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Preface

The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has probably 
been the most important disease to emerge in the 21st century. The COVID-19 pan-
demic was declared a Public Health Emergency of International Concern (PHEIC). 
This viral zoonotic disease has been a significant cause of morbidity and mortality 
worldwide, but with a higher impact in low- and middle-income countries of Africa, 
Asia, and Latin America. As with other emerging diseases, this condition is strongly 
associated with social conditions, along with other factors whose improvement leads 
to better control of the disease and pathogen transmission. Research has been of the 
utmost importance in solutions to the COVID-19 crisis: a great deal of knowledge was 
gathered between December 2019 and December 2022 [1‒17]. Up to December 4, 
2022, more than 645,195,564 cases had been reported globally, with 6,640,845 deaths. 
Appropriate evidence-based management and the development of safe and effective 
vaccines have been key to controlling the virus [18‒25], and more than 13,054,668,703 
doses of a vaccine had been given by December 2022. 

This book presents a selection of the learning from research and clinical practice 
during the last two years regarding SARS-CoV-2/COVID-19. The 18 chapters are 
organized into four major sections: “Overview and Epidemiology”, “Diagnosis and 
Treatment”, “Genomics, Bioinformatics and Immunology” and “Trials and Studies”.  

Among the reasons for the commissioning of this book by IntechOpen is my long 
commitment to tropical and emerging disease research, especially vector-borne, 
zoonotic, and neglected tropical diseases. I am a Council Member of the International 
Society for Infectious Diseases (ISID), and President of the Colombian Association 
of Infectious Diseases (Asociación Colombiana de Infectología, ACIN), as well 
as of the Committee on Tropical Medicine, Zoonoses and Travel Medicine of the 
ACIN. In 2020 I founded the Latin American Network of Research on COVID-19 
(LANCOVID). 

Following the same philosophy that was used for my eleven previous books with 
IntechOpen [26‒36], this book is not intended to be an exhaustive compilation. 
Research in SARS-CoV-29/COVID-19 has become highly dynamic and requires the 
most recent available evidence to be consulted for appropriate diagnostic and spe-
cialty decisions. 

I am grateful to IntechOpen for the opportunity to edit this interesting and important 
book. I would especially like to thank Author Service Managers Josip Knapić and 
Marica Novakovic and Commissioning Editor Lucija Tomicic Dromgool for their 
constant support.

This book is dedicated to my family in Venezuela, Chile, and Colombia (Aurora, 
Alfonso José, Alejandro, and Andrea, the neurologist), and to my beloved wife 
Katterine, who makes every day special and cares for me in every aspect of my life. 
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I would also like to thank my friends and my undergraduate and postgraduate 
students in Colombia, Venezuela, and Latin America. In 2019, I began work at the 
Fundación Universitaria Autónoma de las Américas, Pereira, Risaralda, Colombia, 
a new “home” that has given me support and trust in my research and teaching 
endeavors. Special thanks are due to Dr. Maria Monica Murillo, Dean at the Faculty of 
Medicine, and former School of Medicine Director Dr. Jaime Cardona-Ospina, a long-
time friend and colleague. I would like to acknowledge the significant support given 
by Dr. Jose Antonio Suárez, “Tony” (Venezuela/Panama), and my friend Dr. Alberto 
Paniz-Mondolfi (Venezuela/USA).

I hope that readers will enjoy this publication as much as I enjoyed putting it together 
with my talented and knowledgeable collaborators. 
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Chapter 1

Introductory Chapter: Lessons 
from SARS-CoV-2/COVID-19 after 
Two Years of Pandemic
Alfonso J. Rodriguez-Morales and D. Katterine Bonilla-Aldana

1. Introduction

In December 2019, the apparent emergence of a new disease, the Coronavirus 
Disease 2019 (COVID-19), in Wuhan, Hubei, China, caused by a new coronavirus, the 
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), occurred [1–4]. 
This viral emerging zoonotic disease was initially linked to a fresh seafood market in 
Wuhan city, with the secondary human-to-human transmission, initially considered 
by droplets and later confirmed in an aerosolized way, among other potential and 
alternate routes of transmission [5–11], even including transmission from human-
to-animals, particularly to dogs, different felines (cats, lions, and tigers) and minks, 
among others [12, 13]. Initially affecting China [14–16], the SARS-CoV-2 spread 
rapidly in a few days to other countries in Asia, as well as later to Europe [17–20], 
North America [21–23], Africa, and Latin America [9, 24–27]. On January 30, 2020, 
after the assessments of the Emergency Committee, under the International Health 
Regulations (IHR), the World Health Organization (WHO) Director General declared 
that the SARS-CoV-2 outbreak constitutes a Public Health Emergency of International 
Concern (PHEIC). On March 11, 2020, the WHO declared the SARS-CoV-2 outbreak 
as a pandemic. Two years later, the pandemic continues, summarizing a total of 
628,184,448 cases up to October 25, 2022, with 6,580,107 deaths (Figure 1).

Over this time, the initial impact of the outbreak lead globally to generalized 
lockdowns and quarantine [28–30], a collapse of the health systems, especially in 
low- and middle-income countries [31], as well as devastating impacts on travel, tour-
ism, economy, education, and multiple other societal sectors [32, 33]. Fortunately, 
only a low proportion of infected individuals develop mild or severe diseases that 
required hospitalization and admittance to an intensive care unit, but still, given the 
magnitude of the pandemic, imply a collapse in countries with limited resources and 
facilities. During 2020, no effective treatments and vaccines were available, only 
non-pharmacological interventions (NPI), including the massive use of face masks 
(including personal protection equipments [PPE], such as N95 filters, especially for 
healthcare workers), and after December 2021, some treatments, including the use 
dexamethasone [34–38], and RNA and viral vector vaccines, such as BNT162b2 vac-
cine (Pfizer/BioNTech®), the ChAdOx1 nCoV-19 vaccine (AstraZeneca/Oxford®), 
mRNA-1273 (Moderna®), among others, were available and widely used [39–45].

One of the major issues after 2021 was the emergence of the mutations of the 
SARS-CoV-2 leading to variants of different nature, particularly the variants of 
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Figure 2. 
SARS-CoV-2 variants and genomes were sequenced and collected at the GISAID database up to October 25, 2022. 
(https://www.gisaid.org/).

Figure 1. 
COVID-19 dashboard showing the cumulated incidence, mortality, and vaccination, as well as their total during 
the last 28 days, evolution since 2020, and the top of countries in such indicators; up to October 25, 2022. (https://
gisanddata.maps.arcgis.com/apps/dashboards/bda7594740fd40299423467b48e9ecf6).
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interest (VOI), and the variants of concern (VOC), which decrease the protection 
capacity of used vaccines [40, 44, 46, 47]. The emergence of the VOCs, Alpha, Beta, 
Gamma, Delta, and Omicron (Figure 2), as well as the Omicron’s sublineage during 
those months, have been a real challenge for prevention and control of the pandemic.

2. Vaccines impact on the course of pandemic

Despite all the issues and difficulties, the humankind succeeds enough against 
the SARS-CoV-2/COVID-19, returning to a new “normal” life, after a successfully 
deployed and globally aggressive plan of vaccination against SARS-CoV-2/COVID-19 
with multiple vaccine types. Up to October 25, 2022, a total of 12,822,482,039 vaccine 
doses have been administered in the world, representing the largest historical effort in 
vaccination [44, 47–49]. Over these months, multiple studies on vaccine impacts, pre-
clinical, phase 1, phase 2, phase 3 (efficacy), and phase 4 (effectiveness, real-world 
impact), as well as their corresponding side effects assessment, have been developed 
showing the high efficacy, effectiveness, and safety of the used anti-COVID-19 vac-
cines (Figure 3) [41, 50–53].

Using vaccines with 50% of efficacy, or more, some of them above 75–80%, 
together with other measures, transmission was affected, but particularly mortality. 
Additionally to the published studies (Figure 3), multiple countries (e.g., the United 
States of America) monitor data regarding incidence and mortality among non-
vaccinated and vaccinated people.

Case fatality rate among those not-vaccinated according to some analyses in 
the United States of America reached up to 12 times higher than compared with 

Figure 3. 
Phase 3 and phase 4 COVID-19 vaccine studies published in PubMed-indexed journals up to October 25, 2022.
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people with boosters, especially in elderly people (Figure 4). Anti-COVID-19 
vaccines save lives.

For October 2022, multiple countries have applied a fourth dose or second booster 
in their populations. Obviously, the coverage at primary and booster schemes is highly 
variable among countries. Prioritizing vaccination coverage must remain as one of 
the key factors driving vaccine uptake [54]. Also, vaccine hesitancy is important and 
should be prevented with comprehensive population education [55].

It is now clear that none of the available COVID-19 vaccines provides robust, 
lasting protection against infection, particularly in the Omicron era, and likely 
due to inadequate and/or short-lived mucosal immunity [56, 57]. However, 
booster doses of all widely used vaccines offer very high levels of protection 
against severe outcomes [54]. With this consistency of protection against severe 
disease across different variants, the case for developing variant-specific vac-
cines becomes less urgent, particularly if heterologous schedules can potentially 
circumvent some of the challenges homologous schedules may encounter in the 
face of new variants [58–60].

3. Conclusions

COVID-19 pandemic has not been over. Although the evolution during the last 
months, especially in 2022, has been significantly positive, still SARS-CoV-2 and its 
variants, particularly the sublineages of Omicron (Figure 5), continue changing and 
circulating. That means preparedness, vaccination, assessment, and research, consid-
ering this evolving scenario, should be considered and continuously applied.

Figure 4. 
Rates of COVID-19 deaths by vaccination status and two or more (2+) booster doses* in ages 50+ years. (https://
covid.cdc.gov/covid-data-tracker/#rates-by-vaccine-status).
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Prevention is key in general, continued education, surveillance, and monitor-
ing, has been essential, and still will be up to the time SARS-CoV-2 became endemic 
or disappear. Many lessons have been learnt at differential levels [61, 62], but is 
essential to be highly, and even, better prepared for the next pandemic, to be caused 
by a coronavirus, another zoonotic virus making a spillover [3, 62] (e.g., zoonotic 
Influenza or monkey pox) [63, 64], or in general by another emerging or remerging 
pathogen. In the future outbreaks, we cannot fall into some of the mistakes done 
during the COVID-19 pandemic [65]. We have to work on the impacts of COVID-19 
on other infectious diseases, such as the decrease of vaccine coverages against other 
vaccine-preventable diseases [66], as well as to deal with long-COVID-19 syndrome 
[67], among others.

We need to be better prepared for viral threats, monitor risks, and increase our 
preparedness and effective responsiveness against outbreaks, epidemics, and pan-
demics, to promote a safer and healthier world.

Figure 5. 
Omicron sublineages over time, up to October 25, 2022. (https://www.gisaid.org/).
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Perspective Chapter: Analysis
of SARS-CoV-2 Indirect
Spreading Routes and Possible
Countermeasures
Cesare Saccani, Marco Pellegrini and Alessandro Guzzini

Abstract

The research community agrees that the main indirect way the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) spreads among people who do not
keep social distance is through the emission of infected respiratory droplets. Infected
people exhale droplets of different sizes and emission velocities while breathing,
talking, sneezing, or coughing. Complex two-phase flow modeling considering evap-
oration and condensation phenomena describes droplets’ trajectories under the spe-
cific thermofluid dynamic boundary conditions, including air temperature, relative
humidity, and velocity. However, public health organizations simply suggest a safe
distance in the range of 1–2 m regardless of the effect of boundary conditions on
droplets’ motion. This chapter aims to highlight open research questions to be
addressed and clarify how framework conditions can influence safe distance in an
indoor environment and which technical countermeasures (such as face masks wear-
ing or heating, ventilation, and air conditioning (HVAC) control) can be adopted to
minimize the infection risk.

Keywords: SARS-CoV-2, droplets, airborne, aerosol, face masks, HVAC system, safe
distance, contagion prevention

1. Introduction

Regardless of whether vaccination is efficient and effective [1, 2], a good
knowledge of the mechanisms underlying infection among people would have helped
against severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spreading by
minimizing lockdown measures. The scientific community has largely investigated
how an infected person transmits pathogens to a susceptible person [3]. What is
known is that an infected person emits a certain number of droplets. Some of these
droplets, defined as infected, carry a certain number of virions or viral particles that
can potentially infect target host cells if reached. The literature also shows that the
emission of droplets can occur in different ways, for example, through speech,
breathing, coughing, and sneezing. What is still not commonly agreed upon is related
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to the i) number, ii) size distribution, and iii) emission velocity of the potentially
infected droplets for each of these emission modes. After the seminal papers of Wells
[4] and Duguid [5], many investigators have grappled with the issue showing broad
differences in the experimental results [6]. The reasons can be identified in i) a not
full understanding of the physics underpinning the formation of respiratory droplets,
ii) the absence of a common methodology, being the different experiments performed
by using different techniques and under different ambient conditions, iii) the lack of a
rigorous presentation of data, which is often not provided, and iv) the natural vari-
ability across individuals.

In addition, the conditions of the ambient air in which these droplets move
have also to be considered. Knowing this information is essential to studying the
mechanisms that govern the motion of potentially infected droplets. Safe distance,
defined as the average distance to which, ideally, a negligible infection probability
exists, can be identified once the emitted infected droplets’ trajectory is known.
However, rigorous terminology and definitions are needed to investigate droplets’
motion based on the scientific method. To date, instead, a lack of unambiguous
and agreed terminology exists. For example, terms commonly used for direct
transmissions, such as “droplets,” “aerosol,” and “airborne,” have been often used with
various meanings by several authors. Tang et al. [7] highlighted how significant
confusion over the definition and application of relevant terms among
professionals (i.e., clinicians versus aerosol scientists) and the general public generates
problems in mutual understanding. A second example is the lack of a distinction
between solid and liquid carriers, i.e., droplets. Without it, the impact of the
thermohygrometric conditions of the ambient air, i.e., relative humidity and
temperature, is not adequately considered when studying particles’ motion and viral
load (defined as the number of copies of ribonucleic acid (RNA) detected in a certain
volume). Solid particles that carry viral charges on their surface do not change size or
shape along their trajectory except in particular environmental conditions, i.e., if they
are condensation nuclei. On the other hand, droplets emitted with a certain viral load
reduce their volume through evaporation along their trajectory, resulting in the
variation of the balance of forces and viral load. Although experimental results
demonstrated that a SARS-CoV-2 viral load lower than 100,000 virions per cubic
centimeter (cc) corresponds to a negligible risk of infection [8, 9], to date, the
infection risk as a function of the infected droplets’ viral load along their trajectory has
not yet been sufficiently investigated.

This chapter underlines what are the unsolved research questions (RQs) crucial
for a full understanding of SARS-CoV-2 spreading routes and relative countermea-
sures. Nevertheless, this chapter proposes rigorous terminology and reports
evidence to minimize the risk of SARS-CoV-2 infection based on the existing
knowledge. The study demonstrates why an effective strategy cannot disregard, at
least, i) the use of the facial mask, ii) the control of the thermohygrometric
conditions of the ambient air, and iii) the maintenance of the safe distance. In
particular, the simplified model shows that the facial mask acts as a first physical
barrier against the larger droplets, which can reach very high viral loads in the case of
incomplete evaporation. On the other hand, the control of the thermohygrometric
conditions acts as a second immaterial barrier that guarantees the complete
evaporation of the smaller droplets that come out of the mask before reaching
any susceptible subject. Once droplets are completely evaporated, the virions are
released into the surrounding environment, where the viral load is low enough to be
unlikely to infect.
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2. Size distribution of the infected droplets and calculation of the number
of virions emitted

Many studies are available in the literature focusing on analyzing the dimensional
distribution of the droplets emitted for different possible emission mechanisms such
as breathing, speech, cough, and sneezing. However, since no universally accepted
standard test identifies the instrumentation and the procedure to investigate the topic,
the results are difficult to compare with each other. For example, if a single cough
event is considered, [10] states that the droplets in the submicron range represent 97%
of the exhaled droplets, while [11] reports only less than 4% and [5] measures not
even a single droplet within submicron range. Therefore, the first unsolved research
question RQ1 is the standardized characterization of the sizes and the distribution of
the exhaled droplets for all the expulsion processes.

Since a standard characterization of the initial distribution of droplet sizes is
missing, in the following evaluation, the data reported by [12] were used. [12] has
been selected as a data source due to the high number of citations, the robust meth-
odology adopted, and the quality of exposure. The following results are affected by
the data source selected; nevertheless, the focus of this chapter is more on the
suggested methodology to assess SARS-CoV-2 spreading mechanisms and the related
comparison. In [12], only droplets with a diameter greater than 20 microns were
considered, although a “16-channel dust monitor” was available. Furthermore, only
speech and cough mechanisms were investigated. In the first case, the involved sub-
jects were asked to count from 1 to 100. Therefore, assuming that about 100 seconds
are necessary to complete the count, the emission rate is calculated by dividing the
droplets counted by this time interval. Moreover, the individuals were asked to make
20 coughs each to simulate the cough mechanism.

Since the data refer to a group of people, the average number of droplets Ndroplet,μ
emitted by a subject for each jth-dimensional interval [drops/individual] is calculated as

Ndroplet,j,μ ¼
PN

i¼1Ndroplet,j,i

Nsample
(1)

where Ndroplet,i is the number of droplets emitted by the ith individual [droplets/
person], while Nsample is the number of people who participated in the test. The
number of droplets emitted by 99% of individuals, assuming a Gaussian distribution
with a standard deviation σj, for the jth interval is equal to

Ndroplet,j,99% ¼ Ndroplet,j,μ þ 2:58 ∗ σj (2)

The total number of droplets emitted Ndroplet,μ and Ndroplet,99% are, respectively,
computed as

Ndroplet,μ ¼
XM
j¼1

Ndroplet,j,μ (3)

Ndroplet,99% ¼
XM
j¼1

Ndroplet,j,99%: (4)

where M is the number of dimensional intervals on which the range has been
divided.
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The definition of the initial viral load of emitted droplets and the relationship with
the viral load present in oronasopharyngeal (ONP) swabs represents the second RQ2. To
calculate the number of virions emitted, it was assumed that all the infected droplets had
the same initial viral load λ0 [RNA copies/mL]. This simplifying hypothesis is necessary
since the topic is still under investigation and without clear results [13]. There is evi-
dence that viral load in emitted droplets should be lower than in ONP swabs: for
example, [14] detected RNA copies of SARS-CoV-2 in exhaled breaths (EBs), which was
three to four orders of magnitude lower than the RNA detected in the same participants’
ONP swabs and with no correlation among EB and ONP. Nevertheless, since the results
may vary based on the methodology applied, in the following assessment, it is conser-
vatively assumed that the initial viral load λ0 is equal to the one present in ONP swab.

Defined Vj as the average volume of a droplet emitted in the jth dimensional
interval [mL], the released virions are calculated as in Eq. (5), while in Eq. (6), the
worst case is defined

Nvirions,μ ¼
XM
j¼1

Ndroplet,j,μ � Vjjj�λ0
� �

(5)

Nvirions,99% ¼
XM
j¼1

Ndroplet,j,99% � Vjjj�λviral
� �

: (6)

To calculate the emission rate in the case of speech, the values are multiplied by 0.6
to have [virions/min]. In the cough case, the values are divided by 20 to have an
emission rate in [virions/cough].

3. Calculation of the infected droplets’ trajectory and viral load

To calculate droplets’ trajectory and viral load variation, the model proposed by
[15] was considered. However, a premise must be highlighted. Only part of the
volume of the infected droplets is occupied by saliva, as virions occupy the remaining
part. For example, considering the voidage ratio (i.e., the difference between the
droplet’s volume and the sum of the virions’ volumes, divided by the volume of the
infected droplets) in analogy with similar physical problems, only a part of the
infected droplets’ volume consists of a liquid that can evaporate. However, to date, the
literature has no answer to RQ3: What effect the virions can induce on the droplet
evaporation process? Therefore, it cannot be excluded that an infected droplet evapo-
rates faster than a pure water droplet and that the evaporation time is proportional to
the voidage ratio. On the other hand, it is not known, for example, if the virions
hinder the mass transfer phenomenon by retaining water in the droplet. Similarly,
virions’ heat capacity is unknown, i.e., how long the virions take to reach thermal
equilibrium with the water surrounding them. Therefore, due to the existing research
gaps, the following assumption was made: the reduction of the infected droplet’s
evaporation time due to the lower volume of aqueous solution contained is
counterbalanced by the potential obstacle the virions could cause during the evapora-
tion mechanism. Therefore, the mass variation due to evaporation is calculated as

dmG

dt
¼ 2πpDGMVD∞C

R0T∞
ln

p� pva
p� pv,∞

 !
: (7)
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wheremG is the mass of the droplet [kg],DG is the diameter of the droplet [m], D∞
is the vapor diffusion coefficient in the air surrounding the droplet [m2/s], Mv is the
molar mass of the vapor in [kg/kmol], R0 is the universal gas constant in [J/kmolK],
pva and pv,∞ are, respectively, the partial pressure of the vapor on the surface of the
droplet and far away in [Pa], and p and T∞ are the air pressure [Pa] and temperature
[K], respectively. C is a corrective coefficient that takes into account the presence of
other constituents in human saliva different from pure water. The temperature varia-
tion TG on droplet surface [K] due to the evaporation phenomenon is calculated as

mGcL
dTG

dt
¼ 2πD2

GKg
T∞ � TG

DG
þ r

dmG

dt
� πΓ T4

G � T4
∞

� �
: (8)

where cL is the specific heat in [kJ/kg�K], Kg is the thermal conductivity of the gas
in [kJ/s�m�K], r is the latent heat of vaporization in [kJ/kg], Γ is the Stefan-Boltzmann
constant in [kW/m2�K4]. In the second-member heat balance, therefore, there are
three contributions, namely, heat conduction (first term), heat convection (second
term), and heat radiation (third term). To calculate droplets’ trajectory, the following
equation was solved:

mG aG�! ¼ mG g
! 1� ρa

ρG

� �
� CwAGρg

vrel2

2
� vrel�!

vrelj j (9)

where aG is the droplet’s acceleration [m/s2], g is the gravity acceleration [m/s2], ρa
and ρG are, respectively, the air and the droplet’s densities [kg/m3], Cw is the Stokes
coefficient [�], AG is the cross-sectional area of the droplet, and vrel is the relative
velocity between the drop and the surrounding air. Since the droplets’ diameter
along the horizontal distance is known, the droplet viral load [RNA copies/mL] is
calculated as

λ xð Þ ¼ λ0D3
G,0

DG
3 xð Þ

λ xð Þ ¼ λmax

8><
>:

: (10)

In Eq. (10), λmax is calculated as the ratio between the number of virions and the
volume of the minimum droplet in which they can be contained. Therefore, since
virion volume is assumed to not change during droplets’ evaporation, the voidage
ratio decreases to a minimum, which corresponds to the maximum allowable concen-
tration λmax. To date, no data about this maximum concentration exist. To cover the
gap, the most conservative assumption is made. Specifically, the minimum voidage
ratio of a bed of sphere, i.e., 39%, from [16] is considered. Therefore, the maximum
viral load is equal to

λmax ¼
P

Nvirions

VG
¼ 1� φð Þ � VG

Vvirions

VG
¼ 1� φð Þ

Vvirions
¼ 1:165� 1015 RNAcopies

mL

� �
: (11)

where Nvirions is the number of virions contained in the droplet [#], VG is the
droplet’s volume [mL], φ is the minimum void ratio (assumed equal to 39%), and
Vvirion is the mean virions’ volume [mL]. For the analysis, an average virion diameter
of 100 nm is assumed [17].
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4. The proposed terminology for infectious droplets’ transmission mode
classification

The terminology suggested in [18] is adopted in this chapter, and it is the
following:

• “Airborne transmission” is defined as the transport of solid particles in a fluid
suspension in the examined environment, in whatever way they are carried,
regardless of the carrying speed of the fluid current and, therefore, also including
the transport of ultrafine particles (and, as such, virions as well) subject to
Brownian motions;

• “Droplet transmission” is defined as the transport of droplets in the environment,
regardless of how they are carried, including when they contain insoluble solid
particles inside them (such as virions).

Figure 1 is an elaboration of the results calculated by [15]. The ordinate shows the
vertical distance traveled by a droplet with an initial diameter of 20 microns (solid
line) and by one of 40 microns (dashed line) falling from a height of 2 m. On the
abscissa, the horizontal distance is shown. An air temperature equal to 20°C and an
emission droplet velocity equal to 10 m/s are the boundary conditions. As shown, the
time required for the complete evaporation (extreme points of the trajectories sym-
bolized with a star), or the distance traveled, also depends on air relative humidity.

Figure 1.
Vertical and horizontal distance traveled by droplets with an initial diameter equal to 20 microns (continuous
line) and 40 microns (dashed line) for three air relative humidity (RH) of 30%, 50%, and 70%. Air temperature
and droplets’ emission velocity equal to 20°C and 10 m/s (cough case) are considered boundary conditions.
Figure elaborated from the results of [15].
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Therefore, it is crucial to separate the two different transmission routes, since the
evaporation of the infected droplet marks the boundary between two different modes
of transport of the virions, i.e., through liquid or a solid carrier.

5. Methodology to compare droplet and airborne transmission modes

The data reported by [9], which identified and reported the link between ONP
viral load and cell culture probability, were interpolated through the Matlab “curve
fitting tool” by an interpolating equation of the fourth degree:

P λð Þ ¼ αλ4 þ βλ3 þ γλ2 þ δλþ τ (12)

where α, β, γ, δ, and τ are coefficients calculated equal to �0.3314, 9.34, �91.98,
385.2, and � 586.4, respectively. Based on these data, an R2 equal to 0.9994 was
calculated.

To compare airborne and droplet transmission modes, another relevant and open
research question RQ4 is:What happens to viruses after complete droplet evaporation
and if they retain their full potential for infection? The droplets produced from body
secretions such as sneezing and coughing are not constituted of pure water and have a
significant amount of residue or dissolved substances, including virions. While pure
droplets evaporate completely, the real droplet evaporates to form a solid droplet
residue or droplet nucleus. The final size of the droplet nucleus, once the droplet has
evaporated to its crystallization diameter, will depend on the amount of the material
dissolved [19]. Those residues potentially give a means for the virus to be further
transported, provided that it survives the drying process. There is evidence
supporting that viruses coated by a lipid membrane tend to retain their infectivity
longer at low relative humidity [20]. However, the opposite is true in relevant coun-
terexamples as discussed by [21]. There are many literature examples, in which
virions’ spreading after droplet evaporation is modeled by considering the virions i)
entrapped in the droplet nuclei and ii) preserving their infectivity [22, 23]. Neverthe-
less, since there is no empirical evidence that i) virions are entrapped in the droplet
nucleus, ii) multiple droplet nuclei can be generated by one droplet, and iii) dissolved
substances (including virions) can be expelled by the droplet during evaporation, in
this chapter, a different approach is suggested to compare droplet and airborne trans-
mission modes. The idea is to compute the number of total droplets that an infected
subject should emit to have the same number of airborne virions that touch the host
surface in Brownian motion as those that impact the same surface being carried on a
droplet of diameter DG characterized by a medium concentration λ0. Virions must
traverse the distance to the target cell to infect it [24]. The same authors, to support
the hypothesis of diffusion-limited infection, declared that it is not the amount of
virus in a medium overlay in a culture well that determines the infectivity but the
viral load.

Although several complex models exist to investigate the results of the impact of a
droplet against a surface [25], it is assumed, for simplicity, that the impact area on
which the virions are deposited is equal to the cross-sectional area of the droplet.
Therefore, in the proposed model, the impact area is expressed as

S ¼ π

4
DG

2: (13)
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The number of virions deposited by the droplet Nvirions,droplet [RNA copies] on the
surface S is calculated as

Nvirions,droplet ¼ π

6
DG,0

6 � λ0: (14)

Since the average SARS-CoV-2 virion diameter is 100 nm, the virions motion
follows the Brownian mechanism once released from the droplet in the surrounding
air. For the comparison, it is assumed that virions are dispersed in the volume of
inhaled air: the underlying hypothesis is that all the virions can infect but are released
in the air as single particles after droplet drying. Virions that can come into contact
with the surface S are contained in a control volume Vc [m

3], defined as

Vc ¼ S� dz (15)

where dz is the average diameter of the virion in [m]. The airborne viral load
λairborne [RNA copies/mL] required to deposit the same number of virions as those
contained by a droplet of diameter DG can be found as

λairborne ¼
Nvirions,droplet

Vc
: (16)

It is assumed that the droplet’s diameter distribution remains the same over time.
Therefore, the time required to achieve the airborne viral load λairborne is calculated as

t ¼ λairborne � VPM
j¼1Ndroplet,j,μ � Vjjj�λ0

� �� 0:6
: (17)

where 0.6 is the correction factor used to convert the values in [droplets/(person �
minute)] in the case of speech. The volume V, conservatively, can be assumed to equal
the volume that a person emits during a conversation, which is 11.7 L/min, or
11,700 mL/min [26].

6. Strategies against SARS-CoV-2 direct transmission within confined
spaces

The strategy to minimize the risk of virus spreading must avoid the viral load
reaching the susceptible subject. Alternatively, any viral load that comes into contact
with the host surface should be responsible for a negligible risk of infection, i.e., equal
to or less than 105 virions/mL [9]. As for industrial practice where filtration processes
are carried out in two stages, in an enclosed space where at least one infected subject
and other susceptible occupants are present, the infection risk is minimized by
adopting two filters. The first filter is the mask or any other barrier that physically
blocks with sufficient effectiveness the larger droplets that are the droplets that,
statistically, contain the greatest number of virions. Figures 2 and 3 schematically
represent, respectively, two subjects with and without the facial mask. Once emitted,
droplets’ trajectory toward the susceptible subjects depends on ambient air fluid
dynamic and thermohygrometric conditions. Assuming the experimental data of [12],
an infected subject who does not wear a mask emits during a conversation, on
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average, 460 droplets per minute whose size distribution is reported in Figure 4. In
the worst case, the number of emitted droplets can be up to approximately 1850 per
minute. On the other hand, conservatively, wearing a mask not all the droplets are
captured, and vice versa, some of them escape due to the imperfect seal on the face
[27]. Since no confirmation about the size of escaping particles is currently available,
conservatively assuming a diameter less than or equal to 30 microns, for example, the
rate of emitted droplets is about 10 times lower than the previous case. If higher
tightness is achieved, a lower emission rate would be possible. For example, if the
mask would block all the droplets with a diameter greater than 20 microns, the
emission rate would be reduced by a factor of 30.

According to the shown data, coughing without a mask, almost 110 droplets per
cough are emitted. Wearing a facial mask, the emission rate is reduced at least by a

Figure 2.
Direct transmission occurring between infected and susceptible subjects that do not wear a mask or other physical
barrier.

Figure 3.
Direct transmission occurring between infected and susceptible subjects that wear a mask or other physical barrier.
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factor of 10. The role of the mask is even more evident considering the number of
virions emitted in the environment. Figure 5 shows that more than 87% of virions are
emitted during speech within droplets having a diameter greater than 450 microns,
i.e., 5% of the total emitted droplets. Therefore, assuming conservatively a threshold
value of 30 microns (9% of the total emitted droplets), the droplets that can escape the
facial mask during a speech carry, on average, about 0.0024% of the total virions. The
same is for coughing. Better results would be achieved by tight facial masks. For
example, let us assume a viral load at the emission equal to 1010.42 virions/mL. This
value is the upper limit found in SARS-CoV-2 positive samples, and it refers to SARS-
CoV-2 infection in the early stages of the COVID-19 pandemic [28]. If the same viral
load characterizes all the droplets at the emission, the average virions emission rate is
approximately 10 million virions per minute when no mask is worn. This value can
achieve up to 45 million virions per minute for those infected subjects that emit more
than the average, such as superemitters. Coughing without a mask, up to 58 million
virions can be emitted per cough. Wearing a mask able to block droplets larger than 30
microns, the virions’ emission rate can be reduced by a factor of 1000 or 50,000,
respectively in the case of speech and cough.

Although the mask acts as the first element for reducing the risk of transmission of
the infection, the infected droplets that escape are still a potential risk for susceptible
individuals in the vicinity of an infected subject. Therefore, the second stage of
filtration aims to minimize the infection risk occurring if the virion reaches the target
negligible. The second barrier is immaterial and consists of the control of the air
relative humidity and keeping a safe distance.

The safe distance is defined as the distance beyond which all the droplets have
completely evaporated. The hypothesis is that all the carried virions are released into
the surrounding ambient air and maintain their infectious potential. Therefore, drop-
let transmission is switched to airborne transmission. On the other hand, in the case of

Figure 4.
Droplet rate emission during a conversation.
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incomplete evaporation, the droplets reach the host surface at a viral load higher than
the one they had at the emission. Figure 6 shows infected and susceptible subjects,
both equipped with masks. As the horizontal distance from the point of emission
increases, the viral load of the infected droplets increases up to a maximum value
calculated in Eq. (11). Regarding the scheme proposed in Figures 6 and 7 shows the
viral load of the droplets that come out of the mask with an initial diameter of 10

Figure 5.
Cumulative curves of the number of droplets (solid curve) and virions (dashed curve) during speech (blue) and
cough (red).

Figure 6.
Simplified scheme to investigate droplets’ motion toward a susceptible target.
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microns, 20 microns, and 30 microns. The continuous curves refer to an air relative
humidity equal to 50%, while the dashed ones refer to 70%. As the relative humidity
increases, the front of the potential infection moves toward the susceptible subject.
For example, the 30-micron droplets completely evaporate at 1.7 m for a relative
humidity of 50%, while 2.2 m are necessary for a relative humidity of 70%. Therefore,
at a distance of 1.8 m, an infected 30-micron droplet still conveys infecting particles
with an air relative humidity of 70%.

Figure 8 shows in the ordinate axis the infection probability of the host surface
when a 30-micron droplet deposits its viral load on it. The distance is shown on the
abscissa axis. Two initial viral loads are examined: 105 virions/mL and 108 virions/mL,
i.e., one thousand times greater. The second case simulates a variant of the original
SARS-CoV-2 virus that causes a greater average viral load at emission [29]. Although
an initial viral load equal to 105 virions/mL is responsible for a negligible viral repli-
cation probability, when air relative humidity is equal to 70%, the evaporation causes
the increase of the viral load and so the infection probability. In the case of a higher
viral load at the emission, the role of relative humidity concerning the risk of viral
infection is even more evident. To control the relative humidity at 50% would guar-
antee the blockage of the infection front at a distance of almost 1.8 m from the
infected subject. On the other hand, with increasing air relative humidity up to 70%,
the 30-micron droplet completely evaporates at a distance of 2.2 m; furthermore, a
viral load able to infect still exists between 1.8 and 2.2 m. Therefore, without the air
relative humidity control, the infection front moves toward or away from the suscep-
tible subject based on the existing environmental thermohygrometric conditions.

