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Abstract: Naturally occurring phytonutrients/phyto-components are likely to have therapeutic val-
ues. These phyto-derived naturally occurring components, such as polyphenols, phenolics, flavonoids
and phenolic acids have a hydrocarbon background with a polyphenolic ring, an ester bond with a
polyphenolic ring, etc. Their structures play a critical role in determining the chemical and physical
attributes that define their activity/functions and roles. Owing to their chemical structure, most of
them are electroactive. Thus, these phytochemicals can be used in the preparation of electrochemi-
cal sensors. Gaining an understanding of functional genotypical units using electrochemistry is a
unique study. The feasibility of incorporating an array of biosensors into a fully-automated micro-
electrochemical system is further explored. This review is intended to provide in-depth knowledge of
biosensors’ applications based on/for Plantae kingdom and varieties. The discussion focuses primar-
ily on the fields associated with the fully-automated micro-electrochemical system and appropriate
methods for its advancement. The intended approach is to provide a selective outlook including the
setbacks/shortcomings and usefulness of opting for the concerned technique.
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1. Introduction

Herbal formulations made from phytochemicals with therapeutic values are currently
an extensive topic of research. They represent quite a vast pool of biologically active,
extensive sets of macro- and micro-elements. Surveys executed on the subject of the usage
of medicinal plants have shown a rise of approximately 10% over the last 2 years. The ap-
propriate mix of health and food has come into the mainstream due to the health emergency
created by the emergence of novel/new viruses in our lives. The phytomedicines have re-
emerged in advertisements, social media and retail outlets with the arrival of multinational
pharmaceuticals attracted to these domains [1]. The past decade has witnessed the succes-
sion of nutraceuticals wherein phyto-constituents ensure additional health benefits for the
long term [2]. The major distinguishing factor between nutraceuticals and phytomedicine
is that, nutraceuticals have a nutritional role that arises from using them for a longer time
frame (e.g., chemoprevention) [1]. Thus, this field has now encompassed pharmacognosy,
phytochemistry and nutraceuticals. Plant cytochrome P450s are an essential part of the
plant with the ability to catalyze many unfavorable chemical reactions and hence called “na-
ture’s blow torches”, ensuring high specificity and stereochemistry. Thus, the cytochromes
have a pivotal role in the synthesis of a plethora of metabolic compounds that are involved
in the functioning and survival of sessile organisms under stressful conditions. Bavishi et al.
reported the mediator-free electrochemical investigation of plant cytochrome P450s and
their NADPH P450 oxidoreductase [3]. Later, Udit et al. studied the direct electrochemistry
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for cytochrome P450 BM3 heme protein using graphite electrodes [4]. The free radicals are
an essential part of both phytomedicine and nutraceuticals.

Reactive oxygen intermediates, superoxide anions, alkoxy radicals, etc., are all ex-
amples of free radicals. They are special species containing more than one unpaired
electron, and thus are chemically very reactive or unstable. Their high reactivity is termed
“ ‘stress’ or the ‘unbalance between the oxidants and antioxidants causing damage to the
individual’ ” [5,6]. Free radicals are essential for oxidizing nucleic acids and lipids, initiat-
ing degenerative disease generation, etc. Epidemiological evidence indicates the necessary
association of a cardiovascular diet with fruits and vegetables [7]. Vitamin E and Vitamin
C have the intrinsic ability to scavenge free radicals, thus protecting the body from being
damaged. These antioxidants are preventive agents in relation to various diseases, such as
cancer, mutagens, risk of cardiovascular diseases, etc., as they modulate the enzyme activ-
ities thereby reducing chances of carcinogenicity or oxidative stress-inducing agents [8].
Apart from their constructive nature, they can also be highly destructive with the presence
of metal ions leading to cell disorders [9,10]. The reactive oxygen species (ROS) lead to cell
injuries by disrupting the oxidative balance and contribute to the development of many
diseases over time such as cataractogenesis, cancer, rheumatoid arthritis and ageing [11].
Hence, the widespread empirical demand for wild plant groups needs proper information
based on their phytochemical and antioxidant abilities. Thus, many techniques are working
together to complete their analysis. Many plant-based systems have to be engineered into
various sensing platforms, after the incorporation of micro-reservoirs in the thread along
with detection dots, to become a wearable sensor.

Various sensing platforms have been introduced for the detection of potential chemi-
cals, moieties (proteins, molecules) and byproducts of any chemical reaction. The principle
of detection is based on physical, chemical or biological changes. However, the major
drawbacks observed in these sensors are the pre-sampling, the requirement for a skilled
technician and the large amount of sample required with sophisticated instrumental set-ups,
hence uneconomical. This has paved the way for electrochemical sensing which involves
nano-quantities of analytes, without any pre-sampling and sensitive data output. Surachet
et al. reported the detection of reactive oxygen species using fluorescence spectroscopy.
He quoted that the “sensitivity and selectivity of both fluorescence and electrochemical
techniques are similar. The simplicity of electrochemical methods has gained the attention
to many researchers.” He also added that, “the electrochemical techniques have potential
for real time detection using micro or nano-scale electrodes, readily available for real time
sensing irrespective of the type or location” [12].

