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COVID-19 disease has put life of people in stress worldwide from many aspects. Since the virus has mutated in
absolutely short period of time the challenge to find a suitable vaccine has become harder. Infection to COVID-
19, especially at severe life threatening states is highly dependent on the strength of the host immune system.
This system is partially dependent on the balance between oxidative stress and antioxidant. Besides, this virus
still has unknown mechanism of action companied by a probable commune period. From another hand, some
reactive oxygen species (ROS) levels can be helpful on the state determination of the disease. Thus it could be
possible to use modern bioanalytical techniques for their detection and determination, which could indicate the
disease state at the golden time window since they have the potential to show whether specific DNA, RNA,
enzymes and proteins are affected. This also could be used as a preclude study or a reliable pathway to define the
best optimized time of cure beside effective medical actions. Herein, some ROS and their relation with SARS-
CoV-2 virus have been considered. In addition, modern bioelectroanalytical techniques on this approach from
quantitative and qualitative points of view have been reviewed.

1. Introduction

Nowadays, human and animals are believed to be infected to respi-
ratory viruses, which comprises influenza virus (IV), human respiratory
syncytial virus (HRSV), human rhinovirus (HRV), human meta-
pneumovirus (HMPV), vesicular Stomatitis Virus (VSV) and para-
influenza [1-3]. In this classification, coronaviruses (CoVs), single-
stranded RNA viruses, can cause diseases from mild to moderate
upper respiratory tract state. Based on historical records, at least three
novel human-pathogenic CoV; severe acute respiratory syndrome
coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus
(MERS-CoV) and the most recently emerged severe acute respiratory
syndrome disease, Coronavirus 2019, have crossed species barriers to
cause major epidemics in the past two decades [4,5].

The last type, COVID-19, has lead the world to an outbreak pandemic
(Fig. 1). This type of CoV source of infection is probably wild animals
such as rhinolophus sinicus [6].

In the points of diagnosis and also disease state evaluation, imaging
has played a very important role. However, the acute diagnosis process
is not practical since it takes some days for SARS-CoV-2 to cause obvious
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cytopathic effects in selected organs (Fig. 1). The organs could include
human cells that contain receptor called angiotensin converting enzyme
2 (ACE2) and VeroE6 cells [7,8]. In fact, if the immune system fails to
provide the appropriate response, the virus will propagate and tissues
would be endangered by high risk of massive destruction, especially in
organs that have high ACE2 expression such as intestine and kidney. In
the case of COVID-19, the damaged cells bring natural inflammation in
the lungs, which are largely mediated by proinflammatory macrophages
and granulocytes. Under this condition, isolation of the virus requires
facilities that are not available in most healthcare institutions. Form
another aspect, the general health and strength of the immune system of
the host toward the virus has significant importance in the infection
process. Basically, the immune system response affected by SARS-CoV-2
infection has two phases. The first one is a kind of specific adaptive
immune response that would be required to eliminate the virus and to
block disease progression. The next one is considering various strategies
to boost the immune responses (anti-sera or pegylated IFNa) that is
certainly determinative and important [9]. However, for patients who
have reached the severe state of the infection, good immune system
might not be advantageous and in this case; lung inflammation must be
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suppressed by medical cures [10]. At that stages, lung inflammation
would be the main life-threatening agent in specifically in respiratory
disorders [11,12].

To prevent or reduce the risk of such bad state for the patients, an
early detection and screening method for the virus has been used.
However, serum antibody and antigen detection tests also have not been
easily accessible or validated and there may be cross reactivity with
SARS-CoV, which shares a high degree (~82%) of nucleotide identity
with COVID- 19. On the other hand, time is a golden factor for the both
patient and medical staff since it can effectively help on isolating and
treating the infected cases at the right stage in order to reduce mortality
risk besides the public contamination [13-15]. Despite of being time
consuming (0.15-6 h for each test), it is being used as the most reliable
method for COVID-19 detection in the clinical laboratories worldwide
[16]. Also, finding the most appropriate medical treatment has really
worth of investigation until the best final cure is founded. In another
point of view, most of the respiratory based viral COVID-19 infections
can be in strong harmony with inflammation, cytokine production, cell
death, and other pathophysiological processes caused by oxidative stress
(0S) [17-19].

Oxidative stress (OS) is induced as an improper distribution between
production of reactive oxygen species (ROS) and antioxidant defenses
[20-22]. This simple definition can be counted as a serious life-threating
factor since overproduction of ROS and antioxidant mechanisms depri-
vation are crucial for viral replication and the subsequent virus-
associated disease so as COVID-19 [23,24]. Such stress can occur or be
controlled by many agents: the genetic background, biologic enzyme
processes, lifestyle and all related issues. Most scientists define OS as
vast region of reactions and interactions between ROS and other highly
reactive species including free radicals [25]. Mainly, the process consists
from chemical chain reactions involving highly reactive ROS species
that can be not essentially free radicals. What matters most is that the
chain reaction propagation can lead to production of species with higher
degree of reactivity that harden the chain reaction to be controlled or
stopped and this has the potential to conduct the vast range of diseases
from direct irreversible damage of biological tissues to various types of
cancers or cardiovascular diseases [26,27]. Due to close connection
between respiratory viral infections and ROS generation and propaga-
tion, defining the reactive species, their chemical features and properties
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can trigger research interest severely. On this pathway, many universal
benefits such as cure finding for COVID-19 could be achieved.

In the present review, comprehensive look has been taken on COVID-
19 disease and its various possible relations with OS and ROS level in the
host body. However, it is hard to determine ROS directly because of their
very short time of life and high reactivity. Therefore, using modern
bioelectroanalytical methods for detection of ROS from quantitative and
qualitative points of view have been considered, compared and evalu-
ated as well. Furthermore, it is aimed to select and discuss only some of
the most important and effective bioanalytical/electrochemical methods
for detection of COVID-19 and ROS determination.

2. Oxidative stress concept

The imbalance between ROS and antioxidant system defines OS (see
Fig. 2). As mentioned above, it is one of the key factors in the generation
and development of many kinds of diseases especially the stress or age-
related types: dementia, metabolic syndromes, arthritis, diabetes,
vascular diseases, cancer, atherosclerosis, obesity, osteoporosis and
virus based diseases [28,29]. That is important to mention when the
ROS/antioxidant balanced, the defense mechanisms are established
[22]. Even though ROS could be generated through the biological sys-
tem inevitably, at the balance state they would have essential roles to
modulate cellular activities: cell survival, stressor responses, and in-
flammations. From another point of view, in the modern life, OS is
believed to be generated dependent to many external factors such as
various food diet, various kinds of pollutions, stress, level of exercise,
climate, pesticides, drugs, smoking and other internal parameters like
the age, genetic sequences and disorders. Thus, this concept is known to
be controlled strongly through many different effective ways by
choosing healthy organic soft lifestyle [30-32].

As mentioned, aging as one of the effective parameters on OS is
known to be a universal, multifactorial, intrinsic and progressive process
in all kinds of living organisms. Through this process, progressive loss of
organ functions could happen, thus the mortality rate would increase as
the time passes [33-35]. Also, even regardless to the age, diseases
caused by viruses could target organs that highly consume oxygen with
limited respirations like heart or brain that are mainly vulnerable to
imbalance (Fig. 2). That is why the high prevalence of cardiovascular
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Fig. 1. General map view of COVID-19 infection worldwide (181,521,067 confirmed cases, including 3,937,437 deaths, reported to WHO), and the affected organs;
brain, central nervous system, lungs, heart, kidney, liver, pancreas, intestine, skin and the blood vessels.



M. Ebrahimi et al.

\

Antibxidants

\
N

International Journal of Biological Macromolecules 189 (2021) 802-818

{c(aler1 1 cl: 8 Protein modification
Lipid oxidation
N ~ Oxidized phospholipids

-——
e _——

S ——— -

Fig. 2. The viral infection e.g. COVID-19, stress and aging could be happened through imbalance between ROS/antioxidant resulting in OS; the main ROS tracking
indicators could be glutamate-cysteine ligase catalytic (GCLC), glutathione reductase (GR), glutathione peroxidases (GPX), oxidized glutathione (GSSG), reduced

glutathione (GSH), cysteine and vitamins such as vitamin D and vitamin A.

diseases (CVDs) and neurological disorders are recorded in the elderly
[36,37].