Figure 7.
The trend of the viral load through the horizontal distance from the infected subject. The continuous and dashed
curves were calculated for 50% and 70% relative humidity, respectively.
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Virions are released into the air when droplets completely evaporate. Since the
virion’s average size is 100 nm, Brownian motion occurs. Once released, the virions
are wetted particles. However, the liquid film evaporates quickly since the ratio
between the evaporating surface and the mass of water is high. In the specific case,
since the mass of water does not fill the entire volume but only the external layer of
the virions, airborne transmission occurs after the evaporation of the aqueous film.
The authors conservatively assume that the minimum volume of air where the virions
are released is equal to the volume of exhaled air. In the case of speech, it is 11.7 L/min
[26]. Assuming two subjects, one of which is infected, who speak together, if all the
droplets that escape the mask evaporate before reaching the host surfaces, the viral
load in the volume is, on average, equal to 2.6 � 10�6 and 2.9 � 10�3 virions/mL,
respectively, for an initial viral load of 105 and 108 virions/mL.

Based on these viral loads and the Brownian motion of the virions, airborne
transmission causes a negligible infection risk. Figure 9 shows that the virions that can
reach the host surface are those inside the control volume highlighted in red, whose
height is equal to the diameter of the virion (indicated as dz). Therefore, the proba-
bility of infection with the airborne transmission is much lower than for droplet one.
In droplet transmission, infected droplets are blocked by the target surface through
interception or impact mechanisms, thus determining a significant deposition of
virions in terms of both number and load. For simplicity, it can be assumed that the
target surface has a size equivalent to the cross section of the droplets, as shown
schematically in Figure 10.

Figure 8.
Estimation of cell culture replication probability through horizontal distance. Initial viral load equal 108 virions/
mL and 105 virions/mL are shown in red and blue, respectively. The continuous and dashed curves are calculated
for 50% and 70% relative humidity, respectively.
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To compare the airborne and droplet transmissions, the number of the infected
droplets that have to evaporate to be equivalent to a single infected droplet that
reaches the host surface before evaporating is calculated. Figure 11 shows the results
for a 10-micron droplet. The infected subject should emit 1.2 � 1014 droplets so that
the number of virions that reach the host through airborne transmission is equivalent
to the number released on the same surface by a 10-micron droplet. Assuming the
worst case for the speech, i.e., an emission rate equal to 1850 drops per minute, it
would take 6.5 � 1010 min for the infected subject to emit that number of drops, or a
time interval several orders of magnitude longer than what, reasonably, two individ-
uals employed to speech.

7. Conclusions

This chapter demonstrates that available knowledge is largely inadequate to
make predictions on the reach of infectious droplets emitted during an emission

Figure 9.
The control volume where are located the virions that can touch the host surface is colored in red.

Figure 10.
Comparison between droplet transmission and airborne transmission.
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phenomenon since several research questions still need to be properly addressed:
i) standardized characterization of the sizes and distribution of the exhaled droplets
for all the human expulsion processes; ii) definition of the initial viral load of emitted
droplets and the relationship with the viral load present in oronasopharyngeal swabs;
iii) the effect the virions can induce on the droplet evaporation process; and iv) what
happens to viruses after complete droplet evaporation and if they retain their full
potential for infection.

Nevertheless, in this chapter, some hypotheses have been described to model and
compare different SARS-CoV-2 spreading routes. The results show that an effective
preventive strategy against SARS-CoV-2 spread cannot neglect three elements: using
the facial mask, controlling the relative humidity, and keeping social distance. Partic-
ularly, the control of air relative humidity in confined spaces is an essential element.
The time an infected droplet takes to evaporate completely depends on the relative
humidity of the ambient air. The droplet can move in suspension or settle on a surface,
but it remains a potential danger until it completely evaporates. In this case, droplet
transmission is substituted by airborne transmission, which should be associated with
a modest risk of contagion. The use of the mask allows for blocking of the larger
droplets; the control of the air relative humidity guarantees, as suggested in this
chapter, that the escaping droplets evaporate until a defined time before reaching the
susceptible target. On the other hand, the social distance concept loses its effective-
ness. If there is high humidity in the environment, the droplets that escape the mask
and that do not settle on the ground would remain in suspension without evaporating
and for a relatively long time, significantly increasing the probability of infection [30].
In the worst case, i.e., in saturation conditions (relative humidity equal to 100%),
evaporation time tends to infinity, making the concept of safe distance meaningless: at
no point in the confined environment, it would be possible to guarantee the absence of
virion-carrying droplets. Particular attention must be paid to avoid a susceptible

Figure 11.
Number of droplets that the infected subject must emit since the airborne transmission is equivalent to the droplet
transmission of an infected droplet with a diameter between 1 and 30 microns.
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individual coming into contact with droplets that have not completely evaporated. In
such a case, cells’ infection risk increases as the droplets’ viral load is greater than the
initial one. The contact with not completely evaporated droplets could explain, in the
case of variants such as, for example, the delta variant, characterized by an average
emission load higher by a factor of 103 than those of the original virus [29], the greater
transmissibility. As the results show, the higher load at the emission determines an
increase in the probability of infection of the susceptible targets’ cells, especially in the
case of high relative humidity conditions when the infection front moves forward.
Although there are still many points to be clarified about virus transmission, only
through the combined control of the air relative humidity, the social distance, and the
wearing of the facial mask, it will be possible to ensure safe conditions in confined
places and to minimize infection cases.
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Chapter 3

Perspective Chapter: COVID-19 
behind Ground Glasses
Bahadır Ertürk and Zamir Kemal Ertürk

Abstract

A hazy increase in opacity in the lung parenchyma without obscuring the underlying 
bronchovascular structures on chest CT is called a ground-glass pattern. Ground-glass 
opacities occur as a result of a wide variety of interstitial and alveolar diseases. It does 
not represent a specific finding. Coronaviruses are enveloped RNA viruses that can 
also infect many animal species. They also cause mild or severe respiratory infec-
tions in humans. The pandemic caused by SARS-CoV-2 has suddenly turned into the 
most important health problem of our day. Chest CT is frequently used due to the 
limited use of chest radiographs in COVID-19 disease. Thus, the ground glass pattern, 
which is the most common finding of this virus in CT, entered our lives intensively. 
In this article, we examined the concept of ground glass, its causes, and differential 
diagnosis.

Keywords: COVID-19, chest CT, ground-glass opacity

1. Introduction

In the last months of 2019, some viral pneumonia cases were detected in the city 
of Wuhan in China’s Hubei Province. A new type of coronavirus has been identified 
in the etiology of these cases. The virus has spread rapidly. It has created an epidemic in 
China. Then it spread all over the world, causing a pandemic that continues today. 
In February 2020, the World Health Organization identified COVID-19, which means 
coronavirus 2019 disease [1]. The virus that caused this disease was named SARS-
CoV-2. Coronaviruses are enveloped RNA viruses that can also infect many animal 
species. They also cause mild or severe respiratory infections in humans. Previously, 
Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and Middle East 
Respiratory Syndrome Coronavirus (MERS-CoV) infected humans and caused 
epidemics in 2002 and 2012, respectively [2]. But the pandemic caused by the SARS-
CoV-2 virus, which continues today, overwhelmingly outperformed these two viruses 
both in terms of the number of infected people and their spread around the world, 
according to the epidemics caused by SARS-CoV and MERS-CoV [3]. As of May 7, 
2022, more than 516 million cases have been detected worldwide. More than 6.2 mil-
lion patients died from this disease.

Some of the patients have the disease asymptomatically, while others have it 
symptomatically. Clinically objective abnormal findings are detected in some asymp-
tomatic patients. In the study of Hu et al., thoracic tomography was performed on 
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patients with asymptomatic infection, and typical ground-glass opacities or patchy 
shadowing was detected in half of the patients, and atypical imaging abnormalities 
were detected in 20% (Figures 1 and 2), [4]. Some of the asymptomatic patients may 
become symptomatic over time.

Symptomatic disease can also be examined under three categories: mild ill-
ness, severe illness, and critical illness. There is a chance that mild disease accounts 
for the majority of cases. The incubation period for COVID-19 is within the first 
14 days after exposure. In most cases, the disease occurs about 5 days after exposure 
[5]. Cough, myalgia, and headache are the most commonly reported symptoms in 
patients with symptomatic COVID-19. There are no specific symptoms to distinguish 
COVID-19 from other infectious diseases [6]. Symptoms such as fever and cough 
and parameters such as oxygen saturation and lung auscultation findings are the first 
and most easily accessible diagnostic information. Such information can be used to 
categorize COVID-19 disease and to select patients for further diagnostic testing. At 

Figure 2. 
A 65-year-old male with coronavirus disease 2019 pneumonia. Subpleural patchy infiltration.

Figure 1. 
A 31-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacities (GGO) and atelectasis.
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the preanalytical stage, obtaining the appropriate respiratory tract sample at the right 
anatomical site at the right time is essential for the molecular diagnosis of COVID-19. 
At the analytical stage, real-time reverse transcription PCR (RT-PCR) tests are the 
preferred molecular test method for the etiological diagnosis of SARS-CoV-2 infec-
tion [7]. Pneumonia is a common serious symptom of infection, characterized mainly 
by fever, cough, dyspnea, and bilateral infiltrates on lung imaging. Methods such as 
chest radiography, chest computed tomography, and pulmonary ultrasonography are 
used for imaging the lungs.

2. Discussion

Although chest radiography is a low-cost and easily accessible method, it has low 
sensitivity in screening patients with COVID-19. It may be useful in the evaluation of 
complications such as pneumothorax and pleural effusion in the follow-up of hospi-
talized patients (Figures 3 and 4), [8]. Chest radiographs may be normal in early or 
mild disease.

Imaging plays an important role in the diagnosis and follow-up of thoracic dis-
eases. Different imaging modalities have advantages and disadvantages. Today, there 
have been advanced developments in cross-sectional imaging methods. In many 
cases, cross-sectional methods for chest diseases have replaced radiography. However, 
chest radiographs continue to play a basic role. In the first step, the priority is always 

Figure 3. 
A 44-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacities and crazy paving pattern.

Figure 4. 
A 47-year-old male with coronavirus disease 2019 pneumonia. Ground glass nodule (4 mm).
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chest radiography. Imaging of the thorax involves difficulties due to differences in 
tissue density and thickness. Chest radiography is used with different indications 
in both acute and chronic lung diseases. One of the most important advantages of 
chest radiography is the low dose radiation exposure. In an outpatient patient, chest 
radiography usually involves imaging with posteroanterior and left lateral projections 
in the inspirium.

Although chest CT is highly sensitive, it has a low specificity. To facilitate 
interpretation and reduce the variability of radiological reports, there are some 
standardizations in the reports. Among the current classifications for COVID-19, it 
is possible to divide radiological findings into typical, indeterminate, atypical, and 
negative findings. The structured report also includes an estimate of the extent of 
lung involvement [8]. As with chest radiographs, thoracic CT may be normal soon 
after the onset of symptoms. According to the Fleischner consensus, CT in COVID-19 
should be used as an aid in medical triage to determine the basic pulmonary condition 
in patients with moderate to severe disease, to detect underlying cardiopulmonary 
abnormalities, to determine the cause in case of clinical worsening, to find limited 
resources in patients at risk of disease progression [9]. A meta-analysis of Bao et 
al., which included 13 studies, examined the coronavirus findings of CT. Common 
findings were ground-glass opacities in 83%, mixed consolidation with ground-glass 
opacities in 58%, pleural thickening in 52%, interlobular septal thickening in 48%, 
and air bronchograms in 46% (Figure 5). Other less common findings were crazy 
paving pattern, bronchiectasis, pleural effusion, pericardial effusion, and lymphade-
nopathy (Figures 6 and 7), [10].

Chest CT has managed to become one of the indispensable diagnostic methods of 
today. The main disadvantage is the relatively high radio exposure. The risk of carcino-
genesis from a CT scan is much lower than the benefit of screening for the appropriate 
indication [11]. Therefore, physicians should not hesitate to have the necessary CT scans 
due to radiation concerns [12]. The thickness of routine CT scan sections ranges from 3 
to 5 mm. Chest CT covers the entire thorax from the apex of the lungs to the posterior 
costophrenic angles. Screening is mostly done in the supine position. The vast majority 
of cases are shot without giving a contrast agent. However, contrast material is also used 
in some special indications (such as pulmonary embolism and aneurysm).

Pulmonary ultrasonography can be used to evaluate lung involvement in patients 
with suspected COVID-19 when other imaging sources are not available. Pulmonary 

Figure 5. 
A 43-year-old female with coronavirus disease 2019 pneumonia. Consolidation with air bronchograms.
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ultrasonography can be a helpful method for monitoring in patients, especially in 
intensive care units where transfer to a tomography scanner is difficult [8].

Ultrasonography has benefits such as examining vascular, cardiac, and some 
mediastinal abnormalities, detecting the localization of pleural fluid and air collec-
tions and guiding appropriate interventions. Transesophageal ultrasonography allows 
examination of some mediastinal structures, heart and aorta. Endobronchial ultra-
sonography is used to evaluate mediastinal lymph nodes and guides biopsy for the 
staging of lung cancer. Transthoracic ultrasonography is used to examine the pleural 
and subpleural areas. It is used to detect and localize pleural effusion and to assist in 
thoracentesis.

A ground-glass pattern is considered to be present when there is a hazy increase in 
opacity in the lung parenchyma without obscuring the underlying bronchovascular 

Figure 6. 
A 56-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) and 
consolidation with air bronchograms.

Figure 7. 
A 40-year-old female with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with inter-
intralobular septal thickening and crazy paving pattern.
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structures [13]. The increase in opacity in which bronchovascular structures are not 
observed is called consolidation (Figure 8) [14]. Pulmonary parenchymal opafica-
tion in CT scans is divided into ground glass and consolidation (Figures 9 and 10). 
Ground-glass opacities are a common and important finding on CT scanning but are 
often difficult to detect on chest radiography.

Ground-glass opacities are nonspecific and can occur in a variety of diseases 
(Figure 11). The differential diagnosis is related to the duration of the symptoms. 
Ground-glass opacities associated with acute symptoms usually indicate atypical 
pneumonia (such as Pneumocystis pneumonia or COVID-19 viral pneumonia), 
edema, bleeding, aspiration, or acute hypersensitivity pneumonia. Ground-glass 
opacities associated with chronic symptoms are usually associated with subacute 
hypersensitivity pneumonia, nonspecific interstitial pneumonia (NSIP), desquama-
tive interstitial pneumonia (DIP), invasive mucinous adenocarcinoma, lipoid pneu-
monia, and pulmonary alveolar proteinosis.

Figure 9. 
A 62-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with inter-
intralobular septal thickening.

Figure 8. 
A 37-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a 
peripheral distribution.
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Although these opacities are not specific, differential diagnosis can be significantly 
reduced by evaluating the presence of associated signs such as concomitant nodules 
or reticulation (Figure 12). If the ground glass pattern does not include other inter-
stitial or alveolar manifestations, it is called isolated. The ground-glass pattern, which 
includes most of both lungs, is also characterized as diffuse. Miller et al. emphasize 
that clinical knowledge is essential in the evaluation and differential diagnosis of 
patients with isolated and diffuse ground-glass patterns [15].

Ground-glass opacities may result from reduced air in alveolar air spaces, partial 
filling of alveolar air spaces, thickening of parenchymal interstitium and alveolar 
walls, relative increase in perfusion, or a combination of these factors [16]. Ground-
glass opacities are classified into seven different groups according to their morpholog-
ical patterns: diffuse, centrilobular, nodular, mosaic attenuation, crazy paving, halo 
sign, and reversed halo sign (Figure 13). The causes of isolated diffuse ground glass, 
which is also an important imaging finding of COVID-19, are shown in Table 1.

Chest CT findings are variable in COVID-19 pneumonia. The typical CT findings 
of COVID-19 are bilateral and peripheral ground-glass opacities (Figures 14 and 15). 
Features such as bilaterality, involvement of the lower lobes, and extension to the 
pleural surfaces can help distinguish COVID-19 pneumonia from other causes of lung 
diseases. It should be noted that the probability that CT findings represent COVID-19 
is closely related to the prevalence of SARS-CoV-2 infection in society. The period at 
which the CT scan is performed has a direct relationship with the imaging findings. 
In COVID-19 pneumonia, ground-glass opacities, consolidations, posterior and 
lower lobes involvement, peripheral and bilateral involvement are widely monitored, 
while the unilateral and central involvement, nodules, Crazy Paving Pattern, and 
the reversed halo sign are less monitored (Figures 16 and 17). If the prevalence of 
disease in society is high, even atypical involvement is likely to represent COVID-19. 
Conversely, if the prevalence of the disease is low, the CT findings, which are quite 
typical for COVID-19, may have been caused by another disease [17].

Unlike COVID-19, bacterial pneumonias characteristically produce focal seg-
mental or lobar pulmonary opacities. Complications such as cavitation, lung abscess, 
lymphadenopathy, parapneumonic effusions, empyema, and associated tomography 
findings are not monitored in COVID-19 unless patients are superinfected with 

Figure 10. 
A 56-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacities (GGO) with inter-
intralobular septal thickening and cysts.
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bacterial pneumonia. Therefore, these findings are distinctive in imaging [18]. 
Pneumocystis jirovecii is a common opportunistic infection that usually causes pneu-
monia in immunosuppressed patients. Pneumocystis jirovecii pneumonia has diffuse 
ground-glass opacities in CT. Unlike COVID-19, it occurs in immunosuppressed 
patients and more often in the upper lobes of the lungs.

Viruses are the most common cause of respiratory tract infections. The clinical 
signs and symptoms of viral pneumonia are diverse. The immunization status of the 
host is an important criterion for determining the prognosis of pneumonia. CT find-
ings of viral pneumonias can be examined in four different categories: ground-glass 
opacities and consolidation, nodules, micronodules and tree-in-bud opacities, inter-
lobular septal thickening, bronchial and/or bronchiolar wall thickening (Figures 18 
and 19) [19]. One of these findings that may be confused with COVID-19 pneumonia 
is ground-glass opacities. Many viruses, such as cytomegalovirus (CMV), herpes 
simplex virus (HSV), respiratory syncytial virus, adenovirus, and influenza viruses, 
produce ground-glass opacities in CT.

Figure 11. 
A 27-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a 
peripheral distribution.

Figure 12. 
A 41-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacities (GGO) and crazy paving 
pattern. Consolidation with air bronchograms and subsegmental atelectasis.
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Figure 13. 
A 63-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a 
peripheral distribution and crazy paving pattern.

Categories Types of diseases and infections

Cause of pandemic SARS-CoV-2 Pneumonia

Opportunistic infections Pneumocystis Pneumonia (PCP)

Cytomegalovirus Pneumonia (CMV)

Herpes Simplex Virus Pneumonia (HSV)

Respiratory Syncytial Virus Bronchiolitis

Other

Chronic interstitial diseases Hypersensitivity Pneumonitis (HP)

Desquamative İnterstitial Pneumonia (DIP)

Respiratory Bronchiolitis İnterstitial Lung Disease (RBILD)

Nonspecific İnterstitial Pneumonia (NSIP)

Acute İnterstitial Pneumonia (AIP)

Lymphocytic İnterstitial Pneumonia (LIP)

Sarcoidosis

Acute alveolar diseases Pulmonary Edema

 Heart Disease

 Adult Respiratory Distress Syndrome (ARDS)

 Other

Diffuse Alveolar Hemorrhage

Other causes Drug Toxicity

Pulmonary Alveolar Proteinosis (PAP)

Bronchiolitis Obliterans with Organizing Pneumonia (BOOP, COP)

Bronchoalveolar Carcinoma

Table 1. 
Causes of ısolated diffuse ground-glass opacity [15].
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Hypersensitivity pneumonitis (HP), also called extrinsic allergic alveolitis, 
occurs as a result of inhalation of organic or inorganic particles by sensitive people 
[20]. In acute cases, the capillary permeability secondary to the allergy increases 
and leads to pulmonary edema. The disease is divided into acute, subacute, 
and chronic phases. In the acute phase, the ground-glass opacities are monitored as 
diffuse.

Desquamative interstitial pneumonia (DIP) is characterized by interstitial inflam-
mation and fibrosis following the accumulation of alveolar macrophages [21]. CT 
scans show diffuse ground-glass opacities in many patients.

Respiratory-bronchiolitis-associated interstitial lung disease (RBILD) is a rare, 
mild inflammatory lung disease [22]. Central and peripheral bronchial wall thicken-
ing and centrilobular nodules are detected in CT, and ground-glass opacities associ-
ated with centrilobular emphysema are monitored in the upper lobes.

Figure 14. 
A 45-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a 
peripheral distribution and pneumothorax.

Figure 15. 
A 21-year-old female with coronavirus disease 2019 pneumonia. Pneumomediastinum.
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Nonspecific interstitial pneumonia is a histological subtype of idiopathic intersti-
tial pneumonia [23]. CT scans monitor ground-glass opacities, various amounts of 
interstitial changes, and honeycomb appearance in most patients.

Acute interstitial pneumonia (AIP) is an acute, fast-progressing idiopathic lung 
disease that often leads to fulminant respiratory failure and acute respiratory distress 
syndrome (ARDS) [24]. Ground-glass opacities and alveolar consolidations accompa-
nied by traction bronchiectasis are monitored on CT.

Lymphocytic interstitial pneumonia (LIP) is a rare lung disease on the spectrum 
of benign pulmonary lymphoproliferative disorders. Ground-glass opacities, cen-
trilobular and subpleural nodules, and randomly distributed thin-walled cysts are 
observed on CT [25].

Sarcoidosis is a multisystemic granulomatous disease that affects people of all 
ages, especially young adults [26]. Sarcoidosis has a wide range of CT findings. 
Ground-glass opacities are rarely detected.

Figure 16. 
A 28-year-old female with coronavirus disease 2019 pneumonia. Multilober ground-glass opacities (GGO) and 
subpleural consolidation.

Figure 17. 
A 40-year-old male with coronavirus disease 2019 pneumonia. Linear atelectasis.



Current Topics in SARS-CoV-2/COVID-19 - Two Years After

44

Pulmonary edema consists of imbalances in the starling forces that manage 
the transport of liquids between the vascular and interstitial gaps of the lung [15]. 
Pulmonary edema etiology is examined in two subcategories: hydrostatic pulmonary 
edema and edema due to increased permeability. Hydrostatic pulmonary edema is 
most commonly monitored in left heart failure. Pulmonary edema due to increased 
permeability is most often the result of Acute Respiratory Distress Syndrome (ARDS). 
The most common symptom of cardiogenic pulmonary edema on CT is isolated 
diffuse ground-glass opacities. ARDS is the most common cause of non-cardiogenic 
pulmonary edema. Bilateral ground-glass opacities and pulmonary consolidation are 
monitored on CT.

Diffuse alveolar hemorrhage is a potentially life-threatening clinical syndrome 
that leads to rare respiratory failure [27]. Diffuse ground-glass opacities and consoli-
dation are often observed on CT.

Pulmonary drug toxicity is increasingly diagnosed as a cause of acute and chronic 
pulmonary disease. Drugs that can cause pulmonary edema due to increased perme-
ability include cyclophosphamide, bleomycin, carmustine and methotrexate. The 
toxicity of these drugs causes ground-glass opacities on CT [28].

Figure 18. 
A 32-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a 
peripheral distribution. Pleural effusion and fibroatelectatic bands.

Figure 19. 
A 61-year-old male with coronavirus disease 2019 pneumonia. Ground-glass opacification (GGO) with a 
peripheral distribution. Fibrosis and inter-intralobular septal thickening.
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Pulmonary alveolar proteinosis (PAP) is a syndrome characterized by the accumu-
lation of alveolar surfactants and dysfunction of alveolar macrophages [29]. Isolated 
diffuse ground-glass opacities and their associated interlobular septa thickenings are 
observed on CT.

Organized pneumonia is a consequence of the inability to fully resolve inflamma-
tion in the distal lung structures (alveoli, alveolar ducts, and respiratory bronchioles) 
[30]. Organized pneumonia with bronchiolitis obliterans is a histological pattern of 
lung damage. CT usually shows multifocal alveolar opacities scattered throughout the 
lungs. It is rarely accompanied by isolated diffuse ground-glass opacities.

The United States Preventive Services Task Force recommends screening for lung 
cancer with low-dose computed tomography (LDCT) in adults between the ages 
of 55 and 80 who have given up in the last 15 years or have a history of smoking 30 
pack-years of smoking and still smoke [31]. Effective screening should be limited 
to individuals at high risk of death from lung cancer. It should be noted that false-
positive results indicate a risk of harm due to overdiagnosis and unnecessary invasive 
tests. As a result of these scans, physicians will encounter more ground-glass opaci-
ties. In the study of Lee et al., it was revealed that a significant part of permanent 
ground-glass opacities may be adenocarcinoma, and the risk of invasion will increase 
as the diameter increases [32]. Predicting the biological behavior of a tumor based on 
the findings of computed tomography has significant effects on the choice of treat-
ment. Patients with tumors with ground-glass opacity may be the group that benefits 
most from sublobar resection or, from another perspective, may not have to endure 
overtreatment with more extensive lung resection [33].

Bronchoalveolar carcinoma, a type of well-differentiated pulmonary adenocarci-
noma, has a wide variety of radiographic appearances, including solitary pulmonary 
nodules, pneumonia-like focal alveolar opacities, ground-glass nodules, diffuse 
alveolar consolidation, and isolated diffuse ground-glass opacities [15].

The current staging system for lung cancer does not distinguish between tumors 
with and without ground-glass opacity. In the study of Watanabe et al., it was revealed 
that non-small-cell lung tumors with a solid component smaller than 3 cm accompa-
nied by a ground glass component had a better prognosis compared with completely 
solid ones [34]. Therefore, clinical stage IA non-small-cell lung cancers should be 
evaluated separately as ground-glass opacity tumors and pure solid tumors. So if even 
the presence of a small ground-glass component in clinical stage I non-small-cell 
lung cancer is so protective, is this feature associated with a similar benefit in patients 
with larger tumors? [35]. Time and new studies will show that ground-glass opacities 
occur in many diseases. With the emergence of COVID-19, it has gained an important 
place in chest CT. In case of detection on CT, the morphology and distribution of 
these opacities should be revealed first. Then, a differential diagnosis should be made 
in the light of clinical history and examination findings. The use of such a systemic 
approach will play a key role in the success of diagnosis and treatment. It should be 
noted that the detection of this finding will also help in early diagnosis, differential 
diagnosis, and assessment of pulmonary activity.

In the twenty-first century, humans have three pandemics associated with corona-
viruses: SARS, MERS, and COVID-19 [36]. Different strategies for effective vaccines 
and therapeutic combinations must be developed as soon as possible to deal with these 
viral pandemics. It will all become clear in time whether the SARS-CoV-2 virus will 
turn into an endemic virus. Lack of effective surveillance or adequate response could 
enable a new pandemic of SARS-CoV-2 [37]. There are many lessons to come out of this 
pandemic. But the most important one is to work together as a global community [38].
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3. Conclusion

In summary, a hazy increase in opacity in the lung parenchyma without 
 obscuring the underlying bronchovascular structures on chest CT is called a ground-
glass pattern. Ground-glass opacities occur as a result of a wide variety of interstitial 
and alveolar diseases. The pandemic caused by SARS-CoV-2 has suddenly turned into 
the most important health problem of our day. Chest CT is frequently used due to the 
limited use of chest radiographs in COVID-19 disease. Thus, the ground glass pattern, 
which is the most common finding of this virus in CT, entered our lives intensively. 
Pneumonia is a common serious symptom of infection, characterized mainly by fever, 
cough, dyspnea, and bilateral infiltrates on lung imaging. Methods such as chest 
 radiography, chest computed tomography, and pulmonary ultrasonography are used 
for imaging the lungs. Different imaging modalities have advantages and disadvan-
tages. Today, there have been advanced developments in cross-sectional imaging 
methods. In many cases, cross-sectional methods for chest diseases have replaced 
radiography. However, chest radiographs continue to play a basic role. In the first step, 
the priority is always chest radiography. Although chest CT is highly sensitive, it has 
a low specificity. To facilitate interpretation and reduce the variability of radiological 
reports, there are some standardizations in the reports. Among the current clas-
sifications for COVID-19, it is possible to divide radiological findings into typical, 
indeterminate, atypical, and negative findings. Ground-glass opacities are classi-
fied into seven different groups according to their morphological patterns: diffuse, 
centrilobular, nodular, mosaic attenuation, crazy paving, halo sign, and reversed halo 
sign. New studies will both allow us to better recognize these viruses and improve the 
examination and treatment.
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Abstract

Since the pandemic began in China in December 2019, thousands of variants of 
SARS-CoV-2 have emerged globally since late 2020. The World Health Organization 
(WHO) defined the SARS-CoV-2 variant of concern (VOC) as a variant with 
increased transmissibility, virulence, and decreased response to available diagnostics, 
vaccines, and therapeutics. Areas of the emerging variant of concern arise from 
countries like the United Kingdom, South Africa, Brazil, and India. These mutations 
carry a lineage from N501Y, D614G, N439K, Y453F, and others, which are globally 
dominated by clades 20A, 20B, and 20C. SARS-CoV-2 VOC emerged after 11 months 
of evolution since the onset through massive human-to-human transmission with 
five major VOCs recognized by the WHO, namely Alpha, Beta, Gamma, Delta, and 
Omicron. Their emergence could be attributed to changing immunological dynamics 
in the human population, which has resulted in resistance or escape from neutral-
izing antibodies, or to mutations and/or recombinations that increase transmission or 
pathogenicity. This literature review intends to identify and report on SARS-CoV-2 
variants that have evolved two years post-onset of the pandemic and their disease 
implications.

Keywords: COVID-19, SARS-CoV-2, variants of interest, variants of concern,  
genetic variations, genetic mutations, alpha, Beta, gamma, Delta, and omicron variants

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) a member of the 
Coronaviridae family emerged in late 2019 in Wuhan, China, and has caused a global 
pandemic of acute respiratory disease in all ages of the population, ranging from mild 
symptoms to mortality [1]. It belongs to the family of coronaviruses (CoVs), sharing 
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79% of the genome sequence with SARS-CoV and 50% with Middle East respiratory 
syndrome coronavirus (MERS-CoV), while the rest of its structure is shared with 
other betacoronavirus [1]. In this enveloped positive sense, single-stranded ribo-
nucleic acid (RNA) with crown-like S-shaped spiked proteins virus [2], there is an 
incubation period of 1–14 days with a median onset time of 8 days [1]. Transmission 
of SARS-CoV-2 is predominantly via droplets, aerosol, and airborne pathways [1]. It 
achieves invasion by using angiotensin-converting enzyme 2 (ACE2) receptors and 
human proteases as entry pathways, eventually fusing with the cell membranes in 
the lung [1]. Mild clinical presentations of this virus include fever, dry cough, and 
pneumonia [3]. Most patients with mild manifestations of this infection recover [3]. 
More severe cases cause other issues besides respiratory problems, such as injury 
to the myocardial cells and heart arrhythmias [3]. Other reported problems caused 
by this virus are in the central nervous system (CNS), gastrointestinal tract (GIT), 
musculoskeletal system, hypercoagulability leading to stroke, and organ failure [3]. 
In the most critical cases, end-organ failure and acute respiratory distress have led to 
death, especially in those with comorbidities such as hypertension and obesity [2, 3].

Coronaviruses continuously evolve due to mutations that occur during the rep-
lication of their genome [4]. Variants that emerged throughout the pandemic differ 
from each other due to one or more mutations, such as the number and location of 
substitutions in the spike (S) protein that makes each unique [4]. The United States 
SARS-CoV-2 Interagency Group (SIG) defines four classes of SARS-CoV-2 variants 
which are: variants being monitored (VBM), variants of interest (VOI), variants of 
concern (VOC), and variants of high consequence (VOHC) [4]. Thirteen variations 
in the S protein of coronavirus disease 2019 (COVID-19) have been detected by late 
November 2020 [3]. On November 30, 2021, SIG classified Omicron as a VOC, replac-
ing the Delta variant [4]. Currently, there is no VOI and the VBM are Alpha, Beta, 
Gamma, Epsilon, Eta, Lota, Kappa, 1.616.3, Mu, and Zeta [4].

Of the two VOCs, Delta and Omicron, the Delta variant has been shown to cause a 
more severe illness in the unvaccinated as compared to the vaccinated [5]. November 
2021, the Omicron variant was first discovered in Botswana [5]. Omicron was desig-
nated as a VOC by the World Health Organization (WHO), which stated that early 
research suggests that it carries a higher risk of reinfection than other variants [5]. 
Currently, in the United States, the Omicron variant is the most common [5]. In 
December of 2020, the Delta variant was first found in India but has since spread across 
178 countries [5]. Changes to the S protein may render the Delta variant up to 50% more 
transmissible than other prior COVID-19 variants, according to research [5].

Significant advances have been made toward “real-time” generation and sharing 
of SARS-CoV-2 data throughout the pandemic [6]. As a result, a computational 
tool, Phylogenetic Assignment of Named Global Outbreak Lineages (Pangolin) was 
developed to assign the most likely lineage to a genome sequence for managing and 
interpreting the rapid generation and sharing of data worldwide, at either a national 
or regional level [6]. Hence this nomenclature was developed to name and track 
global transmission lineages of SARS-CoV-2 [6]. Nextstrain and GISAID focus on the 
prevalence and persistence of a variant by ‘clades’ [6]. Thus, the WHO has estab-
lished a structure for nomenclature using GISAID, Nextstrain, and Pangolin (Pango) 
nomenclature, so that the scientific community may be able to name and track the 
variants of SARS-CoV-2 [7].

According to the WHO situation report as of March 22, 2022, there has been a 7% 
rise in COVID-19 positive cases for the week of March 14–20, 2022, versus the week 
before [8]. However, there has been a 23% decrease in mortality in comparison to the 



53

Perspective Chapter: SARS-CoV-2 Variants – Two Years Post-Onset of the Pandemic
DOI: http://dx.doi.org/10.5772/intechopen.105913

week before [8]. About 12 million new cases and slightly below 33 thousand deaths 
have been reported in this period among the six WHO regions [8]. Approximately 
468,000,000 COVID-19 positive cases and slightly over 6,000,000 deaths have been 
disclosed universally as of March 22, 2022 [8].

COVID-19 has become a continuously evolving disease due to rapid changes 
in the viral variants and despite mitigation strategies such as facial masks, social 
distancing, hand hygiene, vaccine therapies, and other therapies [2]. One of the 
earliest VOCs was the Alpha variant (B.1.1.7), which had a high transmissibil-
ity rate [2]. Recently, Omicron (B.1.1.529) appears to be at least two times more 
transmissible than Delta, with Delta variations being 50–70% more transmissible 
than earlier variants such as Alpha [2]. VOCs remain prevalent, particularly among 
unimmunized persons [2]. VBM were more problematic earlier in the pandemic and 
were more notable for high transmission and increased virulence [2]. These include 
B.1.1.7 (Alpha), B.1.351 (Beta), and P.1 (Gamma), and of lesser concern, Epsilon 
(B.1.427 and B.1.429), Eta (B.1.525), Iota (B.1.526), Kappa (B.1.617.1), 1.617.3, Mu 
(B.1.621, B.1.621.1), and Zeta (P.2) [2].