The electroanalysis field has brought in a new revolution to combat the activities of
free radicals via the identification of the molecules responsible. An ideal electrochemical
sensor should have key attributes such as accuracy, repeatability, sensitivity, least toxicity,
biostatistical support, reliability, and easy sample preparation protocols, showing high
specificity [13]. Figure 1 accounts an illustrative image portraying the various scopes that
can be explored regarding the phyto based electrochemical sensor platforms.The antioxi-
dants help in counteracting the free radicals by preventive chain reactions and disrupting
the oxygen activation thereby preventing the damage caused by free radicals [11]. Antiox-
idants are present in fresh fruits and green leafy vegetables [14]. The reason behind all
the parents and doctors asking for a higher intake of green vegetables and fruits may be
to diminish/stop the incidence of chronic and degenerative diseases. The consumption
of carrots, sweet potatoes and oranges are protective against cancer [15]. In addition,
including onions, honey and grapes, i.e., sources of polyphenols, into the diet can help
in preventing cardio-vascular and anti-viral activity in the body [16,17]. Many classical
methods such as high-pressure liquid chromatography (HPLC), spectrophotometry, gas
chromatography (GC), potentiometry, micellar capillary electrophoresis, etc., have been
reported for the qualitative estimation of antioxidants [2,14,15]. The protocols are ORAC
(Folin Ciocalteu assays, oxygen radical absorbance capacity), FRAP (the ferric reducing
ability of plasma), DPPH (2,2-diphenyl 1-picrylhydrazyl) assays, lipid peroxide inhibi-
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tion, DCHF-DA (dichlorofluorescein-diacetate), etc., for assessing their total antioxidant
activity [18].
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The detection of disease biomarkers, sequencing of the genome, and quantitative
recognition of specific metabolites are quite intellectually challenging parameters to be
studied and equally relevant in the medical and healthcare sector. Due to the evolution of
all organisms with time, micro-organisms have mutated as a “survival of fittest” concept to
sustain in varied environmental conditions via a broad distribution of protein stabilities,
variable denaturation temperature and subsequent growth temperatures, lack of evolution-
ary trade-off, obtaining a protective coat, etc. [19,20]. Balol et al. have studied in depth the
various unusual sources of genetic variation, and provided tabulated data for the diversity
value of various distinct plant viruses [20]. Due to these variations, genetic alterations have
come into existence which have led to a huge loss in economic terms basically due to the
acceleration in development of pests and pathogens witnessed by the agricultural sector. As
of now, not much research has been processed to detect the existence of plant diseases using
in-field instrumentation. Meanwhile, the off-field pathogens, volatile organic compounds
(VOCs), etc., released by plants during unfavorable conditions (biotic stress) have been
assessed.

Synergistic interactions among different antioxidant species present in plants make it
a tough task for accurate antioxidant assays. The goal of this paper is to understand the
correlations between electrochemical profiles that can reveal possible interactions based on
the biological activity of plants [21]. This is highlighted via the presence of various charac-
teristics (phytochemicals) of herbs and spices available in nature (different parts of plants
are used to treat different diseases and conditions) as explained in Section 2. Following
this, the understanding of phytochemicals (chemical class and its compounds) with their
mechanism of action is highlighted. Furthermore, the role of these plant-based system
have been amalgamated with electrochemical approaches viz-a-viz their electrochemical
quantitative and qualitative estimation of compounds; phenotyping; establishment of an
electrochemical platform having phytochemical properties for sensor development, and
many more possible opportunities explained in Section 3.
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2. Therapeutic Value

Herbs and spices have an old-fashioned reputation for their usage with sturdy roots
within cultural territory and heritage. Moreover, they have an incomparable association
with nourishment and its links. Validating their benefits by scientific means has always
remained a challenging task, particularly when compared to the standards applied for gaug-
ing pharmaceutical agents. Food can be eaten in various combinations, and in relatively
large and unmeasured quantities. Herein, the real challenge is not proving whether foods
have health benefits but rather developing scientific methods to expose them qualitatively
and quantitatively. Table 1 provides a listing of such phytochemical defense foods with the
part of the plant consumed, advantages, and disadvantages.

Table 1. Accounts the name of various phytochemical defense compounds/foods used in our daily
routines with tremendous benefits and few side effects.

S. No. Name of Herbs Part of the Plant Treatment of Diseases Disadvantages/Side
Effects Ref

1. Chamomile (used
as a tea) Flower

Skin irritation due to radiation,
anxiety and relaxation,

wound healing

May interfere with
some medicines [22]

2. Cinnamon Bark Diabetic treatment
(insulin–enhancing activity)

Not to be used with
medicines [23]

3. Crocus sativus Petals Antitumor, Anti-inflammatory
and anti-oxidant

Can cause allergic
reactions [24]

4. Echinacea Leaf, Stalk, Root Prevents infections, and promotes
wound healing Can be an allergen [25]

5. Feverfew Leaf Treatment of fever, migraines
and arthritis Digestive irritation [26]

6. Garlic Clove, Root
Antimicrobial, cardioprotective,
anticancer, anti-inflammatory,

lowers blood pressure

Not to be used with
warfarin [27]

7. Ginger Root Easing nausea and motion
sickness. Anticancer agent

Bloating, gas,
heartburn [28]

8. Gingko Leaf Treatment of asthma,
bronchitis, fatigue

Can cause seizures,
has ginkgo toxin [29]

9. Ginseng Root Tonic and aphrodisiac High bp and
tachycardia [30]

10. Goldenseal Root, Rhizome Treat diarrhea and eye skin
irritation, antiseptic, diarrhea

Can be poisonous in
high doses and can

cause gastric irritation
[31]

11. Kava Rhizome, roots Treat anxiety, nervous tension,
and agitation and act as a sedative Digestive issues [32]

12. Milk Thistle Fruit
Liver conditions and high

cholesterol reduces the growth of
cancer cells

Uncertain about
side-effects [33]