The free radical theory of aging is the most common accepted defi-
nition among the existed theories that defines aging as consequence of
several defensive mechanisms that have failed of making the proper
response to the induced damage caused by high concentration of ROS
species mainly at the mitochondria [38]. All of the stated variations have
the potential to be leaded to energy imbalance and mitochondrial failure
in the routine functions or tissue damage. Moreover, these perturbations
in the cases of being impaired with cellular homeostasis and mito-
chondrial dysfunction, the risk of being vulnerable to OS would be
enhanced as well [39]. Although the correlation between OS markers
and the severity level of many viral diseases is observed and accepted for
COVID-19, infected cases are required, while clinical data are limited
[40,41]. However, under preclude of COVID-19 condition, lots of evi-
dences indicate that the infection process could be strongly affected by
enhancement of the concentration of ROS and reduction antioxidant
concentration, so as the progression and level of severity the disease
[42]. In one record, experimental set of data collected from animal
models of severe acute respiratory SARS-CoV syndrome has shown
mutations in ROS levels so as disturbance of antioxidant defense during
infection. Some researchers believe that the severe lung injury relies on
activation of OS chain reactions coupled with innate immunity and
activation of transcription factors; NF-«B, that could lead to exacerbated
prionflammatory host response [43].

Age is one of the basic determinative factors in the severity and
mortality risk and progress of COVID-19 disease [44]. As current sta-
tistics shows, the mean fatality ratio is less than 0.2% for under aged 60
and 9.3% for elderly (over 80). Beside the factor of age, the fatality risk
would be magnified at least five times in the cases of comorbidities:
diabetes, obesity, and hypertension [35]. Also, it should be considered
that aging itself can include imbalance between antioxidant mechanisms
and OS. Experimental data have shown that lung lesions occurred more
severely in the aged mice than in young-adult ones [45,46]. In addition,
based on the reported data, transcription profile confirmed existence of
stronger proinflammatory environment in the aged cases compared with
the young ones. Thus, it can be concluded that a very serious disturbance
in the redox concentration balance can happen resulted by both of the
age related accumulated oxidative injury that can drastically enhance
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ROS concentration and reducing antioxidant concentration (which are
used in the defense system) [47,48]. As a consequence, despite ROS
generation not being vital for aging, but they are more likely to make the
age related diseases worse progression through oxidative impairment
and its interaction with mitochondria [49]. As a solution, natural com-
pounds can reduce OS and ROS concentration and improve immune
functions based on research records [50].

2.1. Viruses-induced diseases and OS

The virus based infections can have the role of start key for ROS
production and its concentration inside a living cell undoubtedly would
cause irreversible cellular and tissues injuries. The report in details
about the possible interaction between viral infection and ROS was
presented in 1994 [50]. It was shown that viruses generally use RNA as
their genetic material and use DNA intermediates in their replication OS
cycle that are known as retroviruses. These viruses have the highest
mutation rates among virus based diseases [51]. Consequently, it seems
like that the development of effective vaccines or cures against such
viruses, in particular COVID-19, are not always easily straight forward.
During the infection, the virus is usually detected, surrounded and
phagocytosed by macrophages, neutrophils and dendritic cells as in-
flammatory defense system [52]. From another point of view, OS plays a
leading pathogenic role in the virus infections such as COVID-19. In fact,
viruses can initiate ROS generation in various ways, but they mostly
share a common pathogenic pathway highlighting the important point
of ROS production and weaken antioxidant system [53]. More exactly,
OS coupled with redox homeostasis has key roles in biological processes
that may account for enhancement of susceptibility to various infection
agents [17]. Furthermore, growing evidence supports the idea of asso-
ciation of OS and inflammation caused by ROS production at high
concentrations. The impressibility of cellular functions inside a cell is
highly connected to the ROS concentrations. ROS can act both as friend
and enemy here. The opponent role initiates from the point in which
ROS accumulation surpasses the oxide removal followed by the imbal-
ance between the oxidation and antioxidant defense system (Fig. 2). This
could lead to the neutrophils aggregation, the protease secretion
enhancement and oxidation intermediate growth, which certainly can
cause inflammation, biological tissue damage, and cell apoptosis
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[54,55]. More precisely, as byproducts of mitochondrial metabolism,
ROS would be produced not only in the forms of free radicals, but also in
a large variety range of compounds containing oxygen that are highly
reactive molecules not necessarily free species. However, on the other
hand, high concentration of ROS can put the infected cells in a chronic
non-acute OS state that would accelerate the diseases spreading in body.
Also, reported that a virus could induce OS by increasing the level of
ROS [56,57]. It is described that infection of mouse splenocytes with
Sendai virus caused enhancement in chemiluminescence levels due to
luminol oxidized by ROS. This result showed that the conformational of
the viral structure is important [57,58].

It is also known that the expression of the NADPH oxidase complex
and nitric oxide synthase could be activated by the pathogens in
phagocytic cells as well, which would result into mutation in ROS pro-
duction [59]. The OS generated by viral infections can be shown in
several pathogenesis aspects: cell death or inflammatory responses.
Consequently, this variation in the redox state of the host cell could be
the main factor for viral mutations and activate transcription factors:
nuclear factor kappa B (NF-kB), which enhances the viral replication
itself [60]. Virus infection is known to be responsible for the robust
production of cytokine: tumor necrosis factors (TNFs), interferons (IFNs)
and Interleukin (ILs) [61]. As indicated in Fig. 3, ROS concentration at
regulated levels helps the immune system function, but at high levels
can create pathological inflammatory response [62]. This activation step
is connected with OS due to ROS release followed by activated phago-
cytes that would produce pro-oxidant cytokines; NF and (IL-1) promote
iron. At normal stages, ROS can help protection mechanisms for the host
cell, which could suppress the apoptosis initiation.

Up to 1-3% of the pulmonary intake of oxygen by humans is con-
verted into ROS. As of an amazing point, in the cases of which the
metabolism is normal, the continuous production of ROS and highly
reactive materials have essential roles for regular physiological func-
tions such as ATP generation [42]. As mentioned above, the problem is
when the general health system of the body is involved by disease(s).
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Since under such conditions the balance between oxidation and anti-
oxidation would be probably impaired and the whole circumstances
would be lifted toward OS and many further consequences would
become possible to be happened. ROS could be produced by various
biological tissues in the body. They have the ability to level up non-
enzymatic and enzymatic antioxidants within the cell direct or indi-
rectly [28]. This turbulence between ROS and antioxidant distributions
can cause serious cell damages and endanger health conditions.

To have more detailed view, mitochondria, peroxisomes, various
types of oxidases, ascorbic acid oxidation and cytochrome as well as
ultraviolet/ionizing radiations, chemotherapeutics, stress, and envi-
ronmental toxins can be named as sources of production of endogenous
ROS [63]. Protective antioxidants enzymes can effectively decompose
ROS at their mild states however; the condition can change to toxic
levels if the production rate surpasses much more than the antioxidant
system capacity [64,65]. As an example, endogenous and exogenous
ROS could affect lens crystallins as of a biological target. On this way,
elevated level of OS results in oxidation of Cys/Met residues causes
imbalances in the redox state of eye lens. Formation of high molecular
weight totals, protein cross-linking by disulfide and non-disulfide bonds
and protein insolubilization could be named as the examples [66-68].
Among all types ROS, species like HoO,, superoxide anion and nitrite
radical species are the major factors as chain reaction initiators under
many various conditions that are going to be defined and discussed in
further subsections.