The two other categories described by the WHO include VOI, which are variants 
that are widely circulating within a population or have the potential to have an impact 
on a population, and VOHC, which are mutations that elude vaccines and current 
therapies that are in place. Currently, there are no circulating VOI and VOHC [2]. 
Given the continuous evolution of SARS-CoV-2, the impact of variants on public 
health may be reclassified based on their attributes and prevalence. VOCs and VOIs 
may differ from those of other reporting agencies because of the impact the variants 
may cause by location. The purpose of this paper is to discuss the genetic lineages of 
SARS-CoV-2 that have emerged as variants and circulated globally during the 2 years 
since the onset of the COVID-19 pandemic.

2. Methodology

PubMed, Google Scholar, EBSCOhost, Mendeley, and MedLine Plus were used to 
conduct the electronic literature search. The search was confined to relevant publica-
tions and articles published between January 2020 and April 2022. If a manuscript 
was relevant to the issue of genetic mutations or variations of SARS-CoV-2, it was 
chosen. To narrow and guide the search process, the listed keywords were sought 
after. COVID-19, SARS-CoV-2, variants of interest (VOI), variants of concern (VOC), 
genetic variances, and genetic mutations are among them.

3. Variant being monitored

Viruses are known to change over time. SARS-CoV-2 has undergone multiple 
modifications since the start of the COVID-19 pandemic in Wuhan in late 2019 [9]. 
Comparing the SARS-CoV-2 pathogenic S protein sequence to the Wuhan-Hu-1 
reference protein sequence showed about 96.5% of the original S protein sequence has 
undergone mutations [9]. These mutations lead to genetic differences, which results 
in the emergence of new variants of the virus [9]. Centers for Disease Control and 
Prevention (CDC), in collaboration with the SIG, added a fourth class of variant clas-
sification named VBM on September 21, 2021, as depicted in Table 1 [22]. The other 
classes include VOI, VOC, and VOHC [22].
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The VBM class includes variants under surveillance for mutations leading to 
increased receptor binding, reduced neutralization by host immune systems, 
decreased efficacy of treatments, and an increase in disease severity and transmis-
sibility but have not yet been deemed a public health threat by SIG at this time [22]. 
The VBM class also includes previously designated VOIs and VOCs that are no longer 
detected or have a decreased prevalence in the population [22]. The variants belong-
ing to the VBM class do not pose a significant risk to public health [22]. Regardless of 
the minimal risk presented by the VBM class, they are closely monitored for new data 
[22]. VBM class that warrants more concern can have their classification changed to 
VOI or VOC if required by SIG [2].

Lineage Predominate Countries Affected Date of Designation Description

Alpha
B.1.1.7
Q Lineages

United Kingdom (UK) 24.0%, 
United States of America (USA) 
20.0%, Germany 9.0%, Sweden 
6.0%, and Denmark 6.0%

September 3, 2020. First detected in the UK and 
has spread to over 52 countries 
including the USA [10–12]

Beta
B.1.351

South Africa 18.0%, Philippines 
10.0%, USA 9.0%, Sweden 8.0%, 
and Germany 7.0%

September 9, 2020 South African lineage [10, 11, 13]

Gamma
P.1

Brazil 56.0%, USA 29.0%, Chile 
3.0%, Argentina 2.0%, and Spain 
1.0%

October 1, 2020 Brazilian lineage with functionally 
significant spike mutations [10, 
11, 13]

Epsilon
B.1.429

USA 98.0%, Mexico 1.0%, Aruba 
0.0%, and Argentina 0.0%

January 26, 2020 USA lineage, predominantly in 
California [10, 11, 14]

Eta
B.1.525

Canada 20.0%, USA 15.0%, 
Germany 9.0%, France 8.0%, and 
Denmark 7.0%

March 25, 2020 International lineage [10, 11, 15]

Iota
B.1.526

USA 97.0%, Ecuador 1.0%, Canada 
1.0%, Puerto Rico 1.0%, and Spain 
0.0%

January 28, 2020, Predominately in New York, with S 
mutation E484K [10, 11, 16]

Kappa
B.1.617.1

India 72.0%, UK 6.0%, Canada 
6.0%, USA 5.0%, and Ireland 3.0%

March 3, 2020 Indian lineage [10, 11, 17]

N/A
B.1.617.3

India 89.0%, UK 4.0%, USA 3.0%, 
Malawi 2.0%, and Russia 1.0%

January 1, 2021 Indian lineage [10, 11, 18]

Zeta
P.2

Brazil 56.0%, USA 25.0%, Canada 
5.0%, Argentina 2.0%, and 
Paraguay 2.0%

April 13, 2020 Brazilian lineage [10, 11, 19, 20]

Mu
B.1.621

USA 42.0%, Colombia 27.0%, 
Chile 9.0%, Spain 5.0%, Mexico 
3.0%

December 15, 2020 Predominantly in Columbia [10, 
11, 21]

Note. Researchers and public health authorities globally are using the Pango nomenclature to track the transmission and 
spread of SARS-CoV-2, including variations of concern and interest. This table contains information on various lineages 
and their distribution [10–21].

Table 1. 
Lineage list.
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4. Variant of concern

4.1 Delta

Viruses constantly undergo mutations resulting in new variants [23]. Table 2 shows 
the Delta variant of COVID-19, formally known as B.1.617.2 [4, 19]. Part of the AY 
lineage, this variant appeared in late 2020 from India and had spread to over 179 coun-
tries by late 2021 [4, 24]. By late 2021, the Delta variant was the most transmissible, 
spreading more easily than the first identified Alpha variant - roughly two times more 
contagious than the original virus [24]. Mutations of the S protein in the Delta variant 
have not been analyzed in detail, though the following substitutions identified are 
T19R, (V70F*), T95I, G142D, E156-, F157-, R158G, (A222V*), (W258L*), (K417N*), 
L452R, T478K, D614G, P681R, and D950N [4]. The Delta variant is thought to have a 
distinct receptor-binding interface than the other forms [24]. The replication capacity 
of the Delta variant has been noted to be more efficient, leading to increased rates of 
transmission, infectivity, and viral load in comparison to other strains [24].

Antiviral medication has been developed to minimize symptoms and lessen the 
duration of viral infection. There are no less than 13 vaccines against SARS-CoV-2 
being used [25]. Each vaccine has been developed with the aim of the immune system 
recognizing the immunodominant S protein [26]. Although the development of 
vaccines has proven successful in decreasing fatalities, reports suggest that mutations 
continue to increase - proposing that the administration of these vaccines does not 
eradicate disease spread [24]. Therefore, the attributes for the Delta variant suggest 
that monoclonal antibody therapies with Emergency Use Authorization (EUA) are 
effective against nearly all Delta lineages [4]. The AY.1 and AY.2 lineages are resistant 
to several monoclonal antibody treatments [4]. In addition, research has shown a 
decrease in post-vaccination sera neutralization [4].

4.2 Omicron

The Omicron variant (B.1.1.529, BA lineages, and other recombinant lineages, 
respectively depicted in Table 2) of SARS-CoV-2 was initially reported to the WHO 
in late November 2021, by South Africa [4, 7, 27, 28]. By December 2021, the United 
States reported its first case of COVID-19 connected to the Omicron variant [4, 27, 28]. 
Numerous mutations not previously seen in the original SARS-CoV-2 strain have 

Lineage WHO Label GISAID Clade Nextstrain Clade

B.1.617.2 Delta G/478 K.V1 21A, 21I, 21 J

B.1.1.529 Omicron GR/484A 21 K → BA.1, BA.1.1
21 L → BA.2
Recombinant lineages → XE, XF, and XD

Note. Data extracted and recreated from the WHO.

Table 2. 
Circulating variants of concern.
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been recognized in Omicron [29]. Omicron possesses greater than 30 mutations on its 
surface within the S protein, one insertion, and three deletions which allows the virus 
to infect cells, rendering elusive characteristics [27, 29].

A substantial number of amino acid substitutions are in the receptor-binding domain 
(RBD) with several alternative changes in other genomic regions [27]. Mutations to the 
S protein of the Omicron variant increase the affinity of binding to receptors, allow-
ing the virus to circumvent antibodies against previous variants and remain infectious 
[30]. Factors influencing the transmissibility and infectivity of the Omicron variant are 
dependent on genetic variability and the location of the mutation [31].

Monoclonal antibody treatments aid the immune system in recognizing and 
responding more effectively to the virus [32]. The attributes for the Omicron variant 
suggest that some monoclonal antibody treatments with EUA may reduce neutraliza-
tion [4]. In addition, post-vaccination sera may also reduce neutralization [4]. A 
comprehensive list of the lineages can be cross-referenced from Table 1 [4, 7].

5. Discussion

Viruses regularly undergo mutations, sometimes creating a lineage of virus prog-
eny known as variants. SARS-CoV-2 has mutated several times since its discovery. 
Using the original Wuhan-Hu-1 protein as a reference, researchers discovered that the 
genes encoding the pathogenic S protein had mutated to the point that just 3.5% of 
the original coding sequence remains [9]. The SIG was founded by the United States 
Department of Health and Human Services (HHS). SIG and the CDC collaborated 
on a report that accounted for these variants and their classification [33]. In terms of 
population impact, the VBM are quite a minimal risk. Alpha, Beta, Gamma, Epsilon, 
Eta, Iota, Kappa, Mu, and Zeta are the varieties under the VBM class as of December 
2021, with B.1.617.3’s structure being unique when comparing other progenies: 
B.1617.1 and B.1.617.2 [2]. As per the CDC, the VBM class poses no significant and 
imminent risk to public health in the United States; in addition, there are no VOI or 
VOHC for SARS-CoV-2 [4].

Countries such as the United Kingdom, South Africa, Brazil, and India have grow-
ing variants of concern [23]. These mutations have a pedigree that includes N501Y 
(i.e., B.1.1.7 and several lineages), D614G (i.e., B.1 lineage and the initial dominant 
variant of 2020), N439K (i.e., arising from the B.1 lineage of the mutated D614G), 
Y453F (i.e., Cluster 5 and mink variant), and additional mutations that are dominated 
by clades [23]. Clades are classified according to the year they first appeared and are 
given a new alphabetical letter depending on their discovery: 19A (first emerging in 
2019), 19B (appearing after 19A), 20A (new appearance at the start of 2020), 20B, 
and 20C, so on and so forth [23]. Delta (i.e., of clades 21A, 21I, and 21 J) and Omicron 
(i.e., of clades 21 K and 21 L) were designated as VOCs by the CDC and SIG in late 
2021 [7]. The Delta variant was discovered to be the most infectious version, with an 
estimated transmission rate double that of the original virus. Its evolved receptor-
binding interface may be the reason for its success when compared to the other 
variants [24]. Where Delta may have been the fastest transmissible variant, Omicron 
was the most clandestine [27, 29, 34]. First seen in late November of 2021, researchers 
found over 30 mutations within the S protein. These mutations increased the affinity 
of receptor binding, allowing the virus to circumvent antibodies against previous 
variants and remain infectious [30]. It was also reported that monoclonal antibody 
treatments were found to be effective against Omicron [34].
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The S protein is found on the external surface of the virus and is categorized into 
two subunits, S1 and S2 [24]. The S protein is the main virulence factor that moder-
ates host infection by binding to the ACE2 receptors prominent on type II alveolar 
epithelial cells found in the respiratory epithelium [24]. Once the S protein binds to 
the host cell, it undergoes a conformational change in its structure from the inactive 
“down” state into an active “up” state, which signals a cascade of cleavages to the S1/
S2 subunits by the host enzymes and other proteases [24]. This change further alters 
the S protein into an amino N-terminal S1 subunit containing an RBD and a carboxyl 
(C)-terminal S2 subunit for virus and host cell membrane fusion [24]. Much of the 
SARS-CoV-2 genome is made of ORF1ab (one large open reading frame), and when 
the virus penetrates the host cell, it gets translated into polypeptides pp1a or pp1ab 
[24]. These polypeptides primarily make non-structural proteins nsp1-nsp16 that 
mediate ssRNA replication [24]. Approximately one-third of the SARS-CoV-2 genome 
is responsible for synthesizing structural proteins such as the S (spike) protein, E 
(envelope) protein, M (membrane) protein, and N (nucleocapsid) protein, as well as 
accessory proteins ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10 [24].

During viral replication, mutations in the ssRNA genome can be classified as syn-
onymous with no changes to the amino acid being synthesized or non-synonymous 
with modifications to the amino acid [24]. The S protein has two regions that are 
susceptible to mutation, the N-terminal domain, and the receptor-binding domain, 
which directly interacts with host ACE2 and is a region that contains a heightened 
number of amino acid substitutions [24].

5.1 +S: K417N (Delta)

The mutation K417N has lysine (K) being substituted with asparagine (N) [35]. 
This mutation is found close to the RBD and has displayed the capability of impairing 
the RBD inactive “down” state [24]. Recent data also indicates that multiple com-
bination mutations are possible and can generate an even more significant decline 
in neutralization attempts, such as mutation K417N in conjunction with mutations 
E484K and N501Y [24].

5.2 +S: E484K (Delta)

The mutation E484K has arisen from multiple lineages, such as Beta and Gamma 
[24]. This variant indicates an amino acid substitution in position 484 with glutamic 
acid (E) substituting for lysine (K) [35]. In addition, this mutation is close to the tip 
of the spike [24]. This substitution alters the shape of the S protein and grants resis-
tance to several antibodies and the ability to evade the immune response [24].

5.3 +S: R346K (Omicron)

A recent study conducted by Lu et al., which used transmembrane protease ser-
ine 2 (TMPRSS2) to isolate variant Omicron strains HKU691, and HKU344-R346K 
from patients indicated that the Omicron variant has an extra spike R346K muta-
tion that is seen in 8.5% of strains reported in the GISAID database [36]. The study 
also indicated that both strains were less susceptible to neutralization, and many 
patients did not demonstrate neutralizing antibodies to Omicron variant isolates 
[36]. The R346K mutation is also found in the receptor-binding domain and the mu 
variant [36].
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Coronaviruses often recombine; therefore, a single phylogenetic tree will not 
necessarily depict SARS-CoV-2’s evolutionary history accurately [10]. While this com-
plicates the phylogenetic analysis, recombination is made possible with the approach 
of lineage nomenclature and assignment [10]. Conversely, the co-infection of both 
Delta and Omicron, although rare, happens [34, 36]. If a different recombination 
event initiates continuous transmission, it will result in the formation of a new viral 
lineage with a distinct common ancestor. Because this new lineage lacks a specific or 
clear ancestor, it will be given the next available alphabetical prefix [10]. For example, 
XE, a cross between two Omicron strains that are now well-known: BA.1 (the original 
Omicron strain) and BA.2 (the more contagious strain that is now prominent in the 
United States and other countries) [4, 7, 10].

6. Conclusion

SARS-CoV-2 first appeared in late 2019 in Wuhan, China, as a positive-sense, 
single-stranded RNA virus with crown-like S-shaped spiking proteins; and has since 
spread throughout the world, resulting in a global pandemic of acute respiratory 
illness in people of all ages, with symptoms ranging from mild to fatal. It can undergo 
mutations, creating a lineage of virus progeny. It has become a continuously evolving 
disease due to rapid changes in the viral variants. They differ from each other due to 
one or more mutations, such as the number and location of substitutions in the S pro-
tein that makes each unique. This article discusses the genetic lineages of SARS-CoV-2 
that have emerged as variants and circulated globally during the two years since the 
onset of the COVID-19 pandemic. There are four classifications by SIG of which the 
most alarming is classified as VOC. Important VOCs are Alpha, Beta, Gamma, Delta, 
and Omicron. Some of the lineages of these mutations are N501Y, D614G, N439K, 
Y453F, and others, which are globally dominated by clades 20A, 20B, and 20C. Of 
these, Alpha was the earliest and most infective initially. Variants have mostly emerged 
from countries like the United Kingdom, South Africa, Brazil, and India. The muta-
tions are thought to appear due to massive human-to-human transmission, which is 
why prevalence is particularly higher among unimmunized persons. Other classifica-
tions are defined as VBM, VOI, VOC, and VOHC but most of these are at lower risk for 
infectivity, although they are still being monitored for new data. To date, no SARS-
CoV-2 variants are designated as VOI or VOHC. Of note, further research is required 
to fully understand these variants and increase the accuracy of treatments. The public 
should consider vaccination along with preventative measures, such as wearing a 
mask, washing hands frequently, and practicing social distancing for the best chance 
of avoiding contact and increase in the variants.
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SARS-CoV-2 Mutation Mechanism, 
Features, and Future Perspective
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Abstract

Over two years, the SARS-CoV-2 virus has evolved by producing several variants 
by RNA polymerase mutation. This mutation created many virus variants that five of 
them are designated by WHO. These are Alpha, Beta, Gamma, Delta, and Omicron, 
among them Alpha, Delta, and Omicron spread faster. Coronaviruses (CoVs) are 
enveloped in positive-sense RNA viruses and contain huge RNA virus genomes. RNA 
polymerase controls the replication in which the genomic material is copied, and it 
often makes errors that lead to create a new mutation. Most mutations create a virus 
that cannot replicate and spread among people. However, some mutations lead to 
a virus that can replicate and create a variant. This chapter will discuss the mecha-
nism of the mutations during the last two years and the future of these mutations in 
SARS-CoV-2.

Keywords: SARS-Cov-2 mutation-biochemical mechanisms, RNA polymerase

1. Introduction

To begin, most known human-associated coronaviruses have caused colds, there-
fore, to date, this family of viruses has not been extensively researched and is still 
very unknown to humanity, and only a number of severe human diseases have been 
attributed to this family.

However, in 2003, a virus from this family, which was responsible for severe acute 
respiratory syndrome (SARS) appeared and spread rapidly among humans and was the 
starting point for research into coronaviruses [1]. In addition to the 2003 SARS outbreak, 
coronaviruses (CoVs) have had two other large-scale outbreaks in the last two decades: 
middle eastern respiratory syndrome (MERS) and now COVID-19. Current coronavirus 
(COVID-19) originates from a cluster of pneumonia related to the seafood market in 
Wuhan City, Hubei Province, China [2]. With the occurrence of the MERS and the SARS 
outbreaks within the past couple of decades combined with the ongoing pandemic, 
coronaviruses are now considered “emerging pathogens” [1, 3–5]. In (Figure 1), you can 
have a better understanding of the types of diseases and viruses that cause the disease, as 
well as their relationship and year of spread.

In addition, CoVs disease (COVID-19) caused by severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) is an infectious disease [6]. SARS-CoV-2 
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belongs to the betacoronavirus genus [1]. As mentioned above, the third highly 
pathogenic coronavirus to enter the human population is SARS-CoV-2, which is 
more contagious and has a broad tissue tropism that is likely to increase the  
prevalence [7].

In December 2019, the SARS-CoV-2 first spread to Wuhan, China, and the rapid 
spread of the virus sounded the alarm around the world and all countries were on 
alert. The World Health Organization (WHO) declared the outbreak an epidemic, 
and several countries quickly confirmed several cases. By May 4, 2020, more than 
3.3 million cases had been diagnosed with the disease, a staggering number. It was a 
concern for governments and humanity [8].

The first observations showed that the virus is transmitted from a carrier to a 
healthy person through close contact, such as shaking hands and kissing, and by small 
droplets produced during sneezing, coughing, and talking [9].

Most researchers and scientists are now focused on identifying different types of 
coronaviruses and in particular the regular identification of new types of mammalian 
coronaviruses. For example, in 2018, the HKU2-associated coronavirus of bat origin was 
identified as responsible for the deadly acute diarrhea syndrome in pigs Figure 1 [5].

1.1 SARS-CoV-2 genome and structure

Coronaviruses (CoVs) of the family Coronaviridae are enveloped, positive-sense 
single-stranded RNA genomes ranging from 26 to 32 kilobases in length, which 
replicate in the cytoplasm [1, 3–5]. All of the highly pathogenic CoVs, including 
SARS-CoV-2, belong to the betacoronavirus genus, group 2. The SARS-CoV-2 genome 
sequence shares ~80% sequence identity with SARS-CoV and ~50% with MERS-CoV 
[3, 4]. Its genome comprises 14 open reading frames (ORFs), two-thirds of which 
encode 16 nonstructural proteins (nsp 1–16) that make up the replicase complex, 
whereas the remaining one-third encodes the structural proteins envelope (E), spike 
(S), nucleocapsid (N), and membrane (M). [1, 4, 5].

Figure 1. 
History of coronavirus naming during the three zoonotic outbreaks in relation to virus taxonomy and diseases 
caused by these viruses. According to the current international classification of diseases, MERS and SARS are 
classified as 1D64 and 1D65, respectively.
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1.2 Entry mechanism of SARS-CoV-2

All external agents that want to enter the host cell have their entry mechanism, 
and the covids have their mechanism. All covids first bind to the host cell receptor 
by a surface glycoprotein called spike, which is encoded by themselves, and whose 
main job is to mediate entry into the host cell. Covids transfer their nucleocapsid to 
the host cell cytoplasm when their coating fuses with the host cell layer. This occurs 
in acidic endosomal portions or, in some cases, in the plasma membrane. The route of 
infection is driven by the spike glycoprotein (S), which is also a major determinant of 
cellular tropism. This protein is a class I combination protein and plays a key role in 
binding the virus to the corresponding receptor at the surface of the host cell, also the 
role of interference between the host membrane and the virus in the cycle is driven 
by critical structural changes in the spike protein. For beta-coronaviruses, there is a 
receptor-binding region (RBD) in the spike protein that is involved in binding to the 
host cell receptor. This occurs when the spike is cleaved by the proximal host pro-
tease, then the spike combination peptide is released to facilitate virus entry. ACE2 
for SARS-CoV and dipeptidyl peptidase-4 (DPP4) for MERS-CoV have identified 
receptors. Past investigations have announced that RBDs from the heredity B of beta 
covids can be arranged into practically distinct clades. Those from clade 1, which 
incorporates SARS-CoV-2 can enter cells expressing ACE2. This has been tentatively 
approved by a few investigations exhibiting the crystal construction of the RBD 
of the spike protein with that of ACE2. ACE2 is enhanced in the ciliated bronchial 
epithelial cells, which have all the major targets of being significant focuses of SARS-
CoV-1 and -2, though DPP4 is advanced in the unciliated epithelial cells, which act 
as target cells for MERS disease. The two receptors are expressed in the sort II pneu-
mocytes, which are contaminated by both infections. Aside from the ACE2 receptor, 
neuropilin-1 has been as of late distinguished as an entry factor that functions in 
concert with ACE2 to facilitate SARS-CoV-2 entry. In any case, expression of ACE2 
in the mix with a host transmembrane serine protease has been displayed to confer 
susceptibility to SARS-CoV-2 [1].

Like other covids, the SARS-CoV-2 section happens by means of a multi-step 
interaction of cell surface connection, receptor commitment, proteolytic cleavage, 
and membrane combination that includes a few particular domains on the spike 
protein [1], which is shown clearly in (Figure 2).

As mentioned, the function of the RBD receptor plays the most important role in 
the virus entering the host cell. Researchers have also recently realized that protease 
plays a key role in facilitating virus entry, processing covid results, and as a potential 
barrier to species. Research shows that the entry of the virus SARS-CoV-2 is increased 
following the external expansion of trypsin. The most colorful role among host prote-
ases is the serine transmembrane protease Tmprss2, although it should be noted that 
different types of this family, as well as certain cathepsins, are involved. Although the 
spike protein has been shown to be cleaved by host proteases, there is further evidence 
that this protease acts on the receptor and activates it [1].

SARS-CoV-2 is different from SARS-CoV-1 and other SARS-related types due 
to the presence of a furin cleavage (FCS) site containing the PRRAR multi-basic 
amino acid in the S1/S2 convergence of the viral spike protein (S). Although FCS is 
present in other relatives of CoVs, such as HKU1-CoV, MERS-CoV, and OC43-CoV. 
However, SARS-CoV-2 has a growth-enhancing function and it is assumed that 
other vital factors accompany it and the rate of infection and contagion in these 
factors is higher [10].
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FCS is a known factor in influenza infections and appears to increase destruc-
tion and infection. Of course, it should be noted that it has not yet been determined 
whether this pathogenic function is also present in the SARS-CoV-2 virus [10].

Although various proteases, such as TMPRSS2 and cathepsin-B or -L (CTS-B or -L), 
cause cleavage at the S1/S2 site of the SARS-CoV-2 virus, the presence of FCS can have 
benefits for the SARS-CoV-2 virus, although research is needed to prove this. A new 
report by Johnson et al. shows that a SARS-CoV-2 virus that mutates and lacks FCS in its 
spike protein reduces the proliferation of Calu3 cells in a human respiratory cell line, thus 
weakening the disease in the hamster pathogenesis model. Preliminary observations sug-
gest that FCS in the SARS-CoV-2 virus may play an important role in degradation [10].

Observations show that the ACE2 receptor and the TMPRSS2 serine protease are 
the main factors determining the entry of SARS-CoV-2 into cell tropism. It should be 
noted that the cells that express these two proteins are always defending against the 
SARS-CoV-2 virus [1].

Taking into account all the mentioned cases and points, we find that the SARS-
CoV-2 virus has higher infectivity and higher transmissibility than previous types of 
coronavirus, and escapes from the host’s immune system and delayed its function, for 
example, by disabling the system of long-term antibody formation against the virus. 
They control and direct subatomic pathways in host cells that reduce cell growth and 
damage in lung epithelial cells. These new discoveries are very large and effective in 
helping to interpret the basic pathomechanisms in Covid-19 and in particular cause 
immune disorders Figure 2 [10].

The cells encoding TMPRSS2 and the angiotensin-converting enzyme 2 
(ACE2) are infected by the SARS-CoV-2 virus (severe acute respiratory syndrome 

Figure 2. 
Schematic of the intracellular lifecycle of SARS-CoV-2 and related immunopathology.
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coronavirus 2), which causes it to pass into the host cell through endocyte 
machinery or fuse into the plasma membrane. The genetic material (genome) of 
the virus is released into the cytosol of the host cell and transcription, replica-
tion, assembly, and translation. Viral progenies are produced and released into 
the extracellular space through undiscovered mechanisms. Arrival and ampli-
fication of the viral lead to cell pyroptosis and arrival of harm-related atomic 
examples, including ASC oligomers, ATP, and nucleic acids. This is joined by the 
discharge of supportive pro-inflammatory cytokines and chemokines culminat-
ing in a cytokine storm. Then again, MHC-I limited antigen releasing is down-
regulated in all probability by binding of the viral Orf8 protein, bringing about 
lessened T-cell activation.

1.3 The origin and evolution of SARS-CoV-2

Researchers have identified and sequenced the complete sequence of the SARA-
CoV-2 genome and other beta-coronavirus genomes. The results show that SARS-
CoV-2 is 96% similar to covid strain bat Cov RaTG13. And this research clearly shows 
that SARA-CoV-2 may have originated in bats, and may also have evolved from bat 
Cov RaTG13 [11].

The genomic RNA of SARS-CoV-2 encodes four driving structural proteins which 
are known as spike (and which likewise contains the receptor-binding domain [RBD] 
through which the infection ties to its natural receptor at have cell surface), the envelope 
(E) protein, the membrane (M) protein, and the nucleocapsid (N) protein. The genome 
of SARS-CoV-2 likewise contains extra genes, like that encoding for the RNA-dependent 
RNA polymerase (RdRP). This enzyme is fundamental for replicating viral RNA and 
for transcription of all RNA virals, both bearing negative and positive-sense RNA. In 
positive-sense single strand RNA virals, for example, SARS-CoV-2, the enzyme straight-
forwardly transcribes the positive-sense RNA, which acts precisely like a messenger 
RNA, yet additionally twofold convert positive-sense RNA into negative-sense RNA and 
then again in positive-sense RNA, to be gathered in the last viral particle [12].

Researchers demonstrate that an isolate numbered EPI_ISL_403928 shows differ-
ent hereditary distances of the entire length genome and different phylogenetic trees, 
the coding sequences of nucleoprotein (N), spike protein (S), and polyprotein (P) 
from other SARS-CoV-2, with 2, 4, and 22 varieties in N, S, and P at the level of amino 
acid residues respectively. The outcomes show that at least two SARS-CoV-2 strains 
are involved in the outbreak [11].

Among the 103 strains, a sum of 149 mutations is distinguished and populace 
hereditary investigations demonstrate that these strains are predominantly isolated 
into two kinds. Results recommend that 101 of the 103 SARS-CoV-2 strains show 
considerable linkage between the two single nucleotide polypeptides (SNPs). The 
main kinds of SARS-CoV-2 (L sort and S type) are distinguished by two SNPs which 
situate at the destinations of 8,782 and 28,144. L sort contains 70% of the 103 strains 
and S type contains 30%, showing that L sort is more prevalent than the S type. 
Notwithstanding, the S type is the ancestral version of SARS-CoV-2. Until today, 13 
mutations in the spike protein have been recognized [11].

1.4 Emergence of SARS-CoV-2 variants and how they mutate

Changes and causes of created virus types are caused by nucleotide changes that 
usually occur in the virus genome sequence during replication. It should be noted 
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that these changes are faster in RNA viruses than in DNA viruses. However, the rate 
of nucleotide changes in CoVs is usually slower than in other RNA viruses, due to the 
presence of an enzyme that plays a role in correcting defects created during replica-
tion. This enzyme is called non-structural protein 14 (nsp14) which has the function 
exoribonuclease (ExoN) which causes it to play a role in “editing.” It is also detrimen-
tal to the replication of SARS-CoV-2 and MERS-CoV if this function is inactivated. 
Nucleotide changes in the genome sequence increase with respect to viral replication, 
transmission, and escape from the immune system due to natural selection in a popu-
lation. For example, when a virus is detected by the immune system and its chances 
of survival are reduced, it is naturally eliminated, so the virus in which the nucleotide 
change occurred and caused it to escape the immune system and be safe has a better 
chance of survival. In general, genomic changes that affect viral health can randomly 
increase or decrease the frequency. Various treatments, such as monoclonal antibod-
ies (mAb), convalescent plasma and vaccines, and even environmental factors, are 
important factors that have a significant impact on the genomic changes of viruses 
and cause the continuation of these changes and the emergence of new strains. In the 
event that variations evidently change the phenotype (transmission and virulence) of 
a viral, they are alluded to as a strain [13].

Of course, it should be noted that not only the changes that occur during replica-
tion and the specified host stresses, not only the formation of different species but 
also RNA editing or RNA modification can cause the formation of new types of 
SARA-CoV-2 Be. For example, the replacement of cytosine nucleotides by uracil and 
adenosine by inosine has been observed in SARS-CoV-2 genome sequence research. 
These events occur by RNA-editing enzymes, which include apolipoprotein B mRNA 
editing catalytic polypeptide-like enzyme (APOBEC) and adenosine deaminase 
RNA specific 1 enzyme (ADAR1) respectively. Host cells have enhanced these editing 
enzymes as innate viral sensory defense mechanisms; however, viruses can use these 
mechanisms to evolve. In Covid-19 patients, alterations in the structure of viruses 
have been observed within the host and are likely to occur by the same RNA-editing 
enzymes, but how exactly is SARS-CoV-2 altered and manipulated using these 
enzymes to nucleotide changes is not yet known [13].

Another factor in the development of the new SARS-CoV-2 species is recombina-
tion, which occurs in infected cells where the inherited substance of the two types is 
packaged in a single virion and causes different changes in the sequence of the virus 
genome. Recently, evidence has shown that a person can be infected with two dif-
ferent types of SARA-CoV-2 at the same time. In this case, the new species resulting 
from recombination can each have different pathogenic properties and have serious 
consequences for SARS-CoV-2 interactions, especially when this new species can 
move away from normal and stimulated antibody resistance. Overall, CoVs have a 
high recombination rate, and so far, conflicting data on SARS-CoV-2 recombination 
have been reported and its exact nature is still unclear [13].

An increase in the rate of viral evolution and a decrease in the rate of repulsion 
of the replicable virus has been observed in immunocompromised individuals with 
SARS-CoV-2 disease. Several studies during the treatment of this disease with plasma 
recovery method and mAb treatment have shown that the emergence of various 
viruses is associated with reduced sensitivity to neutralizing antibodies. However, 
in patients infected with the human immunodeficiency virus (HIV), an increase in 
changes in the genomic sequence of the virus has been observed. Single nucleotide 
polymorphism (SNP) examination distinguished a few varieties, frequently bringing 
about amino acid changes in the S protein related to immune evasion tracked down 
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in variations of concern. Beta, for example, was first seen in South Africa and was 
thought to have evolved through the evolution of a virus within at least one host with 
delayed viral replication, such as in a person with HIV or immunodeficiency. Intra-
host evolution is by all accounts more articulated in immunocompromised populaces, 
which could act as a drawn-out wellspring of new SARS-CoV-2 variations, but it stays 
unclear whether basic co-morbidities assume the main part in the development of 
viral variations [13]. All in all, various factors change the genome and create a new 
type of virus and disease, as mentioned above, not only the structure and editing 
enzymes and proteins involved in replication but also the host’s immune system and 
the host body’s enzymes and antibodies, which are injected through vaccines, can also 
be effective in mutation.

1.5 Currently circulating SARS-CoV-2 variants

SARS-CoV-2 variations are classified by the CDC (Center for Disease Control 
and Prevention) and the WHO into two sorts: variants of concern (VOC) and 
variants of interest (VOI). A few VOC have emerged from the first wild-type 
strain detached in Wuhan since the outbreak initially started in December 2019. As 
indicated by the Center for Disease Control (CDC), a VOC is one that has expanded 
contagiousness, expanded destructiveness, resistance to the vaccine, or acquired 
immunity from the previous infection, and can escape symptomatic recognition. 
The VOCs are classified by the WHO as Beta (B.1.351), Alpha (B.1.1.7), Delta 
(B.1.617.2), and Gamma (P.1) [13, 14].

2. SARS-CoV-2 variants

2.1 D614G variant

At the beginning of February, a new strain of the disease began to spread in 
Europe, and the first species to rapidly dominate the world was the D614G strain, 
which underwent a change in the S protein and caused the disease to become more 
infectious, but still, It was treatable by neutralizing with recovery serum [13]. This 
species rapidly replaced the original and weaker species, a mutation that increased 
replication capacity and sensitivity in both human and animal models. SG614 is more 
steady than SD641 and less S1 shedding is noticed, so the SARS-CoV-2 with SG614 
could transmit more efficiently. One review shows that in different cell lines, the 
SARS-CoV-2 containing the D614G change is eight times more effective at transduc-
ing cells than wild-type spike protein, providing evidence that the D614G mutation 
in SARS-CoV-2 spike protein could increase the transduction of multiple human cell 
types. TheD614G in the furin binding is a conspicuous common mutation depicted in 
nearly all of the new variations. The D614G mutation could decrease neutralization 
sensitivity to the sera of convalescent COVID-19 patients [11, 13, 14].