13. Saint John’s Wort Flower, Leaf Antidepressant Sensitivity to light [34]

14. Saw Palmetto Fruit Treat urine symptoms from
benign prostatic hypertrophy

Digestive upset,
headache [35]

15. Valerian Root Treatment of sleeplessness and
reduce anxiety

Consultation with a
doctor is necessary [36]

Seasonings can be any part of the plant vis à vis the stigma of flowers (saffron), bark
(cinnamon), roots (ginger), aromatic seeds (cumin), berries (peppercorns) and buds (cloves).
Another interesting example is coriander which can be employed as an herb using its leaves
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while its dried seeds are used as a spice. Plant-based systems (herbs and spices) have an
extended past of both culinary use and of providing health benefits, as well as acting as
preservatives [37]. In 1555 BCE, ancient Egyptian papyri recorded the use of coriander,
fennel, juniper, cumin, garlic, and thyme [38]. In 5000 BCE, accounts were found of the
Sumerians using thyme for its health attributes, followed by the farmers of Mesopotamian
in 3000 BCE growing garlic [39]. The global trade in spices goes back to 4500–1900 BCE,
chiefly in Ethiopia [40]. The early Egyptians worshipped garlic and its cloves, which were
found in the tomb of King Tutankhamen. The records of Egyptians having wooden cloves
of garlic in their tombs to preserve the future meals of the afterlife is an astonishing detail.
In addition, Hippocrates (460–377 BCE) had a catalogue consisting of 300 medications
that included garlic, cinnamon, rosemary, etc. They seemingly included garlic to cure
uterine cancer, whilst mint was treasured for its positive effects on the intestinal system,
and licorice was initially used as a sweet but can be utilized as an herb too, based on
its anti-inflammatory actions for asthma, chest problems, and mouth ulcers. The herb,
rosemary, was used to improve and strengthen memory. The Greeks published a book that
encompassed more than 500 herb varieties unfolding the variability of choice while a store
in Rome has a strong inspiration for herbal remedies that consists of complicated mixtures,
consisting of more than a hundred ingredients from 162 CE. Another significant example
of such herbs is cinnamon for treating colds and flu, galangal used to treat abdominal pain,
and nutmeg for a cure for diarrhea.

Moreover, traditional Ayurveda evolved more than 5000 years ago in the Himalayas,
with knowledge being transmitted orally until it was first jotted down in Sanskrit poetry
in 1500 BCE as “The Vedas”. Ayurveda prospered in the 7th century and focused on
disease demotion and health promotion, highlighting dietary habits. Ayurveda includes
the protection of various organs and functions: basil → heart, cinnamon → stimulate
circulation, turmeric → jaundice, mace → stomach inflection, and ginger → universal
medicine, essentially to cure indigestion and relieve nausea. With the decline of the
Roman Empire and built upon the knowledge of Galen (476 CE), the development of
Arabic medicine (500–1300 CE) preserved some of the awareness of the surrounding health
benefits [41].

The topic of functional foods includes scientific endeavors, technological advance-
ments, advertising, and standard guidelines. Based on a scientific standpoint, functional
foods have been defined as “foods that provide advantages beyond the basic nutritional
needs” [42]. However, the food modules of today are not just limited to concepts of pre-
venting clinical deficits and sustaining homeostasis but account for a budding recognition
of how food constituents actively interact within the body to support health and check
abnormalities and overt infections. Herbs and spices fit into this picture in numerous
ways. In particular, with supplements, the emphasis may be on their role in a dietary
regime rather than their usage as medicines. They provide a path for the future investiga-
tion and development of an appreciation of the potential assistance of herbs and spices
to health and well-being. They incorporate a significant character in dietary flavonoid
intake. Chamomile, rosemary, licorice, onions, thyme, rosemary, and sage have enriched
flavonoid content [43]. Herbs have anti-carcinogenic effects from different stages. An
example is diallyl sulfide (found in garlic) which is an effective inhibitor of cytochrome
P450 (CYP)3 IIE1, i.e., a Phase I enzyme and providing considerable surges of a variety
of Phase II enzymes, such as glutathione S-transferase, quinone reductase, and uridine
diphosphate-glucuronosyltransferase, which are implicated in the detoxification of carcino-
gens [44,45]. Even animal models of cancers have achieved some success with basil, mint,
lemongrass, rosemary, and turmeric. Herbs involve protection against oxidative stress
and inflammation, both of which can lead to the risk of commencement and advancement
of cancer. Parsley, a culinary herb, consists of myristicin, an inducer of phase II enzyme
glutathione S-transferase as tested on albino mice [46]. Even sedatives may be replaced by
Passiflora incarnate, as suggested by the German Commission E in 1987. Another sedative
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is Valeriana officinalis which interacts with GABA systems (systems affected by amino
butyric acid) in the brain [47].

The major question that arises is why are these plant-based systems (examples as
listed in Table 1) so advantageous. The plant-derived super foods consist of tannins,
catechins, alkaloids, steroids, and polyphenolic acids. These play a crucial role in plant
defense mechanisms against invasion by foreign agents [15,39,42]. Substances such as
terpenoids are responsible for odour (quinones and tannins) plus the pigment of the plant.
Many of these substances account for the plants’ flavor (e.g., terpenoid capsaicin from chili
peppers). Alkaloids include heterocyclic nitrogen compounds, an example being morphine
isolated in 1805 from Papaver somniferum (opium poppy) [48]. The name morphine comes
from the Greek word Morpheus, which means “God of dreams”. Codeine and heroin are
both derivatives of morphine. Flavones are phenolic structures containing one carbonyl
group. They are hydroxylated phenolic substances that are linked to an aromatic ring.
Dimethoxyflavone and bonducellin were isolated. Essential oils and terpenoids are the
anti-microbial properties of aromatic volatility oils derived from medicinal, or other edible,
plants that have a high content of phenolic derivatives such as carvacrol and thymol. Some
traditional medicinal plants, their parts, and the name of compounds are enlisted in Table 2.