As mentioned, some records spoke of many retroviruses in which
high concentration of ROS caused cell death using DNA and RNA of the
viruses [69]. ROS may accelerate the viral replication, which relies on
the cell and the virus type involved. At high concentrations of ROS,
specifically containing derivatives of superoxide, powerful agents could
be made with magnitude potential of lung injury caused by COVID-19
[70,71]. Prominently, after breaking the host defense system, COVID-
19 disease seems to dysfunction the host cell to benefit its replication
rate. It can be concluded that the stated imbalance of ROS concentration

.
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Fig. 3. The schematic presentation of SARS-CoV-2 connection to angiotensin converting enzyme 2 (ACE2) receptor and inflammation cytokines formation; the cell
infection enhances the definition of NFkB transcription factors that leads to inflammation cytokines production; interleukin IL-1, IL-2, IL-6, IL-7, IL-8, IL-10, IL-12 and
interferon (IFN-y); the balance and imbalance in ROS formation and control causes the normal or severe responses, the proportional ROS production leads to
inflammation cytokines production thus the virus could be controlled but the excessive ROS generation could make cytokine storm and the cell finally destroys from
apoptosis; moreover reduced L-cysteine as of infection sign would decrease GSH and consequently 25(OH)VD for cellular use.
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could be considered as the basis of COVID-19 disease (or vice versa) and
its known and unknown consequences. Furthermore, ROS can upsurge
the host epithelial cells susceptibility to COVID-19 besides ROS gener-
ation promotion could lead to cell-to-cell viral transmission and spread
(this could be used for early detection). In addition, COVID-19 invasion
may cause OS itself that can make inflammatory injury. Especially,
COVID-19 severe infections are often attended by a dysregulation and/
or extremely exaggerated immune response introduced as cytokine
storm [72,73]. As mentioned, the most of cases infected by COVID-19
have asymptomatic, mild, or moderate disease and averagely 20% of
patients reach the severe critical state. This fact has lightened up serious
stress in this vast group of people that makes them more sensitive to
environmental stress factors as well as other infectious agents compared
with people in other age groups. This connection is mostly companied by
weaken antioxidant defense system exposed to the pathogenesis of
chronic diseases: diabetes, cardiovascular and respiratory diseases,
which they all are now known to enhance the risk of infection to COVID-
19 at severe states and death [74,75]. In another words, COVID-19
especially at severe steps, when lung tissues are involved could have
deeper connection with OS since oxygen molecules are vital for keeping
ROS and suspending the hypoxia caused by COVID-19. As known, OS
not only reduces the free oxygen molecules levels, but also it could form
superoxide radicals through ventilation; xanthine oxidase affecting hy-
poxanthine. Also, in the cases of unappropriated blood circulation and
low oxygen in blood, which is known as hypoxia, lipid peroxidation and
oxidative damages could occur that have high potential to damage or
dysfunction the lung tissues [17,76,77]. Moreover, it is essential to
group the patients properly base on the disease stage at the time of
hospitalization to decide on the most accurate and effective therapy.
Regarding to the need, finding reliable, reproducible and selective bio-
markers for COVID-19 followed by sensitive determination methods
would be crucial to have [78].

2.1.1. COVID-19 general biomarkers

At this stage, particularly for COVID-19, many factors could have the
role of biomarkers for disease detection and disease stage determination
as well. However, among them the most reliable and reproducible ones
that could be more selectively related to COVID-19 would be discussed
[79]. Regarding to the published records for COVID-19 patients these
indicators could be classified as of homological (lymphocytes counting,
neutrophil counting and neutrophil/lymphocyte ratio (NLR)), inflam-
matory (C-reactive protein (CRP), erythrocyte sedimentation ratio and
procalcitonin), immunological (interleukins (ILs)) and biochemical (D-
dimer, troponin, keratin kinase and aspartate aminotransferase) bio-
markers. In general point of view, there are homological biomarkers for
severely infected COVID-19 cases that have lower levels compared to
mild infect one [80,81]. As the records show lymphocytes T and NLR can
even precisely determine the hospital fatal rate. Among the stated bio-
markers for COVID-19, NLR, platelets counting test, ILs (especially IL-6)
and erythrocyte sedimentation rate (ESR) could be considered as reli-
able biomarkers [82]. It is shown that NLR enhances as the result of
scattering of inflammatory cytokines and consequently related genes
would be evolved in lymphocytes death, which is the exact mechanism
of infection to SARS-Co-V2 [83]. In addition, platelet counting is an
available, simple and cheap test for COVID-19 patients, which can
independently determine the disease intensity as well its death ratio.
Moreover, in more severe cases, lymphocyte and monocyte decrease
besides neutrophil and NLR increase and this could be used as comple-
mentary data for COVID-19 stage determination [84]. In addition, it is
shown that IL-6 increased levels are result of cytokine storm that seri-
ously endangers the lung tissue. This biomarker could effectively
conduct the therapy pathway in some cases using anti-IL-6 at the proper
golden time. Most of the biomarkers are not reliable individually, while
ESR is a sensitive marker that could be used for early prognosis of
COVID-19 independently [85]. Regarding to the current records, reli-
ability of other biomarkers for COVID-19 should be examined on vaster
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statistic societies [86].

2.1.2. 0S-COVID-19 joint biomarkers

Fortunately, OS has some biomarkers that could be effectively used
for COVID-19 prognosis and monitoring. These biomarkers could be
divided into antioxidants (vitamin antioxidants; vitamin A, vitamin C,
vitamin D and vitamin E), enzyme antioxidants (endogenous gluta-
thione (GSH), glutathione peroxidase (GPx), superoxide dismutase
(SOD)), free elements (Mn, Zn, Cu and chromium) in the roles of anti-
oxidants and lipid oxidative damages [87,88]. It also should be noted
that in COVID-19 disease, the induced virus changes the state of the host
antioxidant defense system. Tracking this flow can be used to prevent
the progression of the illness. Generally, in COVID-19 patients levels of
vitamin C, GSH, PSH, y-tocopherol and p-carotene is much lower than
non-infected cases, which strongly could affect the hospitalization
duration. The good point is that not only total antioxidants capacity but
also every single of these biomarkers could be quantitatively measured
using electroanalytical techniques even in biological matrices based on
the reports [89,90].

Vitamin C in the therapy restrains the cytokine storm and also re-
duces the immune system suppression. This vitamin level in blood serum
can also reduce IL-6 as one of the recovery signs from COVID-19. This
vitamin imbalance leads to endogenous glutathione deficiency (which is
crucial of ROS scavenging) and it could be leaded to decrease in protein
thiolization which enhances the risk of lipid peroxidation as well
[91,92]. This agent could act as the main contributor to the pathogenesis
of various diseases including COVID-19 via chemical and biological
mechanisms that can involve OS and inflammation as well. Further-
more, N-Acetyl Cysteine (NAC) as GSH precursor could be effectively
used since it can enhance level of GSH, amplify T cells and moderate the
inflammation through some biological mechanisms. The same pathway
could be considered for paroxysmal sympathetic hyperactivity (PSH) as
well. It should be also noted that in severely infected cases levels of GPx
and SOD are lower than the normal level as well as GSH [93,94]. On this
approach, this protecting system response against the initiated OS trig-
gers much interest in the concept of understanding the mechanisms
explaining the nonspecific sensitivity or resistance to COVID-19 in-
fections. The OS level related to the patient sex is one other factor
effective on the mortality caused by COVID-19 universally. This fact is
consistent on the sexual dimorphism, which is highly possible to be
effective on the susceptibility to COVID-19 at severe levels. On this basis,
due to OS level (as well as the level of ROS), men considerably suffer
more severely from consequences of COVID-19 infection and compared
with women have shown higher mortality rates. In addition, men are
known to have lower plasma levels of GSH than women and that makes
them more vulnerable to OS and other related inflammations [95]. Be-
sides of all stated factors at different levels of ROS, dietary factors may
also contribute to endogenous glutathione deficiency in cases COVID-19
illness at sever states [96]. Specifically, lack of fresh vegetables and
fruits as natural sources of glutathione in the daily diet, seems to have
essential role as another risk factor for glutathione deficiency in infected
cases severely by COVID-19 illness. Thus, as discussed above, the asso-
ciation between the risk factors and serious manifestations and death in
COVID-19 cases could highly be attributed to serious obstacles in the
antioxidant defense system such as the common stated cause; GSH
deficiency.