2.2 Alpha variant (B.1.1.7 lineage)

In late December 2020, a new strain of the disease was identified that quickly 
became dominant in the UK, called alpha (B.1.1.7). This species of SARS-CoV-2 is 
highly contagious. The alpha species (B.1.1.7) is caused by a receptor-restricting space 
(RBD) in the spike protein. As mentioned earlier, it is important to identify the original 
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genomic sequence of the SARS-CoV-2 virus to control the epidemic and identify how 
new species formed, and find a way to treat and prevent further changes or predict 
the next mutation. The researchers identified seventeen mutations in the viral genome 
sequence in which eight mutations occurred in the spike (S) protein, such as Δ144 can-
cellation, Δ69–70 deletion, A570D, N501Y, D1118H, S982A, T716I, and P681H. Another 
important mutation that increases the incidence of the disease and binds the spike 
protein to the ACE 2 receptor is the N501Y mutation, which accelerates and improves 
the viral binding and thus cells entry. This species was seen in Britain and the United 
States in September and December 2020, respectively. The death rate was seen to be 
high in B.1.1.7 variant tainted patients and the changed peril proportion was examined 
as 1.67, 95% CI 1.34–2.09. The B.1.1.7 predominant variation SARS-CoV-2 strain is 
flowing in different nations worldwide. Research has shown that people who have been 
vaccinated have each been somewhat resistant to the species. The following results 
show some data. Those who received the BNT162b2 vaccine had a significant reduction 
in the neutralization titer against the alpha species (B.1.1.7). Individuals vaccinated with 
the Janssen vaccine (Ad26.COV2-S) had a moderate effect in vitro against alpha species 
(B.1.1.7) but were less effective than against the reference strain. In the case of individu-
als who had been vaccinated with Novavax (NVX-CoV2373), the data showed that they 
were 96% effective against the first strain and 86% effective against the alpha species 
(B.1.1.7). In Phase III clinical trial in the United Kingdom containing 15,000 members 
(18 to 84 years old), AZD1222 was 70% effective in alpha (B.1.1.7) infected individuals 
and 77% effective in non-alpha species was observed. Studies have identified a variety 
of amino acid changes in the spike protein of the alpha species (B.1.1.7). The reason for 
these changes is N501Y, P681H, 69/70, ORF8, and E484K mutations. In addition to the 
above, another F888L mutation in protein (S) has been identified in the Nigerian spe-
cies alongside E484K. This mutation increases the virus’s permeability to the host cell 
by hydrolysis by TMPRSS2 to alter the biological efficacy of SARS-CoV-2. Every one of 
the above examinations was completed with their restrictions regarding methodology, 
sample size, and immune reaction [13, 14].

2.3 Beta (B.1.351 Lineage)

In October 2020, a new species called beta (B.1.351) was identified for the first 
time and quickly became the dominant strain, causing the second wave of epidemic 
in South Africa [13]. This species is caused by E484K mutations and has more side 
effects than other species. New mutant species are more resistant to species originat-
ing in Britain and South Africa but are less effective against vaccines. The K417N and 
E484K mutations give rise to the V2.501 variant seen earlier in South Africa, which 
is more contagious and has a strong correlation with the parent strain. E484K muta-
tion also assumes a significant part in immune component, host receptor affinity, 
and infectivity. Starting discoveries have demonstrated that the Oxford-AstraZeneca 
immunization has shown an extensive decrease in inadequacy against these variations 
and was checked on by the WHO. Novavax vaccine can protect to a moderate level, 
while the Pfizer-BioNTech and Johnson and Johnson vaccines immunizations likewise 
have diminished the viability against the β-variant (B.1.351) [14].

2.4 Lineage B.1.258

In late 2020, the species B.1.258 was first identified in the Czech Republic and 
Slovakia, it had a greater ability to escape the immune response, as well as a more 
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acute infection in the host. The N439K mutation in the terminal region of the spike 
glycoprotein has given rise to this species, although 69–70 deletions in the receptor-
binding domain (RBD) have been observed to be modified. Also, due to the change 
of antigenic peptides in the amino-terminal region, neutralizes this species when 
exposed to vaccine and serum [14].

2.5 Gamma variants (P.1 or 20 J/501Y.V3)

In January 2021, four Brazilians traveling to Japan brought a new strain of the 
disease with them to the Brazilian city of Manaus, where it was first found, and 
named it the gamma species (P.1). The disease has exacerbated the number of cases 
in Brazil [13].

This new species of gamma (P.1) is caused by 11 mutations in the spike protein. 
Researchers have been conducting extensive research on SARA-CoV-2 cases since 
December 2021, and about 42% of cases have infections of the gamma species (P.1). 
Mutations that cause this species have increased the infectivity rate of the disease to 
+160% and caused them to better escape from the immune system due to antibody-
mediated. Statistics also show that this variant is more lethal and can kill up to 2.2 
times more people. Gamma and quasi-gamma variants (P.1 and P.1-like) are more 
common and contagious among younger people. P.1 or 20 J/501Y.V3 were classified 
as gamma mutations (K417T, N501Y, and E484K) in the RBD domain. In November 
2020 and January 2021, it has been seen that the Gamma variant is 1.4–2.2 times more 
infectious than the baseline [14].

2.6 Delta (Lineage B.1.617 and B.1.617.2)

Delta (B.1.617.2) was first identified in December 2020, which quickly became the 
dominant species, causing a second wave of pandemics in India, which was cata-
strophic and even resumed. The strictures became in the United States [13].

This type of delta (B.1.617 and B.1.617.2) is caused by three mutations of the 
alternative type, these mutations include P681R, L452R, and E484Q. Of these three 
mutations, two were seen in the RBD domain and the other near the furin that binds 
to the host. This species is up to 64% more transmissible than the previous, has also 
increased the number of hospitalizations by 85%, and even affected natural immu-
nity. However, the risk of re-infection in patients is lower than before. Among the 15 
mutations found in Delta species are spike protein mutations E484Q , D111D, P681R, 
and G142D, which have been shown are caused to escape antibody neutralization [14].

2.7 Lineage B.1.168

In West Bengal, a new variant has been found that was created by the deletions of 
the two amino acids His146 and Tyr145 and the mutations D618G and E484K, called 
B.1.168. These changes can escape convalescent plasma and numerous monoclonal 
antibodies [14].

2.8 Variant Omicron (B.1.1.529)

As of late designated VOC by the WHO, was first identified in November 2021 by 
world-class genomic surveillance laboratories in South Africa and has been tracked 
down in numerous nations all over the planet. The rise of these variants is disturbing 
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since they might affect viral transmissibility, virulence, and rate of reinfection by 
escaping natural and vaccine-induced immunity [13]. The Omicron SARS-CoV-2 
variant shows in excess of 30 mutations prompting amino-acid changes in the spike 
sequence, 15 of them situated in the receptor-binding domain (RBD), which is key for 
viral-cell association interceded by ACE2 receptor. Deductions to decide transmission 
rate have endeavored from the Omicron spike quality arrangement. This information 
revealed a bunch of mutations at the S1–S2 furin cleavage site, which might upgrade 
viral infectivity. Additionally, docking studies showed that a blend of mutations in the 
RBD would yield a high binding proclivity with human ACE2 of this variation [15].

2.9 Other VOIs

Numerous other VOI has been accounted for which are just anticipated to influence 
transmission, virulence, and acquired or vaccine immunity. The VOI and variants being 
checked to incorporate; Epsilon (B.1.427/B.1.429) was first found in California, and 
research has shown that it is the result of several mutations in the spike protein and 
ORF1ab. These include the I4205V, D1183Y, and L452R, S13I, and L452R mutations in 
which the first two mutations occur in ORF1ab and the next three mutations occur in the 
spike protein, also known as CAL.20C, CA VUI, 21C or 20C/S: 452R. In November 2020, 
the CAL.20C variant was differentiated in California and eventually named Epsilon [14].

Zeta (P.2) was identified in Brazil, and has key spike mutations (T20N; L18F; 
F157L; P26S; D614G; E484K; V1176F; and S929I) [12–24]. Eta (B.1.525) is recognized 
in Nigeria and the UK and Iota (B.1.526.1/B.1.526) is distinguished in New York, both 
have key spike mutations (B.1.525: Δ69/70, A67V, Δ144, D614G, E484K, F888L, 
Q677H; B.1.526: T95I, (L5F*), D253G, (E484K*), (S477N*), (A701V*), D614G [12–24]. 
Theta (P.3), additionally called GR/1092K.V1 distinguished in the Philippines were 
accounted for on February 18, 2021, with two mutations N501Y and E484K. Theta 
variants were likewise distinguished in Japan, the United Kingdom, and Malaysia in 
July 2021. Theta variants vanished by July 2021 [13, 14]. Kappa (B.1.617) harbor key 
transformations (G142D, (T95I), E154K, E484Q , L452R, D614G, Q1071H, and P681R) 
and same as Delta Plus (B.1.617.2.1) distinguished in India [12–24]. Lambda (C.37) is 
distinguished in Peru and Mu (B.1.621) is recognized in Colombia [13].

Eleven COVID-19 vaccines (mRNA-1273 (Moderna), BNT162b2 (Pfizer/
BioNTech), ChAdOx1 (AstraZeneca/Oxford), Ad26.COV2.S (Janssen), NVX-
CoV2373 (Novavax), BBV152 (Bharat Biotech), CoronaVac (Sinovac), BBIBP-CorV 
(Sinopharm), SCB-2019, CVnCoV, and HB02)) [25, 26]. Full vaccination of COVID-
19 antibodies is highly compelling against Alpha variant, and moderate viable against 
Beta, Gamma, and Delta variants. A booster vaccination is more powerful against 
Delta and Omicron variants. mRNA vaccines appear to have higher vaccine effective-
ness (VE) against Alpha, Beta, Gamma, and Delta variants over others [26]. So far, 
we have described all the variants that mutated and spread, mentioning the cause of 
the mutation and the first place they discovered it. This is definitely not the end of the 
story, and like all other microorganisms and diseases, they always mutate and adapt to 
new enemies which are dangerous to their survival.

3. Implications of variants on transmission and virulence

Again, a brief overview of the important issues mentioned above: Spike protein 
binds to the ACE2 receptor and accelerates the entry of the virus into the host cell. 
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Replacement and change in amino acids in spike protein, especially in RBD, directly 
affect the mechanism of virus entry into the host cell and cause many concerns. The 
N501Y mutation is very common among a variety of alpha, beta, and gamma species, 
and is also known to enhance cellular infection in animal models. One of the most 
important amino acids associated with ACE2 receptor binding is asparagine, which 
is located at position 501 (N501). Replacing this amino acid with the amino acid 
tyrosine (Y) increases the affinity for binding to the host receptor. This makes the 
coronavirus more contagious, found in both alpha and beta species. Research in the 
UK has shown that the alpha type does not essentially increase the risk of hospitaliza-
tion. Despite this research, further studies have shown that this species increases the 
mortality rate by up to 61% and the severity of the disease is higher in this species. In 
addition to the above, the alpha type has the P681H mutation, which is located in the 
area near the site of the furin incision, and this mutation plays an important role in 
increasing infection and transmission. Another factor that increases viral infection 
in vitro is the deletion ΔH69/V70, which binds to specific receptors and manages to 
detect glycoprotein S [13].

In the beta type, the amino acid substitution in the spike protein is higher than 
in the alpha type. The RBD-ACE2 interaction complex has been examined funda-
mentally utilizing in silico strategies to evaluate the effect of the K417T, N501Y, and 
E484K replacements. The N501 residue is significant for ACE2 collaboration, while 
E484 and K417 are not anticipated to assume a significant part. The last two residues 
may as a matter of fact diminish binding fondness, which shows that the expansion in 
contagiousness found in the Beta variation is because of N501Y or different modifica-
tions in the viral. Among people infected with the SARS-CoV-2 virus in South Africa 
in October 2020, only 11% were infected with the Beta, but in December of that year, 
the number of people infected with Beta increased to 87%. Also in Cape Town, the 
second wave of the Covid-19 epidemic with Beta variant took half the time compared 
to the cases of the wild-type variant in 100,000 cases. Also, the mortality rate in the 
second wave was significantly higher, although one of the reasons could be amazing 
health care services at that time. Pearson et al. affirmed these outcomes utilizing an 
adjusted model which showed that this variation has expanded contagiousness and 
destructiveness [13].

In late 2020 in Brazil, a new strain of the SARS-CoV-2 virus called gamma caused 
a new wave of epidemics that disrupted health services. The gamma type has 17 
amino acid substitutions, which in three cases are similar to the substitutions in the 
beta-type spike protein. Reports have shown that this species is 1.4–2.2 times more 
transmissible to the host than the wild type. Doctors’ reports indicate that this species 
could be more serious, as the infected cases were mostly young people with high levels 
of infection who became infected with the virus. Comparison of the first and second 
wave data between adults aged 20–39 years showed that this type has increased 
the mortality rate by 2.7 times and even increased the rate among all people in any 
age group by 1.15 times. In addition to the gamma type, another type called delta is 
responsible for the emergence of the second strong wave in India, this dominant type 
has spread to other countries with eight changes in the spike protein. It also triggered 
a third wave in South Africa, rapidly weakening and replacing Beta in about three 
months. One of the reasons was its higher transferability (46%) than Beta. It even 
eradicated the alpha type in Britain and delayed community activities in June 2021 as 
the incidence increased, especially at gatherings of young people and unvaccinated 
people. In this type of mutation, two amino acid substitution mutations have been 
discovered, one L452R, which occurs in the RBD region, and the other, P681R, which 
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occurs at the site of the furin cleavage of the spike protein. It should be noted that in 
addition to the Delta type, the P681R mutation has also been seen in the Alpha type, 
which increases the binding to the host cell receptor, which directly causes infection 
and the prevalence rate. Although the P681R mutation has recently been identified as 
a fixed mutation that alone is not able to change the rate of transmission and infec-
tion, several mutations cause this action. Reports indicate that the Delta type is more 
contagious than both the wild type and other variants. Even doctors’ observations and 
reports indicate that the Delta type has doubled the risk of hospitalization compared 
to the Alpha type and that patients with the Delta type have a more acute illness and 
the mortality rate in the hospital emergency room is significantly higher. In addition 
to all of the above, researchers are analyzing epidemiological data to estimate the 
transmissibility and rate of Omicron infection. Preliminary reports predict that this 
type could trigger a new wave of Covid-19 epidemics, especially in South Africa. 
November 2021, in South Africa, the Omicron type is found in 76% of people infected 
with the SARS-CoV-2 virus, just where the Delta type was most prevalent recently. Of 
course, the important point in this type is data from emergency clinics in South Africa 
that the Omicron type causes less infection and disease than the Delta type [13]. In 
total, we have so far gained a vast chunk of the sea of information and mechanisms 
that cause mutations in the structure of viruses. And we have explained to you the 
most important and main ones that have been proven so far, although as you know, 
science is always evolving and full of behaviors that have not yet been discovered.

3.1 Future prediction

Our understanding according to other studies that have been done and are men-
tioned earlier that RNA viruses, such as HIV, can use more than one host receptor to 
intervene in cell intrusion. Like other CoVs, for example, SARS-CoV and MERS-CoV, 
it is thought that SARS-CoV-2 may likewise foster the capacity to infect host cells by 
means of the S protein binding to receptors other than its primary receptor of passage 
as the viral keeps on developing wellness improving varieties. In vitro examinations 
have proposed that the transmembrane glycoprotein CD147 could act as an elective 
receptor for SARS-CoV-2. These glycoprotein capacities as a receptor for cyclophilin 
A, which assumes a part in the provocative reaction by going about as a chemotactic 
factor for leukocytes and moreover enacts antiviral reactions. Despite the fact that 
proof is as yet expected for the job of integrins, which are CD147 interacting proteins, 
they have additionally been conjectured to be SARS-CoV-2 host passage receptors. 
Neuropilin-1 (NRP-1) and NRP-2 contain a space succession, which as per sub-atomic 
demonstrating and in vitro examinations, could act as a binding site for the SARS-
CoV-2 furin cleavage site in this manner going about as a potential co-receptor for 
viral entry.

4. Lung cancer

The second most common and malignant cancer among men and women world-
wide is lung cancer, the leading and most dangerous cause of lung cancer is smok-
ing. There are two types of lung cancer: small cell lung cancer and non-small cell 
lung cancer, which make up 15% and 85% of all lung cancer patients, respectively. 
Histological studies and hereditary characteristics of lung cancer are needed to make 
the right treatment and prevention methods. The SARS-CoV-2 virus, which causes 
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the Covid-19 epidemic, has severely affected people with lung cancer and how they 
are treated. Pressures over care frameworks have prompted demonstrative deferrals, 
the need to sort out for the administration of foundational therapies, yet in addi-
tion to oral therapies, lastly postpones in the administration of medical procedures 
and radiation therapy. It does not give the idea that lung malignant is a considerable 
risk factor for vulnerability to Covid-19 or deteriorating of contamination, at least 
not similarly to other comorbidities, such as cardiovascular illness, diabetes, and 
constant obstructive pneumonic sickness. Interestingly, apparently, when tainted, 
patients with lung cancer have a higher gamble of deteriorating [22]. Coronavirus 
is more serious in patients with lung cancer. Patient-specific features, instead of 
malignant growth explicit highlights or treatments, are the best determinants of 
seriousness [21].

Severe Covid-19 can be considered a hyperinflammatory issue described by 
gigantic resistant cell enactment. Accordingly, this might make sense of more awful 
results in more established individuals and cancer patients. While it very well may be 
conjectured that the brought down resistance prompted by malignant growth itself 
or its treatment could be a defensive component against the significant safe response 
seen in Covid-19, there is natural reasoning for rejecting this proposal. An increase in 
inflammation is normal during aging and has been characterized as “inflamm-aging.” 
Constant irritation, including from malignant growth and progress in years, as well as 
immune checkpoint inhibitors (ICIs) can cause a flood in proinflammatory immune 
responses, prompting upgraded creation of cytokines from T cells and phagocytes, 
specifically in lung cancer, there is chronic pulmonary inflammation, both from 
the tumor microenvironment (TME) and the successive hidden lung pathology. 
This immune deregulation observed in older, lung cancer, or ICI-treated patients 
might drive the serious pathogenesis of Covid-19 in these exceptional populaces. 
Additionally, T cells produce proinflammatory cytokines with multiple functions, for 
example, selecting monocytes and neutrophils to the site of disease and activating 
other downstream cytokine and chemokine overflows [18].

As of late researchers considered an over-portrayal of cancer patients in the Covid-
19 companion. In that, lung cancer was the most frequent sort (5 of 18 patients). In 
view of their outcomes, the authors have proposed three significant procedures for 
patients with malignant growth in this Covid-19 emergency: 1- To delay all adjuvant 
foundational treatment or elective medical procedures for stable cancer in endemic 
regions. 2- To increment personal protection provisions for patients with malignant 
growth and in-danger disease survivors. 3- To strengthen surveillance in disease 
patients tainted with SARS-CoV-2. Albeit these suggestions came from a little exam-
ple size with a lot of heterogeneity, there is a rising agreement to change our standard 
administration during this pandemic. Patients with lung cancer are prone to serious 
entanglements, for example, admission to the emergency unit for invasive ventila-
tion, or demise, from Covid-19. Smoking has additionally been distinguished as an 
autonomous risk factor in serious Covid-19 cases [19]. Along this line, it has been 
noticed a relationship between the severity of Covid-19 and subjects with a high-level 
period of malignant growth illness and a poor ECOG execution status. Furthermore, 
aging, heftiness, and metabolic condition are inclining factors for disease and address 
comorbidities that might impact defenselessness to SARS-CoV-2 infectious and the 
severity of its confusions. A review examination revealed an expected gamble of 
disease to SARS-CoV-2 and serious or deadly complexities of around 2.31 times higher 
in lung cancer patients than overall public or contrasted with patients with different 
malignancies [16].
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A study and report published in the Medical Oncology Department of Wuhan 
University Zhongnan Hospital on 1524 cancer patients admitted to the same hospital 
on March 25, 2020, reports the consequences of Covid-19. This report shows that 
people with cancer are more at risk for infection with the SARS-CoV-2 virus than 
healthy people. This risk is increased in all people with cancer, even those undergoing 
anti-cancer treatment. The most likely to develop Covid-19 were patients with non-
small cell lung cancer (NSCLC) and above the age of 60 [20].

A major challenge in the Covid-19 pandemic comprises making a fast and right 
differential finding among SARS-CoV-2 prompted pneumonitis and medication 
incited lung poisonousness. For sure, this might give side effects frequently not 
explicit, comprising fundamentally of cough (or get worse), dyspnea, chest agony, 
and fever, which are basically the same as those saw in the SARS-CoV-2 disease. Along 
this line, likewise, radiological imaging of medication-related poisonousness might 
cover that run-of-the-mill of Covid-19-initiated pneumonia, accordingly impeding 
the separation of these clinical elements. Chest computed tomography (CT) is the 
imaging methodology of decision, for the assessment of pneumonitis in patients 
with lung cancer who went through target treatment or immunotherapy, and it is 
likewise the most touchy strategy for the conclusion of Covid-19 pneumonitis, even 
in the underlying phases of the disease. Concerning ICI-related lung harmfulness, a 
wide range of imaging signs has been accounted for, for example, ground glass (GG) 
regions or potentially combinations that happens in roughly 70–80% of cases, as a 
rule with no particular dispersion, septal thickening, and foothold bronchiectasis 
in around 15–20% of patients, or elements of acute interstitial pneumonitis (AIP), 
including consolidations and volume loss that depend on the severity of toxicity; 
additionally, sores are for the most part multifocal and include the lower lobes [16].

Another challenge of Covid-19 in patients treated with chemoradiotherapy for a 
locally progressed cancer is likewise the presence of differential findings with dif-
ferent reasons for radiological irregularities, such as radiation-prompted pneumonic 
fibrosis, which is a typical complication of thoracic radiotherapy for lung cancer. 
Radiation-prompted aspiratory fibrosis prompts irreversible obliteration of lung 
engineering and interruption of gas exchange. Immunotherapy could all the while 
support cytotoxic T lymphocyte insusceptible response against infection contami-
nated and neoplastic cells. This immune stimulation might cause exacerbate the 
disease, however, a new report has shown the contrary that proceeding with pro-
ceeded with utilization of PD-1 barricade during the Covid-19 pandemic is protected. 
It is vital to recognize Covid-19 pneumonia from other lung pathologies for the right 
treatment and right on time as conceivable [22].

Lobectomies, autopsies, and biopsies have yielded information about the his-
tologic impression of the pathophysiology of Covid-19. An especially fascinating 
report concerns two patients with lung cancer treated with lobectomy, retrospectively 
diagnosed to have Covid-19, offering a brief look into the early pathologic show of 
this illness. As in the first SARS illness, Covid-19 can prompt exudative as well as pro-
liferative lung injury in an intense setting. Today, we realize that the super histological 
discoveries in Covid-19 lung sores are commonplace indications of alveolar harm, 
including the triad of injury to type II pneumocyte hyperplasia, alveolar epithelial 
cells, and hyaline membrane development. The hallmark hyaline membrane arrange-
ment found in SARS and seen in resulting pathologic examines of Covid-19 were 
lacking with regards to, revealing insight into the order of intense lung injury. For this 
situation, this constellation was reasonable on the grounds that these patients were 
operated on at a presymptomatic stage. An outstanding perception was a plentiful 
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invasion of mononuclear inflammatory cells and alveolar macrophages. Strangely, the 
authors bring up that while clinically asymptomatic, these patients gave leukocytosis 
lymphopenia, showing the immune reaction was in progress at this early illness stage. 
Similarly, radiographic changes can go before side effects and should be deciphered 
circumspectly during an epidemic [18].

Lung cancer patients have a higher death rate than the overall public. Joined 
azithromycin and hydroxychloroquine treatment appear to be a decent treatment 
choice [17].

Today, different suggestions have arisen about fitting disease treatments, includ-
ing for NSCLC, to the truth of the Covid-19. The foundation of these is to diminish 
unnecessary exposure, accordingly decreasing the risk of transmission. For lung 
cancer patients, this likewise implies cautiously gauging the risk to benefit propor-
tion of every treatment. While ICI-prompted pneumonitis might look like Covid-19, 
the two on a pathophysiological and clinical level, there is no proof recommending 
patients getting these medicines are at increased risk of severe Covid-19 confusions, 
contrasted and those on other oncological treatments. Also, no information exists 
about the possible collaboration between SARS-CoV-2 and tyrosine kinase inhibitors. 
Once more, regardless of whether drug-prompted pneumonitis is thought, Covid-19 
ought to be rejected. For all NSCLC patients, the component to remember; notwith-
standing, is to be receptive. While anticipating viral swab affirmation, one ought to 
hinder cytotoxic treatment ought to natural, radiological, or clinical tests be reminis-
cent of Covid-19 [18].

A group from Milan created, as per clinical information and restorative modalities, 
a very intriguing help algorithm. This algorithm laid out from sex, PS, age, sex BMI, 
comorbidities, treatment or not corticosteroids, and tumor characteristics and treat-
ments, arranges patients into three risk classes:

1. A low-risk category that permits keeping up with cancer on the board as ar-
ranged before the pandemic, delaying or decreasing the quantity of visits to the 
medical clinic, utilizing teleconsultation instruments, or utilizing foundational 
oral therapies.

2. A halfway risk class where the organizing of the illness is efficiently viewed as 
postponed.

3. A high-risk class that requires intense therapy, yet additionally closer checking of 
clinical and biological signs.

In that series, the treatment modalities (history of surgery, history of irradiation, 
systemic treatment) do not seem to affect the seriousness of Covid-19 contamina-
tion. The authors found no biological variable especially fundamentally connected 
with severity. Current treatment choices include medical procedure chemotherapy, 
radiotherapy, designated treatment, and immunotherapy [23].

5. Conclusion

As you know, the coronavirus epidemic has been affecting all countries financially 
and socially for almost two years, and like all other viral diseases, it will certainly not 
be eradicated soon, but it will threaten humanity in a new way each time. In the last 
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20 years, three CoVsubspecies transmitted to humans, and established researchers 
must continue to further develop identification and observation methods to prevent 
such adverse effects in the future.

Worldwide routine observation of SARS-CoV-2 variations and their consequences 
for destructiveness and right now utilized therapeutics will permit researchers to 
evaluate on the off chance that immunizations and different treatments are expected 
to be refreshed occasionally. New variations might infiltrate group invulnerability 
and taint unvaccinated people or work with immunization escape, which can incline 
these people toward extreme illness or passing. Nonetheless, most investigations have 
proposed that antibodies are as yet viable against the now coursing variations and can 
safeguard against extreme to direct illness results. Proof supporting the utilization of 
even a single vaccination dosage in keeping serious sickness from the Delta variation 
in the UK has featured the requirement for quicker immunization arrangement and 
rollout in more unfortunate areas like Africa. It is trusted that the in-house assem-
bling of Covid-19 immunizations will help South Africa as well as the remainder 
of the African mainland to accomplish this objective. Also, more examinations are 
expected to assess the purpose for leading-edge diseases and the chance of winding 
down resistance to SARS-CoV-2 as well as the job that booster immunization dosages 
could play in counteraction. To lessen the risk of new and possibly more malicious 
variants from arising, health specialists ought in on vaccinating people as quickly 
as could be expected and ought to keep on underscoring the significance of mask-
wearing and social distancing. A multipronged treatment approach ought to keep 
on being carried out in nations, for example, South Africa has a high predominance 
of co-morbidities, for example, HIV, which might add to the rise of variations. This 
would not just save lives, yet additionally, give restricted space for the viral to develop. 
While it may not be imaginable to foresee what the following VOC will be, we can 
gain from previous encounters and difficulties to more likely adapt to the situation at 
hand. SARS-CoV-2 is not supposed to vanish soon, however, will probably turn into a 
(the) essential medical care issue from now on, and as such will stay a challenge.

Besides, the amount of information on the connections between lung cancer and 
Covid-19 contamination has become richer, mainly because of studies on several 
patients in multicenter. It is, in this way, vital to make a protected medical care 
framework during the Covid-19 pandemic and it is fundamental to support clinical 
service conveyance to patients with lung cancer. One of the hypotheses about the 
SARS-CoV-2 virus is that it can change the mechanism of its entry into the host cell, 
that is, the binding to the host receptor no longer occurs through the spike protein 
and occurs by another method, and, in that method, new mutations occur that make 
it harder for researchers to find a treatment for this disease, like many other diseases, 
will be inexhaustible and will constantly evolving.
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Chapter 6

Panama: Scope and Psychosocial 
Challenges Two Years after the 
COVID-19 Pandemic
Ericka Matus and Lorena Matus

Abstract

It is a review of the challenges that Panama faced during the two years of the 
COVID-19 pandemic, in terms of mental health. From social psychology, some of the 
research that provided a vision of the effects in the short, medium, and long term is 
shown. Finally, social psychology is proposed as a reference framework for the study 
of the phenomena associated with the pandemic.

Keywords: social psychology, pandemic, COVID-19

1. Introduction

On January 16, 2020, an epidemiological alert for coronavirus was issued urging 
members of the World Health Organization (WHO) to guarantee updated information 
on the new coronavirus due to the increase in positive acute respiratory syndrome 
cases. The etiology was unknown. At that time, twenty-seven patients were detected 
in Wuhan (China on December 31, 2019), one patient in Thailand (January 13, 2020), 
and another in Japan (January 14, 2020) [1].

By January 20, 198 positive cases and three deaths from coronavirus had already 
been added in China, two cases in Thailand, one case in Japan, and one case in the 
Republic of Korea, so the WHO suggests isolation and follow up on these. In this sce-
nario, the experience gained during the SARS and MERS epidemics was particularly 
useful in limiting international health care and alert protocols [1].

On January 27, WHO reported 2801 cases of coronavirus worldwide, of which 
eighty died. The health alert was intensified, considering that China reported 2761 
cases. An additional forty cases were confirmed in eleven countries (Australia, 
Canada, France, Japan, Nepal, Malaysia, Republic of Korea, Singapore, Thailand, 
United States of America, and Vietnam) [2].

Under the established scenario, on January 30, WHO considered a Public Health 
Emergency of International Importance (PHEIC) due to coronavirus, then called 
COVID-19, and was categorized as a pandemic on March 11, 2020. More than 9700 
positive cases were in China and 106 in nineteen other countries [3].

On January 20, Panama’s Ministry of Health (MINSA) monitored the interna-
tional situation due to the COVID-19 alert. Biosafety measures were implemented in 
hospitals, including a national health care campaign based on physical distancing and 
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frequent hand washing prevention. As of that date, MINSA disclosed the concrete 
actions and guidelines to face the Pandemic.

On March 9, the first confirmed case of COVID-19 in Panama was announced. 
With it, the “Plan Protect yourself Panama” was implemented to deal with the situa-
tion, based on the preparations made during the previous months and the experiences 
from different countries.

As of March 24, the figures for the Pandemic established 422,829 positive cases of 
COVID-19, in 197 countries, with 18,907 deaths. Panama reported 443 positive cases 
and eight deaths, which yielded a quarantine from March 25 [4]. As of March 26, the 
country reported 674 cases, nine deaths, and a transmissibility rate, Ro, between 1.5 
and 2.5 [5–7].

The health measures included a sanitary fence that implied staying at home, and tele-
working formats were activated for those activities. This measure provided the population 
with the protection of their health and family; however, it was not easy for the people or 
the authorities because isolation favors sensory deprivation, fear, and defenselessness.

2. COVID-19 as a social phenomenon

According to Van Zoonen & Van der Meer [8], there are three response strategies to 
a crisis: denial, reduction, and reconstruction. The best of these is the third because it 
offers symbolic support that reduces uncertainty, fear, and anger, minimizes rumors, 
and generates an imprint of credibility of the source and content of the speech.

Faced with the chaotic situation, due to being confined at home, a small part of the 
world’s population focused on the alternative personal and family “reconstruction” 
strategy; that is, a distant turn was required from the direction that had been main-
tained at least in the last century of civilization. They are small groups of influence 
with credibility, far from the political, economic, and religious sectors; they are 
responsible and committed professionals, civil organizations, and academics who 
have maintained a proactive behavior that Moscovici [9] called active minorities.

The majority, who also perceived a chaotic situation in the face of the crisis, still 
use “denial” or “decrease” strategies, according to Van Zoonen & Van der Meer [8]. 
Society’s behavior during the Pandemic in the world is essential to go back to the 
thinkers of the beginning and middle of the previous century, even earlier, since the 
Greeks also elucidated social exercise.

One proposal is to section off areas to clarify people’s behavior. So that one sec-
tion would correspond to the social framework seen from the individuality, that 
is, through motivation, stress, attitude, confidence, uncertainty, adaptation, and 
another from the group itself, such as with social influence, communication, the cred-
ibility of the source, the rumor, and the expression of the masses, among others.

There is a fear of freedom regarding the social subject’s role in his individuality 
(Fromm) [10]. The challenges are so overwhelming that thinking about it causes 
significant uncertainty in the human being that turns into anguish. Hence, he does not 
wish to exercise it. In addition, and according to Freud [11], in the future of an illusion, 
culture restricts us from exploring other contexts. Those capable of doing so must con-
sider that present comes from the past and impacts future decisions. These individuals 
will boldly seek to look beyond the obvious and face their success or failure. Yet, the 
discomfort will always be present. With the confinement situation as a measure of 
protection for physical health and defense against COVID-19, the uncertainty, anguish, 
and fear inherent to the human condition were exacerbated in all social groups.
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Humans could glimpse their “self,” explore emotions, confront identity. Yet, 
humans chose to move before thinking about what could have been an opportunity 
for evolution have been an opportunity for evolution. Humanity preferred defense-
lessness by contingency, because of the uncontrollable, and with it a low expectation 
of efficiency and response.

On the other hand, in the social sphere, human groups relate in a stereotyped way, 
look for similarities, and squeeze together to feel safe. Their reference groups are 
more present than ever, trying to maintain the status quo, despite the apparent signs 
of change. With this confinement scenario, the family group had to remain united 
with this confinement scenario, the family group had to remain united without leav-
ing home, for at least twelve weeks, under a dry law regime and with restricted hours 
to buy groceries restricted hours to buy groceries.

The mandatory confinement triggered a massive change in the use and functional-
ity of the areas, not counting the need for teleworking and distance education for 
at least three family members on average at the same time. Coexistence in common 
spaces deteriorated interpersonal relationships due to the time and type and the room 
it was established. In his field theory, Kurt Lewin sustains that each member requires 
a vital space: a physical area where a psychological environment was built, essential to 
perceive harmony, which has been challenging to achieve.

Under this circumstance, not only the family group that cohabited a space was 
disrupted, other reference groups such as friends (colleagues, coworkers, neighbors), 
also suffered distortion with respect to social perception, due to the low physical 
contact; to communication, since these media respond to the economy and not 
to mental health; leadership among its members, which involved skills in manag-
ing technology to continue being the protagonist or “influencer” virtually; to the 
exacerbated social influence due to uncertainty and the false belief that what is seen 
through social networks is genuine and who speaks is an expert, however, they con-
tradict each other; to the mechanisms of obedience to the authority and credibility 
of the source, which in most cases prevented people from having a logical reasoning 
thought; to the locus of control, which has historically been external, generating 
greater defenselessness in the face of cognitive dissonance; and above all to rumor, 
which due to its characteristics tends to spread exponentially (being a trend) gen-
erating fear and more significant uncertainty, which has led the population into a 
spiral of social alterations.

Regarding the exercise of leadership, social construction presupposes autonomy 
and independence and the ability to influence the behavior of others [12], hence the 
need for a separation of the exercise of power.