Table 2. Accounts of various traditional medicinal plants and their inhibitory activities.

S. No. Scientific
Names Parts Constituent

Class Compounds Mechanism of Medicine Ref

1.
Baccharis

grisebachii
Hieron

Resinous
exudate

Diterpenes,
p-coumaric

acid,
derivatives,

flavones

3 and
3,5-Prenyl-p-

coumaric
acid

Argentinian traditional
medicine showed activity

toward dermatophytes
and bacteria

[49]

2.
Cassia

podocarpa
Guill et Perr.

Leaf and
Flower Glycosides

Anthraquinone
glycosides, free

aglycone

Optimum laxative activity
and reduced toxicity [50]

3. Curcuma
longa L. Rhizome Flavonoids Curcumin and

curcuminoids

Several different molecules
are involved in

inflammation that is
inhibited by curcumin

including lipo-oxygenase,
phospholipase and

elastase.

[51]

4. Hydrastis
Canadensis L. Whole plant Alkaloid

Berberine-
entrahydrober-

berine and
8-oxoberberine

Chinese herb, exhibited
vasodilator activity, has

been attributed to multiple
cellular mechanisms. Its

derivatives are attributed
to the blockade of K+

channels and exchangers.

[52]

5. Bougainvillea
xbuttiana Leaf Protein Lysine

The inhibitor showed
N-glycosidase activity on

25S rRNA of tobacco
ribosomes, which interfere
with virus multiplication

through ribosome
interaction.

[53]

Peptides are inhibitory to micro-organisms as first reported in 1942. Peptides called
“cathelicidins” represent an important native component of innate host defense in mice and
protect against necrotic skin infections caused by Streptococcus [54]. The broad spectrum
activity displayed by anti-microbial peptides is considered as a “chemical condom” against
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HIV infection and the Herpes simplex virus [55]. Tannins are a group of phenolic substances
capable of tanning leather or precipitating gelatin from solutions, by a property known
as “astringency”. The growth of fungi, yeast, bacteria, and viruses was inhibited by
tannins, whilst the ones with mixtures such as neem (Azadirachta indica), verasingam
pattai (Zanthoxylum limonella), and Indian Babool (Acacia nilotica) stick are widely used as
toothbrushes [56]. Strawberry extracts are strong inhibitors of Salmonella bacteria [54].
The dried flower-heads of Chrysanthemum morifolium are an oriental drug as well as a
popular herbal tea in China, and also used for the treatment of eye diseases in Japan [57].
The scopes of/for phytochemical-based sensors are illustrated in Figure 2.
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2.1. Phytomedicine

Due to their in-built abilities, traditional plants are recognized to be powerful ingredi-
ents that can substitute for anti-inflammatory, diuretic, and diaphoretic medicines [8]. They
are well established with antioxidant and radical scavenging properties with minimal side
effects compared to chemical therapeutics [58]. Thus, the use of traditional medicines for
primary healthcare has steadily increased worldwide. Nearly 80% of the pharmaceutical-
derived plants are used as anti-microbes for treating infectious diseases. These inhibit the
germ and exhibit greater selectivity toxicity towards infecting germ and host cells. The
beneficiary medical effects of plants are a result of their secondary metabolites [6]. The
chemotaxonomic considerations and target-directed screening play a crucial role. These
plant-based medicines have come as an end product in the market.

In comparison to synthetic pharmaceuticals based on a single constituent, phytomedicines
exert a synergistic action of several chemical compounds acting at a single or multiple
target site, thus eliminating the problematic/side effects associated with a physiological
process. Williamson and his coworkers, in 1999, extensively documented how synergistic
interactions imply underlying effectiveness [59].

2.2. Nutritive Content Estimation

A new interface with a class of sensors has been developed, such as a transistor-
based sensor for sap fluid nutritive content analysis. However, the drawback observed
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was the invasive approach that affects plant activities [60]. Based on differential pulse
voltammetry (DPV) data, we can determine the peak height which reflects the concentration
of species following the peak potential for identification of species. The shape of the peaks
helps in distinguishing molecules having the same potential characteristics. Gandhi et al.
involved a GCE/CB electrode for the qualitative and quantitative estimation of nutritive
content—sesamol in various natural samples (sesame seeds and oil varieties)—in neutral
media without any pre sampling [61]. Another real-time approach accounts for using a
pencil graphite electrode for testing various tea assays [62]. Square Wave Voltammetry is
one such technique which distinguishes diverse samples based on peak current values. The
most important characteristic is the elimination of capacitive current values. A few of their
examples are tabulated in Table 3.

Table 3. Tabulation of various sensors used for the nutritive estimation by various researchers.

S. No. Chemically
Modified Electrode pH Technique Nutritive

Estimation Comment Ref No.