Another crucial determinative biomarker both for COVID-19 and OS
is vitamin D, which is in deep relation with GSH. Glutamate cysteine
ligase (GCLC) and glutamine reductase (GR) are believed to adjust and
moderate the biosynthesis of GSH [97,98]. Based on the reports, vitamin
D itself has the ability to adjust GCLC and GR. GSH deficiency enhances
OS and increases the risk of protein carbonylation in large scale which in
turn worsens the condition. In such situation, L-cysteine (LC) has a direct
effect on modification of protein expression that leads to protection of
the proteins from OS destructive consequences [99,100]. In the cases of
OS enhancement, blood sugar would increase and LC consumption
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would be augmented and consequently the risk for other infections
whether severe COVID-19 infections would occur [101,102]. From
another hand, vitamin D deficiency is a vital factor for some chronic
diseases such as insulin resistance, obesity, diabetes and etc. As OS levels
up in such cases, GSH comes down as well as the antioxidant defense
system get weakened and this cycle goes on and the negative point is
that in such cases if infection to COVID-19 happens, it could lead to
tragedy [100]. Regarding to the related research, losing GSH and high
levels of OS could change vitamin D genes and vitamin D receptors, thus
the usable form of vitamin D for cells would be decreased. This stated
chain cycle that includes roles of LC and GSH could be effectively
adjusted taking proper doses of vitamin D at the appropriate time
[103,104]. This modification has the potential to inhibit a wide range of
diseases such as renal inflammations, myogenic disorders, chronic dis-
eases and particularly COVID-19. In addition, recent researches support
the role of free elements such as Cu, Zn and Se, as antioxidants (scav-
engers) since they can cut the chain reactions of lipid peroxidation in
companion of GSH through Fenton cycle or boosting the antioxidant
system through their selective interactions [105]. These free elements
are usually used in the therapy of COVID-19 patients especially at mild
stages of infections. It is proved that they have the ability to recover the
patients sooner since they can boost the immune system particularly
within the golden time window and prevent the disease to get intensified
[106]. Furthermore, since these elements ratio (Cu/Zn) is in direct
connection with CRP level and indirect connection with lipid peroxi-
dation as well, taking appropriate doses of them could effectively help
the health system to overcome the disease and recover sooner.

3. COVID-19 diagnosis and point of care testing

In fact, COVID-19 pandemic has shown its major impact on clinical
laboratories time of response duration, which is challenging task for the
laboratory diagnosis of COVID-19 infections. Due to crucial importance
of COVID-19 detection with adequate level of reliability and safety and
also to be able to control the chain of infection, it is essential to have the
required laboratory tools for COVID-19 diagnosis, identification, contact
tracing, source of infection finding and rationalization. Therefore, in the
analytical point of view, collection of suitable respiratory tract speci-
mens at the right time from the right source could be very indispensable
for obtaining an accurate molecular COVID-19 detection. Also, since the
recorded symptoms from COVID-19 patients are neither specific none
constant, thus they cannot be used for an accurate defined diagnosis
protocol. For instance, in Guan et al. work, less than half of the infected
population had fever at the time of entrance to the hospital, while 89%
developed fever during the hospitalization [107,108]. Moreover, pa-
tients with other symptoms including shortness of breath, fatigue, cough
and sputum production were observed in the same population case
[109]. The point is that many of the stated symptoms could be appeared
as the result of other respiratory infections not only as of COVID-19 and
this issue makes the diagnosis step harder and more complicated. Thus,
in so many cases only nucleic acid testing and computed tomography
(CT) scans have been reported as the most reliable techniques for
diagnosing and monitoring of COVID-19 [8].

Because of cytopathic effects in selected cell lines (VeroE6 cells) and
also being time consuming at this time, the viral culture for COVID-19
diagnosis with high precision could not be applicable. Furthermore,
virus isolation at the desired biosafety level demands its own facilities
that are not accessible in most healthcare institutions especially in
developing countries [110]. Serum antibody and antigen detection tests
are now being validated while there could be cross reactivity with some
other infection agents at high degree of similarities (~82%) that makes
it hard to identify the virus individually. According to these current
limitations, reverse transcription-polymerase chain reaction (RT-PCR) is
being used as a complementary technique with high level of certainty
beside swab and/or antibody test for laboratory COVID-19 diagnosis
worldwide [9,111].
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As shown in Fig. 4, there are three general applied protocols for
COVID-19 diagnosis. One of the standardized laboratory/clinical pro-
tocols for COVID-19 is now performed on the basis of the accessibility of
the complete genome of the virus [112], which includes real-time RT-
PCR assays, which uses the RNA-dependent RNA polymerase (RdRp),
envelope, and nucleocapsid genes of COVID-19. Between these classi-
fications, the RdRp assay presented the maximum analytical sensitivity,
copies of RNA with reactivity that makes the detection process work
correctly with high probability (95%), in which the first probe was a
“pan Sarbeco-Probe” which would detect COVID 19, SARS-CoV, bat-
SARS-related coronaviruses [13,18,69,113]. These successful reported
assays had been employed in more than thirty laboratories in Europe. In
another study, a novel, highly sensitive and specific real-time RT-PCR
assays for COVID-19 was designed. The data collection of the work for
both synthetic samples and clinical specimens from patients with
laboratory-confirmed COVID-19 established that the novel assay that
used a different region of 109 the RdRp/Hel as the target had mean-
ingfully more sensitivity and specificity than the reported RARp-P2 types
of assays [110]. However, with help of electrochemical methods, the
speed of this testing process has been significantly increased for using in
Point Of Care (POC) devices, which would allow testing to be carried out
at home [114]. Pathogens in molecular based techniques, thus they are
more appropriate than clinical assays such as CT and syndromic testing
to have a precise diagnosis process [115]. Two factors can be effectively
used for development of a molecular based technique: the genomic and
proteomic composition of the pathogen as the monitored target and the
occurred variants in the proteins/genes definitions in the host during
compared to after infection. The stated compositions for SARS-CoV-2
virus have been freshly recognized but since the host response is not
still clear, it is currently under study. In addition, metagenomic RNA
sequencing as a high throughput method for multiple genomes
sequencing was the first used technique for SARS-CoV-2 sequencing. The
findings have been collected in to the GenBank sequence repository
[116,117]. Now there are many added sequences that are accessible on
this and other relative data bases for researchers globally. Moreover,
Table 1 shows some general applied methods for COVID-19 detection in
susceptible patients.

Point-of-care (POC) tests are employed for patient diagnosis without
the need of complex facilities, thus qualifying societies deprived of
laboratory infrastructures would be employed to detect the infected
cases as well. On this approach, lateral flow of SARS-CoV-2 antigen
detection is one POC pathways under progress and growth for COVID-19
diagnosis [110-112]. In the commercial form of the assays, a membrane
test strip is coated with two lines; one for gold nanoparticle-antibody
conjugates, which are responsible for capturing the antibodies in the
other line. The patient's sample that could be blood, urine or other
biological fluid that would be casted on the membrane and capillary
action would conduct the proteins across the strip. As the first line is
covered by the fluid, the gold nanoparticle-antibody conjugates bind to
the antigens and the complicated streams together over the membrane.
Reaching to the second line would be synchronizing with immobiliza-
tion of the complex that captures the antibodies (if existed) and a red or
blue line would show up [113]. It should be noted that individual gold
nanoparticles present red color but this color of solution would change
to blue in the presence of clustered gold nanoparticles in the same so-
lution. This lateral flow assay has shown accepted clinical accuracy,
sensitivity and specificity. Nucleic acid testing can also be combined into
the lateral flow assay in order to have more sensitivity and accuracy.
Since previously, a RT-LAMP test was successfully coupled with this
assay for MERS-CoV detection [114]. Besides all the efforts to make the
results more reliable, most of these tests are single-use and lack of
adequate analytical sensitivity compared to RT-PCR is their main
problem. In order to overcome the drawbacks and enhance the signal to
noise ratio, wide range of various signal amplifying techniques such as
thermal imaging, assembly of multiple gold nanoparticles have been
developed. Another solution could be using microfluidic devices point-
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Fig. 4. Schematic presentation of COVID-19 diagnostic methods using nasopharynx and serum samples demonstrating the clinical procedure; including molecular
testing based on RT-PCR, radiography (CT scan and MRI) and serological testing (see Table 1).