Even before the arrival of COVID-19, submitting to the conformity process already 
allowed functional coexistence. Likewise, the phenomenon of social persuasion has 
guaranteed that behavior in groups is acceptable and appropriate. The social pressure 
to follow the rules confers a kind of shelter that protects the mass, the majority, but 
limits individuality. In Foucault’s words [13] when this is not enough, power relations, 
control technologies, and the microphysics of power present in society use punish-
ment as a social function to tame, configure and guide behavior.

This consensual social functioning makes individuals believe that they make 
their own decisions. Western thought inculcates the belief that he is the expert in his 
choices, opinions, and judgments about the world [14]. During the pandemic con-
finement, the group attraction that motivates cohesion was altered by the obstacle of 
physical proximity, especially in populations without internet access which generated 
alterations and psychosocial risks.
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The population with Internet access suffered another type of damage: overexposure to 
information, difficulty in evaluating it, determining its truth or falsity, and social com-
parison with other locations, regions, hemispheres, and latitudes. Similarly, the possibility 
of scarcity led “civilized populations” to panic buying and compulsion to jealously guard 
personal hygiene and cleaning products more than food and pharmaceuticals.

These are not the only psychological alterations presented in the document. The 
efforts to understand the psychosocial processes and the variables that could establish 
a proposal to understand this atypical pandemic situation led a group of psychologists 
to make some measurements.

3. Psychological publications

From Psychology, a series of activities were developed, such as measurement scales 
and research on stress, anguish, confidence, and attitudes regarding the virus and the 
Pandemic. From a psychological perspective, a series of activities were developed, such as 
measurement scales and research on stress, anguish, confidence, and attitudes regarding 
the virus and the Pandemic. Likewise, prolonged isolation was studied, triggering panic 
attacks, distress, sleep disorders, domestic violence, eating disorders, and irritability.

Matus and Matus [15] developed a scale for measuring attitudes toward confine-
ment by COVID-19. They consulted the extensive literature and began the process 
with the search for the social representation of the concept in the Panamanian 
population. Next, the categorization and analysis were conducted to elaborate on the 
tentative items or consider wording, semantics, clarity, specificity, precision, spelling, 
and idiomatic interpretation [16].

The tentative instrument was sent to a group of experts for review, who made obser-
vations and suggestions. Upon revision, the scale was applied to a group of twenty par-
ticipants. Using the reagents’ discrimination index, the number of items was reduced to 
thirty-six items on a Likert-type scale. A non-probabilistic snowball-type sample was 
redesigned and prepared through the Google© form to be distributed electronically.

Between April 17 and 30, 2020, 233 completed questionnaires from adults between 
18 and 75. About 67.7% were women, and 33.3% were men. Up to 66.4% share a home 
with between 1 and 3 people. The psychometric characteristics were obtained with 
the SPSS 24© program through factorial analysis for validity and Cronbach’s Alpha 
for reliability. Three factors were obtained: Cognitive, which integrates twelve items; 
Affective with fifteen; and Behavioral with nine (Table 1).

With the weighting and interpretation, the possibility of psychosocial risk was 
established (Figure 1).

Values up to twenty-four imply a high probability of contagion due to the lack of 
accurate information (elevated risk). The results of questions 1–12 were added. A 
score from 25 to 36 indicates that they have 50% of the knowledge (medium risk). 
From thirty-seven onwards, participants have sufficient knowledge to prevent conta-
gion (minimal risk) (Figure 2).

Values from one to thirty indicate that affective management is healthy, so 
minimal risk is low. The results of questions 13–27 were added. A score from 31 to 45 
indicates intermediate management of emotions. They are not sufficiently prepared 
in the affective area (medium risk). From 46 to 60, people do not have the necessary 
emotional tools to support or resist the Pandemic (elevated risk) (Figure 3).

The results from questions 28–36 were added. The evaluation between 1 and 
18 represents a high probability of disruptive, untimely, or inadequate behavior 
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Structure of attitudes towards lockdown Covid-19

No. Items rit Factorial weight

Factor 1. Cognitive (Alfa = 0.925)

Explained Variance = 23.00%

01 I inform myself about the Covid-19 0.81 0.84

02 I wash my hands 0.81 0.83

03 I know how Covid-19 is transmitted 0.82 0.81

04 I know what to do in case of get Covid-19 0.76 0.76

05 I talk to my family about Covid-19 0.70 0.74

06 I recognize Covid-19 symptoms 0.76 0.74

07 I comply with the quarantine 0.70 0.71

08 I watch news 0.63 0.68

09 I know the decrees of the Ministry of Health 0.69 0.68

10 I eat what is necessary 0.57 0.63

11 I work from home 0.52 0.63

12 I forward true information 0.60 0.62

Factor 2. Afectivo (Alfa = 0.927)

Explained Variance = 21.34%

13 I feel confused 0.76 0.81

14 I feel vulnerable 0.76 0.81

15 I feel defenseless 0.75 0.80

16 I feel overwhelmed 0.68 0.74

17 I feel in danger 0.72 0.73

18 I feel afraid 0.70 0.73

19 I feel upset 0.63 0.71

20 I feel isolated 0.64 0.69

21 I feel angry 0.61 0.69

22 I feel uncertain 0.65 0.69

23 I feel tired 0.63 0.68

24 I feel worried 0.65 0.67

25 I feel imprisoned 0.56 0.62

26 I feel at risk 0.57 0.60

27 I distrust of the authorities 0.44 0.48

Factor 3. Behavioral (Alfa = 0.849)

Explained Variance = 5.51%

28 I sing 0.61 0.78

29 I dance 0.56 0.72

30 I write 0.66 0.70

31 I do manual activities 0.57 0.63

32 I read 0.66 0.59

33 I exercise 0.53 0.56

34 I talk with friends 0.59 0.40

35 I watch TV 0.41 0.16

36 I study what I want 0.52 0.30

Table 1. 
Cognitive factor.
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concerning the recommendations of the health institutions (elevated risk). Between 
19 and 27 points, some inappropriate behaviors are expected (excessive purchases, 
too many hours in front of screens, etc.) medium risk. The score from 28 to 45 
expresses adequate behavior management; its behavioral response is healthy (mini-
mal risk). Furthermore, was publication Attitudes toward COVID-19 lockdown as a 
risk predictor in Panama [17].

On the other hand, and as part of the international project COVIDiSTRESS global 
survey [18], the digital instrument was distributed, and 765 questions were obtained 
from the Republic of Panama between March 30 and May 30, 2020. With the data 
obtained, Cronbach’s Alpha was calculated. Likewise, the construct validity was 
calculated with the extraction method used as principal component analysis and the 

Figure 1. 
Cognitive factor.

Figure 2. 
Affective factor.

Figure 3. 
Behavioral factor.

Name Items Reliability Validity Factors

Perceived Stress 
(PSS10-UCLA).

13 α = 0.703 50.87% ○ Stress

○ Loniless

Distress 24 α = 0.880 51.00% ○ Uncertainty

○ Social Relations

○ Adaptability

○ Family Relationships

○ Personal Economy

Confidence 8 α = 0.882 69.69% ○ Authorities/Institutions.

○ People.
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Varimax rotation method with Kaiser normalization for the factor analysis exposing 
the total percentage of explained variance. The following table shows the applied 
scales, the number of items, the reliability, the construct validity, and the factors that 
each of them obtained from the Panamanian population (Table 2):

4. Other initiatives

Since the beginning of the Pandemic, psychological containment care has been 
provided through the telephone service, organized at the national level by the Ministry 
of Health and volunteer psychologists. Additionally, in the Caribbean country, proposals 
were developed to mitigate the ravages caused by COVID-19, for example, the design 
and construction of low-cost manual respirators, financed by the National Secretariat 
of Science, Technology, and Innovation [25]. The performance of civil organizations, 
non-governmental organizations, and professionals from all areas that kept the country 
afloat is also praiseworthy. An example is the National Oncology Institute (ION), which, 
with high biosecurity measures, maintained its operations at 100% capacity. The main 
religious authorities have also played an essential role during the last two years, trans-
forming their spaces and the way they communicate with their parishioners. It allows an 
area of secure adherence to their beliefs, certainty about the future, relief for physical 
losses and emotions, promotes social distancing, and follows the national government’s 
rules. And in the artistic area, the composer Rubén Blades composed a melody called 
“Panamá” to encourage and support people in the face of the Pandemic [26].

Name Items Reliability Validity Factors

BFI-S15 15 α = 0.558 60.65% ○ Openness

○ Extraversion

○ Awareness

○ kindness

○ Neuroticism

Social Provisions 
Scale short 
(SPS-10).

10 α = 0.916 67.21% ○ Intrinsic

○ Extrinsic

Concern over 
coronavirus

5 α = 0.894 54.30% ○ Family and friends

○ Others

Coping 16 α = 0.783 45.99% ○ Participating

○ Getting informed

○ Entertaining myself

Information 
sources and 
media behavior

6 α = 0.778 49.72% ○ Information Search

Compliance with 
local prevention 
guidelines

6 α = 0.489 54.82% ○ Prevención

○ Benefits

Fuente: [15, 19–24].

Table 2. 
Instruments.
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The Panamanian Association of Psychology organized courses, seminars, and 
interviews to disseminate and train members on the psychological effects of confine-
ment on the general population.

5. Conclusions

Social Psychology is a reference framework that allows explaining through 
attitudes, social perception, stereotypes, living space, group management, active 
minorities, the role they play, their locus of control, and behaviors of survivors of 
the COVID-19 crisis. Alterations in people and their interpersonal relationships were 
manifested in some psychological disorders identified from this perspective. Some of 
the results obtained can be included in the following areas:

• The Psychosocial Processes associated with the COVID-19 Pandemic in Panama 
were diagnosed.

• The capacities of mental health specialists, psychologists, psychiatrists, and 
educational psychologists were strengthened when working on the COVID-19 
crisis through intervention, training, and monitoring of psychosocial processes.

• The human development of the populations that mental health specialists could 
serve was enhanced.

• The authorities supervised domestic violence due to the confinement and isola-
tion as a sanitary fence by COVID-19 was promoted.

• Micro virtual courses for crisis intervention were developed.

• A directory of mental health professionals trained and trained to care for the 
psychosocial processes of the adult population in Panama in a situation of 
confinement due to COVID-19 was prepared.
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Abstract

SARS-CoV-2, like all RNA viruses, evolves over time, and genetic mutations have 
been linked to increased replication fitness and evolvability. SARS-CoV-2 spreads quickly 
between countries, resulting in new mutations. SARS-CoV-2 genome sequencing reveals 
that variants emerge through point mutations, insertions, and deletions. Concerns have 
been raised about the ability of currently approved vaccines to protect against emerging 
variants. Viral spike protein is a component of many approved vaccine candidates, and 
mutations in the S-protein may affect transmission dynamics and the risk of immune 
escape, resulting this pandemic last-longer in populations. Understanding the evolution 
of the SARS-CoV-2 virus, as well as its potential relationship with transmissibility, infec-
tivity, and disease severity, may help us predict the consequences of future pandemics. 
SARS-CoV-2 genome studies have identified a few mutations that could potentially alter 
the transmissibility and pathogenicity of the SARS-CoV-2 virus. At the moment, it is 
worth mentioning that a few variants have increased the transmissibility of SARS-CoV-2. 
The Alpha, Beta, Gamma, Delta, Delta+, and omicron variants are designated as vari-
ants of concern (VOCs) by the World Health Organisation and have been linked with an 
increased risk to the community in terms of transmission, hospitalisation, and mortality. 
This chapter thoroughly discusses the impact of SARS-CoV-2 mutations, mainly VOCs, 
on public health by mining many published articles.

Keywords: SARS-CoV-2, variant, COVID-19, pandemic, vaccine, transmissibility

1. Introduction

COVID-19 has been declared a pandemic by the World Health Organisation (WHO) 
on March 11, 2020. For the short time period, the COVID-19 time has passed in a few 
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countries throughout the past 2 years of the pandemic, but there has been a new infec-
tion outbreak recorded in a few continents, and it has spread quickly globally, causing 
new waves in many countries. According to the WHO, as of today, June 22nd, a total of 
6,544,553 new infections have been reported worldwide in just 24 hours. All viruses, 
including SARS-CoV-2, mutate over time, and high mutation rates have been linked to 
improved replication fitness and evolvability. These characteristics give RNA viruses a 
high level of adaptability. As a result, RNA viruses adapt quickly to changing environ-
mental conditions [1, 2]. The genomes of RNA viruses, including coronavirus, are prone 
to mutation in three different ways. The first is due to the low fidelity and proof-reading 
activity of RNA polymerase, which results in the erroneous incorporation of mutations 
during replication. The second is due to a recombinational event between two viral 
lineages, and the third is due to the host RNA editing system. Mutations may be neutral, 
beneficial, or deleterious. Although the majority of circulating RNA virus mutations are 
neutral, some may affect viral replication and infectivity [3–5]. The COVID-19 pandem-
ic’s longevity could lead to the accumulation of immunologically important mutations in 
the viral genome that provide the virus an edge in its ability to replicate and survive [6, 7]. 
In most RNA viruses, RNA polymerase lacks proofreading activity [8, 9]. Mutations in the 
surface protein can significantly alter viral function and/or interactions with neutralising 
antibodies. Spike protein receptor-binding domain (RBD) mutations in the SARS-CoV-2 
genome are being studied for their potential impact on infectivity and antibody resistance 
caused by this new variant. This is because the RBD on the S protein of SARS-COV-2 
facilitates binding between the S protein and the host angiotensin-converting enzyme 
2 (ACE2). S-ACE2 binding allows SARS-CoV-2 to enter the host cell and begin the viral 
infection process [10, 11]. SARS-CoV-2 infection is only detected in humans, and there 
have been numerous reports of mutations in the gene that codes for the Spike (S) protein 
[5, 7, 12, 13]. Since the COVID-19 pandemic disease outbreak, mutations have been 
reported in 96.5 percent of the SARS-CoV-2 spike protein’s amino acid residues [14]. The 
use of vaccines is the only method for treating the viral pandemic, and several COVID-
19 vaccines have been rolled out globally to stop the spread of sickness. However, like 
other vaccines, these ones are also not 100% effective, and as a result of the SARS-CoV-2 
breakthrough infection, vaccine recipients are now being diagnosed with COVID-19. 
However, despite breakthrough infection, vaccines are still effective in treating serious 
illnesses linked with COVID-19 [15–17]. A number of variants of SARS-CoV-2 have been 
reported worldwide since the first reports of pandemics. The World Health Organisation 
classified some of them as variants of concern because they are extremely contagious and 
frequently lead to breakthrough infections. VOCs have the ability to neutralise the effects 
of numerous vaccinations. These are the causes of recent waves and breakthrough infec-
tions in various countries. Variants of Concern (VOCs) are an emerging topic of research 
since they can alter the transmissibility, clinical presentation, and severity of the disease, 
as well as have an effect on treatment options such as medicines and vaccines.

2. Emergence of variants of concern (VOCs) of SARS-CoV-2

Several variations in the SARS-CoV-2 genome have been reported in the last 2 
years of the pandemic. Spike proteins, an outward projection of the SARS-surface, 
CoV-2’s interacted with ACE-2 receptors on host cells, resulting in viral pathogene-
sis. Since the beginning of the pandemic, the amino acids of spike protein have been 
mutated, and a large number of variations have emerged. A few variations have 
been linked to viral replication fitness and survival advantages, which ultimately 
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increases the risk of disease transmission and severity in the human population 
(Figure 1). Furthermore, a few variants are highly transmissible and less suscep-
tible to vaccine-induced and infection-induced immune responses, causing break-
through infections. Based on this, the World Health Organisation classified a few 
SARS-CoV-2 virus variants as Variants of Concern (Table 1). This chapter discussed 
how VOCs have posed health risks to the human population in the last 2 years.

2.1  Impact of the alpha variant (B.1.1.7 & Q lineages) on the severity and spread of 
the disease

The alpha variant was the first variant of concern for SARS-CoV-2 after the induc-
tion of the pandemic in March 2020. The first case of the alpha variant was detected 
in October 2020 in the United Kingdom and subsequently spread to many countries, 
causing an outbreak. The WHO labelled the variant as an alpha and in lineage B.1.1.7. 
The alpha spike protein contains non-synonymous mutations and deletions, including 
deletions 69–70, 144, N501Y, A570D, D614G, P681H, T716I, S982A, and D1118H, and 
each mutation has its own biological significance, which increases overall infectivity 
[29]. The alpha variant spread rapidly in the UK in Oct-Dec 2020 and the most fre-
quently observed mutation was the N501Y mutation in spike protein. The substitution 

Figure 1. 
Schematic representation of emergence of VOCs of SARS-CoV-2 during last 2 years of pandemic and their impact 
on COVID-19 risk.

Strains Notable 
mutations 
in spike 
protein

Transmission/
Hospitalisation/ICU 
admission

Breakthrough 
Infection

First 
waves in 
countries

References

Alpha 
(B.1.1.7 & 
Q lineages)

N501Y, 
D614G, 
P681H

Studies showed that the 
alpha was linked with 
a ~ 2 folds increase in 
hospitalisation and ICU 
admission risk compared 
to non-alpha infection

Not reported, 
a modest 
anti-CoV-2 
antibody 
neutralisation 
effect was 
observed

United 
Kingdom

[18, 19]

Beta 
(B.1.351)

K417N, 
E484K, 
N501Y, 
D614G, 
A701V

Studies showed that ~2.5 
folds increased risk of 
hospitalisation and risk 
of ICU admission

Prevalence of 
breakthrough 
infections 
increases

South 
Africa

[20, 21]
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of tyrosine for asparagine at position 501 of spike protein increases its affinity for ACE-2 
receptors on host cells. [30], as results increase in transmission rate, which derived the 
first wave of COVID-19 in many countries. A strain carrying D614G in RBD domains is 
more infective and resistant to some neutralising antibodies, which has obvious implica-
tions for COVID-19 patient recovery [31]. According to studies, the G614 variant has a 
greater number of functional spikes on its surface than the D614 variant. Furthermore, it 
has been shown that the D614G mutation stabilises the interaction between the S1 and S2 
domains and limits S1 shedding, resulting in increased overall infectivity [32].

2.1.1 Transmission and hospitalisation

It originated in the UK, but the variant was present on all continents within 2 
months of its emergence. As of December 2020 [33], B.1.1.7 was the cause of two-thirds 

Strains Notable 
mutations 
in spike 
protein

Transmission/
Hospitalisation/ICU 
admission

Breakthrough 
Infection

First 
waves in 
countries

References

Gamma 
(P.1.)

K417T, 
E484K, 
N501Y, 
D614G, 
H655Y

1.4 to 2.2. times more 
transmission rate and 
10–80% more lethal 
compared to other 
circulating strains in the 
prevalent area

Prevalence of 
breakthrough 
infections 
increases

Brazil [22, 23]

Delta/
Delta+ 
(B.1.617)

L452R, 
T478K, 
D614G, 
P681R

Very high infection rate, 
hospitalisation and ICU 
admission

High rate of 
breakthrough 
infections, 
neutralisation 
effect on 
vaccine 
response

India [24, 25]

Omicron 
(BA.1 or 
B.1.1.529)

K417N, 
E484A, 
N440K, 
T478K, 
N501Y,
Y505H

Infection rate is higher 
than the delta waves, 
while the hospitalisation 
and severity risk were 
comparatively lower.

Very high rate 
of re-infection 
or vaccine 
breakthrough 
infections

Affected 
globally

[26–28]

Descendent 
lineages

BA.2 T376A, 
R408S, 
D405N

BA.3 Carry 
both BA.1 
& BA.2 
mutations

BA.4/5 L452R, 
F486V, 
and R493Q

Table 1. 
Variant of concerns, notable mutations in SARS-CoV-2 spike and their impact on viral replication fitness and 
survival advantages over original SARS-CoV-2 virus.
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of COVID-19 infections in the UK and one-quarter of all cases worldwide as of 
December 2020 [34]. The emergence of alpha variants resulted in an increase in the 
transmission rate and hospitalisation of COVID-19 cases, as few studies estimated the 
infection rate and it was 45–71% higher in the alpha variants than in the original virus 
[19, 34, 35]. SARS-CoV-2 lineage B.1.1.7 infection was linked to an increased risk of 
hospitalisation. Bager et al. discovered in 2021 that the hospitalisation rate in alpha 
variants rises over time. They enrolled 50,958 COVID-19 patients, of whom 30,572 had 
their SARS-CoV-2 genome sequenced, and followed up with 14 days of hospitalisa-
tion data. The Alpha variant infected 34.5 percent of all patients and hospitalised 6.4 
percent. 29.4 percent of the hospitalised patients were infected with Alpha, while 
70.6 percent were infected with other strains. During the study period, the number of 
COVID-19 hospitalizations decreased, but the proportion of patients with the Alpha 
variant increased dramatically, from 3.5 percent in week 1 to 92.1 percent in week 10 
[36]. Veneti et al. included 27,753 COVID-19 patients in their study, of whom 23,169 are 
cases of alpha variant. Study showed that the B.1.1.7 was linked with a 1.9-fold increased 
risk of hospitalisation and a 1.8-fold increased risk of ICU admission, in comparison to 
non-alpha strain [37]. Several studies showed that the emergence of the alpha variant 
was linked to an increase in transmission risk and hospitalisation rate [19, 38].

2.1.2 Vaccine response

According to studies, vaccinated people are less likely to be hospitalised than un-
vaccinated people. According to Eyre et al., vaccinated individuals infected with alpha 
variants had a lower transmission and hospitalisation rate [39]. Study of Lopez et al. 
in UK population infected with alpha variant showed that the one dose of BNT162b2 
and ChAdOx1 nCoV-19 (AstraZeneca) vaccine was found to be effective against 
48.7% (95% CI, 45.5–51.7) symptomatic alpha variant infection, whereas effectiveness 
increased to 93.7% (95% CI, 91.6–95.3) and 74.5% (95% CI, 68.4–79.4), respectively, 
after second dose of administration BNT162b2 and ChAdOx1 nCoV-19 (AstraZeneca) 
vaccine [40]. A similar study conducted by Chemaitelly et al. showed that the mRNA-
1273 vaccines were effective 88.1% (95% CI, 83.7–91.5) after the first dose, whereas it 
was found to be 100% (95% CI, 91.8–100) after the second dose of administration [41]. 
Mahase et al. also evaluated the effectiveness of the Novavax vaccine, and it was found 
to be 85.6% effective against symptomatic COVID-19 with the alpha variant [42].

2.2 Impact of the beta variant (B.1.351) on the severity and spread of the disease

The beta form was first discovered in South Africa, and primarily infected young 
people with no disease severity risk. This variant was responsible for more than 90% of all 
cases and the 2nd wave of COVID-19 in South Africa in the last month of 2020 [43], and 
spread to other African countries, Asia, Australia, and North and Central America [44]. 
Among several structural and non-structural mutations in beta spike, K417N, E484K, and 
N501Y are the three critical changes that could give SARS-CoV-2 viral fitness and survival 
advantages over the circulating strains in the same region where it was common [44].

2.2.1 Transmission and hospitalisation

Studies showed that the beta variant is comparatively highly transmissible than that 
of earlier circulating strain of SARS-CoV-2. In 2021, Pearson et al. demonstrated that 
prior exposure only partially protects against beta variant infection, and it has been 
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accounted for about 40% of new SARS-CoV-2 infections compared to only 20% for 
Alpha variants in the prevalent area. As estimated 501Y.V2 is 1.50 times as transmissible 
as previously circulating variants [45]. Studies showed that the person infected with beta 
variant has higher risk for disease severity than the alpha variant. The study of Veneti 
et al. showed that the B.1.351 was associated with a 2.4-fold increased risk of hospitalisa-
tion and a 2.7-fold increased risk of ICU admission compared to non-VOC [20].

2.2.2 Vaccine response and breakthrough infections

Studies showed that the efficacy of vaccines is greatly reduced when dealing with 
the beta variants. In a study conducted by Garcia-Beltran et al. in 2021, the B.1.351 
variant significantly reduced neutralisation even in fully vaccinated individuals with 
BNT162b2 and mRNA-1273 vaccines, whereas protection for other circulatory strains 
remained constant during the same period [21]. Wu et al. showed that the B.1.351 
reduced the neutralisation efficiency of the mRNA-1273 vaccine but that it was still 
effective to neutralise the B.1.351 virus in fully vaccinated individuals [46]. Mahase, 
stated that the Novavax was 60% effective against the B.1.351 variants and 95.6% 
effective against the original SARS-CoV-2 virus [42].

2.3  Impact of the gamma (P.1 and descendent lineages) on the severity and spread 
of the disease

The first case of the gamma variant was detected in Tokyo, Japan in Jan-2021 and 
patients were relocated from the Brazilian Amazon state. The WHO has classified the 
variant as a gamma and assigned it to lineage P.1. Ten of the non-synonymous defin-
ing mutations in the S gene are present in the gamma lineage, which evolved following 
a period of rapid genetic diversification. Of these changes, three (N501Y, E484K, and 
K417T) increased favourable stable interaction with the human ACE-2 receptor. This 
mutation caused an outbreak in the Manaus region of Brazil in December 2020, with 
gamma variant cases accounting for 42% of all cases [22].

2.3.1 Transmission and hospitalisation

In a study done in Brazil in the year 2021 by Chen and Lu, it was demonstrated that 
patients with gamma variations have high viral loads that are 10 times higher than 
those of patients with other lineages. Transmissibility and infectivity were twice higher 
than the other circulating strains in all age groups. Studies showed that the gamma 
variant can overcome the immunity developed from earlier infections, increasing the 
risk of a breakthrough infection. Additionally, the death rate was 10–80% greater in 
the group infected with the gamma variant [22]. A study by Funk et al. showed that 
gamma variant patients had significantly higher adjusted odds ratios for hospitalisa-
tion (2.6, 95% CI, 1.4–4.8) and ICU admission (2.2, 95% CI, 1.8–2.9) [47].

2.3.2 Vaccine response and breakthroughs infection

Studies revealed that the Gamma variant also had a decrease in anti-RBD antibody 
neutralisation, and it has been connected to reinfections and breakthrough infections 
in those who have received vaccinations [48–51]. The Gamma variant was found to 
reduce the antibody neutralising activity of Pfizer or Moderna vaccines, as the report 
showed the prevalence of breakthrough infections in fully vaccinated recipients. In 
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a 2021 study on fully vaccinated Gold Miners recipients in French Guiana, Vignier 
et al. showed that 60% of BNT162b2 vaccine recipients experienced breakthrough 
infection [52]. Wang et al. also demonstrated that gamma variants had a neutralising 
effect on multiple monoclonal antibodies and were more resistant to neutralisation 
by convalescent plasma and vaccinee sera. The gamma variant was estimated to be 
3.8–4.8 times more resistant to BNT162b2 or mRNA-1273 vaccine recipients [23, 53].

2.4  Impact of the delta and delta+ (B.1.617) variants on the severity  
and spread of the disease

The first instance of delta variations was discovered in India, and it was one of the 
most common SARS-CoV-2 variants that affected the majority of the world. Lineage 
B.1.617 was assigned to these variations. The L452R, T478K, D614G, and P681R are 
four of the 17 variations in the Delta variation that are of particular concern, due 
to their involvement in infectivity and transmission. In comparison to alpha, the 
infection and transmissibility rates were extremely high. Despite immunisation, this 
variation resulted in a large number of human deaths. L452R and E484Q is not found 
in the B.1.617.2 lineage [54, 55]. The B.1.617.2 lineage was first associated with infec-
tion in India, and the dominant variant in infection in the UK in 2021. It was highly 
infectious and spread more rapidly than the original version of the virus. A study 
conducted by Deng et al. showed that the mutation L425R in the California popula-
tion resulted in an increase in the binding affinity of the spike protein of SARS-CoV-2 
with ACE-2 host receptors, which increased the viral load and 20% transmission rate 
[56]. Few studies have shown that L452 is not directly linked with the host ACE-2 
receptor. This mutation located in the RBD’s hydrophobic plaques generates structural 
alterations that promote binding of spike protein with the ACE-2 receptor [57, 58]. 
In addition to this, there was 3–6 folds reduction in neutralisation capacity of vac-
cine elicited sera in experiments with pseudotyped virus (PV) particles [58]. Few 
studies demonstrated that the D614G mutation in the spike protein promotes viral 
multiplication in the upper respiratory tract and enhanced transmission rate [59, 60]. 
The P681R, which is a substitution at position 681, may increase the variant’s cell-
level infectivity [61, 62]. During outbreak of delta variants worldwide, a new variant 
was emerged in United Kingdom that carries a novel point mutation’ K417N’ in delta 
variant and designated as a delta plus. Lineage AY.1 or B.1.617.2.1 was assigned to this 
variant. The three most prominent mutation K417N, V70F, and W258L in spike were 
exclusively present in the Delta Plus variant [63]. Besides this, few other delta variants 
emerged, Delta-AY.2 in the USA and Delta-∆144 in Vietnam [64].

2.4.1 Transmission and hospitalisation

During the second wave of the pandemic, COVID-19 patients required more 
ICU time, oxygen, and non-invasive and invasive ventilatory support. According 
to estimates, hospital mortality in the second wave was double that of the first [65]. 
Ong et al. calculated the risk linked with the delta variant by observing the need 
for oxygen, ICU admission time, and death and found that delta was associated 
with increased disease severity when compared to non-VOCs [66]. Several studies 
revealed that a large percentage of vaccine recipients reported breakthrough infec-
tion during the delta variant wave [67–71]. Initial studies demonstrated that the delta 
variant increased the hospitalisation risk in the population, despite the first dosage 
of vaccination [24, 72, 73]. Non-vaccinated people and those who contacted viruses 
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within 14 days of vaccination were more prone to hospitalisation [74]. A similar study 
conducted by Twohig et al. showed delta variant infections linked to an increased 
hospitalisation rate (hazard ratio 226 [95% CI 132–389]) in comparison to alpha 
variant infections. All age categories experienced an increase in mortality during the 
Delta wave, with patients under 45 experiencing the most increase in infection (10.5 
percent vs. 7.2 percent, p 0.001), compared to pre-Delta wave [24].

2.4.2 Vaccine response and breakthroughs infection

Davis et al. calculated the neutralisation capacity of BNT162b2 (Pfizer/BioNTech) 
and ChAdOx1 (Oxford/AstraZeneca) vaccines against the SARS-CoV-2 B.1.617.1 and 
B.1.617.2 lineages. Both B.1.617.1 and B.1.617.2 reduced antibody neutralisation by 4.31 
and 5.11-fold in vaccine recipients, respectively. However, the neutralisation response 
was significantly higher in two doses of BNT162b2 vaccine recipients than in two 
doses of ChAdOx1 [55]. During a period of high Delta prevalence, Havers et al. found 
that hospitalisation rates in unvaccinated individuals were more than 10 times higher 
than in vaccinated recipients [75]. Twohig et al. found that the risk of hospitalisation 
or emergency care was higher in delta variant patients who were either unvaccinated 
or received the first dose (dose taken within 21 days) compared to that of alpha vari-
ant patients [24]. When compared to unvaccinated individuals, Veneti et al. showed 
a reduction in hospitalisation risk of 72 percent (95% CI 59–82%) and 76% (95% CI 
61–85%) in partially or fully vaccinated individuals after adjusting for gender, age 
group, country of birth, variant, and underlying comorbidities [37].

2.5  Impact of the omicron (B.1.1.529) variant on the severity and spread  
of the disease

The omicron (B.1.1.529) variant was first reported in a sample of Botswana on 
November 11, 2021 and in South Africa on November 24, 2021 (WHO, CDCC). On 
November 26th, 2021, the WHO classified them as lineage B.1.1.529 and declared 
them a variant of concern. It contains a large number of variations in the SARS-CoV-2 
genome, as more than 60 variations (substitutions/deletions/insertions) in the 
omicron variant have been reported, some of which are concerning [76]. The spike 
protein in the Omicron variant has 32–35 mutations, 15 of which are located in the 
receptor binding domain, which is critical for viral-cell interaction mediated by the 
ACE-2 receptor. The high variations in spike protein of omicron could be a potential 
reason for the immune escape and vaccine neutralisation. Few variations shared by 
earlier SARS-CoV-2 variants have already been reported in immune invasion. The 
E484 mutation, which is known to be involved in immune escape, has been reported 
in beta and gamma variants, but the substituted amino acid was lysine in beta and 
gamma variants, and alanine in omicron variants [63, 77]. The E484A mutation in 
the Omicron may have been a significant mutation that was also present as E484K 
in other VOCs. Omicron also shares the most common mutations in spike protein 
of other variants, including K417N, E484A, N501Y, D614G, and T478K. The K417N 
mutation, which has previously been reported in beta variants, disrupts the effect of 
known antibodies. Chen et al. demonstrated that the E484A mutation has a massively 
disruptive effect on many known antibodies. The combination of K417N and E484A 
mutations in omicron increases its effectiveness in vaccine neutralisation. Y505H 
is the third disruptive mutation. It can also disrupt many known antibodies to bind 
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RBD complexes [78]. Recent genetic research revealed that the omicron continued to 
evolve, giving rise to a variety of lineages, including BA.1, BA.2, BA.3, BA.4, and BA.5. 
A few of these sub-lineages have replaced other circulating strains and have emerged 
as the globally dominant variants, each demonstrating a different pattern of immune 
escape and transmission rate [28, 79]. Most spike mutations are the same across all 
sub-lineages. BA.2 shares 12 mutations with BA.1 and has four unique mutations in the 
receptor binding domain. Apart from, a new NSP6 (A88V) mutation, BA.3 shares the 
majority of its mutations with BA.1 and BA.2 [80]. The L452R and F486V mutations 
unique to BA.4/5 or the L452Q mutation specific to BA.2.12.1 play significant roles in 
immune evasion, resulting in numerous infections and re-infections following vaccine 
breakthroughs [81]. BA.4 and BA.5 share the same mutant profile in their S proteins, 
despite showing different spreading trends [28]. The F486V mutation found in BA.4/5 
promote immune invasion by evading neutralising antibodies but reduces spike affini-
ties for the viral receptor. The R493Q reversion mutation, on the other hand, restores 
receptor affinity and, as a result, BA.4/5 fitness [80]. BA.4 differs from BA.5 in that it 
has several rare mutations, including del 141–143 in NSP1, L11F in ORF7b, and P151S 
in nucleocapsid protein. A considerable humoral immunity escape could be caused by 
BA.2.12.1, BA.4 and BA.5 carrying the lineage-specific L452Q/R mutation [82].

