cells, for cardiovascular health, nucleic acid synthesis, the normal
development of the neural tube and to produce neurotransmitters [3]. B vitamins are
commonly found in animal products such as meat, fish, and dairy products, as well as in
supplements. Spinach, white beans, asparagus, soybeans, oranges and melons are also the
important sources of folic acid [2].

There are several analytical methods that can be used to determine the level of folic acid
(FA) in a sample, including: high-performance liquid chromatography (HPLC), capillary
electrophoresis (CE), spectrophotometry [4]. Despite their high precision and sensitivity,
these methods for determining folic acid have drawbacks such as time-consuming procedures,
necessary sample preparation, expensive equipment, and complexity of procedures [5]. On the
other hand, electroanalytical methods, which are frequently utilized due to their benefits of
low cost, simple sample preparation, fast analysis time, high accuracy, and low detection
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limits, are increasingly being used as alternatives. Electrochemical sensors can be used to
detect folic acid, too. There are several advantages of using electrochemical sensors for the
detection of folic acid compared to other analytical methods: sensitivity, selectivity, they are
also portable and cost-effective.

Different electrodes were used for the determination of folic acid including glassy carbon
electrode, carbon paste, pencil graphite electrode, silver solid amalgam, and mercury drop
electrode [5,6]. The significance of the determination of folic acid in different mediums and
using different sensors is highlighted in review works by Di Tino et al. [4] and Batra et al.
[7]. Additionally, in the paper of Alizadeh et al. [6] the possibilities of using modified carbon-
based electrodes for the determination of FA are summarized.

The aim of this paper is to point out the importance of using low-cost materials for
developing electrochemical sensors for the determination of folic acid in different matrices.

ELECTROCHEMICAL SENSORS FOR THE DETERMINATION OF FOLIC
ACID

In the early 2000s, bismuth-film electrodes (BIiFESs) attracted an increasing interest from
researchers in electroanalytical investigations, as an adequate replacement for mercury
electrodes. Compared to the mercury electrodes, bismuth-based electrodes are non-toxic and
have a wide potential window. Bismuth-film electrodes are a type of electrochemical sensor
that can be used for the detection of various compounds, including folic acid. They are made
by depositing a thin film of bismuth onto a conductive substrate, such as glassy carbon
electrodes (GCEs), carbon paste electrodes (CPEs), screen-printed electrodes (SPEs) [8].
Bismuth-film electrodes can be used to detect a wide range of substances, including: heavy
metals, and organic compounds (pesticides, vitamins, amino acids).

Pencil graphite electrodes belong to the carbon based electrodes. Carbon based electrodes
stand out from other materials due to their properties, such as chemical stability, a large active
surface, the ability to modify the surface, and electrocatalytic activity in various oxidation-
reduction reactions [9]. In their papers, Tasi¢ et al. [10,11] showed the applicability of low-
cost electrochemical sensors, such as PGE and an electrochemical sensor prepared using
recycled carbon from spent batteries, for the detection of target analytes.

The effectiveness of poly(cystine)/PGE in determining folic acid was studied through the
use of differential pulse voltammetry (DPV) and cyclic voltammetry (CV) techniques. The
peak current of the unmodified pencil graphite electrode was found to be 0.77 pA. However,
the response of folic acid was enhanced to 3.56 HA with the use of poly(cystine)/PGE. This
improvement was attributed to the presence of thiol groups in L-cystine, which facilitate
electron transfer and enhance the conductive properties of the electrode [5]. The slope of the
Ep versus pH plot was calculated to be -35 mV/pH, indicating that the oxidation of folic acid
involves a transfer of two electrons and one proton [5].
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Figure 1 Proposed mechanism of oxidation and reduction of FA on graphite paste electrode [12]
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Figure 2 Cyclic voltammograms obtained for 44.14 mg L' FA in 0.1 mol L™ acetate buffer as
supporting electrolyte at pH 4.5 with v =50 mV s %, using graphite paste-based electrode (dashed line
— blank solution) and glassy carbon electrode (dashed line — blank solution)
[12; https://doi.org/10.1016/j.jelechem.2018.04.043].

Table 1 summarizes the results obtained by different electrochemical sensors for
determining FA.
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Table 1 Electrochemical characteristics of different electrodes as sensor for folic acid

detection
Sensor Medium Method  Linear range LOD Reference
FA-imp/CNDs/PGE PBS (pH CV,DPV 2.2-30.8ngmL?* 2.02ngmL?  [3]
6.2) +
0.1 M KCI
poly(cysteine)/PGE  PBSpH7  CV,DPV 1.0-100 umol dm® 0.43 mol dm?® [5]
NiZCB-GCE DPV 0.004-0.22 13pgdm?®  [13]
mg dm-3
Bismuth film SWAdS  0.5-20 nmoldm® 0.2 nmol dm® [14]
electrode
GPE modified with pH 4.5 DPV, 0.005-0.1 pgdm2  0.72pugdm3 [12]
hybrid MIP SWV
(poly(methacrylic
acid)-SiO,)
poly tyrosine PBS pH 7 CV,DPV 1uM-85 pmol dm? / [15]
modified PGE
BiFE-GCE BR pH 2 CV, 2.5x10®°-3x10° 4.1x10° [8]
DCV mol dm= mol dm
BiFE-GCE Acetate SWCSV, 0.1-10.0 pmol dm® 1x103 [16]
buffer CVv pmol dm
solution pH
4.5

CV - cyclic voltammetry; DPV — differential pulse voltammetry; SWV — square wave voltammetry; DCV —
direct current voltammetry; SWCSV — square wave cathodic stripping voltammetry; PGE — pencil graphite
electrode; NiZCB-GCE — Ni-zeolite/carbon black-modified glassy carbon electrode; BiFE-GCE — a bismuth-film
electrode prepared on the glassy carbon electrode; FA-imp/CNDs/PGE — folic acid imprinted on a pencil
graphite electrode modified with carbon nanodots; PBS — phosphate buffer solution; BR — Britton-Robinson
buffer solution; LOD — limit of detection.