1. GCE/CB PBS DPV Sesamol content Direct analysis with
buffer dilution [61]

2. Pencil graphite
Electrode PBS DPV

1,2-, 1,3-, and
1,4-Di hydroxyl

benzoic acid

Tea quality assays
were calculated [62]

3. Pencil graphite
electrode PBS DPV

Xanthine,
Hypoxanthine
and Uric acid

Fish freshness was
accounted [63]

4. SPCE HClO4
− CV Caffeic acid Tea samples [64]

5. Ion Selective
Electrode -

Based on
ion-selective

field emission
transistors

Soil nutrient
sensing

Suffer various
interferences [65]

GCE—glassy carbon electrode; CB—carbon black; SPCE—screen-printed carbon electrode; PBS—phosphate buffer
solution; DPV—differential pulse voltammetry.

2.3. Therapeutic Protein Expression Using Plants

The beginning of recombinant DNA technology has provided the gears for generating
recombinant proteins that could be employed as therapeutic agents [66]. Recently, advances
can be developed involving phytosystems as bioreactors to harvest therapeutic proteins
directed against infection and diseases. The unceasing hazard of disease-causing micro-
organisms is a serious apprehension/concern and has evolved a paradigm modification
in the pharmaceutical and biotechnological enterprises, encouraging them to exploit the
heterologous expression of amalgams in the living individuals. Plant-based biofactories
promise rapid developments as biopharmaceutical agents and edible vaccines [67]. Table 4
shows the different recombinant types. These support the production of great yields, lower
production cost and storage expenses, exclusion of pathogen contamination, few/limited
processing steps, and the safe and secure distribution of oral vaccines that have boosted
the practice of such systems in recent years. Nevertheless, bottlenecks lead to reduced
expression, encouraging researchers to comprehensively investigate heterologous protein
expression in phytosystems for the evolution of innovative approaches with a defined
expression of biopharmaceutical peptides that encourage various immune responses. The
advent of recombinant DNA manipulation in 1977 initiated the use of E. Coli, for therapeutic
proteins, ground-breaking research, and manufacturing of recombinant DNA [68]. The
US Food and Drug Administration (FDA)-approved Human Insulin was launched in
1982, followed by an E. coli-based insulin in 1979 [69]. However, very few plant-based
expression systems excel in the manufacturing of vaccines, as suggested by Goeddel and
his coworkers in 1979. Furthermore, they have tremendous growth potential as the basis of
a modern discipline, providing immediate cures for infectious diseases. The expression of
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an alien gene in a host plant cell is dependent on cumulative effects for several essential
components required for cell transformation (including the coding sequence, promoter
region, transcript termination, etc.). In the plant cell pH, the efficiency and accuracy of the
transcriptional and translational machinery, plant cell biochemistry, and the ease of amino
acid are required by the plant for recombinant protein, including the interaction between
the storage of expressed proteins in the cellular environment. An elevated safety concern
due to transgene contamination strongly discourages the commercialization strategy for
plant-derived pharmaceutical production.

Table 4. Tabulation of distinct types of transformation in various host, their vector and the recombi-
nant protein targeted.

S. No. Type of Transformation Host Plant Vector/Promoter Recombinant Protein Ref

1. Agroinfiltration Tomato Pepino Mosaic
Virus PepMV

FMDV 2A catalytic
peptide [70]

2. Chloroplast
transformation Sugar beet Prrn promoter- GFP [71]

3. Nuclear transformation Carrot CaMV-35S Heat labile enterotoxin B [72]

4. magniCON Tobacco pTBSV HBc (VLPs), GFP [73]

5. Target Specific
Expression Rice endosperm Tapur promoter Human lysozyme [74]

6. Virus-induced gene
silencing (VIGS) Wheat Spike Barley stripe

mosaic virus NA [75]

3. Phytochemical Based Analysis and Sensor Systems
3.1. Phenotyping Tool/Phylogenic Classification

The valuation of basic plant traits including architecture, growth, development, de-
fense, physiology, tolerance, resistance, etc., is the primary characteristic of measurement
for an individual’s quantitative constraints that laid the foundation for complex trait
evaluation.

An electrochemical platform can be employed to distinguish phylogenetic data based
on the electrochemical approximation that can be used to build relationships in evolutionary
patterns. The electrochemical combination is a rapid phenotyping tool accounting for the
distinct combinations of mutants in plants, animals, and microbes. Tansil et al. gave a
new outlook to DNA detection using a simplified electrocatalytic imidazole-naphthalene
diimide-functionalized system as a threading intercalator [76]. The practicability of the
proposed electrochemical platform incorporates a non-labelling procedure carried out at a
neutral phosphate buffer. Carbo and his coworkers published an electrochemistry-based
chemotaxonomy for different varieties of Plantae using microparticle methodology [77].
Even the infragenic identification based on petal tissue fingerprinting can be easily worked
out using the electrochemical approach, as reported by Fu et al. [78].

The basic backbone of any nucleotide consists of phosphoric acids and base units
that make the molecule heavily charged. This charge corresponds to the potential of the
backbone unit which is generally negative.

A new approach related to an integrated chip-on-plant modified sensing-platform for
the monitoring of gene expression has been explored by Pandey et al. [79]. Herein, the
β-glucuronidase (GUS) expression bio-sensing is validated using chrono-amperometry in
tomato and tobacco plants. The electrode microchip is fabricated to transduce the GUS
enzyme expression based on genetic modifications.