2.5.1 Transmission and hospitalisation

Karim and Karim demonstrated that the omicron variant is more infectious than 
the other variants of concern. As reported, the doubling time of infection rates is 
comparatively faster than for previously reported VOCs. Omicron infection doubled 
in 1.2 days, which is faster than the 1.7 and 1.5 days for beta and delta variants, 
respectively [83]. Mutations in spike’s RBD domains (N440K, T478K, and N501Y) 
may make omicron 10 times more contagious than the original virus and twice as 
contagious as the delta variant [78, 83]. However, a 2022 study by Nyberg et al. found 
that the risk of hospitalisation and mortality in omicron was significantly lower than 
in delta [26]. Like omicron, their sub-lineages appear to be more transmissible. The 
BA.2 variant is more transmissible and can infect people who have previously been 
infected with BA.1 [84, 85]. As a result, BA.2 has quickly replaced BA.1 and other 
circulating strains in many countries, including South Africa, the United Kingdom 
(UK), and India, and has become the most prevalent strain. However, BA.3 has shown 
lower fitness and is reported with limited frequency among other variants. During 
the global pandemic of the BA.2 strain, two new variants emerged, BA.4 and BA.5, 
which were first reported in South Africa and then detected in many other countries. 
The BA.4 and BA.5 variants are more transmissible and pathogenic, and they can 
reinfect previously infected BA.1 and BA.2 patients [79, 86]. According to the Centers 
for Disease Control and Prevention (CDC), July 2022, Omicron subvariants BA.5 and 
BA.4 are the predominant strains of SARS-CoV-2 in the United States, accounting for 
more than 80% of cases, according to the CDC.

2.5.2 Vaccine response/breakthrough infections

Many re-infections and breakthrough infections have been caused by the Omicron 
variation and its sublineages, which demonstrate enhanced transmissibility and 
immune invasion from neutralising antibodies produced by prior infection or 
vaccination [28]. The RBD domain mutations K417N, E484A, and Y505H provide 
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omicron with a strong vaccine breakthrough capability, causing disrupted binding 
of spike protein with the majority of 132 antibodies [22]. Omicron has been linked 
to an increased risk of reinfection and breakthrough infection as studies found that 
the few vaccines did not produce neutralising antibodies against the omicron virus in 
recipients. The Omicron variant reduced the efficacy of Pfizer-COVID-19 BioNTech’s 
vaccine, but the vaccine still reduced the risk of hospitalisation. A study published 
in 2021 by Lu et al. revealed that the neutralising ability of BNT162b2 and Coronavac 
vaccines is much less effective against the Omicron variant than the Beta variant 
[27]. Hoffmann et al. discovered that the omicron spike conferred 12-to 44-fold 
lower neutralising antibodies in convalescent patients or BioNTech-Pfizer vaccine 
(BNT162b2) vaccinated individuals, in comparison to the Delta variant spike [87]. A 
preliminary laboratory report showed a 25-fold increase in antibody titers against the 
omicron after the third dose of BNT162b2 administration (https://www.businesswire.
com/news/home/20211208005542/en/). Kurhade et al. demonstrated the efficacy 
of BNT162b2 vaccine against omicron sub-lineages after 1 month of 3 dosages, and 
found that the vaccine’s neutralisation efficacy was 3.6, 4.0, and 6.4-fold lower for the 
BA.1-, BA.2, and BA.3-spike SARS-CoV-2 s than it was for USA-WA1/2020 (a strain 
isolated in Jan. 2020), respectively [88]. Xi et al. studies showed that BA.5 had the 
lowest neutralisation after four dosages of BNT162b2 vaccination, but the efficacy 

Strains Studies 
vaccine

Tested 
Populations 
(location)

Neutralisation 
(live /
pseudotyped 
virus)

Efficacy of vaccine 
post booster doses 
(2nd doses, otherwise 
specified)

References

Alpha 
(B.1.1.7 & Q 
lineages)

BNT162b2
ChAdOx1 
nCoV-19
NVX-
CoV2373
mRNA-1273

UK
UK
UK
Qatar

Live 93.7% (95% CI, 91.6–
95.3) for BNT162b2, post 
≥14 days
74.5% for ChAdOx1 post 
≥14 days
86.3% (71.3–93.5) for 
NVX-CoV2373, post 
≥7 days
100% (95% CI: 
91.8–100.0%) for 
mRNA-1273, post 
≥14 days

[40–42, 90, 
91]

Beta 
(B.1.351)

BNT162b2
ChAdOx1 
nCoV-19
mRNA-1273
NVX-
CoV2373
BNT162b2
BNT162b2

Canada
Qatar
South Africa
Qatar
France

Live 87% (against BNT162b2, 
ChAdOx1 nCoV-19 and 
mRNA-1273 vaccines)
96.4% (95% CI 
91.9–98.7) for mRNA-
1273 post ≥14 days
60% (19.9 to 80.1) for 
NVX-CoV2373 post 
≥7 days
75% (95% CI, 70.5 to 
78.9) for BNT162b2, post 
≥14 days
49% (14–69) post 
≥14 days

[41, 42, 
91–94]

Gamma 
(P.1.)

BNT162b2
mRNA-1273

Canada Live 88% for BNT162b2, and 
mRNA-1273 vaccines, 
post ≥7 days

[92, 95]
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against other lineages was increased after booster dosages [89]. Overall, the emer-
gence of VOCs over time decreases the neutralisation efficacy of vaccines, despite 
booster immunisation. The first VOC alpha had little effect on antibody neutralisation 
activity in post-vaccination sera (Table 2). Neutralisation was reduced even further 
by new emerging variants and waning with time [90–99], and the newly evolved 
omicron BA.5 variant has better survival fitness, transmissibility, and neutralisation 
even after booster immunisation.

3. Concluding remark

The emergence of SARS-CoV-2 signals an emergency for the global health care 
system. Emerging recent COVID-19 waves and causalities worldwide are due to 
breakthrough infection among vaccinated or unvaccinated individuals, which 
demonstrated a reduction in vaccine response in neutralising virus infection, but the 
hospitalisation rate is significantly lower among those who completed vaccination 
dosages. The high transmission rate and vaccine breakthrough capability of VOCs, 
particularly the delta and omicron variants, are the reasons for the community’s 
global spread. During the detla and delta plus waves in India, the situation was 

Strains Studies 
vaccine

Tested 
Populations 
(location)

Neutralisation 
(live /
pseudotyped 
virus)

Efficacy of vaccine 
post booster doses 
(2nd doses, otherwise 
specified)

References

Delta/
Delta+ 
(B.1.617)

BNT162b2
ChAdOx1
mRNA-1273

UK
UK
USA
Canada

Live 88% (85.3–90.1) 
for BNT162b2, post 
≥14 days
67% (95% CI, 61.3 to 
71.8) for ChAdOx1 post 
≥14 days
85% after 2 doses post 
≥14 days, 93% after 3 
doses for mRNA-1273
87–95% for BNT162b2, 
ChAdOx1 and mRNA 
vaccine

[40]
[90]
[92]

Omicron 
(B.1.1.529)

BNT162b2
mRNA-1273

Canada
USA
South Africa
Canada

live 32 (24–38) after 3rd 
doses of BNT162b2 
(evaluated on days 
≤84 days)
65% for two doses on 
≥14 days and 86% for 
three doses of BNT162b2 
in US
70% (62–76) for 
BNT162b2, post 
≥14 days
44 (38–49) after 3rd 
doses
(evaluated on ≤84 days) 
for mRNA-1273

[90, 96, 97]

Table 2. 
Tested efficacy of vaccines against VOCs.
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critical, and many people were hospitalised and died. Recently emerged Omicron or 
its sub-lineages have shown multiple re-infections and breakthrough infections due 
to their high transmissibility and immunological escape from neutralising antibod-
ies produced by prior infections or vaccinations. Vaccines respond differently to 
each variant of concern. The effectiveness of booster vaccinations is decreasing 
over time, although it has been enhanced with successive booster doses. The vac-
cinations are very successful in reducing recipients’ risk of developing severe illness 
due to COVID-19. Overall, despite vaccination efforts, many countries experienced 
the consequences of omicron variants, and since SARS-CoV-2 tends to mutate and 
adapt in our community, the emergence of highly transmissible and deadly strains of 
COVID-19 variants cannot be ruled out. Understanding the origin, transmission, and 
breakthrough infections of the SARS-CoV-2 variant may allow us to better prepare for 
future pandemics.
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Abstract

In the genomic medicine era, the emergence of SARS-CoV-2 was immediately 
followed by viral genome sequencing and world-wide sequences sharing. Almost in 
real-time, based on these sequences, resources were developed and applied around 
the world, such as molecular diagnostic tests, informed public health decisions, and 
vaccines. Molecular SARS-CoV-2 variant surveillance was a normal approach in this 
context yet, considering that the viral genome modification occurs commonly in viral 
replication process, the challenge is to identify the modifications that significantly 
affect virulence, transmissibility, reduced effectiveness of vaccines and therapeutics 
or failure of diagnostic tests. However, assessing the importance of the emergence of 
new mutations and linking them to epidemiological trend, is still a laborious process 
and faster phenotypic evaluation approaches, in conjunction with genomic data, are 
required in order to release timely and efficient control measures.

Keywords: SARS-CoV-2 viral genome, variant surveillance, genomic medicine, 
molecular diagnostic tests, public health decisions

1. Introduction

In the current COVID-19 pandemic context, with a count of 544 million cases 
including 6.33 million deaths [1], a worldwide collective effort for observing the 
SARS-CoV-2 genomic landscape, monitoring the virus mutational rate and the 
emergence of new variants is noted. As a result of SARS-CoV-2 genome modification, 
the virus may gain selective advantage regarding transmission and virulence, increase 
disease severity and eventually, significantly impact public health either by affect-
ing the current vaccine performance or interfering with the current diagnostic and 
therapeutic strategies [2].

A series of measures have been taken globally for optimal management of 
the emergence of SARS-CoV-2 variants. World Health Organization (WHO), 
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international health expert networks, and researchers have continuously been 
monitoring virus evolution by examining the mutations occurring in the SARS-CoV-2 
genome.

During an emergency situation in a health care system, the most important actions 
are the rapid and effective identification of pathogen and epidemiological surveil-
lance to allow disease control reaction. The development of next-generation sequenc-
ing (NGS) techniques has led to an enormous amount of genomic sequence data [3]. 
In COVID-19 genomic era, the accumulation of this considerable amount of genomic 
data shared in international repositories, such as GISAID EpiCOV, COG-UK, or NCBI, 
allowed the evaluation of the transmission pattern of viral strains, the impact of each 
variant, and also the comparison between the available vaccines and the circulating 
viral variants [4] and it also oriented global public health measures.

At present, two and a half years after the beginning of the pandemic, we can say 
that given the mutations and recombination of the viral genes, we are facing a differ-
ent type of SARS-CoV-2 than the one that emerged in China in December 2019. On 
November 26, 2021, Omicron, B.1.1.529 Pango lineage has emerged, and currently, it 
represents the circulating variant of concern, still threatening several countries with 
its sub-lineages.

In this chapter, we summarize the genomic medicine impact on the identification 
of the new infectious agent that causes COVID-19, on development of molecular tests 
for diagnostic and surveillance of the emergent variants, describe their importance in 
managing transmission, preventing failure of diagnostic tests, on sustaining effective-
ness of vaccines and therapeutics and eventually, to inform the public health policies.

2.  SARS-CoV-2 viral genome – development of molecular tests for 
diagnostic and surveillance of the emergent variants

One of the first events that led to the diagnosis of Coronavirus disease (COVID-19) 
following SARS-CoV-2 infection was the identification of the infectious agent that 
causes a new disease of unknown origin by characterizing the nucleic acid signature.

The first patient was hospitalized on 12th of December 2019 and on 10th of 
January a viral genome sequence was already released. The first metagenomic RNA 
sequencing report of a sample of bronchoalveolar lavage fluid from a patient who 
was admitted to the Central Hospital of Wuhan on 26th of December 2019 while 
experiencing a severe respiratory syndrome, identified a new RNA virus strain 
from the family Coronaviridae, which was later named SARS-CoV-2 (Wuhan-Hu-1, 
GenBank accession number MN908947) [5]. Confirmation of the results obtained by 
deep meta-transcriptomic sequencing, regarding the genome sequence of this virus 
and also its termini, was done by real-time reverse-transcription PCR (rRT – PCR), 
and this was the beginning of a new era, the era of “COVID-19” because at that time 
rRT-PCR was routinely used to detect causative viruses from respiratory secretions, 
but it was not considered a gold standard diagnostic technique. What followed turned 
this technique into the gold standard in terms of diagnosing COVID-19 disease and 
SARS-CoV-2 infection [6–9].

The first three determined genomes of the novel coronavirus (SARS-CoV-2), 
namely: Wuhan/IVDC-HB-01/2019 (GISAID accession ID: EPI_ISL_402119) 
(HB01), Wuhan/IVDC-HB-04/2019 (EPI_ISL_402120) (HB04), and Wuhan/
IVDC-HB-05/2019 (EPI_ISL_402121) (HB05) were compared [10]. The three 
genomes were almost identical and the findings showed that the SARS-CoV-2 
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genome, which is approximately 30 kb in size, was a positive sense, single-stranded 
RNA with a 5′-cap and a 3′-poly-A tail that contained 14 open reading frames (ORFs) 
encoding 27 proteins (Figure 1). The 5′-terminus contains orf1ab and orf1a genes, 
which encode the polyproteins pp1ab and pp1a. These two polyproteins are further 
processed by viral proteinases Nsp3 and Nsp5 resulting in 16 nonstructural proteins 
(Nsps), Nsp1 to Nsp10 and Nsp12 to Nsp16, responsible for viral replication. The 
16 nonstructural proteins form a replicase/transcriptase complex (RTC) together. 
The activity of this complex is dependent on the involvement of viral enzymes 
Nsp7-Nsp8 primase, the Nsp12 RNA-dependent RNA polymerase (RdRp), the Nsp13 
helicase/triphosphatase, the Nsp14 exoribonuclease (the first identified proofreading 
enzyme encoded by an RNA virus), Nsp15 endonuclease, and Nsp10-Nsp16 N7- and 
2′O-methyltransferases. The 3′-terminus encode the four structural proteins spike 
(S), envelope (E), membrane (M), and nucleocapsid (N) and eight accessory proteins 
(3a, 3b, p6, 7a, 7b, 8b, 9b, and orf14) [8, 10–13].

After SARS-CoV-2 genome virus sequences were obtained, the similarities and 
differences between SARS-CoV-2 and other SARS viruses offered the possibility 
to establish key sequences in the genome for use in diagnosis and surveillance. The 
release of the first SARS-CoV-2 sequence allowed rapid evaluation of the rRT – PCR 
techniques for the detection of specific sequences of the SARS-CoV-2 genome and 
immediately a diagnostic workflow was established [6]. Sequences that offered sensi-
tivity and specificity to the diagnosis were selected, so the detection of a sequence in 
the E gene provided sensitivity to the test, but not specificity is given the high per-
centage of similarity with other coronaviruses. The specificity of the test was given by 
the use of specific primers for certain sequences in genes with less homology to other 
coronaviruses, as N, S, Orf1ab, and RdRp (located in ORF1ab gene), and in order to 
increase the sensitivity of the test, the simultaneous detection of several targets have 
been employed [6, 8].

In addition to rRT-PCR as a standard method for diagnosing SARS-CoV-2 infec-
tion, other methods involving the amplification of nucleic acids (NAATs) have been 
used to detect viral RNA, including digital PCR (dPCR), reverse transcription loop-
mediated isothermal amplification (RT-LAMP), and clustered regularly interspaced 
short palindromic repeats (CRISPR)-based assays. All of that could be a useful tool 
for surveillance and timely identification of emerging strains. Moreover, NGS has 
been used since the beginning of the COVID-19 pandemic for the characterization 
and analysis of viral genetic material and mutation surveillance [8].

There are many studies that evaluated different NAAT strategies for the detection 
of SARS-CoV-2 and compared their sensitivity and specificity and their conclusion 

Figure 1. 
Schematic diagram of SARS-COV-2 virus genome and most important encoded proteins.
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was that rRT-PCRs were significantly more sensitive than other methods [14]. 
However, for population surveillance, there are need for detection methods that have 
an increased specificity, are less expensive, and are faster than NGS and rRT-PCR.

dPCR has many advantages over rRT-PCR including higher precision with abso-
lute nucleic acid quantification, it has higher sensitivity and it is not as sensitive to 
PCR inhibitors or mismatch primer/template. However, this technique has a com-
plicated workflow and depends on expensive instruments and consumables, which 
results in a higher cost per test [15, 16]. As an important advantage, there are studies 
that propose using dPCR for SARS-CoV-2 viral load measurement directly from crude 
lysate without nucleic acid purification [17].

RT-LAMP was previously used for the detection of the Middle East respiratory 
syndrome coronavirus (MERS-CoV) and severe acute respiratory syndrome coro-
navirus (SARS-CoV) global outbreaks. RT-LAMP is a reliable and rapid screening 
test, which can also be used under non-laboratory conditions, but the sensitivity 
of RT-LAMP is poor, with an important percentage of positive patients remaining 
undetected [18].

CRISPR-based assays represent a system based on CRISPR-associated endonucle-
ases (Cas), CRISPR-Cas12a, and CRISPR-Cas13a, that recognizes and cleaves nucleic 
acids in a sequence-specific way. Recently, a CRISPR-based diagnostic platform that 
combines nucleic acid pre-amplification with CRISPR-Cas enzymology was estab-
lished for the detection of SARS-CoV-2 RNA. The great advantage is that the detec-
tion via fluorescent and colorimetric readouts provides results in less than 1 hour, 
but even if it is highly sensitive and specific, the multistep nucleic acid amplification 
process may affect precise target quantification. Additionally, the preparation and 
testing of reaction components need optimization [19, 20].

Although NAAT techniques have high sensitivity and specificity for the detection 
of SARS-CoV-2, in the management of the COVID-19 pandemic, a faster detection 
method was required, which would involve lower costs and also non-laboratory 
conditions and expertise. These needs have led to the development of rapid tests that 
detect SARS-CoV-2 viral proteins, intensively used in the detection of other viral and 
bacterial infections, but which have as a limitation the lower specificity and sensitiv-
ity than NAAT-type tests. During the infection with SARS-CoV-2 in the nasopharynx 
and oropharynx of infected people, high concentrations of S and N protein were 
detected and because of that, they became ideal candidates for diagnostic targets for 
the detection of viral protein by antigen–antibody (Ag-Ab) reaction. Thus, mono-
clonal antibodies against viral N and S proteins react with the viral proteins N and/or 
S present in patients’ specimens and this interaction can be easily visualized [21–23]. 
The major limitations of this technique are that it could generate false negative results 
for patients with low viral loads, and has lower sensitivity for cycle of quantification 
>30. The negative results need to be confirmed using molecular tests, particularly 
when the clinical context is suggestive of SARS-CoV-2 infection.

SARS-CoV-2 has proofreading mechanisms, which make the mutation rate lower 
compared to other RNA viruses such as HIV and influenza, however, the selection 
pressure and immune evasion mechanisms have led to mutations that can affect the 
properties of the virus, thus surveillance of viral evolution is utterly necessary.

Genomic surveillance involves the analysis of similarities and differences between 
sequences obtained by viral genome sequencing.

The development of NGS techniques has led to a huge amount of genomic 
sequence data [3]. As it was shown for emerging infectious diseases, such as SARS, 
MERS, Zika, and Ebola, whole-genome sequencing (WGS) metagenomics 
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technique offers the possibility to rapidly obtain the full sequence of pathogen 
genomes, tracing origins, spread and transmission chains of outbreaks, and monitor-
ing the pathogen evolution [24–28].

Metagenomics applications were used for rapid identification and characteriza-
tion of SARS-CoV-2 and brought critical novel information [5, 29]. The application is 
simple, cost-effective, and does not require reference sequence for analysis.

In order to obtain complete or nearly complete assemblies of the genome of SARS-
CoV-2 clinical samples, shotgun metatranscriptomics – saturation RNA sequencing 
– has been successfully used. The principle of the method was based on host gene 
expression monitoring and consists of either enrichment of the poly(A) + RNA 
fraction, or depletion of host rRNA [30]. Depending on the manufacturer and NGS 
technology the workflow consists of RNA fragmentation, first- and second-strand 
cDNA synthesis, and library preparation. Most of the studies were developed on 
Illumina platforms and the Oxford Nanopore Technology (ONT) [31].

Amplicon-based sequencing approach was developed later, after the enrichment 
of the knowledge regarding the SARS-CoV-2 genome, as the method is highly specific. 
The typical workflow consists of first-strand cDNA synthesis followed by genome 
amplification with multiplex PCRs. The primers used in multiplex PCRs produce a 
pool of amplicons that cover almost the entire viral genome. Amplicon sequencing 
is highly specific and robust, but it presents some limitations regarding differences 
in primer efficiency, amplification across the genome can be biased, with decreased 
coverage in specific genomic regions and/or 3′ and 5’ UTRs regions are not targeted 
leading to an incomplete assembly [30]. For library preparation, several commercial 
and noncommercial protocols are available, and libraries can be sequenced on bench-
top platforms (i.e., Illumina NextSeq and Miseq; Ion torrent platforms, etc.) [30].

Hybrid capture-enrichment sequencing is similar to amplicon-based sequencing 
that allows to target regions of a genome and enrich through hybridization to specific 
biotinylated probes. This approach was initially developed for exome sequencing [32]. 
Libraries obtained can be sequenced on benchtop platforms (Illumina NextSeq and 
MiSeq, Ion torrent, etc.). Hybrid capture-enrichment method uses a larger number 
of fragments/probes, providing more complete profiling of the target sequences and 
more robust to genomic variability [33].

Direct RNA sequencing is relatively recent approach in sequencing technologies 
that do not require RNA revers-transcription and allow the direct determination 
of the sequence of single nucleic acid molecules, without amplification [34]. This 
technology provides longer reads than regular NGS methods, but with higher error 
rates [35]. However, this method can provide the sequence of a single mature and 
precursor transcripts, and information about complex transcriptional patterns, which 
accompany coronavirus infection (recombination, alternative transcript maturation, 
rare transcriptional isoforms, etc.) [12].

The global effort of NGS for SARS-CoV-2 in COVID-19 pandemics generated a 
massive number of reads that had to be analyzed organized and stored in interna-
tional databases with global access. Basically, the NGS data analysis involves several 
essential steps: quality control of the NGS data, removal of host/rRNA data, reads 
assembly, taxonomic classification, and virus genome verification [36].

2.1 SARS-CoV-2 genome data analysis

The assembly of the SARS-CoV-2 genome is a quite straightforward process, as 
the viral genome is small and does not contain any large repetitive sequence. The 
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main method for the assembly of NGS data that provides a complete and accurate 
representation of the genome (highly contiguous and accurate assemblies) is based 
on Overlap Layout Consensus, de Bruijn graphs, or, in general, reference-based 
assembly [37]. SARS-CoV-2 sequencing with a 30x coverage is generally considered 
sufficient to generate high-quality assembly [30]. The coverage is dependent on the 
sequencing platform and on the sequencing strategy, however, data obtained from 
targeted-enrichment-based library preparation methods (hybrid capture and ampli-
con sequencing) provide a sufficient viral genomic read.

The first step of bioinformatics workflow is to establish the quality of the reads. 
Fastq files are processed for subsequent analyses as follows: removing the adapter 
sequences and filtering low-quality/complexity reads, error correction, etc. [36].

Metagenomics sequencing protocols provide uniform coverage, but the number 
of viral reads depends on the viral load of the sample and may contain reads, derived 
from viral sub-genomic RNAs and replication intermediates [38]. For metagenomics 
reads assembly-efficient software tools are currently available [39].

In order to obtain an accurate representation of the genomic sequence of a SARS-
CoV-2 strain, de-novo assembly method could be used, but there were also available, 
less sensitive methods, such as reference-guided assembly algorithms [40, 41].

2.2 SARS-CoV-2 genome verification and classification

Taxonomic classification is the following step after the reads are assembled into 
contigs. The quality of contigs can be evaluated by read mapping. The reliable contigs 
with unassembled overlaps are fused to form longer viral contigs using contig assem-
bly tools (e.g., SEQMAN and Geneious).

2.3 SARS-CoV-2 phylogenetic analyses

The best-known portals for the real-time monitoring of the evolution SARS-CoV-2 
strains are Nextstrain [42] and the HyPhy COVID-19 [43]. These systems provide 
real-time information of on worldwide distribution of different clades and lineages of 
SARS-CoV-2 (Nexstrain), and detailed phylogenetic analyses of SARS-CoV-2 protein-
coding genes (Hyphy).

2.4 SARS-CoV-2 genomic data deposition and exploratory access

At present, the GISAID [44] with EpiCov portal represents the most widely used 
repository of SARS-CoV-2 genomic data. Along with sequencing data, metadata are 
provided including the type of sample, the sequencing technology and protocol, 
patient status (e.g. hospitalized or released), vaccination, etc.

Exploratory access is available from the three most popular portals for SARS-
CoV-2 genome data: COG-UK [45], GISAID EpiCoV [44], and the NCBI [46].

Technical advances in NGS and bioinformatics have permitted a fast identification 
of causative agent of COVID-19, tracking its global spread and confirming the genomic 
modifications when they occurred. Current bioinformatics resources are multiple, but big 
datasets pose challenges for data storage and analysis and a solution must be found not 
only for the control of the current COVID-19 pandemic but for future outbreaks response.

Although NGS is a very precise tool, allowing the detection of each mutation in a 
sample (thus being considered the gold standard in tracking the viral variants), it has 
a few drawbacks regarding the price, the duration, and the accessibility [47–49].
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To overcome these limitations, other genotyping strategies have been developed 
[50]: Multiplex PCR tests that use either TaqMan probes or molecular beacon probes, 
identify and monitor specific SARS-CoV-2 variants, and, even if they target prese-
lected known mutations, they are more rapid, cheaper options, and could easily be 
deployed in settings with limited resources as an alternative to genome sequencing 
methods [47, 51].

New appeared mutations had an important effect on the detection sensitivity of 
RT-PCR that could be reduced if the mutations were located where probes and prim-
ers bind [52]. Because of this, commercial variants of kits that detected several genes 
that included the RdRp and Orf1ab genes in addition to the S and N genes were used 
and commercial multiplexing tests for tracking mutations in the population, for the 
surveillance and sequencing prioritization were rapidly developed.

The occurrence of the mutations in the S gene led to S gene target failure or 
so-called S gene dropout, which generated false negative RT-PCR results. This test 
failure, however, turned later in new pre-screening rRT-PCR assays that analyzed 
simultaneous detection of del-HV69/70 and N501Y in order to distinguish between 
B.1.1.7 and B1.351 lineages or have been used as a marker of B.1.1.529 variant [51, 53].

A TaqMan SNP genotyping test, recently developed by a Taiwanese team [50], tar-
gets nine mutations in receptor-binding domain of the spike protein of SARS-CoV-2 
(delH69/V70, K417T, K417N, L452R, E484K, E484Q , N501Y, P681H, and P681R), and 
it is designed to simultaneously detect five important variants (Alpha, Beta, Gamma, 
Delta, and Omicron).

Molecular diagnostic companies are closely tracking data collected from laborato-
ries all over the world in order to develop commercial multiplex genotyping kits that 
identify and screen variants as new significant functional mutations emerge.

3.  Emergence of SARS-CoV-2 variants – genotype to phenotype analysis 
and global public health effects

A series of measures have been taken globally for optimal management of 
the emergence of SARS-CoV-2 variants. A global system has been established to 
detect SARS-CoV-2 lineages and to assess the potential risk for the circulating viral 
variants. For effective surveillance and viral characterization worldwide, it was 
essential to better describe the recently emerging variants and to establish a joint 
nomenclature.

Considering the large amount of collected data generated by sequencing, WHO 
experts after consultation with the Technical Advisory Group on SARS-CoV-2 Virus 
Evolution (TAG-VE) establish the current nomenclature in use when referring to 
SARS-CoV-2 variants [54]. Thus, for each identified lineage, it was assigned a Greek 
alphabet letter (e.g., Alpha, Beta, Delta, or Omicron) and when choosing the work-
ing terminology for SARS-CoV-2 variants, it was considered the current terminol-
ogy adopted by well-known open-source databases that performed phylogenetic 
analysis. Such examples are PANGOLIN – The Phylogenetic Assignment of Named 
Global Outbreak Lineages [55]; Nextstrain [56] or GISAID – The Global Initiative 
on Sharing All Influenza Data [57]. At the same time, the term “index virus” was 
established when referring to the SARS-CoV-2 genome characterized at the beginning 
of the pandemic (December 2019) in the situation of the first cases reported [58]. 
Considering the rapid evolution of the virus from a mutational point of view, the 
present nomenclature may undergo changes.
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Specific viral variants that pose a risk to public health have been named, are 
considered a priority in monitoring, and are categorized using the following working 
terms:

• Variants of Interest (VOIs)

• Variants of Concern (VOCs)

• VOC lineages under monitoring (VOC-LUM).

• Variants under monitoring (VUM)

Variant of Interest (VOI) - a SARS-CoV-2 variant presenting a certain genetic 
constellation that is predicted to cause changes in virus properties impacting its 
transmissibility, virulence, the diagnostic and treatment methods, the severity of the 
disease, and immune system escape. It is also acknowledged to be responsible for high 
community spread, prevalence in multiple clusters or many countries, or hint of an 
emerging risk to global public health. At present, there are no circulating VOIs [58].

Among the circulating VOIs reported in the past [58, 59] (presented chronologi-
cally with spike mutation of interest and using the WHO and Pango lineage terminol-
ogy) are:

• Eta (B.1.525/VOI: 17-Mar-2021)- E484K, D614G, Q677H;

• Theta (P.3/VOI: 24-Mar-2021)- E484K, N501Y, D614G, P681H;

• Iota (B.1.526/VOI: 24-Mar-2021)- E484K, D614G, A701V;

• Kappa (B.1.617.1/VOI: 4-April-2021)- L452R, E484Q , D614G, P681R;

• Lambda (C.37/VOI: 14-Jun-2021)- L452Q , F490S, D614G;

• Mu (B.1.621/VOI: 30-Aug-2021)- R346K, E484K, N501Y, D614G, P681H.

According, to WHO a Variant of Concern (VOC) is defined as a viral variant that 
meets the criteria for a VOI and in addition correlates with a higher degree of viru-
lence and transmission or a change in COVID-19 epidemiology or clinical presenta-
tion, or a decrease in the effectiveness of currently available public health measures or 
of diagnostics, therapeutics, or vaccines [58].

Current VOC is Omicron lineage (B.1.1.529/VOC: 26-Nov-2021) including 
sublineages BA.1, BA.2, BA.3, BA.4, BA.5, and XE (BA.1/BA.2 circulating recom-
binant) that WHO recommend to be monitored by public health authorities as 
distinct lineages.

The mutational profiles in spike sequence in Omicron sub-lineages are listed 
below:

• BA.1 - A67V, Δ69–70, T95I, G142D, Δ143–145, N211I, Δ212, ins215EPE, G339D, 
S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, 
G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, 
D796Y, N856K, Q954H, N969K, L981F;
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• BA.2 - G142D, N211I, Δ212, V213G, G339D, S371F, S373P, S375F, T376A, D405N, 
R408S, K417N, N440K, S477N, T478K, E484A, Q493R, Q498R, N501Y, Y505H, 
D614G, H655Y, N679K, P681H, N764K, D796Y, Q954H, N969K;

• BA.3 - A67V, Δ69–70, Δ143–145, N211I, Δ212, G339D, S371F, S373P, S375F, 
D405N, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, Q498R, N501Y, 
Y505H, D614G, H655Y, N679K, P681H, D796Y, Q954H, N969K;

• BA.4 -L452R, F486V, R493Q;

• BA.5 - L452R, F486V, R493Q.

From the collected data, a higher transmission is observed also accompanied by a 
lower severity for the Omicron BA.1 and BA.2 variants with BA.2 displaying a domi-
nant transmission in the EU/EEA countries. On the other hand, for the BA.4 and BA.5 
there is not enough evidence regarding the impact of these variants on transmission 
rate or severity [59].

VOCs circulating in the past include:

• Alpha (B.1.1.7/VOC: 18-Dec-2020) - N501Y, D614G, P681H;

• Beta (B.1.351/VOC: 18-Dec-2020) - K417N, E484K, N501Y, D614G, A701V;

• Gamma (P.1/VOC: 11-Jan-2021) - K417T, E484K, N501Y, D614G, H655Y;

• Delta (B.1.617.2/VOC: 11-May-2021) - L452R, T478K, D614G, P681R.

VOC lineages under monitoring (VOC-LUM) are characterized as variants that, 
from a phylogenetic point of view, belong to VOCs, which are currently circulating, 
nevertheless compared to the circulating VOCs exhibit some genetic alterations that 
show better transmission and also present amino acids changes that might explain the 
epidemiologic modifications compared to circulating variants [58].

Currently, all VOC-LUMs are Omicron sublineages being under surveillance. 
Thus, the BA.4 and BA.5 sublineages from a phylogenetic point of view belong 
to the same circulating VOC, presenting the same mutations profile for S (BA.2-
like + del69/70, L452R, F486V, Q493) and also displaying two Nsp4 reversions: 
L438 and ORF6:D61. On the other hand, these two VOC-LUMs vary from each other 
through mutations outside spike, thus BA.4 shows the following additional mutations: 
ORF7b:L11F, N: P151S while BA.5 exhibits D3N mutation in M gene. BA.2.12.1 is 
another current VOC-LUM belonging to BA.2 sublineage and which shares the same 
S mutational pattern plus L452Q and S704F. BA.2.9.1 and BA.2.13 come from BA.2 
sublineage with which they share S mutational profile and also L452M additional 
mutation, while BA.2.9.1 displays other genomic mutations outside of S, respectively, 
in N gene (P67S, S412I) and in ORF3a:H78Y [58].

It is very important to keep these lineages and their modifications under close 
observation in key sites or hotspots, in order to detect in real-time a divergence from 
the generating VOC and a possible new risk to global public health.

Variants under monitoring (VUM) are defined as variants that are suspected to 
pose future risk but with unclear evidence of phenotypic or epidemiological impact 
which requires enhanced monitoring. Currently, there is no variant under monitoring.
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In the generation of SARS-CoV-2 variants, two processes, replication and recom-
bination, have major implications. The SARS-CoV-2 replication process requires 
an RNA-dependent RNA polymerase (RdRp) that is prone to an error leading to 
the replication-associated changes. Due to the proofreading process assured by the 
virus-encoded 3′ exonuclease, nsp14, the mutation rate remains in the low range if we 
consider the magnitude of the SARS-CoV-2 extension [60].

The factors that may impact SARS-CoV-2 replication, error rate accumulation, 
and the variants selection include wildlife reservoirs (permissive host species and 
species-specific adaptation in different hosts) [61], biochemical characteristics of dif-
ferent infected cell types generating a heterogeneous mix of viral proteins [62], and 
population-level immunity driving selection of these variants [63]. Recombination 
can occur in a cell coinfected with more than one virus variant through discontinu-
ous transcription of SARS-CoV-2 genomes via ‘strand switching’ by the viral RdRp 
or through breakage and rejoining of genomes based on homology regions to form 
chimeric genomes [63, 64].

Careful monitoring of new SARS-CoV-2 variants must reduce transmission rate, 
pathogenicity, and resistance to immune responses. This refers especially to molecules 
involved in cell entry and those that provide antigenicity.

The characteristics of SARS-CoV-2 variants are determined by the structural spike 
(S) protein cleaved in infected cells by a cellular protease, furin, yielding two sub-
units, S1 and S2. The S1 subunit binds the receptor ACE2 and the S2 subunit anchors 
the S protein to the membrane and mediates membrane fusion [65, 66].