Table 1

Some successful applied methods for COVID-19 diagnosis.
Applied detection method Ref.
Dual-function plasmonic photothermal biosensor [93]
Field effect transistor based biosensor [94]
Lateral flow immunoassay [95]
Dynamic variance of Antibody in the blood serum [96]
Reverse transcription polymerase chain reaction [97]
Reverse Transcription Loop-Mediated Isothermal Amplification [98]
Nucleic acid detection [99,100]
Clustered regularly interspaced short palindromic repeats [101,102]
Electrochemical immunosensor [103]
Real time qRT-PCR; Antibody based [104]
Capture enzyme-linked immunosorbent assay [105]
Loop mediated isothermal amplification [106]
rRT-PCR; First-line screening tool: E gene assay; Confirmatory testing: [107]

RdRp gene assay

Genome subtraction [87]
Nucleoprotein antigen detection test [108]
Enzyme-linked immunosorbent assay [108]
Chemiluminescence immunoassay [108]
Nested Reverse transcription polymerase chain reaction [109]

of-cares. These devices usually have chip (in palm-sized) that has
micrometer-sized etched channels and reaction chambers. The chip as
the main body is responsible for mixing and/or separating the liquid
samples via different ways: vacuums, electrokinetic and capillary effect.
These chips can be made out of glass, poly-dimethylsulfoxide, paper or
other probable polymer materials. Using microfluidics could provide
general rapid detection, small sample volume, miniaturization and
portability as advantages [115].

3.1. The nucleic acid testing

Nucleic acid testing is being used as the current initial method for
COVID-19 detection. On this approach, PCR involves the reverse tran-
scription of SARS-CoV-2 RNA with the complementary DNA strands and
then some specific regions of the complementary would be amplified in
order to generate the signal. This general design process consists of two
pathways: 1) primer design and sequence alignment and 2) assay pa-
rameters optimization and result recording [116]. A number of SARS-
related viral genome sequences were analyzed for designing a set of
primers and probes. Three regions with preserved sequences were found
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among the SARS-related viral genomes which were 1) the RARP gene
(RNA dependent RNA polymerase gene) in the open reading frame
ORFlab region, 2) the E gene (envelope protein gene), and 3) the N gene
(nucleocapsid protein gene). Based on the obtained data of the RARP and
E genes had high analytical sensitivity, thus they could be effectively
used for detection however, and the N gene had shown less analytical
sensitivity [117]. To be more exact, the assay has the possibility to be
designed as a system, which can detect numerous coronaviruses
including SARS-CoV-2 and specifically only COVID-19 simultaneously
using two separate primers. The next step was to optimize the parame-
ters such as reagent conditions, incubation times, temperatures and at
last and at last PCR testing was done [118]. Also, RT-PCR is being used
as the most reliable technique for COVID-19 as a complementary
method beside CT scans, but the point is that each of these techniques
has their own obstacles. For instance, about RT-PCR; the reagent Kkits
availability is not in agreement with the global demand for them
[119-121]. In addition, there are so many hospitals outside of urban
cities, which suffer from absence of the PCR facilities so it would not be
possible to handle high sample throughput. Most important of all, RT-
PCR detectable SARS-CoV-2 presence in the sample is crucial for the
detection step, thus PCR would not identify the surpassed infection and
the measurement result is not correct if the case was infected with SARS-
CoV-2 but has been recovered [119].

Reverse transcription PCR is known to be carried out whether in one
or two-step assay, however in the first form, the amplification steps are
compressed into one reaction for having quick and reproducible results
for high-throughput analysis. About this type of method, the main
challenge refers to the parameters optimizing section as well as the
amplification step since they should be done at the same time. However,
in the two-step type of the assay, separate tubes are responsible for the
reaction sequentially. In some points of view, this assay type can be
considered more sensitive than the first one, while being more time-
consuming due to having additional parameters to be optimized [122].

3.2. The enzyme based assays and protein testing

While RT-PCR is a time consuming complex detection method, the
human antibody response could be effectively used to recognize virus
infection at initial steps and it has been globally used [123]. This
detection assay has its unique advantages such as being quicker, cost
effective, user friendly and it is also more available and does not require
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expert operators as well [68,124]. Moreover, dynamic characteristics
and magnitude of antibody response in cases infected by COVID-19 have
been studied. The recorded data have been validated via serodiagnostic
value of ELISA-based IgM, IgG tests for COVID-19 detection results. The
sensitivity and specificity of antibody tests for detection of IgM and IgG
were recoded and the clinical application of the assays showed adequate
satisfactory for serodiagnosis of COVID-19 [125,126]. In another
research reported IgG and IgM from human serum of COVID-19 infected
cases via the classic method of enzyme-linked immunosorbent assay
(ELISA) [127]. For this process, SARS-CoV-2 Rp3 nucleocapsid protein
was used, which has high similarity of amino acid sequence to other
SARS-related viruses (90%). The recombinant proteins were adsorbed
onto the surface of the plates, while other excess proteins were washed
away. In another record, the IgM test had a similar result, while using of
an anti-human IgM adsorbed to the plate and an anti-Rp3 nucleocapsid
probe. Also, SARS-CoV-2 IgG and IgM antibodies were successfully
recognized in some suspected cases [128]. Considering the fresh records,
other protein or cellular markers have the potential to be used for
detection. Like it was observed that in infected cases C-reactive protein
and D-dimer were in high levels, while lymphocytes, leukocytes, and
blood platelets were in low levels [129]. But the point is that these
biomarkers levels could also be abnormal in other illnesses and that
makes the detection process more complex. However, multiplex tests
with both biomarkers and antibodies could hopefully modify the spec-
ificity. On the other hand, antigens and antibodies as of viral proteins
shaped in response to infection to COVID-19 can also be used for this
disease diagnosis [127]. In the research of Lung et al. it was found out
that after onset of symptoms, high salivary viral loads of the first week
tend to decline versus time. This is while the generated antibodies as the
response to viral proteins have the ability to prepare more time for
SARS-CoV-2 indirect detection [130]. On this pathway, antibody tests
can be effectively taken for COVID-19 investigation. However, the point
that serological tests may confront cross-reactivity between SARS-CoV-2
and other CoVs antibodies should not be underestimated. It has been
shown that examined 15 COVID-19 infected cases plasma samples
against S protein of SARS-CoV and SARS-CoV-2 had high degree of cross-
reactivity [131,132]. Regarding to this, serological tests like blood as-
sessments for particular antibodies are still in progress currently.

4. The level of OS and related compounds
Due to high reactivity, short time of life and also being involved in

chemical chain reactions, complex antioxidant defense system would be
responsible for preventing catastrophic tissue damages [41,133]. As
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shown in Fig. 5, these processes and their related consequences can
include many types of diseases direct and/or indirectly. But the main
approved potential that can happen with degree of possibility by free
radical attack on essential cellular components is lipid peroxidation
process [134]. Moreover, numerous disorders in childhood with genetic
backgrounds have also been associated with OS as of the pathogenesis
and progression of these diseases [135]. Also, oxidative conditions have
been proposed to be significant factors for developmental and matura-
tional diseases that could be effectively interpreted in adulthood.
Similarly, defined optimum levels of antioxidants in the life diet as well
as the vitamins and minerals would be triggering subjects in adults, in
the cases of making age groups since childhood of the considered cases
[135].