Porada et al. [13] in their study presented a low-cost and highly specific voltammetric
method for measuring vitamins B2, B9, B12, and B3 using a Ni-zeolite/carbon black-
modified glassy carbon electrode (NiZCB/GCE). By using an environmentally friendly
Ni-exchanged natural zeolite and conductive carbon black (CB) in a one-step modification of
the GCE, a highly sensitive sensor capable of accurately detecting individual B-group
vitamins, even in the presence of other vitamins, was obtained with a low limit of detection
(Table 1). Kuceki et al. [12] initially compared the electrochemical responses of folic acid
using graphite paste and glassy carbon electrodes (Figure 2). The results showed substantial
improvements in both the anodic and cathodic peak currents when using the graphite paste
electrode. This improvement may be due to the higher porosity of the graphite paste
compared to the glassy carbon electrode, which makes the adsorption process easier [12].
As reported, the oxidation process at +0.8 V occurs on the side-chain, as demonstrated in
Figure 1, which results in the loss of two protons and two electrons [12]. The reduction
processes at -0.35 V and -0.50 V are likely attributed to the reduction of the pterin moiety of
the FA molecule (Figure 1), and the reduction of the side-chain —CH=N-, respectively.
According to the data reported by Kuceki et al. [12], the inclusion of a low amount (3% w/w)
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of molecularly imprinted polymer in the graphite paste electrode enabled the development of
a highly sensitive and selective sensor for folic acid without the need for a preconcentration
step. Stepankova et al. [8] and Vladisavljevic et al. [16] used a bismuth-film prepared ex situ
on a glassy carbon electrode for the determination of folic acid. No oxidation signal was
recorded in Britton—Robinson buffer (pH 5) under the optimised conditions, indicating that
the electrode process is irreversible with one reduction peak near -0.55 V [8,16]. The shift in
the reduction potential to a less negative value and increasing the intensity of folic acid
reduction peak on the BIFE compared to the GCE suggest the electrocatalytic nature of the
BIiFE. This behaviour was also seen with the BINWs/GCE and is believed to be due to its high
surface-to-volume ratio and uniform pore size that enhance the rapid reduction kinetics of
folic acid [16]. Vladisavljevi¢ et al. [17] prepared BiFE on GCE at different pH, with or
without the presence of a complexing agent (EDTA) and used the sensor to determine folic
acid and glutathione. The findings in this study show a strong correlation between the bismuth
film structure and the electrolyte composition and electrodeposition parameters. Typically, a
thick, uniform, non-porous bismuth film was obtained when electrodeposition was carried out
in an acetic buffer with a pH of 4.5. However, incorporating the complexing agent
ethylenediaminetetraacetic acid (EDTA) into the acetic buffer produced a flake-like, dendritic
structure. On the other hand, films produced in HNO3z had a porous structure and lacked
stability. The use of the BiF electrode in the determination of folic acid showed that the film
created in the acetate buffer with the addition of EDTA has impressive stripping performance
and improved sensitivity. Geca et al. [18] demonstrated that the solid bismuth microelectrode
is a highly efficient tool for determining folic acid, providing a wide linear range, low limits
of detection and quantification, and high selectivity. The lowest reported limit of detection for
folic acid was 1.8x10'° mol dm?3. The adsorptive stripping voltammetry method with
prepared sensor can be used in pharmaceutical analysis without complicated sample
preparation. Furthermore, the solid bismuth microelectrode does not require the addition of
Bi** to the supporting electrolyte, making it an environmentally-friendly alternative to
bismuth film electrodes. Overall, the solid bismuth microelectrode is a convenient and
superior alternative to previously reported bismuth microelectrode arrays and bismuth film
electrodes [18]. According to the results summarized in Table 1, it can be said that the
modified PGEs were better in near-neutral solution, while the sensory characteristics of BiFE
were better in acidic environments.

CONCLUSION

The importance of folic acid in various vital biological processes, such as nucleic acid
synthesis, cell division, fetus growth and development, has led to its widespread use as a
supplement to prevent and treat folate deficiency in human organism. As a result, in recent
years, there has been a significant effort in the analytical field to create precise and reliable
sensors for the determination of folic acid due to its crucial role in human health. Based on a
literature review, it can be seen that different prepared electrochemical sensors can be used to
determine folic acid. Some of them were better in acidic solutions (BIiFES), while others were
better in neutral solutions (modified PGEs). Depending on the experimental conditions and
the type of sensor, the detection limits ranged from 1.8x107*° mol dm™ to 0.43 mol dm.
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In addition, the researchers showed that the modified electrodes have improved sensing
capabilities than the unmodified ones. It is still a challenge for researchers to develop a
suitable sensor that is sensitive and selective, while being cheap and environmentally friendly.
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