3.2. Antioxidant Screening

The growing interest of the population in the functional foods and health sector has
invoked a wave of antioxidant studies increasing the understanding of the role of free
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radicals in disease generation [11]. The vegetal kingdom and its associated products are the
targets for the assays using various distinct methodological and protocols developed over
time. Traditional approaches account for undefined reaction times with a separate setup
required for each constituent with tedious protocols. The output of traditional approaches
is quite specific for the concerned systems. Meanwhile, a universal criterion should be
maintained for assay as it is not solely dependent on one specific reaction but many different
mechanisms exist contributing to antioxidant ability. Thus, an electrochemical platform can
be a potential approach to be applied for an overall antioxidant capacity determination as
suggested by numerous reports using the solution-phase technique [80–83]. The lower the
oxidation potential, the more intense the total electrochemical antioxidant power (TEAP).
The non-essential compounds can be masked, reducing the chances of false or wrong
information. The minor oxidation potential is recommended to understand the antioxidant
concentration but sometimes that can cause trouble with wave broadening and shoulder-
type signals. Quercetin is referred to as a standard antioxidant and has a peak potential of
0.16 V (oxidation) [84]. Table 5 is the culmination of such examples. The oxidation potential
is a characteristic feature contributed by the free radical scavenging ability of plant extracts.
Similarly, other phytochemicals can be accounted adequately based on various potentials
with their subsequent current value; the higher the current “I”, the higher the antioxidant
concentration. Arbelaez and his research group gave an elaborate review on an antioxidant
capacity determination using Cyclic Voltammetry (CV), Chronoamperometry, differential
pulse voltammetry (DPV), and square wave voltammetry (SWV) in various vegetable
varieties including spinach, chicory, edible oils, cabbage, etc. [85,86]. Based on the CV data,
peak separation, i.e., Ep, was obtained which helps us to determine the number of electrons
transferred (n). Following the variation in potential is linear to the logarithmic activity of
species. The peak correlates with the type of reductant, and the low oxidant potentials relate
to greater strength for the electron-donating characteristics. Many reports also involve
the estimation of oxidation peaks with that of ascorbic acid extendable to non-transparent
samples [87]. Zegarac et al. have confirmed that the results compared between classical
and CV techniques are reliable and comparable. The reason for the similarity is that, the
mechanism is same incorporating one electron transfer. The electrochemical method is
simple and two times faster than usual. They even stated a good correlation between
the methods under the same conditions; however, the spectrophotometric technique was
affected by color and turbidity constraints. Meanwhile, the electrochemical set-up was
easier with no pre-requisites of color, stability, and pre-sampling steps.

Table 5. Tabulation for the determination of Antioxidant Assay by researchers in the last two decades.

S. No. Chemically
Modified Electrode pH

Phytochemical/
Chemical

Moiety
Technique Comment Ref No.

1. GCE Sodium acetate
acid buffer Labiatae family CV;

Amperometry

The pH of 4 was
maintained and

oxidation-reduction
potential was sued

for antioxidant
activity measurement

[88]

2. SPCE/MWCNT 0.1 mol L−1

HClO4
− Caffeic acid CV

Tea and other
samples were tested

for total polyphenolic
content.

[64]
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Table 5. Cont.

S. No. Chemically
Modified Electrode pH

Phytochemical/
Chemical

Moiety
Technique Comment Ref No.

3. Carbon Paste
electrode PBS

Cornelian
cherry was

tested against
reducing

peroxyl radical

SWV; CV
Antioxidant potential

was tested for
Cornus mas extracts

[89]

4. Carbon Paste
Electrode Acetate buffer

Infusions
(green tea),

beverages (red
wine and

coffee)

CV

Antioxidant activity
via in situ formation

of free superoxide
radical was analyzed

[89]

5. GCE/Ag-NCF PBS Glioma cells
were tested Amp i-t

Superoxide ions
released from glioma
cells were monitored

[90]

6. GCE Acetonitrile +
Bu4NPF6

Venezuelan
Propolis CV

Total phenolic
content and

flavonoid content
were determined

[91]

7. SPCE/SWCNT-
COOH PBS

Chlorogenic
acids and coffee

extract
CV

Antioxidant activity
based on pro-oxidant

content (OH.)
quantification

[92]

8. GCE NaCl + NaOH
Chilean red

wine, grape and
raspberry

DPV
The pH of 3.6 was

maintained
(N2 atm)

[93]

9. Guanine/GNR/GCE PBS Fruit juices SWV; CV

Antioxidant capacity
was tested based on

ascorbic acid
oxidation of free

radicals

[94]

10. SPE/Tyr/HSA/GA Acetate buffer

Salvia
microphylla;
Lippia dulcis;
Lippia alba

Amp i-t; EIS

Indirect evaluation
based on catechol
formation using
enzyme has been
studied at 4.5 pH

[95]

NCF—Nitrogen-doped carbon nanofibers; GNR—Graphene nanoribbon; HSA—Human Serum Albumin; GA—
Glutardehyde; Tyr—enzyme tyrosinase.

3.3. Sensor Platform Fabrication

Plant component- or phyto-nutrient-based sensing platforms can be a green initiative
for the development of sustainable and eco-friendly sensors. Moreover, the involvement
of a renewable source for the sensing element or the transducer (which converts one form
of signal to another) can be an additional step to enhance the technological process which
is significantly crucial for added advantages and eliminates the step for synthetic organic
components. Table 6 shows various phytochemicals used for sensor development.

Hong et al. initiated qualitative nucleic acid investigation using the amperometric
technique [96]. A gold bi-layer electrode was prepared with oligonucleotide and mer-
captahexadendoic acid on an Au electrode via a self-assembly approach. The fabricated
biosensor involved 16S gene detection in a mixture of gene and PCR products at 0.15 V [96].
The presence of ascorbic acid was correlated proportionally to miRNA content [97].
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Table 6. Account for various sensing platforms used with different phytonutrients.