The highly reactive OS species have very short time of life (even less
than 1 microsecond). Thus the damage or the start key of the chain re-
action would be taken almost instantaneously right at the time of their
formation [136]. This fact makes the direct measurement of ROS level a
severely challenging task. The proper way to overcome could be
considering methods that concentrate mainly on the detection of the
consequences of attacks by reactive materials or determination of some
related compounds that are formed at their presence with more time of
life and stability [137]. For example, there is a close interaction between
glycation and OS, which has been used in the etiology of diabetic tissue
damage [138]. Also, there are many other reactive chemicals that can be
used as indications of specific diseases such as anion (Oz’), nitric oxide

> |
Reactive chemicals production
By product of Molecul Activation of Acid external
chemical oxygen reduction the arachidonic electr i
reactions waves
|

Fig. 6. Some of the main agents for production of OS in cell: 1- by chemical
reactions, 2-by molecular oxygen reduction, 3 - by activation of arachidonic
acid (e.g. the metabolic precursor of several groups of biologically active) and
the most notable initiators in living cells and 4 - via external electromagnetic
wave in the environment, which could produce ROS inside of the living cell.

Chain
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continuousness
and propagation
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Fig. 5. The states of initiation (1), continuation lipid and hydroxyl radical, (2) rearrangements and chain reactions propagation, (3) in the case of lipid peroxidation,
in which degradation of lipids converts to free radicals resulting in cell damage; the process goes on through free radical chain reactions mechanism involving fatty

acids containing several double bonds.
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(NO), transition metals such as iron and copper or peroxynitrite
(ONOO) (Fig. 2). Chemicals could be produced within a cell or the body
(summarized in Fig. 6).

It is known that main targets of OS could be proteins, DNA and un-
saturated lipids. On this pathway, DNA can be affected by reactions
under effects of ROS including double and/or single DNA breaks, base
modifications that can lead to genetic mutations and cell death (Fig. 3)
and DNA repair enzymes damages [65,139]. The lipid tissue of biolog-
ical membranes is particularly susceptible to oxidation and can be
exposed to many chain chemical reactions even multiple peroxidation
processes. The occurred damage could be generalized as three major
steps (Fig. 5) in the case of lipid peroxidation [140,141].

4.1. The analytical importance of antioxidants and ROS

Due to this fact that the concentrations of ROS and antioxidants have
very important role in viral infections, their measurements have been
intensely noticed by researchers. Direct measurements of ROS and other
highly reactive species may not be simply possible in the scale of normal
experimental conditions, thus attempts have been conducted to use
second reactant agents, which are in close association with the reactive
unstable compounds. This secondary materials could be simply and
directly measured on behalf of the main considered targets [142,143].

4.1.1. The role of antioxidants concentration

One of the desired materials is the antioxidants, which are in balance
with ROS under normal conditions. Antioxidants can be classified from
various points of view such as endogenous and exogenous types, which
is a common well-known taxonomy. In fact, they are biological mole-
cules that neutralize free radicals and suppress their reactivity in order
to break their chain reactions and more ROS production (as well as the
tissue damage would be prevented) [144,145]. Also, regarding to the
availability and diversity of natural products present in the environment
as well as the eating habits, the use of natural or synthetic supplements is
vital to provide the daily doses of such compounds for the general health
system [146]. Fresh fruits and vegetables comprise many antioxidants
that can strongly help the immune system against many types of diseases
such as vitamin C that has the power to suppress chronic and degener-
ative diseases or vitamin E as the major membrane protectants toward
ROS and lipid peroxidation [147,148]. Moreover, polyphenols which
contain one vast group of antioxidants provided by the diet are active
agents that prohibit cardiovascular diseases due to their anti-
inflammatory and anti-viral activity [149]. Thus, antioxidants trigger
intense interest for the researchers in the fields of food industry, biology,
drug design and medicine [150].

The balance for ROS and antioxidant concentration is essential to be
at adequate states for preventing wide range of the viral infection and
diseases including neurodegenerative ones, cancers, cardiovascular
types, inflammation and more specifically aging dependent diseases
[151]. It should be noted that the nature of the antioxidant as the in-
dicator in such studies is the main factor that determines the experi-
mental conditions as well as the type of the product, which would be
generated through the process and could be in direct connection with
the target [152]. Generally, OS can be evaluated via oxidative damage
reaction products determinations. The monitored reaction could be DNA
break or oxidation, lipid peroxidation, and protein oxidation, which are
well-known processes. Among stated reactions, lipid peroxidation is the
most monitored on by many biological assays: thiobarbituric acid-
reactive material assays, conjugated dienes, hydroperoxides, and
nitroxides [153-155]. However, levels of such compounds may quickly
change as the function of ROS production propagations, when the bal-
ance has been impaired, they have the potential to be appropriate
markers of oxidative reactions often in in vitro tests [156]. Analytical
structures coupled with classic detection systems such as high pressure
liquid chromatography (HPLC), gas chromatography, micellar electro-
kinetic capillary chromatography and etc. have been frequent
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techniques for identification and quantification of various antioxidants
[157,158]. Based on the records, modern bio-electroanalytical tech-
niques could be considered as acceptable determination methods due to
their unique advantages compared to the classic detections [159]. The
point is that considering modern advanced electroanalytical techniques
beside the biological assays can provide the researchers too many
unique advantages that can enable them for design and fabrication of
applicable detection kits for pre-early-detection of even COVID-19.

4.1.2. Advanced electrochemical determination methods

Electroanalytical techniques have been the center of attention for
many interdisciplinary researchers since they have excellent remarkable
advantages such as, low cost instrumentations, simple application pro-
cedures, suitability for real-time detection, notable quickness, high
throughput and portability [160]. For bioanalytical measurements,
modern electroanalytical methods such as fast Fourier transform (FFT)
coupled voltammetric techniques have shown to be appropriate re-
placements of the classic conventional electrochemical techniques for
monitoring the kinetics and determinations of the unstable species
including drugs and ROS [161]. Thus, in these cases using stated ad-
vantages specifically their short needed time for response providing
even direct determination of these targets could be possible [162]. In
these techniques, voltammetric and background signals are split in to
the frequency domain by a separate FFT, and then the systematic
inevitable noise could easily be filtered [163-165], and all analog filters
could be removed from the electrochemical system for reach to a small
potentiostat that can have effective role for miniaturizing the systems
and their relative applications in medical devices [166,167]. Also, low
concentrations of the analyte in complicated matrix specifically in the
cases of biological samples such as blood serum, urine and plasma is one
of the most serious challenges in these kinds of research studies [189].
Thus, on the approach, it would be very crucial to design and fabricate
efficient sample preconcentration and cleanup systems prior to the
detection steps [162]. Among many possible sample preparation tech-
niques, membrane technology is one example of a kind of modern
approach and can be effectively exchanged with current classic sepa-
ration and refinement procedures [161,169].