In order to identify SARS-CoV-2 genome hotspots, a phylogenetic analysis of the 
virus is required. This analysis enables detection of the occurrence of variants that 
may present concern [67]. Until now numerous SARS-CoV-2 genome hotspots have 
been recognized. Being considered an important SARS-CoV-2 hotspot, spike genomic 
sequence is frequently altered (various substitutions/deletions) causing modifications 
in the protein sequence that ultimately may have a significant impact on virus evolu-
tion and can cause major difficulties in pandemic management. Consequently, certain 
mutations in spike protein can determine an increase in infectivity and also a more 
severe disease, while on the other hand can affect the therapeutic effectiveness [68].

During the early evolution of SARS-CoV-2, the D614G substitution in the 
receptor-binding domain (RBD) on Spike is considered to be one of the earliest S 
hotspots being detected in almost all previously circulating VOCs (Alpha, Beta, Delta, 
Gamma) as well in the current circulated VOC Omicron [69]. The mutation, origi-
nated from genetic drift and obtained a selective advantage [70, 71], being detected 
first in Europe in January 2020 and accounting for 98% of the SARS-CoV-2 spread 
in September 2021 [72]. In these variants, replacing the aspartic acid with glycine at 
position 614 of the spike protein induced structural change that increased binding 
affinity to ACE2 and virus entry [73], associated with increases in transmissibility (in 
vivo infectivity) but without affecting the severity of disease [71, 74].

Another recognized S hotspot is considered to be N501Y substitution also in RBD 
region, shared by Alpha, Beta, and Gamma lineages from previous VOCs. N501Y is 
known to promote viral replication through increasing affinity between the receptor-
binding domain (RBD) and ACE2 and to facilitate the antibody escape [75]. P681H 
augments viral infectivity being located in the furin cleavage site [75], and delH69/
V70 detected in Alpha and Omicron VOCs, was associated with disease severity and 
long-term infection [76].

Interfering also with antibody escape and thus being associated with vaccination 
failure were another two hotspots found in RBD region namely E484K and K417N/T 
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substitutions. E484K is found in Beta, Gamma, Delta, and Omicron VOCs while 
K417N/T is only in Beta and Gamma [77]. Hoter and Naim analyzed the biosynthetic 
forms and glycosylation of intracellular and secreted forms of double mutants L452R 
and E484Q (Indian B.1.617 variant) in comparison with E484K and N501Y (B.1.351 
and P.1 variant) and observed that the double mutants L452R and E484Q were 
comparatively highly secreted, associated with a strong interaction with ACE2 in the 
human lung Calu3 cells [78]. L452R and T478K hotspots, identified in Delta variant, 
were associated with an increased ACE2 binding and also with antibody escape, 
which led to an increase in virulence [79, 80].

Compared with wild-type Wuhan-1 bearing D614G, the Delta (B.1.617.2) was 
six-fold less sensitive to serum neutralizing antibodies from previously infected indi-
viduals, and eight-fold less sensitive to vaccine-elicited antibodies, lower in ChAdOx1 
vaccinees than in BNT162b2 vaccinees [81]. The B.1.617.2 variant proved to be highly 
fusogenic and notably more pathogenic than its parental virus due to the highly con-
served P681R mutation in the spike protein facilitating cleavage of the spike protein 
and enhancing viral fusogenicity [82].

It is crucially important to determine spike mutations that affect antigenic profiles 
and the level of cross-protection provided by prior infection with other viruses. 
The immunogenic regions of the spike refer especially to the spike receptor-binding 
domain (RBD) because ~90% of the serum neutralizing antibodies from SARS-CoV-2 
infected individuals target this region [83–85]. But, also, the N-terminal domain 
(NTD) of the S protein is targeted [86–89].

4. SARS-CoV-2 vaccine development in COVID-19 genomic era

A major advantage in reducing the COVID-19 pandemic was the development of 
vaccines against SARS-CoV-2 since all the approved COVID-19 vaccines, although 
based on the initial SARS CoV-2 strain, continue to preserve efficacy against hos-
pitalization and death, especially after administration of a booster dose [90]. Until 
the appearance of Omicron, all variants had a convergent evolution pattern [91], 
selecting similar mutations in particularly vulnerable genomic sites and clustering in 
similar serotypes. Omicron is highly antigenically divergent from the other VOCs [92] 
and is characterized by a continuous antigenic drift, giving rise to several sublineages, 
with limited cross-antigenicity. The most recently selected sub-lineages, designated as 
variants of concern (BA4, BA5) have higher neutralization escape capacity [93], and 
vaccination efficacy seems to decrease, although not significantly, even in terms of 
protection against severe forms of the disease.

Currently, according to the WHO, more than 150 vaccines are in clinical devel-
opment and almost 200 are in preclinical development [94]. Reported studies 
demonstrated that the benefits of COVID-19 vaccination compensate for the risks 
that involve rare but serious adverse effects [95]. For example, a study focused on 
the administration of almost two million first doses of the vaccine Pfizer-BioNTech 
vaccine in the US reported only 21 cases of anaphylaxis after administration, with no 
fatalities reported [96].

COVID-19 vaccines developed so far and tested or approved for clinical trials can 
be classified into inactivated vaccine, live attenuated, viral vector-based vaccine, 
RNA, DNA, protein subunit, and virus-like particle (VLP) vaccines [97].

Inactivated vaccines are obtained from a virus multiplied on cell cultures 
and then chemically inactivated. This system can sustain stably expressed, 
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conformationally native antigenic epitopes [98]. The advantages of inactivated vac-
cines include the capacity of the vaccine to induce an immune response that results in 
production of antibodies against many epitopes of the SARS-CoV-2, including S pro-
tein, N protein, and E protein [99]. On the other hand, the vaccine is well tolerated, 
the adverse reactions reported are rare, without reported deaths, and the study and 
development of this type of vaccine are relatively complete [100]. The disadvantages 
arise mainly from the fact that the living virus must be manipulated in a biosafety 
level-3 laboratory at least and there is a limitation in vaccine production that depends 
on viral productivity [97].

Viral vector-based vaccine is also considered a classic vaccine since this medical 
technology was introduced in 1972 by Jackson et al., and uses a secondary virus as a 
transient gene expression vector. Nonreplicating viral vector-based vaccine, the most 
commonly utilized, uses viral vectors deficient in replication, to deliver a specific 
antigen to the host cell in order to induce immunity against the desired antigen. The 
vector used in the viral vector-based vaccine developed against SARS-CoV-2 infection 
is adenovirus [101]. Administration of this type of vaccine against SARS-CoV-2 infec-
tion seems to induce rapid and complex antibody responses as well as cellular immune 
responses by activation of Th1 cell responses [102]. Comparing to inactivated vaccines 
the production of viral vector vaccines is safer as there is no need to manipulate live 
SARS-CoV-2. However, in the case of adenovirus-based viral vector vaccines, rare 
but severe reactions have been reported, especially thrombocytopenia, sustaining the 
need of monitoring platelet levels. The mechanism that triggers these effects is mainly 
the development of pathological anti-platelet factor 4 (PF4) antibodies, as result of 
vaccine administration that activates platelets and the coagulation system. Also, the 
immunogenicity of these vaccines can be reduced in some people that present neu-
tralizing antibodies against several adenoviruses [103].

Live attenuated vaccines are developed by a recoding of the virus genome, 
being a well-known method of immunization against pathogens. Thus, the virus is 
attenuated by in vitro or in vivo passage or reverse-genetic mutagenesis, resulting in a 
weakly pathogenic that is also able to mimic the live virus infection. Usually, this type 
of vaccine can produce a durable immune response, but the apparition of secondary 
mutations that can cause reversion into virus wild-type strains, especially in the case 
of RNA viruses is considered a disadvantage for this type of vaccine [99, 104, 105].

DNA vaccines use a sequential transcription-to-translation process that sustain 
the production in host cells of a viral antigen that is encoded by a recombinant DNA 
plasmid, inducing neutralizing antibodies [105]. DNA vaccines present a higher 
stability compared with mRNA vaccines, the production risk of DNA vaccines is 
relatively low and does not require the presence of an infectious agent. On the other 
hand, the immunogenicity of the DNA vaccine is low and the efficacy depends on the 
injection method [97].

mRNA-based vaccines comprise mRNA molecules that encode viral protein 
antigens and the main problem of this type of vaccine is removed by utilization of 
nanoparticle delivery carriers that overcome mRNA instability. Moreover, these 
nanoparticles are adjuvants to sustain the activation of the immune response. The 
method to obtain these vaccines is based on the in vitro transcription process for 
obtaining mRNA and the technology is quite developed today to allow obtaining 
large doses in a short time for any pathogen [106]. Due to the high vaccination rate 
with this type of vaccine, it can be clearly demonstrated that SARS-CoV-2 mRNA-
based vaccination induces a persistent germinal center B cell response and Th1 cell 
responses, which allows the development of strong humoral immunity [107]. The main 
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disadvantages are the reported adverse reactions, especially myocarditis and the neces-
sity to preserve the vaccines at low temperatures to avoid mRNA degradation [108].

Protein subunit vaccines use key viral proteins or peptides that can be obtain 
in vitro using bacteria, yeast, or mammalian cells [99]. COVID-19 protein subunit 
vaccine can induce Th1 cell responses and a high titer of neutralizing antibodies but 
due to the large molecular weight, the in vitro synthesis rate of the viral S protein is 
relatively low [97].

Virus-like particle vaccines use viral capsid proteins or replication-defective 
virus particles without the viral genomes but the technology for obtaining this type of 
vaccine is more complex [109].

Although studies to date show that the administration of COVID-19 vaccines 
may reduce the risk of symptomatic infection and decrease mortality, a decline in 
virus-neutralizing activity with the emergence of new variants has been reported. 
Therefore, the strong contagious activity of Alpha and Delta variants and the 
powerful immune escape ability of Beta and Gamma variants were outclassed by the 
capacity of the Omicron variant to evade the immunity induced by the COVID-19 
vaccines [97]. For example, the efficacy of BNT162b2 COVID-19 vaccine (Pfizer 
BioNTech) against SARS-CoV-2 VOCs starts at almost 90% in the case of B.1.1.7 
(Alpha) [110] and decreases (in some reports) to about 35% in the case of B.1.1.529 
(Omicron) [111].

Several studies have shown that breakthrough infections including Omicron VOC 
increase the breadth of the immune response in vaccinated persons [112]. As such, 
Omicron-specific vaccine candidates have been developed by several pharmaceutical 
companies and might be administered as booster doses for the recipients of a primary 
vaccination scheme or for persons already infected with previously circulating vari-
ants. In recent press releases, both Pfizer and Moderna [113, 114] announced that a 
second booster with Omicron-adapted vaccine candidates (either in a monovalent or 
bivalent formulation with the classic vaccine) increased significantly the magnitude 
of the immune response against the Omicron sublineages. It is hoped that such broad 
responses will be preserved for a longer period of time, as shown by data from trials 
with a previous version of a Moderna vaccine candidate developed against Beta-
another highly immune evasive variant. Presently, administration of an Omicron-
specific vaccine in unvaccinated persons is not recommended, due to insufficient data 
on the level of cross-protection against unrelated variants [115].

Future vaccination strategies are envisioned, aimed at finding better admin-
istration regimens (using extended intervals between doses, increased antigen 
concentrations, heterologous prime-boost schemes), or better vaccine formulations 
(multivalent vaccines, encoding the Spike protein of multiple VOCs, pan-coronavirus 
vaccines, and mucosal vaccines, administered intra-nasally).

5. Antiviral treatment development and emergent SARS-CoV-2 variants

The development of direct antiviral drugs was rather slow, direct medication being 
replaced by vaccines in the treatment of COVID-19. However direct antiviral treat-
ment proved to be effective, indifferent to the mutations that have accumulated while 
SARS-CoV-2 variants have emerged. Currently, the main therapeutic strategies are 
directed toward (a) direct inhibition of the viral entry, (b) inhibition of viral replica-
tion, and (c) immunomodulatory treatment to block the cytokine release storm that 
underlies COVID-19 severe evolution [116].
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5.1 Direct inhibition of the viral entry

In the first category, there are several anti-spike protein monoclonal antibodies 
(MAB) such as bebtelovimab, sotrovimab, casirivimab and imdevimab, bamla-
nivimab and etesevimab used for the treatment of mild-to-moderate COVID-19 
in adults and pediatric patients (12 years of age and older weighing at least 40 kg). 
Additionally, tixagevimab and cilgavimab were authorized for emergency use as 
pre-exposure prophylaxis for prevention of COVID-19 in adults and pediatric indi-
viduals. However, in the context of high frequency of the Omicron BA.2 sub-variant, 
authorizations for all of these monoclonal antibodies were revoked, except for 
Bebtelovimab that has a broad neutralizing activity, unaffected by the most common 
mutations present in all of the known variants of concern of SARS-CoV-2, including 
the Omicron subvariants BA1/BA2 [117, 118].

The administration of MABs has several significant drawbacks, including the need 
for intravenous administration in healthcare units by qualified healthcare person-
nel who have access to emergency medications to treat severe reactions, including 
anaphylaxis. Common side effects include hypersensitivity, with anaphylaxis and 
infusion-related reactions, nausea, vomiting, pruritus, and rash. Among advantages, 
we can count no drug-drug interactions.

This strategy can be used against the receptor binding domain only as long as no 
mutations in the spike glycoprotein occur. One possible way around this problem 
would be administration of several MAB antibodies that could simultaneously bind to 
different parts of the receptor binding domain of the SARS-CoV-2 spike protein.

5.2 Inhibition of viral replication

To date, several antivirals received conditional authorizations for usage in the 
interest of public health because they address an unmet medical need and the benefit 
of immediate availability outweighs the risk from less comprehensive data than 
normally required (Table 1) [119]. The oldest is remdesivir, a drug that has to be 
intravenously administrated, with plenty of adverse effects, which drastically reduce 
its utility, conditioning its administration by hospitalization. The newest molnupi-
ravir and nirmatrelvir – ritonavir are both oral antivirals, less expensive, with huge 
advantage that they can be administered in patients isolated at home. However, the 
treatment has to be started early, and Paxlovid came with several drug–drug interac-
tions that can complicate its use in patients taking other medications. Moreover, 
there is a concern about molnupiravir regarding a potential impairment of bone and 
cartilage growth, being restricted for usage in children [120].

Molnupiravir is a slightly modified small-molecule drug developed from a ribo-
nucleoside known as NHC (β-d-N4-hydroxycytidine) by a research team at Emory 
University in Atlanta, Georgia. Intended initially to enter clinical trials against influ-
enza, tested it as a treatment for COVID-19 by Ridgeback Biotherapeutics Company, 
which partnered later with Merck in May 2020, for large-scale clinical trials [121].

After oral administration, molnupiravir breaks down to form NHC that is further 
phosphorylated to NHC triphosphate. Under this form, NHC is linked by SARS-
CoV-2 RNA-dependent RNA polymerase (RdRP) and used for RNA chain elongation 
during viral replication instead of guanosine or adenosine. This leads to an accumula-
tion of errors in the viral genome that ultimately render the virus noninfectious and 
unable to replicate [122–124].
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Efficacy and safety were evaluated in phase 3 double-blind, randomized, placebo-
controlled trial MOVe-OUT clinical trials [NCT04575597] on unvaccinated and 
seronegative subjects, with final results published on February 10, 2022, reporting a 
relative risk reduction of 30% for hospitalization or death at 29 days [122]. Moreover, 
new results in evaluating virological outcomes presented at the 2022 European 
Congress of Clinical Microbiology and Infectious Diseases (ECCMID) (Abstract 
#4514) showed that molnupiravir was associated with more rapid elimination of 
infectious viruses than placebo. Thus, at 3 and 5 days of treatment, no infectious 
virus was detected in patients who received LAGEVRIO compared with 21.8%, and 
2.2% respective, of patients who received placebo [125]. The risk for adverse effects 
was 30% with molnupiravir vs. 33% with placebo. The most common adverse effects 
reported were diarrhea (3%) and nausea (2%) classified as mild or moderate. Also, no 
drug–drug interactions have been identified [122].

Molnupiravir received an Emergency Use Authorization (EUA) issued by the Food 
and Drug Administration (FDA) on December 23, 2021 for LAGEVRIO as treatment 
of mild-to-moderate COVID-19 in adults with positive results of direct SARS-CoV-2 
viral testing, who are at high-risk for progression to severe COVID-19, including 
hospitalization or death [126]. Also, received authorization in the United Kingdom 
(U.K.) for molnupiravir (MK-4482, EIDD-2801), and currently is under review for 
authorization by European Medicines Agency (EMA).

Nirmatrelvir – Ritonavir (Paxlovid) is a combination of two drugs, ritonavir 
(a pharmacokinetic enhancer) and newly developed protease inhibitor nirmatrelvir 

Compound Molnupiravir Nirmatrelvir -  
Ritonavir

Remdesivir

Brand name: Lagevrio Paxlovid Veklury

Market 
authorization:

Merck Sharp and Dohme (UK) 
Limited

Pfizer Limited Gilead Sciences, Inc

Alternative 
names:

MK MK-4482, EIDD-2801 PF-07321332 GS-5734

Pharmacological 
classification

inhibitor of the viral RNA-
dependent RNA polymerase 
(RdRp)

Mpro viral protease 
inhibitor

inhibitor of the viral 
RNA-dependent RNA 
polymerase (RdRp)

Indications: Treatment of mild-to-
moderate COVID-19 in adults 
with symptom onset within 5 
days from diagnosis with risk 
for developing severe illness.

Treatment of 
mild-to-moderate 
COVID-19 patients 
aged 12 years and 
older, with risk 
for progression to 
severe COVID-19, 
without need for 
supplemental 
oxygen.

Treatment of mild-to-
moderate COVID-19 
patients with symptom 
onset within the 
previous 7 days, with 
at least one risk factor 
for disease progression 
(age ≥ 60 years, obesity, or 
certain coexisting medical 
conditions)

Dose: 800 mg every 12 hours for 
5 days

300 mg nirmatrelvir 
with 100 mg 
ritonavir, every 
12 hours for 5 days

200 mg on day one, 
followed by 100 mg daily 
for up to 9 additional days

Table 1. 
Anti-viral drugs currently used for COVID-19 therapy.
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(PF-07321332), a structure-based potent inhibitor of SARS-CoV-2 3-chymotrypsin–
like cysteine protease enzyme (Mpro) [127]. Mpro protease is involved in processing 
viral polyproteins into functional units, and since essential to viral replication. Within 
the absence of recognized human analog, Mpro is an attractive antiviral target across 
a wide spectrum of coronaviruses. Nirmatrelvir is administrated with ritonavir, an 
inhibitor of cytochrome P450 (CYP) 3A4, that blocks the metabolism of nirmatrelvir 
increasing and maintaining its plasma concentration approximately five to six times 
higher than the in vitro 90% effective concentration [127, 128].

Evidence for efficacy and safety comes from a phase 2–3 double-blind, random-
ized, and controlled trial, which enrolled unvaccinated, non-hospitalized adults 
with high risk for progression to severe COVID-19. Subjects that were treated within 
3 days after symptom onset with 300 mg of nirmatrelvir plus 100 mg of ritonavir 
had an 89% lower risk of progression to severe COVID-19 than placebo group 
[NCT04960202]. The risk for adverse effects was 22.6% with nirmatrelvir plus rito-
navir vs 23.9% with placebo. The most common adverse effects were dysgeusia (5.6%) 
and diarrhea (3.1%) [129].

Paxlovid is associated with several drug–drug interactions that could complicate 
its use in the community due to ritonavir association that inhibits CTP3A and there-
fore may increase plasma concentration of drugs that may be associated with serious, 
life-threatening events (e.g., colchicine, clozapine, diazepam, simvastatin, etc.). 
Conversely, products that may increase the metabolism of nirmatrelvir/ritonavir and 
reduce their concentrations may be associated with a loss of antiviral effect (e.g., 
rifampicin, carbamazepine) [130]. Thus, a careful assessment of patients’ medication 
is needed before administrating Paxlovid. A web tool developed by the University of 
Liverpool, which monitors drug interactions with current anti-COVID-19 therapies, 
may be helpful [131].

Nirmatrelvir – Ritonavir received a EUA issued by the FDA on December 22, 
2021, for PAXLOVID for the treatment of mild-to-moderate COVID-19 in adults and 
pediatric patients (12 years of age and older weighing at least 40 kg) with high risk for 
progression to severe COVID-19 [132]. It is also authorized for use in European Union 
[133] since January 2022, under a conditional marketing authorization.

Both molnupiravir and nirmatrelvir, effectively inhibited viral replication of 
the Delta variant and the Omicron variant however, slight differences in antiviral 
response among wild-type, Delta, and Omicron variants were observed [134].

Remdesivir is a broad-spectrum antiviral medication administered via intrave-
nous injection. The compound is a prodrug whose metabolizing leads to the release 
of a nucleoside analog GS-441524 monophosphate with subsequent biotransforma-
tion into GS-441524 triphosphate. Under this form, it acts as an inhibitor of the viral 
RNA-dependent RNA polymerase (RdRp) with potent activity against an array of 
RNA virus families including Filoviridae, Paramyxoviridae, Pneumoviridae, and 
Orthocoronavirinae [135]. Various studies have documented its inhibitory activity 
against SARS-CoV-1, Middle East respiratory syndrome (MERS-CoV), and SARS-
CoV-2 in vitro [136, 137].

Data on its efficacy on COVID-19 infected patients came from ACTT-1 clinical 
trial [NCT04280705], which showed that remdesivir treatment shorten recovery 
times in hospitalized patients with COVID-19 (median recovery time of 10 days 
(95% confidence interval [CI], 9 to 11), in remdesivir treated patients as compared 
with 15 days (95% CI, 13 to 18) among those who received placebo) [138] and 
reduces chances of hospitalization or death with 87% for patients at high risk of 
severe disease [139].
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The most common adverse effects that occurred in 5% of patients treated with 
remdesivir were respiratory failure, decreased glomerular filtration rate with 
increased creatinine in the blood, decreased lymphocyte and hemoglobin counts, 
anemia, and increased blood sugar levels [138]. Also, 5% of patients experienced 
nausea, headache, and cough.

In October 2020, remdesivir received the first FDA EUA as a treatment for COVID-
19, which was extended in April 2022, for the first time for pediatric patients under 
12 years of age including those who are older than 28 days, weighing at least 3 kg [140]. 
Also, in July 2020 received a conditional marketing authorization from EMA.

Remdesivir showed similar antiviral activity against the wild-type virus and the 
VOCs Alpha, Beta, Gamma, Delta, and Omicron variants. These findings are justi-
fied by the fact that the target proteins of these antivirals, viral RNA dependent RNA 
polymerase, and the viral main protease Mpro, respectively, are highly conserved. 
These results indicate that is a high probability that VOC that might emerge in the 
future will remain susceptible to antivirals that do not target the spike protein [141].

5.3 Immunomodulatory treatment

Many of the complications associated with COVID-19 are due to an augmented host 
immune response, which contributes to the increased severity of COVID-19 and death. 
Several immunomodulatory drugs can be administered in-hospital to severely ill 
patients to reduce inflammation and prevent a cytokine storm. These include cortico-
steroids, monoclonal antibodies that block the IL-6 receptor (tocilizumab, sarilomab, 
and siltuximab), monoclonal antibodies that block the IL-1 beta receptor (anakinra), 
and selective Janus kinase 1 and 2 inhibitors (JAK1 and 2) (baricitinib and ruxolitinib).

Immunomodulatory treatment leads to an improvement in clinical outcome. 
Among positive results, a decrease in hospitalization lengths, duration of mechanical 
ventilation, and mortality with 8.7% in the critically ill, and 6.7% in patients with 
severe COVID-19, are the most notable ones. Coadministration with anti-viral such 
as remdesivir, improved the clinical outcome, reducing the number of patients who 
experience progression to severe respiratory failure or death [142].

However, reported side effects are major. For example, anakinra treatment induces 
a decrease in hematological parameters, headache, diarrhea, an increase of liver 
function tests, and hyperglycemia [143]. Treatment with tocilizumab also caused neu-
tropenia with severe infections, thrombocytopenia, and increased the liver enzyme 
levels. Moreover, several cases of bowel perforation were also reported [144, 145].

Another strategy that has been used in COVID-19 treatment included the use of 
COVID-19 convalescent plasma or ultrapotent antibodies isolated from SARS-CoV-2 
elite neutralizers. These are individuals that displayed a highly potent neutralizing 
response with IgG 50% inhibitory concentration (IC50) values of <20 μg/mL. The 
ultrapotent antibodies are directed against conserved viral epitopes with broad 
spectrum activity against ancestral variant and the variant that emerged lately: B.1.1.7, 
B.1.351, B.1.429, B.1.617, and B.1.617.2 variants [146].

Convalescent plasma administration is nevertheless limited to high-titer prod-
ucts. It was associated with allergic and anaphylactic reactions febrile nonhemolytic 
reactions, hemolytic reactions, metabolic complications, transfusion-transmitted 
infections, and thrombotic events. Moreover, there is a theoretical risk of antibody-
mediated enhancement of infection and suppressed long-term immunity [147].

Currently, due to the intense studies carried out during the SARS-CoV-2 pan-
demic, several treatment modalities are available for COVID-19. There are both 
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molecules that block the virus from entering the cell, and molecules that interfere 
with and block viral replication. In addition, there are immunological modulators that 
can prevent severe development and even death. These therapeutic strategies are sup-
ported by prophylactic ones (e. g. vaccines), all in conjunction with aim of avoiding 
the disruption of social and economic calm.

6. The impact of genomics on public health decisions

The emergence of SARS-CoV-2 in December 2019 triggered an unprecedented 
cascade of public health measures aiming at delaying the virus introduction in 
specific countries; prevention or limitation of viral transmission in the community; 
rapid tracing, identification, and isolation of contacts; and sheltering of the most 
vulnerable populations. These measures benefited from almost real-time surveillance 
of viral spread using genomic characterization.

At the beginning of the pandemic, the rapid development of sensitive real-time 
PCR tests was facilitated by the immediate sharing of genome sequence data. This 
allowed the implementation of national NAAT-based testing programs and supported 
the rapid diagnosis of infection, followed by preventive measures of contact tracing 
and isolation and quarantine – a policy known as TETRIS or TTI or TTIQ - test, track, 
isolate (and quarantine).

Whole genome sequencing has identified independent introduction of SARS-
COV-2 from international travels, followed by local transmission clusters in indi-
viduals with no previous travel history, triggering interdictions of mass gathering 
and stay-at-home orders in many European countries [148, 149]. Further on, large 
nationwide programs of routine genetic sequencing implemented by several countries 
across all continents allowed for the rapid identification of new viral variants, further 
labeled as variants of interest (VOIs) and variants of concern (VOCs). The COG-UK 
consortium has identified the emergence of B.1.1.7/Alpha VOC at the end of 2020, a 
finding that triggered a reinstatement of lock-down in the UK [150].

Mathematical modeling of many epidemiological and social parameters were 
important pieces in the complicated scenarios of policymaking, as they sometimes 
furnished reliable predictions on the shape, amplitude, and severity of the pandemic. 
These parameters were adapted each time a new variant of concern was identified. 
In addition, genomic sequencing revealed specific mutations in the circulating viral 
strains that allowed rapid testing for variant monitoring – such as S target failure in 
a specific PCR test in the case of the Alpha VOC (B.1.1.7), due to deletion at posi-
tions 69 and 70 of the spike protein (delH69/V70). These data were conducted for a 
fast implementation of this biomarker in the SARS-CoV-2 community PCR testing 
program of Public Health England in the early autumn months of 2021 [151]. Whole 
genome sequencing allowed a rapid warning of the global community when variants 
of concern emerged and further monitoring of their dissemination and displace-
ment of previously circulating variants. The availability of free giant repositories for 
whole viral genomes such as GISAID, sometimes with associated epidemiological 
and clinical metadata, enabled a fast follow-up of the viral spread, and thorough 
characterization of the variants’ transmissibility and pathogenicity. For example, 
the genetic surveillance network in South Africa has rapidly spotted the Beta variant 
(B.1.351. identified in October 2020) harboring mutations associated with immune 
evasiveness) and the highly-mutated Omicron variant (B.1.1.529; first identified in 
November, 2021) [152, 153]. This information was used to back up reinforcements or 
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relaxations of some of the most drastic public health measures, such as lockdowns, 
border control, closing working places and schools, social distancing, mobility 
restrictions, and obligatory green passes. For example, accumulating genomic infor-
mation on the spread of the highly transmissible, yet low pathogenicity Omicron 
variant triggered a progressive abandonment of the “zero COVID” policy with 
compulsory curfews, testing and strict mobility control initially adopted by a series 
of Eastern-Asian countries [154].

The importance of genomics for public health is underlined by the unexpected emer-
gence of the Omicron variant, attributed either to (a) a continuous, baseline circulation 
of a slowly changing ancillary strain in a region with low genomic surveillance; (b) 
persistent infections with prolonged viral shedding and high variability in immunosup-
pressed persons; and (c) spill out from an unknown animal reservoir [155]. To prevent a 
similar episode, genomic informed public health measures must be upscaled, including:

• The establishment of an extended global network of pathogen surveillance 
pursuing a “one health” policy at the human-animal interface

• The use of portable nanopore DNA sequencers for rapid outbreak monitoring in 
low resource settings

• Early viral detection and characterization using wastewater surveillance systems. 
Cryptic SARS-CoV-2 lineages, previously unreported by sequencing of symp-
tomatic human cases of SARS CoV-2 infections, harboring common mutations 
with the Omicron variant and partially resistant to neutralizing antibodies from 
vaccinated and especially from previously infected patients have been detected 
in New York City wastewater in 2021 [156].

Genomic data can inform public health policies by:

• Identifying the source of initial clusters of cases in particular settings (health 
care settings, long-term care facilities, travel vehicles-airplanes, and cruises 
ships) or in the community, by linkage of the genomic data to demographic, 
epidemiological, and clinical data sets [157]

• Analyzing super-spreading events to identify human behaviors that are more 
prone to viral transmission [158]

• Monitoring the viral variability and assessing their potential impact on the com-
munity by associating new genotypic features with changes in the antigenicity, 
infectivity, pathogenicity, and susceptibility to available antivirals and vaccines.

• Adaptation of the vaccine composition to ensure the production of the most 
efficient vaccines in a timely manner [159].

7. Conclusions

The rapid development of diagnostic tools and COVID-19 vaccines was possible 
due to the characterization of viral genome and of the structure of the main viral 
immunogen-the spike glycoprotein.
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Surveillance of the emergent variants and assessing their potential impact on 
the community by genotype to phenotype analysis may control reduction of the 
effectiveness of available antivirals and vaccines. COVID-19 vaccines developed 
to date proved to be highly active against hospitalizations and death across all 
ages, and their large-scale deployment in the middle and high-income countries, 
has decreased the pressure on the medical system and helped in reopening the 
economy.

Currently available antiviral therapies prove to be reasonably effective regardless 
of viral variants and their development should be an important strategy together with 
vaccination strategy improvement.

With the emergence of viral variants more antigenically distant from the vaccine 
strains, the utility of adaptation of the vaccine composition, either by adding a vari-
ant specific version or by developing a pan-coronavirus vaccine become an important 
point on the public health agenda.
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Abstract

The COVID-19 pandemic’s epidemiological and clinical characteristics have 
been affected in recent months by the introduction of SARS-CoV-2 variants with 
unique spikes of protein alterations. These variations can lessen the protection 
provided by suppressing monoclonal antibodies and vaccines, as well as enhance 
the frequencies  of transmission of the virus and/or the risk of contracting the 
disease. Due to these mutations, SARS-CoV-2 may be able to proliferate despite 
increasing levels of vaccination coverage while preserving and enhancing its 
reproduction efficiency. This is one of the main strategies in tackling the COVID-
19 epidemics, the accessibility of precise and trustworthy biomarkers for the 
SARS-CoV-2 genetic material and also its nucleic acids is important to investigate 
the disease in suspect communities, start making diagnoses and management in 
symptomatic or asymptomatic persons, and evaluate authorization of the patho-
gen after infection. Quantitative reverse transcriptase polymerase chain reaction 
(qRT-PCR) for virus nucleic acid identification is still the most effective method 
for such uses due to its sensitivity, quickness, high-throughput sequencing capac-
ity, and trustworthiness. It is essential to update the primer and probe sequences 
to maintain the recognition of recently emerging variations. Concerning viral 
variations could develop that are dangerously resistant to the immunization 
induced by the present vaccinations in coronavirus disease 2019. Additionally, the 
significance of effective public health interventions and vaccination programs 
will grow if some variations of concern exhibit an increased risk of transmission 
or toxicity. The international reaction must’ve been immediate and established in 
science. These results supported ongoing efforts to prevent and identify infection, 
as well as to describe mutations in vaccine recipients, and they suggest a potential 
risk of illness following effective immunization and transmission of pathogens 
with a mutant viral.

Keywords: coronavirus 2 (SARS-CoV-2), DNA testing, RT-PCR test, diagnosis, 
treatment, ADAR enzyme
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1. Introduction

According to the World Health Organization (WHO), incidences of pneumonia 
with an unknown cause were reported in many locations in late 2019 and early 2020 
[1]. This pneumonia’s pathogen was recognized as severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) [2] and was given the label coronavirus infectious 
disease (COVID-19).

SARS-CoV-2 infections affected more than 83 million known COVID-19 patients 
by the end of 2020, but significant progress had been achieved with the approval and 
implementation of vaccines and antibody treatments. These treatments target the 
infectious spike protein, although the advent of vigorous variations puts their effec-
tiveness in danger (Figure 1) [3].

These fears have prompted an increase in viral DNA testing and sequencing in 
infected patients in terms of understanding the risk of transmission, virulence, and 
potential of variants to avoid modern vaccinations. The number of viral variants in 
New York City has risen alarmingly. As of March 30, 2021, the B.1.1.7 variant, first 
discovered in Great Britain (UK) for 26.2% of all the cases of coronavirus disease, and 
the B.1.526 variant, initially discovered in New York City, contributed to even more 
than 72% of cases, which were newly admitted (in 42.9%) [3]. The ability of varia-
tions to circumvent vaccine-induced immunity and cause asymptomatic infection 
(and thus viral transmission) or disease is of particular concern. Both repercussions 
are significant and must be evaluated separately.

Reliable laboratory testing is one of the top priorities for facilitating public 
actions. A reliable test is now the most efficient method for detecting patients in 
a large community, especially asymptomatic illnesses, identifying transmission 
pathways and hosts, evaluating the success of therapeutic options, and determining 
infection’s eradication. As one of the most important instruments for monitor-
ing, isolating, as well as diagnosing COVID-19 pandemics, each country should 
priorities investing in cutting-edge techniques and offering economic incentives 
for the implementation and verification of accurate COVID-19 diagnostics. To 

Figure 1. 
Structure of the SARS-CoV-19 variants.
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present, most existing examinations typically meet the expectations of mass testing 
examination, personal diagnosis, or variation detection; however, capability varies 
significantly between countries, regions, and races, mainly to socioeconomic 
inequalities. Because the pathogen of COVID-19 is recognized, as well as the 
genome, transmission channels, and host antigen for viral attachment, there are 
two types of tests presently offered: For the identification of viral antigens or host 
antibodies, there are two types of diagnostics: (1) nucleic-acid-based tests and 
(2) serology-based tests. Serological techniques identify antibodies found within 
blood serum and infectious antigens within tissues, discharge fluids, or elimina-
tions by persons who have current or previous infections, whereas nucleic acid tests 
immediately investigate for viruses RNA via the throat and nose swabs taken from 
patients [4].