S. No.
Chemically
Modified
Electrode

pH Reactant Moiety Technique Sensor
Development Ref

1. GCE/
CB@Ses-Qn PBS

Sesamol-
phytonutrient-

based
CV White spot syndrome

virus detection [60]

2. SPCE/HQ PBS
Mustard protein

via sandwich
immuno-sensing

Amperometry

Trace mustard
protein

determination in
food samples

[98]

3. Ni foam/
curcumin-based PBS

Curcumin-based
phytonutrient for

Amyloid β

oligomer detection

EIS Alzheimer’s disease
detection [99]

4. GCE/GMC
@Ginger-Cu2+ pH 2 HCl-KCl

Ginger/Gingerol-
phyto

compound
CV H2O2 sensing [100]

5. CB-SPE 0.1 mol H2SO4 capsaicin SWV
Determination of

capsaicin in pepper
samples

[101]

Ses-Qn—Sesamol Quinone; HQ—Hydroquinone; CB—Carbon black; SPE—Screen-printed electrode.

3.4. Disease Diagnostic Functions/Disease Biomarker

The discovery and sequencing of disease via various methodologies involve under-
standing the valuable insight as to how diseases can be selectively diagnosed at a nano-scale
level within a few minutes. It contributes to the early-stage detection and monitoring of the
situation in a better way, so that the least destruction in terms of mortality and economic
aspects is achieved. Current detection methods are based on meticulous experimental
requirements, expensive setups with skilled technicians, and complicated understand-
ing. However, to overcome the issues, electrochemical techniques pave an easy way for
early diagnosis and are quite economical. Electrochemistry-based sensors will become
more prominent diagnostic tools for various clinical assays, widening the bandwidth
for genetic-related disorders and diseases. Gandhi et al. introduced a simple and novel
concept of the phytochemical-based sensor for immuno-sensing of White Spot Syndrome
Virus [61]. Figure 3 illustrates the preparation of electrochemical biosensor for human serum
albumin (HSA) present in urine samples using a sandwich ELISA involving CME-Ab1p-
SkM-Ag(HSA)-Ab1m-Ab2HRP modified electrodes (A–C) and its (D) bio-electrocatalytic
reduction of H2O2. The Ab1p-Polyclonal primary antibody, Ab1m-Monoclonal primary
antibody, SkM-Skim milk power as a blocking agent, Ag = HSA, Ab2HRP = Horseradish
peroxide enzyme tagged Ab1p. Cases-(i–iii) are possible routes for molecular orientations
of surface-confined-Th and its interactions with biological systems. The figureshows the
mechanistic pathway observed for the development of an electrochemical biosensor for hu-
man serum albumin (HSA) in this regard. Another such immunosensor is fabricated for the
detection of urinary human serum albumin (HSA) [102]. Table 7 shows the disease detec-
tion process using the electrochemical platforms in various conditions. Furthermore, Khatar
and his coworkers have reported, using a citrus Tristeza virus, the detection of destructive
viruses in plants using screen–printed carbon electrodes modified with gold nanoparticles
in 0.01 M Phosphate buffer involving electrochemical impedance spectroscopy [103]. Fang
et al. reported a bi-enzyme sensor for the detection of methyl salicylate (allelochemical; a
volatile organic compound released by plants during pathogenic infection and infestation)
via a molecular tethering technique [104].
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Figure 3. Diagrammatic illustration for preparation of electrochemical biosensor for human serum al-
bumin (HSA) present in urine samples using a sandwich ELISA involving CME-Ab1p-SkM-Ag(HSA)-
Ab1m-Ab2HRP modified electrodes (A–C) and its (D) bio-electrocatalytic reduction of H2O2. The
Ab1p =Polyclonal primary antibody, Ab1m =Monoclonal primary antibody, SkM =Skim milk power
as a blocking agent, Ag = HSA, Ab2HRP = Horseradish peroxide enzyme tagged Ab1p. Cases-(i–
iii) are possible routes for molecular orientations of surface-confined -Th and its interactions with
biological systems. Rights and permissions, copyright [102].

Table 7. Disease detection using the electrochemical platforms in various conditions.

S. No.
Chemically
Modified
Electrode

pH Disease/Virus
Targeted Technique Comment Ref

1.
CM-GQD’s-ITO-

APO-e4-DNA
sensor

0.1 mM PBS

Alzheimer’s
Disease (cardiac

Troponin l
biomarker)

EIS

No redox peak was
associated with the

CU modified
platform

[105]

2. Ab1/Luminol-
Au@MoS2/Bi2S3

PBS Amyloid-β-protein EIS No CV or redox
studies [106]

3. PEG/TA/pDA 0.2 M PBS (BRCA1) Mutation
of breast cancer EIS No CV or redox

characteristics [107]

4.
Cur-

oligonucleotide
modified/PGE

Tris-EDTA Interleukine-2 DPV

As the different
contact time changes,

the current value
changes

[108]

5. PtNP/Gr-IL-
Chit/GCE 0.1 M PBS Human Chronic

Gonadotrophin DPV Ill-defined peak
response [109]

TA—Tannic Acid; PEG—Polyethylene glycol; DA—Dopamine.

4. Bottlenecks/Drawbacks

The insolubility of essential oils and non-polar extracts makes it very difficult for them
to be used in aqueous media [110].

Many VOCs are generated by plants due to unfavorable events; these are termed
Green Leaf Volatiles (GLVs); they are non-specific to pathogenic attacks. The release of such
GLVs can interfere with VOCs detection.
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The electrochemical investigation studies are hampered due to the background noise
caused by the fluctuations in the signal. These fluctuations need to be suppressed and a
proper determination of changes in electrical potential, impedance values, current output,
and kinetics change should be monitored after performing background correction.