These systems for analyzing biological complex samples, are specific,
reliable, sensitive and cost effective for chemical and biological warfare
agents analyses, drug design and discovery, genomics and proteomics
and medical diagnostics such as COVID-19 [170]. In order to cover as
many as possible of the probable advantages miniaturization of the
employed study set ups is the most notable driving force in the bio-
analytical laboratories. Miniaturization could be the effective correct
solution for many of the current challenges. Moreover, using miniature
set ups would provide possibility of high throughput or the ability of
analyzing large numbers of assays. These assays would not only be much
quicker than the classic setups, but also would be very cost efficient
since much smaller amounts of reagents are used on these purposes
[171]. As an example, 25,000 or even more gene sequences could now
be analyzed simultaneously using just one DNA microarray chip, so
more sequence per cost and time could be adequately analyzed [172].
Regarding to this concept, biosensors have been initially defined as a
self-contained integrated device that has the ability to produce specific
qualitative, quantitative or semi-quantitative analytical information via
biological target interaction/reaction directly or indirectly with the
transducer [173]. Besides, biosensors have shown their potential that
they can not only detect analytes directly in with no any sample pre-
treatment steps, but also they can perform the process continuously and/
or with reversibility [174]. It is true that there might be very few bio-
sensors that have fulfilled all of stated requirements; however, current
century as of the age of miniaturization and the development of micro-
kits to cover more and more of these advantages would become prac-
tical. Likewise, rapid analyses of thousands of other biologic samples per
day could be possible to successfully fabricate detection kits for pre-
early detection and state monitoring of the newly unknown hardly
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curable diseases including COVID-19. Also, beside of having high
throughput screening scale; the miniaturization of biosensors would
provide multi-analyte parallels assays. So numerous pathogens as bio-
logical indicator agents could be accurately detected using one or a
cassette of transducers, while the size of the biosensor was kept in the
range of 2 cm x 2 cm [175]. For example, if all steps are followed by
satisfactory results, COVID-19 disease could be detected quickly by
analyzing important determinative pathogens in one assay. In the other
words, in the case of COVID-19 detection, all known biological markers
in one assay and one blood sample could be analyzed in one step and the
positive or negative result could be reached with high accuracy. More-
over, besides having throughput ability, miniaturized biosensors can
open up new aspect of portability property, which is again a very
valuable characteristic since it could greatly improve the simplicity and
process pace [176]. Again, this feature highest importance would be
observed in medical diagnosis purposes. Besides it has many other ap-
plications in food safety and environmental monitoring for numerous
analyses of complicated analytes and sample matrices [177,178]. The
aspect of signal amplification would also be a challenging task since in
miniaturized biosensors the signal can be severely weaken due to using
small sample volumes and low concentration of the analyte [179]. Many
of the currently employed biosensors (in micro/nano dimensions) have
failed these criteria. DNA microarrays are forced to use confocal mi-
croscopes and CCD cameras for data acquisition. On the same purpose,
cantilever based biosensors use atomic force microscope (AFM). Thus,
although these biosensing set ups have the potential to successfully
improve the molecular performance of micro/nano-bioassays, but they
currently cannot be considered as portable, inexpensive and friendly
systems to be used.

4.1.3. Optical approaches for determination of ROS related compounds

Biochemical interactions could be also interpreted to suitable output
signals by other kinds of biosensors, which work on the basis of optical
principles and are called optical biosensors [180]. Due to the occurred
biomolecular interactions on the active surface, the transducer light
characteristics such as intensity, phase and polarization could be diverse
compared with before the interaction, thus on this basis, the target can
be detected or monitored through this change regarding to numerous
techniques [181].

Optical biosensors have been noticed from analytical point of view
on the purpose of biological and chemical species qualification and
quantification [182]. In addition, this novel technology can be
employed as effective complementary technique besides classic analyt-
ical systems due to being simple, cost effective and effectively time
saving [183]. Also, this sensing system offers many other advantages;
the very low risk of electrical shocks or explosions, higher sensitivity, a
wider bandwidth and the immunity to electromagnetic interferences.
Moreover, since optical fibers have the potential to be used in these
systems to guide light within the device, remote sensing would also be
applicable [184]. Interestingly, optical transducers have the ability of
parallel detection that provides the array or imaging kind of detection
possible.

The optical waveguide has the key role in almost any kind of optical
sensor for ROS. On the other hand, their unique properties like flexible
geometry, mechanical stability, efficient light-conducting over long
distances and noise immunity have made them potential of appropriate
candidates in sensor fabrication field. However, about using optical fi-
bers their disability of being designed for specific place or role is
somehow a disadvantage since it limits the user to the available market
samples. To overcome this problem, planar or channel optical wave-
guides for sensors are developing even maybe superior than optical fiber
based sensors [178]. On all application purposes, having the sensor with
fast response time, high sensitivity, which is able to perform real-time
experiments, would be essential. Regarding to the intrinsic nature of
optical measurements systems, these sensors can cover up great number
of different physico-chemical techniques that works on the basis of
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absorption, emission, polarimetry, fluorescence and refractometry and
etc. As of this property, detection of both passive and active optical
components could be possible even at the same time on to miniaturized
designed sensing devices whether with one or more sensors in one set
up. Besides, accuracy, miniaturization, signal amplification, potential of
cost effective, low energy usage, and ease in the alignment of the high
throughput could be named as other advantages [182]. However, the
class of micro-optical biosensors sensing are seriously comparable to
complicated analytical laboratory systems and this excellent feature
would be more highlighted in medical detection kits fabrication.

The most optical biosensors are an evanescent application at the
detection step. This principle permits the direct observing of minor
variations in the optical features that are mainly helpful in the straight
detection affinity of the target biomolecular interaction. This point
should be noted that the indirect detection method is much more sen-
sitive than the direct ones. However, it mostly would need no sample
preparation, which is good for real-time evaluations and makes the
biomolecule determination, binding specificity and its kinetic properties
[185,186].

4.2. Reactive oxygen species (ROS) in COVID-19 infection

Reactive oxygen species (ROS) is mainly produced by the pulmonary
intake of oxygen conversion (up to 1-3%). As of an amazing point, in the
cases of which the metabolism is normal, the continuous production of
ROS and highly reactive materials have essential roles for regular
physiological functions such as ATP generation, several catabolic and
anabolic procedures and the complementary cellular redox cycles.
Inevitably, body cells are frequently exposed to different endogenous
and exogenous highly reactive agents including ROS. These conditions
are not considered as a threatening necessarily since ROS can be just
possible candidates by products of occurring reactions due to the
exposure [42]. Moreover, besides of inflammatory, there are other
pathobiology mechanisms such as angiotensin inhibition from conver-
sion (ACE-2), hemoglobin denaturation, intravascular spread thrombus
and endothelial function disorder that could help COVID-19 prognosis
using OS enhancement.

4.2.1. The role of hydrogen peroxide level

Considering the critical role and also due to its short time of life of
hydrogen peroxide, it is considered as the most important reactive
oxidant agent among ROS. Its most notable property is that it freely can
diffuse across biological membranes. Furthermore, it has been shown
that HyO, is chiefly captivating applicant as both intercellular and
intracellular signaling molecule due to the biological membrane
permeability toward it [187,188]. Its concentration is related to OS state
and it can be produced and decomposed through enzymatic processes. It
also can participate in many other reactions during its short life time;
thiol oxidation that is responsible for the formation of sulfonic acid
derivatives or disulfides as well as the thermodynamic and kinetic
supports for oxidation states of cysteine [148]. To be more specific,
H0> can easily oxidize cysteine thiol group and produce sulfonic acid
that can form a sulfonyl amide with amides or shape a disulfide bond
with adjacent thiols by being glutathionylated. Under Fenton theory, in
the presence iron or copper as transition metals, HyO, easily initiate
hydroxyl radical (HO") production. That product is indiscriminately
reactive, toxic and can participate in a wide range of reactions itself
[189].

Each of the probable ways can alternate the reactivity degree of the
products and determine the most susceptible biologic target(s), which
makes the conditions more complicated [190]. For example, phospha-
tases can be regulated in a biologic cycle by ROS on this pathway, as
their catalytic domain having a reactive cysteine moiety that can be
reversibly oxidized as the preventer of probable dephosphorylation ac-
tivity [191]. Moreover, enhanced HyO, concentration has been consid-
ered as the main etiological agent in viral infections (e.g. COVID-19
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[168]) including swine flu, rubella, rabies, and others [169-171] and
the most important of all OS-related diseases [133]. Thus, having access
to quantitative and qualitative tools are essential for detection and
determination of hydrogen peroxide with adequate level of accuracy
and precision [192-195].

The detection of HyO5 can now be done through many analytical
techniques and commercial test kits including fluorimetry [196],
colorimetry [197], chemiluminescence [198], spectrophotometry [199]
methods. The conventional classic techniques have confronted serious
weaknesses since they mostly are time-consuming due to having
complicated sample preparation procedures, expensive instrumentals
and reagents and requiring expert users. However, among stated ap-
proaches, electrochemical advanced methods have the potential to
prepare more appropriate ways for HyO, determination. Unique ad-
vantages of them could be named as their ease of fabrication, inherent
sensitivity, low cost of instrumentation and high selectivity [200]. HoO4
is possible to be reduced/oxidized directly on solid electrode surfaces. In
spite of this, HyO detection through conventional noble metal elec-
trodes is limited due to the required high existed over voltage values that
lead to slow electrode kinetics and biofouling including other coexisting
electroactive species that might be interfering with the analytes. In
another words, using advanced modern bioanalytical techniques on the
purpose of HyO detection or determination has also the advantage of
using electrodes that have been chemically modified in order to over-
come the challenges of such problems [201].