The performance of any electrochemistry-based sensing platform is particularly de-
pendent on affinity confined/initiated by the probe with the target molecules which are
based on the exploitation of structure, design, amplification modules, technique, and en-
vironmental conditions. However, with the proper adjusting of the parameters, we can
enhance the response of sensors [111].

The presence of metals with plant extracts can lead to their uptake and the transport
mechanism. Their presence can put restrictions on the binding capacity or binding com-
petition and can further deteriorate their transportation activity. Pawel et al. studied the
electrochemical fingerprinting of plants rich in flavonoids and even studied the interaction
of electro-active metal species, especially of iron (Fe) and copper (Cu). There is an inverse
output between the flavonoids’ detectability with increasing metal ions [112].

This instability is frequently encountered by a biosensor with miniature oligonu-
cleotide detection probes (8–10 nucleotide long) that binds to the similar template of
miRNA [96], thus paving a way toward chemical-electrochemical amplified assays.

The biggest challenge encountered is eliminating the non-specific redox process under
a specific potential window, especially when the redox feature of a particular substrate is
at the lowest potential which should be quite close to the thermodynamic potential of the
substrate concerned [113].

The amperometric technique of electrochemistry is quite accurate, non-invasive, and
selective. However, this Amp i-t accounts for the role of faradaic contribution only while
the non-faradaic current can lead to a non-steady response of systems. Hence, to ensure a
steady current response, constant potential amperometry (a technique called ”Chronoam-
perometry”) must be applied [104].

The use of intercalators is a substitute for labelling drawbacks but their usage leads
to noise problems as the binding is only established between single strands and not the
double-stranded DNA. An advancement in this field has been approached via designing
new intercalators that offer better discrimination between DNA strands and segments with
achieving a better signal/noise ratio [75].

Frequently, voltammograms show a similar response of several molecules that restricts
their usage and even makes it a complication to differentiate between substances [87].

In enzyme-oriented assays for DNA detection, the background current is observed in
the range of nanoamperes due to non-specific adsorption and electrostatic abrupt changes.
These excess current/background current can be minimized with a bi-layer configured
sensor.

5. Advantages

The same equipment, i.e., galvanostat/potentiostat and a few add-ons such as an
electrode, stirrer, etc., is sufficient to gather diverse information with a choice of techniques
inbuilt into the operating system.

Much enhanced sensitivity and accuracy were achieved using a biosensor and reducing
the effort of running multiple replicates [114,115].

The electrochemical approach has in-built techniques to gather information based
on various spheres as large quantities of data can be obtained within the same set-up (a
voltammetric charge, electrode potential, diffusion current, electron transfer characteristics,
half wave potential, etc.).

Usually, the DNA-based sensors have high Gibbs free energy (1 to 10 kcal/mol) based
on the thermodynamics. Hence, the energy barrier had to be overcome vis à vis high
temperature and ion concentration gradient in the bio-systems. The electrochemical sensors
make this happen/realistic/easy as the electric field generated (one hundred millivolts)
due to potentials, can overcome the energy barrier.



Electrochem 2022, 3 627

These nano-electrode systems are highly specific and extremely efficient concerning
power consumption, recognition interval time, smaller electrical potentials, and have a low
throughput process compared to traditional approaches.

This technique avoids the use of labelling, which makes the investigation complex
and cumbersome with an alternative to using redox-active intercalators [75].

EC sensors are based on the simple manipulation of the molecules and their properties
within the sample due to the electronic charge variation by the potentials and current
parameter optimization. This enhances the homogenous mixing of the sample and their
ability to achieve a precise output [61].

Low noise potentiostats/bi-potentiostats can monitor microampere currents which
are far more economical compared to sensitive non-electrochemical instrumentation [111].

Amperometric detection at lesser negative or positive potentials squeezes the inter-
ferences and background variables, yielding a lower signal/noise ratio with an improved
detection limit [62].

This provides a simple strategic concept that can enable portable, handheld electro-
chemical apparatus for in-field testing of samples [102].

6. Conclusions and Future Outlook

In this review, after introducing and classifying various phyto-based nutrient systems,
we highlighted how they have been employed in subsequent fields, and described their
potential appealing values that could be utilized in future. Because of the inherent and
unique characteristics of the Plantae kingdom, interesting bioactive or nature-based com-
pounds are used in a myriad of fields. They consist of a plethora of fascinating therapeutic
properties which are utilized in the planned system and could be a boon for the living.
Thus, a simple, low throughput process providing a novel set-up for phenotyping the plant
models is set to become a new avenue for scientists. As explained in the review part of
the article, the phytochemical defense compounds within plants can be an avenue to solve
major health issues for mankind, as illustrated in Sections 1 and 2. This led us to their role
as phytomedicine and their therapeutic usage in day-to-day lives. They can be further
extended for therapeutic protein expression using plants. Various phytochemical-based
analysis and sensor systems have been developed for phenotyping and classification along
with antioxidant screening, which could be a boon to the healthcare sector. Apart from
these, various systems have been extended as transducer elements for the development of
biosensing systems for point-of-care setups. This plant physiological approach has a vital
role to play in the burgeoning field. However, research is ongoing for bottlenecks related to
sample handling and fluidic processing with detection on/using a well-defined platform.
Thus, further research in this pattern should be allowed on a highly advanced platform
for tailoring according to their structural properties and for expanding their potential
applications.
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