4.2.2. The role of superoxide anion level

The superoxide anion radical (O2~°) is another highly reactive
compound among ROS [202]. It usually is the byproduct of aerobic
respiration in the biological systems, which could damage the cell
seriously. Besides, it is one of the main factors that accelerate the aging
process as well as several deteriorating viral infection (COVID-19) [203]
and other illnesses [55,204]. One of the elements of the enzymatic de-
fense system is superoxide dismutase (SOD), which catalyzes the dis-
mutation of superoxide anions (O2~) as the initially defense against ROS.
They could reduce Oy * to neutral oxygen and Hy0,, which, as
mentioned above, then is converted to water through enzymatic re-
actions by catalase or glutathione peroxidase. It should be noted that
biological systems often use the endogenous antioxidant system as one
of the defenses lines against superoxide damaging effects [205]. Such
enzymatic processes are needed in the cell to maintain balance ROS/
antioxidant ratio. These defense mechanisms are strongly linked with OS
and exogenous antioxidants provided by the dietary sources that mainly
could be found in fresh fruit and vegetables.

For experimental study, numerous sources can be used for its gen-
eration. As of these sources, non-enzymatic options using phenazine
methosulphate [206], NADH and molecular oxygen or enzymatic reac-
tion by xanthine dehydrogenase [207] could be named. After the su-
peroxide anion radical is generated, wide range of detection techniques
could be used for its detection, such as colorimetric, fluorescence,
spectrophotometric and chemiluminescence [208-212]. As the chemi-
cal agent, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) has the ability to
trap superoxide anion and ESR can detect the resultant DMPO-OH ad-
ducts [213]. Despite hydrogen peroxide, O ° has the potential to be
detected (since it has longer time of life). However, most of its detection
methods are considered as indirect extents since most of them focus on
measuring a product generated by superoxide consumption or produc-
tion as the criteria of superoxide presence or its concertation [214]. The
most notable point about the indirect measurements is that it is better to
validate the results with other methods in order to have reliable recor-
ded data. Also, dissolving potassium superoxide can produce superoxide
anion in a defined anhydrous solution or strongly basic water environ-
ment as it can be affected by protons [215]. Compared with indirect
measurements, electrochemical methods could be the most reliable
options for superoxide detection because of low instrument cost,
simplicity and feasibility for in-situ screening [216]. On this approach,

812

International Journal of Biological Macromolecules 189 (2021) 802-818

nanomaterials have been used for fabrication of novel interfaces due to
significant superoxide dismutase activity and high conductivity
[189,217,218]. However, their synthesis processes are expensive,
complex and time consuming. Thus these are some of current draw-
backs, which are essential to be solved.

The easy way to provide superoxide radicals, using a voltaic cell
through advanced modern designed bio-electroanalytical technique in
combination with cyclic voltammetry. On this pathway, the current
intensity would be considered as a function of superoxide anion con-
centration. This process is again an indirect way of detection since the
relevant added antioxidant concentration varies the superoxide con-
centration [219,220].

4.2.3. The role of nitrogen reactive species levels

NOy reactive species could trigger intense processes in live cells,
since it is the marker of various pathological and physiological cells
conditions. But the point is that NOy reactive species quantifications are
restricted since they are regularly located in sub-cellular areas at trace or
even ultra-trace levels [221]. Reactive nitrogen species (RNS) molecules
can be produced in living cells through some specific protein activities or
undesirable proceedings under effect of pathological circumstances.
Their very short life time besides their extraordinary degree of reactivity
makes them significant in the literature records. Moreover, RNS un-
balanced levels can have dominant roles in human viral infection or
diseases [222,223]. Therefore, its concentration accurate monitoring is
essential. As NOy can affect the oxygen transport system in the body,
thus irreversible conversion of hemoglobin to methemoglobin in the
blood stream could be occurred and through this disaster the ability of
hemoglobin to exchange oxygen would be severely conceded [224].
Also, RNS concentration in the body could be influenced by nitrite and
nitrate as other forms of nitrogen reactive species in many other various
forms exist in food products as well as the environment. Regarding
irreparable side toxic effects and their related consequences, many
countries have set severe restrictions on the applied amount of nitrite/
nitrate in their food industries. As the major concern of food safety, it
would be essential to have exceedingly selective, sensitive, quick, simple
and accurate method for determination of the excessive amounts of ni-
trite, nitrate and their derivatives in the products textures [225].
However, the exact role of nitrogen reactive species on this purpose is to
postpone the product decomposition by conquering the propagation of
food poisoning microorganisms, remarkably C. botulinum [211]. This
threat and its relative consequences could be even more important in the
cases of pregnant women and infants [226]. Moreover, in case of viral
infection to COVID-19, carcinogenic N-nitrosamines could be formed
out of nitrite and its derivatives reactions with secondary amines and
amides [227]. Abundant methods have been successfully employed for
NOy determination and among them spectrophotometric [228], chemi-
luminescent [229], chromatographic [230], capillary electrophoresis
[231] and spectrofluorimetry [232] can be named as conventional
classic ones. Table 2 shows some applied electrochemical methods for
NOy determination.

However, electrochemical based techniques can be proper options
since they have the potential to use electrical conductive properties
combined with high chemical stable materials at the active detector
surface [242]. Thus, these detection or determination techniques seem
to have the adequate flexibility to be used in design and fabrication of
biosensors for nitrite/nitrate detection in food or biological samples.
Moreover, modified solid state surfaces on this approach were applied
because of catalytic efficiency beside enhancing the surface-to-volume
ratios [243]. In a nut shell, using chemically modified electrodes can
lead to satisfactory results of electrocatalysis, high effective surface area,
improvement of mass transport, and good biocompatibility [243,244].
All of these achievements could be used for development of portable
medical devices or kits for detection and controlling viral infections.
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Table 2
Some employed methods for electrochemical determination of nitrogen reactive
species.

The active surface The Limit of Linear range Ref.
target detection of response

Platinum-black coated Nitrite 10 nM 15-200 nM [233]
platinum electrode

Platinum-black coated Nitric 30 nM ~1-10 pM [234]
electrode oxide

Reduced graphene oxide Nitrite 830 nM 20-100pM [235]
coated screen printed
carbon electrode

Fe,03 nanoparticles Nitrite 1.5%x10°% 5.0x 105 [236]
decorated reduced M 7.8 x 1074 M
graphene oxide nanosheets

Carbon paste electrode/Ru Nitrite 1.39 x 0-1.38 x [237]
(519) 10°°M 102M

Urchin-like palladium Nitrite 0.25 pM 2-238 yM [238]
nanostructures on carbon
nanotube thin film
electrode

Porphyrin-based Nitrite 2.1 pM 20-800 pM [239]
metal-organic framework
thin films

gold nanoparticles decorated Nitrite 0.01 pM 20.375 nM- [240]
flower-like graphene 0.125 uM

Cu metal nanoparticles- Nitrite 30 nM 0.1-75 M [241]
multiwall carbon Nitrate 40 nM

nanotubes-reduced
graphene oxide

5. Conclusion

Herein, COVID-19 disease the whole world threatening issue was
focused. Since there is no fully certain cure yet, the most reliable way is
to be safe and alert by monitoring or detection the concentration of
various related species in the body including ROS. On this approach, the
possible connections between the disease and OS or ROS were consid-
ered and studied from biomolecular and bioanalytical points of view. In
addition, since COVID-19 infection mechanism has not become clarified
yet, having the accurate information about the level of ROS species by
various methods would be essential for pre-detection of the disease.
Based on the records, bio-electroanalytical techniques have the standard
potentials to be appropriately used for design and fabrication of detec-
tion kits or devices for medical purposes; finding the optimized safe cure
for the whole world via controlling the OS level or balancing the ROS/
antioxidant ratio. In this direction, reliability, sensitivity and having cost
effective devices to be applicable are the most serious obsessions espe-
cially for proteomics and medical diagnostics of COVID-19 disease.
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