Many common areas in the SARS-CoV-2 genomes were selected as effective 
objectives for sample preparation in several PCR techniques, and they are used in 
the majority of COVID-19 molecular diagnoses around the world. According to the 
WHO [5], at least two targets should be used in clinical practice to avoid SARS-CoV-2 
genetic mutation and cross-multiplication with the other COVID-19 viruses. For the 
construction of primers and probes, three portions that have been preserved (the E, 
N, and ORF1ab genes) are commonly chosen as standard objectives. Furthermore, 
sequencing the viral DNA aids in the detection of novel coronavirus variants that 
emerge over time. Newly developed portable or quantitative sequence alignment 
techniques, as opposed to classical sequence alignment methods, which are typically 
highly expensive, may offer accurate elevated diagnostics throughout pandemics.

1.1 Epidemiology of SARS-CoV-2 variants

Coronaviruses have a nuclease enzyme that reduces the likelihood of replication 
failure in vitro by 15–20 times, resulting in a 10-fold reduced risk of virus mutation 
in vivo than influenza [6]. When variations with mutated genes infected the same 
victim [7], however, they gather alterations and produce greater variety through the 
recombination mechanism. SARS-CoV-2 [8] is considered to have formed as a result 
of recombination between different SARS-related coronaviruses, and recombination 
is still occurring among propagating SARS-CoV-2 variants [9], showing the chal-
lenges in detecting it based on the similarities among most sequences. As evidenced 
by the prevalence of C to U changes in specific dinucleotide situations, SARS-CoV-2 
diversity is further supported by host-mediated transcriptional control by APOBEC 
and ADAR enzymes [10, 11].

Although that was initially thought that decreasing immunity would have been the 
reason for people’s frequent reinfection with symptomatic widely accepted COVID-19 
viruses [12], recent research suggests that genetic variation could also play a signifi-
cant role in the absence of lengthy resistance after COVID-19 virus outbreaks [13]. 
HCoV-229E and HCoV-OC43 sequence data demonstrate a ladder-like phylogenetic 
evaluation topology over a 30-year period, which has been maintained with the 
incidence of novel variants going to spread through the global population at a slower 
rate than seasonal influenza, with pathogens separated from one point and time 
frequently evading neutralization by blood plasma from individuals infected numer-
ous decades prior [14].

SARS-CoV-2 is thought to evolve at a rate between about 4*10−4 and 2*10−3 varia-
tions per codon per annum [15–17]. Even though the probability of synonymous 
variations influencing SARS-CoV-2 morphologic features must be discounted, zero 
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reviews of this concept happening inside the SARS-CoV-2 spikes genotype have 
been found. As a result, we refer to an NH2 mutation from the Wuhan-Hu-1 known 
sequences (GenBank accession: NC 045512.2) as a mutation in this Review.

Because new lineages are sometimes separated from some nucleotides, the 
classification of emerging SARS-CoV-2 genotypes based on organic evolution has 
proven difficult [18]. Because the majority of mutations have been identified in 
a variety of countries, and the number of viruses undergoing sequencing varies 
substantially between countries, geographical classification has proven dif-
ficult. The NextStrain and Phylogenetic Assignment of Named Global Outbreak 
(PANGO) genealogy [19] systems have been developed for control and prevention. 
The Phylogenetic Assignment of Named Global Outbreak genealogy approach is 
more popular and provides greater specificity. Sub-lineages are indicated by an 
alphabetical beginning as well as termination containing two to three digits inter-
spersed with periods (such as B.1.1.7). However, because the method only supports 
three levels of hierarchy, the variant’s parental relationship cannot be established 
by adding a new genealogy ending. The linkage of a virus may not always correlate 
to the changes in its components. For example, a virus may acquire new genetic 
alterations related to its physiological function without ever being associated with 
a recent linkage.

The very first evidence of SARS-CoV-2 genetic development evolutionary changes 
appeared in early 2020 when a unique viral variant with the spike variant D614G 
arose and spread rapidly to a prevalence of over 100% by June 2020 [20, 21]. By 
the end of 2020 and early 2021, plenty of variants with long-term mutations (most 
notably D614G) had been discovered, mostly but not exclusively in the spikes protein. 
B.1.1.7, a fast-growing species in England connected with an extremely large number 
of genetic changes, was reported on the virological.org conversation forum27 in 
December 2020. The first therapeutic specimen of this kind was obtained in late 
September 2020 in England, according to retrospective analysis.

Two further fast expanding links with significant amounts of genetic variations 
were found in South Africa within a month [16] and Brazil [22]. The frequency of 
the B.1.351 variant jumped from 11percentage points in October to 87% in December 
[23] in South Africa. The P.1 variety was detected in Manaus, Brazil, a town with 
a 75% infection rate in October 2020, but a spike in new cases began in November 
2020 [24, 25]. Following that, the prevalence of a novel variant (B.1.617.2) increased 
from 2 percentage points around February 2021 to 87% in May 2021 in Maharashtra, 
India, which, like the rest of the country, experienced a significant increase in the 
number of cases [26]. Since then, the B.1.617.2 variety has expanded over a number 
of countries [27] and has shown to be much greater spreadable than that of the 
B.1.1.7 variant. It has a higher risk of causing disease than prior viral variation 
(Figure 2) [28].

Variants of concern (VOCs) are those that have spread widely and shown evidence 
of being more transmissible, causing more severe disease, and/or reducing neutraliza-
tion by immunoglobulin produced during prior infection or vaccination, according 
to the World Health Organization (WHO), the US Centers for Disease Control 
and Prevention (CDC), and the COVID-19 Genome sequencing UK Consortium 
(COG-UK) [29]. Those that have not quite expanded as broadly include alterations 
comparable to those found in VOCs are of particular relevance (VOIs). On May 31, 
2021, the WHO began using the Greek alphabet to classify VOCs and VOIs, with the 
current VOC classifications being Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and 
Delta (D.1) (B.1.617.2).
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1.2 Diagnostic capability

1. Nuclear-acid-based testing of SARS-CoV-2 variants

2. Protein-based testing of SARS-CoV-2 variants

1.2.1 Nuclear acid based testing of SARS-CoV-2 variants

1.2.1.1 Detection of mutated variants with standard RT-PCR

As it multiplies, the virus’s genome is continually changing. New SARS-CoV-2 
pandemic events could be triggered by new variants containing genetic mutations. 
Because most PCR primers were built using solitary virions in their early stages [30], 
notably the standard genetic material (SARS-CoV-2, NC 045512.2) [31], just a genetic 
variation during a first evolution sequence could result in reduced RT-PCR test 
amplification efficiency and false-negative detection results [32]. Studies of genotyp-
ing samples reported to GenBank and GISAID indicated that variations in the ORF1ab 
region were most common in Germany and China [33].

Another analysis relies on 31,421 SARS-CoV-2 genomic specimens and discovered 
that the majority of alterations were with the objective of several N genome primers 
and probes [34], which could alter the accuracy of PCR amplification in RT-PCR tests 
that probe the N genome. Variations in the N genome have been observed to inter-
fere with detection in some cases [35]. All objectives of the US CDC-recommended 
COVID-19 diagnosis primers had mutations, while the targets of N genome primers 
and probes used throughout Japan, Thailand, and China had various mutations in 
distinct clusters, suggesting that the N gene may not have been a reliable target for 
RT-PCR kits and that these N gene-based kits should be reported periodically for a 
rising alpha, beta, gamma, delta variants [35].

1.2.1.2 Sequencing for diagnosis of SARA-CoV-2 variants

When compared with real time-PCR, virus genotype had the limitations of 
being more expensive, requiring more analysis of given information, and having 

Figure 2. 
Epidemiology of COVID-19 variants cases.
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lesser medical efficiency, making it inappropriate for massive population detection. 
However, utilizing metagenomics RNA sequencing techniques [31], the first genetic 
arrangement of SARS-CoV-2 was obtained. A study by the WHO and China found 
that during the beginning of December 2019 to the middle of February 2020, Illumina 
and Nanopore technologies were used to identify and sequence 104 SARS-CoV-2 
variants [36]. More than 1000 comparable variants have since been published in the 
GISAID and GenBank databases, and the genomic and proteomics of SARS-CoV-2 
have also been found [37]. The benefit of homologous recombination identification 
is that it allows for the tracking of viral changes by gathering data on recent variants. 
The viral genome is sequenced for the detection and classification of novel coronavi-
rus variants throughout time [36]. Random changes in the genetic coding accrue with 
the speed of about 2/month when the virus multiplies and expands, according to data 
from closely watching viral development [38]. The latest mutant (changed) corona-
viruses had been discovered, such as alpha (B.1.1.7), beta (B.1.351), gamma (P.1), and 
delta (B.1.617.2), which could result in the virus spreading considerably faster [39].

High-throughput approaches or portable fast sequence arrangement technolo-
gies had already been designed as distinguishing equipment for COVID-19 due to 
increased demand. Nanopore target sequencing (NTS) is appealing for clinical testing 
since it is fast, accessible, and efficient. In 1 h of sequencing [40], an NTS technique 
sequencing viral areas can identify very few as 10 viral copies/mL. These recently 
developed portable or quantifiable technologies, in comparison to classic sequencing 
techniques, which are typically expensive, may give accurate elevated diagnostics 
during epidemics. In the United Kingdom, NTS is being used in a projected genetic 
monitoring effort to create real-time genetic monitoring of SARS-CoV-2 [41], allow-
ing sample-to-report in less than 24 hours. The use of genetic and epidemiologic 
analyses together speeds up the detection of possible transmission events and aids 
in the implementation of prompt control and prevention measures. When NTS is 
utilized to examine for reductions and different mutations in the SARS-CoV-2 gene in 
patients who have been infected with the virus, a putative pathogenic mechanism may 
be uncovered [42]. Furthermore, a novel molecular testing method relying on Sanger 
sequence techniques was capable to identify SARS-CoV-2 Genetic code (RNA) from 
viruses suspended components in the transmissible channel, RNA extraction could 
be skipped altogether without sacrificing performance at a testing flow rate of more 
than 1,000,000 tests per day [43], meaning that RNA extraction may be omitted fully 
without sacrificing performance. Natural variations in large populations could be 
tracked at general genomic ranges or specific regions over time or within a geographic 
location with this capability, allowing the locations and provenance of mutations to 
be identified once the quantitative capability is in place (Figure 3).

1.2.2 Protein-based testing of SARS-CoV-2 variants

1. Antibody testing

2. Antigen testing

1.2.2.1 Antibody testing

As a growing number of people around the world prefer to keep a maximum 
distance from every person and remain at their houses, the concentration of pan-
demic protection and management has moved to comprehensive serological antibody 
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diagnostics of community to supervise infectious disease condition, vaccine effective-
ness, immune defense perseverance, and high-titer neutralizing antibody monitoring 
and selection. These diagnostics, including the enzyme-linked immunochromato-
graphic analysis (ELISA), chemiluminescent immunoassay (CLIA), immunofluores-
cent test (IFA), and colloidal gold immune chromatographic test (GICA), are lying 
on the detection of SARS-CoV-2 via IgM and/or IgG antibodies in blood plasma or 
biological fluids specimen. Several months before the first case was identified, one 
study looked for SARS-CoV-2 special antibody in 959 patients taken acquired from a 
prospective lung cancerous tumor testing between healthy people [44]. According to 
tests, SARS-CoV-2 disorders were found in about 11.6% of a native community before 
COVID-19 was discovered. Antibody tests are useful in community exposure research 
to determine the speed of exposure during a special pandemic episode in an area, as 
well as to determine regardless of where neutraliziable antibodies are progressing 
in people who were attacked by the COVID-19 virus, as well as the period and titer 
modified into neutralizing antibodies with the time. Since many types of vaccinations 
preventing SARS-CoV-2 disease are provided to the public, it is crucial to monitor 
neutralizing antibody production after immunization.

1.2.2.2 Antigen testing

N protein and S protein are now primary immunogens in SARS-CoV 2, and 
antibodies to such two proteins can survive up to 30 weeks in SARS patients’ serum 
[45]. A new antigen-based ensures quick diagnostic test had high specificity and 
sensitivity during the first week between many patients diagnosed and specimens 

Figure 3. 
Type of diagnostic method.
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with greater primary infection [46], whereas a quick procedure relies upon a 
fluorescence immunologic chromatography screening test detecting N protein 
had effectiveness just in the first stage of the disease. N protein was identified in a 
gargle liquid specimen from a COVID-19-effective person [47], according to mass 
spectrometry analysis. In 73.6% of COVID-19 patients, a fluorescence immunologi-
cal chromatography analysis identified N protein in a urine specimen. S protein is 
more useful for monitoring during the recovery phase because of its late develop-
ment [48], and a supersensitive antigen screening for S protein is easily done with a 
microplate reader [49].

With popular approaches, the SARS-CoV-2 coronavirus nucleocapsid antigen-
identifying half-strip lateral flow (HSLF) analysis has been created, which has 
higher therapeutic effectiveness than classic serology techniques, with an LOD of 
3.03 ng/mL [50] for publically present Genscript N protein. With an LOD of 0.1 ng/
mL for synthesized spikes antigen of SARS-CoV-2 [51], a unique nanozyme-based 
chemiluminescent paper test may be performed by using a lens of a standard 
mobile.

A particular nucleotide gene encoding opposite to N protein seems to have identi-
cal features to recognize the objective as an antibody for antigen detection; however, 
it may have superior effectiveness and best choices for the creation of tests for other 
purposes. A particular ssDNA transcription factor linked with N protein had been 
recommended as a reliable and efficient probe for the identification of SARS-CoV-2 
using a SELEX screening strategy [52]. Another investigation found four DNA 
microarrays with a sensitivity of less than 5 nM that form a sandwich-type interac-
tion with the N protein with an LOD of 1 ng/mL78. When compared with using 
simply antibodies in ELISA with LODs ranging from 50 to 100 ng/mL [53], the LOD 
of aptamer-based approaches was significantly lesser than that of standard immune 
screening inside a short turn-around time (TAT) having remarkable consistency 
and renewability [54]. As a result, in terms of diagnostic accuracy and biosensor 
conjugation flexibility, aptamer-based antigen recognition might well be superior to 
antibody-based detection of antibodies [52].

Finally, fast antigen detection has a sensitivity 1000 times lower than virus incuba-
tion and 103 times smaller than RT-PCR [55]. According to previous studies, the 
effectiveness of the rapid diagnostic test is only around 30% of that of nucleic acid 
screening [56], implying this antigen screening is not a fast technique but could be 
utilized as verification or analysis for a special patient specimen.

1.3 Vaccination and its effectiveness

1.3.1 Examining the efficacy of existing vaccines against variants

While current immunizations are being administered, therapeutic information 
can be collected not just from preplanned controlled research [57], but also through 
clinical experiments comparing immunizations versus placebo, one vaccination 
against the other, or various immunization schedules (e.g., various doses, different 
counts of doses, and time duration between doses).

In areas where vaccine supply or delivery capacity is limited, trying to make the 
first vaccine dosage accessible to several of the test group on just a randomly selected 
basis can give valuable important knowledge about effectiveness against significant 
variants rather than enabling management plans to evaluate the sequence wherein 
individuals are fully immunized. This is particularly true if the number of individuals 
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who are randomly assigned is high enough to support the measurement of “hard” 
endpoints like hospitalization or serious disease.

In simple controlled studies conducted during vaccine deployment, the roles of 
scientists, vaccines, and vaccinators are deployed.

If a huge randomized was used during vaccination installation to compare the 
impact of parental secondary doses with that of postponed secondary shots, any 
changes in efficacy may be accurately measured not just too generally but possibly 
concerning such genetic variation. In some populations, public health programs 
may include random assignment of vaccination dates or locations, and those who 
become suitable for vaccination may be assigned randomly to appointments with a 
longer or shorter gap between vaccinations. This technique could permit hundreds 
of thousands of people to be randomly assigned vaccines at little or no expense to the 
immunization program and with little or no disruption to current vaccination capa-
bility. Whether any immunizations had been discovered to be capable of preventing 
COVID-19 even after an encounter with SARS-CoV-2, modest, controlled trials of 
post-exposure prophylaxis might provide crucial insights into vaccination effective-
ness (or comparative efficiency) versus different strains.

Bias exists throughout all nonrandomized epidemiological research seeking to estab-
lish vaccine efficiency. In regions where differences are co-circulating, including several 
but hardly all of the community members have received vaccinations, epidemiological 
data specifically planned to show the dispersion of highly contagious genetic variants 
between instances in immunized and unvaccinated people may generate reasonably 
effective forecasts of comparative vaccine efficacy against various variations. If the level 
of vaccines is related to the relative frequency of alterations between sites, such research 
must take prospective interference into account. Recent disease patients’ epidemiologi-
cal investigations may show a lack of defense against problematic variations.

To examine the effects of concern variants on vaccination effectiveness and 
duration, new methodologic methods are still needed. Almost complete genotyping 
of isolates from specified sentinel areas could eliminate bias in the sample chosen 
for sequencing in vaccination sensitivity studies against variations of concern. 
Samples from unassigned vaccination receptors with emerging diseases and identical 
non-vaccinated subjects can be utilized to evaluate the impact of specific genomic 
characteristics on vaccine effectiveness. Important insights regarding the importance 
of particular viral properties could be gained using such methodologies in trials or 
research published after vaccine deployment, and these insights could propagate to an 
enhanced selection of the variants in the development of a mutated vaccine.

It’s unclear how reliable any immunological sign could be like a “correlate of protec-
tion.” The impact of vaccines on these biomarkers could enable regulatory action for 
novel candidate vaccines if such biomarkers proved to be a reliable assumption of vac-
cine effects on frequency of outbreak infections. However, there are some drawbacks, 
such as the possibility that immunological correlates of prevention are dependent on 
vaccine-specific variables, virus variants, and COVID-19 research exit points.

1.3.2 Examining the efficacy of new and modified vaccines for variants

Although there will be an unwillingness to dispatch vaccination lies on recent sequence 
data until there is perfect proof that earliest vaccination having failed [57], there would 
also an unwillingness to permit a sustained flow of vaccine-resistant variant while fresh 
immunizations or adapted vaccination are now established if that could be avoided. 
Because vaccine-resistant variations are certain to occur, now is necessary to schedule the 
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creation of modified vaccinations that can defend against them. The impact of vaccine 
alteration on vaccine production and rollout timelines should be considered during 
planning.

Adapted vaccines (i.e., vaccines that deliver a fresh pathogen through with a 
vaccine, which have proven for being extremely effective against traditionally circula-
tory highly contagious variations) must be tested for their ability to evoke immune 
function in both people who have never had an immune reaction to SARS-CoV-2 
and people who have already been vaccinated. Variations in the in vitro eradication 
of systemic pathogens by immunization antibodies do not always imply decreased 
efficiency. Even neutralization reactions should not be used to indicate vaccination 
effectiveness, large variations may be sufficient to justify regulatory decisions. For 
example, after receiving a customized vaccination, testing size of the immune reac-
tion between greater than one mutation of concern might be evaluated to the immu-
nological response against the prototypes virus after receiving the initial, confirmed 
vaccine. Analyzing neutralizing reactions to multiple different variations of concern 
as well as the prototype virus may assist in deciding whether more than one vaccine 
(or, eventually, a powerful and versatile vaccine) is required.

In regulatory changes discussions and WHO recommendations, it has been 
agreed that large, traditional clinical terminal trials are unlikely to be required to 
launch modified vaccinations against variations of concern. Because discrepancies in 
immune response analyses can make direct comparisons difficult, According to the 
FDA, animal specimen should be utilized to provide additional proof of the efficacy 
of customized vaccinations against variations of concern (Figure 4) [58].

Even if some vaccines are administered that are medically beneficial, greater 
would be required to combat the global epidemic. Latest vaccines against new viral 
variations may be more beneficial than prior vaccinations, and they may be given in 
a standard injection, be non-injectable, circumvent cold-chain restrictions, or have 
enhanced manufacturing scalability. International antigenic composition recommen-
dations should be used in the development of modified or entirely new vaccines.

By using randomization, analyzing impacts not just on immunologic as well as 
on clinical endpoints and using placebo controls when ethically appropriate [59], 
such as in communities where vaccine supply is limited or subpopulations where the 
possibility of advancement to dangerous infections is very low [60], new vaccine 
trials can still give accurate and easily understandable results in an efficient manner. 

Figure 4. 
A framework for evaluating vaccines against variants of concern.
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Randomized trials involve more planning, but they avoid undiscovered research 
strategy differences from affecting research results when possible [61]. Multiple 
analyses, along with the evaluation of the impact of viral variation on vaccination 
effectiveness, and virus sequencing in persons having an outbreak infectious disease 
may support this theory (during or after trials). In randomized, controlled research, 
such sequencing likewise provides neutral details regarding variant-specific effi-
ciency. Countries that take part in this kind of study can evaluate vaccine efficacy 
against regionally predominant virus strains and should have immediate access to 
investigational vaccinations if they have been proved to be safe and effective. In 
regions in which placebo-controlled experiments of novel vaccines aren’t acceptable, 
the inclusion of an effective comparison could nevertheless yield important results 
[62]. The authenticity of a nonrandomized experiment wherein an effective compara-
tor vaccination is used like the supervision depends upon the ability of prior active 
comparator vaccine research providing researchers with recognition accuracy into the 
effective comparator vaccine’s effectiveness against virion variants that are currently 
present in the trial’s communities.

Following the introduction of modified or entirely new vaccines to resolve new 
variants, the process could be restarted by screening for even more variants that may 
demand additional modifications in the vaccine antigen sequencing. Multiple variet-
ies may propagate in the same area, therefore development and deployment plans 
should accommodate for this possibility. It would also be beneficial to do research in 
which one vaccine is supplemented with a subsequent dose of another.

2. Conclusion

The worldwide COVID-19 epidemic has been the greatest catastrophic infectious 
disorder into human historical life in the form of disease rates and death rates and 
strongly affected regions facing the high hospitalization rate and death rates still now, 
despite continued immunization for large populations. The appearance and outbreak 
of novel variants in more than 20 nations have resulted in a large increase in the 
number of infections and faster transmission in the affected areas. Mutated variants 
provide some new issues in diagnosing nucleic acid identification and the efficiency 
of presently offered mRNA-based, recombinant, or neutralized vaccines, such as false 
negativity. Due to the reemergence of community-acquired transmission in China as a 
result of people traveling abroad or commodities being imported, large-scale popula-
tion screening has been implemented. As a result, society and small-scale pandemics 
have been effectively controlled. Detecting pathogenic factors, such as non-symp-
tomatic people, infectious people with this virus, or infectious commodities, has thus 
become a useful tool for limiting population spread.

As previously discussed, RT-PCR seems to be the most precise as well as a rapid 
method for inspection and diagnosing in a huge population, whereas viral genotyp-
ing has been the most successful way for tracking contagious causes, tracking genetic 
changes, and defining genomic different kinds with reduced capability for particular 
people. The use of RT-PCR to determine infection rate is useful for tracking illness 
progression, therapy effectiveness, and diagnosis.

New variants of significance can originate and propagate swiftly in any area of 
the world, and recurrent alterations have been observed in variants of significance 
reported in different regions of the globe. Modifications of vaccination sequence 
patterns to satisfy the requirements of one state could have consequences in other 
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countries. As a result, vaccine research, vaccine development, and vaccine deploy-
ment should be considered global endeavors, with organizations that are facing the 
WHO assisting in the global distribution of benefits.

Coordination is necessary in order to determine the need for the latest or improved 
vaccinations and advance research knowledge about the risks presented by emerging 
variations and the linkages between genetic differences and immunological escape, 
To determine which variants of significance warrant attention, a clear and timely sci-
entific discussion is required. Criteria are performed to evaluate the compatibility of 
existing vaccinations and the potential effect of developing variants on vaccinations 
and to support guidelines for the improvement and development of changed and 
new vaccines, as well as the scheduling of their implementation. This technique can 
expand on the global platform that the WHO utilizes on a regular basis to coordinate 
antigen selection in influenza vaccinations.
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Abstract

A novel coronavirus of zoonotic origin (SARS-CoV-2) has recently been recognized 
in patients with acute respiratory disease. COVID-19 causative agent is structurally 
and genetically similar to SARS and bat SARS-like coronaviruses. The drastic increase 
in the number of coronavirus and its genome sequence has given us an unprecedented 
opportunity to perform bioinformatics and genomics analysis on this class of viruses. 
Clinical tests such as PCR and ELISA for rapid detection of this virus are urgently 
needed for early identification of infected patients. However, these techniques are 
expensive and not readily available for point-of-care (POC) applications. Currently, 
lack of any rapid, available, and reliable POC detection method gives rise to the pro-
gression of COVID-19 as a horrible global problem. To solve the negative features of 
clinical investigation, we provide a brief introduction of the various novel diagnostics 
methods including SERS, SPR, electrochemical, magnetic detection of SARS-CoV-2. 
All sensing and biosensing methods based on nanotechnology developed for the 
determination of various classes of coronaviruses are useful to recognize the newly 
immerged coronavirus, i.e., SARS-CoV-2. Also, the introduction of sensing and 
biosensing methods sheds light on the way of designing a proper screening system.

Keywords: SARS-CoV-2, diagnostics, high-sensitivity, biosensors, nanotechnology

1. Introduction

In the twenty-first century, there were three outbreaks caused by massive coro-
navirus infection, namely Severe Acute Respiratory Syndromes (SARS) in 2003, 
Middle East Respiratory Syndrome (MERS) in 2012, and Corona Virus Disease 2019 
(COVID-19) in 2019. In particular, the outbreak of COVID-19 caused by Severe Acute 
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) has aroused great concern about 
this major public health emergency [1, 2]. SARS-CoV-2 is highly infectious and has a 
high mortality rate. As of April 8, 2022, 490 million people have been infected, 6.17 
million people have died, and 231 countries and regions have reported cases of infec-
tiousness (data source: WHO). With the recent outbreak of COVID-19 in multiple 
waves and countries caused by SARS-CoV-2 variants, the prevention and control tend 
to be normalized. At present, WHO has defined five “variant of concern” (VOC) of 
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SARS-CoV-2, including alpha (b.1.1.7), beta (b.1.351), gamma (P.1), delta (b.1.617.2), 
and omicron (b.1.1.529). With Omicron BA.2 subtype appearing particularly, the 
basic infectiousness coefficient (R0) of BA.2 is 9.1, which is greatly enhanced com-
pared with the wild type (R0 close to 3.0) according to Sutter health’s calculation.

SARS-CoV-2 is mainly transmitted through respiratory droplets and close con-
tacts. It is possible to transmit through aerosol when exposed to high concentration 
aerosol in a relatively closed environment. Since SARS-CoV-2 can be isolated from 
feces and urine, it should also be careful that it may cause contact transmission or 
aerosol transmission to the environment [3]. In order to suppress the spread of SARS-
CoV-2 as soon as possible, it is necessary to develop rapid and accurate virus detection 
technology. The spread of the epidemic can be effectively controlled by screening 
infected persons and monitoring the pollution of SARS-CoV-2 in the environment to 
cut off the source and route of transmission timely [4].

In view of the pandemic of COVID-19, new requirements are put forward for the 
detection technology of SARS-CoV-2. Among the conventional diagnostic methods, 
enzyme-linked immunosorbent assay (ELISA), real-time fluorescent quantitative 
reverse transcription polymerase chain reaction (RT-qPCR), and loop-mediated 
isothermal amplification (LAMP) are very important for the discovery of human 
coronavirus. However, these methods also have limitations. For example, RT-qPCR 
requires skilled personnel and certain laboratory conditions and can be time-consum-
ing. In addition, the preparation of ELISA reagents requires specific, high-affinity 
antibodies or expensive recombinant antibodies. In order to solve these challenges, 
the community of scholars and industrial circles have developed a variety of novel 
diagnostics methods for SARS-CoV-2 based on the research progress of nanomateri-
als, nano-sensing technology, and biotechnology.

2. Novel diagnostics methods for SARS-CoV-2

Nano-biosensing technology is the integration of nanotechnology and biosens-
ing technology. The principle of nano-biosensing technology is similar to that of 
biosensor technology. Taking the substance to be tested as the identification element, 
the biological reaction is transformed into identifiable physical or chemical signals 
through sensitive elements (receptors) and transformation elements (transducers). 
On the one hand, using the unique optical, electrical, magnetic, and surface activity 
of nanomaterials is conducive to the construction of high-specificity and high-sensi-
tivity biosensors. On the other hand, the size and shape of nanomaterials are easier to 
adjust, which is more conducive to the load and modification of targets.

2.1 SERS-based biosensors

Raman spectra could characterize the vibration of molecular chemical bonds. 
However, the Raman signals are weaker because of low Raman scattering cross sec-
tion [5]. Therefore, surface-enhanced Raman spectroscopy (SERS) was introduced 
to solve the disadvantage of weak signal inherent in Raman spectroscopy technology. 
SERS refers to the phenomenon that Raman signals are enhanced on the surface of 
some rough nanomaterials. The enhancement mechanism of SERS mainly includes 
electromagnetic enhancement and chemical enhancement, which are caused by 
localized surface plasmon resonance (LSPR) of SERS-active substrate and photo-
induced charge transfer (PICT) between SERS-active substrate and probe molecules, 
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respectively [6, 7]. SERS-based sensors have high sensitivity, and the detection ability 
of some SERS-based sensors can even reach the level of single molecule. SERS-based 
sensing technology mainly depends on the performance of nano SERS-active sub-
strate, so the properties of nanomaterials, such as high surface energy, agglomera-
tion and dispersion, surface plasmon resonance, and the preparation technology of 
nanomaterials will have influence on the activity of SERS substrate [8, 9]. In medical 
detection, SERS-based sensing technology has been widely applied to cancer detec-
tion, virus detection, biological imaging, and other medical fields [10–12]. Limited by 
the inherent non-specificity of SERS substrate itself, SERS-based biosensors need to 
be modified by biomolecules such as proteins, antibodies, and aptamers on the sur-
face of the SERS-active substrate to specifically capture targets to be detected [13, 14]. 
Because of its fast, low-cost, high sensitivity, and accuracy, SERS-based biosensors 
have been employed for the rapid detection of SARS-CoV-2 and the diagnosis of virus 
infectiousness.

SERS technology can be divided into two categories: labeled SERS technology 
and label-free SERS technology. Labeled SERS technology refers to label reporter 
molecules with high Raman scattering cross section on the SERS-active substrate. 
Through the reasonable design of SERS tags and SERS detection system, the Raman 
signals of the reported molecules are proportional to the concentration of the targeted 
substance, so as to obtain the concentration information of the targets. The labeled 
SERS technology is applicable to the molecular vibration of the target molecules, 
which does not have Raman activity or has weak Raman activity. Therefore, the 
molecules to be tested can be detected indirectly by labeling the reporter molecules 
with strong Raman activity. However, because the Raman signals of the molecules to 
be tested are not directly collected, the molecular structure cannot be analyzed. So 
the advantage of Raman as fingerprint spectrum is lost. Moreover, the design of SERS 
tags and detection system in labeled SERS technology is complex, and the stability of 
substrate performance is difficult to ensure.

Label-free SERS technology is to directly collect the Raman spectra of targets. It 
can analyze the molecular structure of the substance to be measured by analyzing the 
corresponding Raman vibration spectra. Especially for the identification of different 
viruses and variants, we can not only distinguish different viruses from the perspec-
tive of spectral vibration, but also further analyze and verify the mutation character-
istics of virus nucleic acid and protein. However, for the label-free SERS detection of 
biological macromolecules, the weak spectral signal intensity and the poor spectral 
reproducibility caused by different adsorption directions of biomolecules are the 
major challenges [15–17].

2.1.1 Labeled SERS technology

Label-free SERS technology can not only quickly screen and diagnose SARS-CoV-2 
carriers, but also further analyze SARS-CoV-2 according to the characteristic spectra 
of the molecules to be tested (nucleic acid, antigen, antibody, or pathogen), including 
the differentiation of virus subtypes, the classification of virus variants, and the iden-
tification of virus infectiousness. In SARS-CoV-2 detection, the poor reproducibility 
of SERS spectra is giant challenge, which is mainly due to the different adsorption 
sites of biomacromolecules on the surface of SERS-active substrate.

Shanghai Institute of Ceramics, Chinese Academy of Sciences has carried 
out systematic research in the field of accurate capture and detection of SARS-
CoV-2 by label-free SERS technology and achieved a series of pioneering research 
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results (Figure 1a) [18, 19]. The SERS-based biosensor designed by the team has 
ACE2 functionalized gold nano “forest” structure, which can selectively capture 
sars-cov-2, and its detection sensitivity has reached the level of single virus. The 
SERS-based biosensor designed by the team has ACE2 functionalized Au “virus 
traps” nanostructure, which can selectively capture SARS-CoV-2, and its detection 
sensitivity has reached the level of single virus. Due to the special “virus traps” 
nanostructure and high affinity of ACE2 for SARS-CoV-2 S protein, the ability of 
the SERS-based biosensor to enrich virus in water has been improved 106 times. 
Due to the multi-effect SERS enhancement mechanism produced by the specially 
designed Au nanostructure, the Raman signals of the SERS biosensor are enhanced 
by 109 times. With the help of machine learning, the identification methods of 
Raman signals of SARS-CoV-2 are established. The LOD of SARS-CoV-2 is 80 
copies/mL, which takes only 5 min. This is of great significance for the point-
of-care test (POCT) of SARS-CoV-2. A two-step SERS detection method based 
on ultrahigh sensitive SnS2 microsphere substrate was creatively proposed, and 
the SERS signals identification standard of SARS-CoV-2 S protein and RNA was 
established (Figure 1b). This identification standard is used to identify the “life or 
dead” and infectiousness of SARS-CoV-2 in the environment. It solves the problem 
of infectious diagnosis of SARS-CoV-2 in the environment that cannot be solved 
by RT-qPCR technology at present, which is of great significance to avoid misjudg-
ment of the epidemic situation under the current COVID-19 pandemic [20].

Although label-free SERS technology can enhance the Raman signal intensity of 
the target analyte, the Raman scattering cross section of biomacromolecules is small. 
Even in the case of enhancement, some vibrational Raman signals of biomacromol-
ecules are still weaker than those of dye molecules. Due to the influence of impurities 
in different Physiological environment and the different adsorption sites of biomac-
romolecules on the surface of SERS-active substrate, the Raman band assignments 
of SARS-CoV-2 have not been systematic. Therefore, the biomarkers of SARS-CoV-2 
detected by label-free SERS technology are S protein and intact virus.

Figure 1. 
a: Schematic diagram of COVID-19 SERS sensor operation procedure. b: Application of SnS2 microspheres for 
diagnosing the infectiousness of SARS-CoV-2 based on two-step diagnosis method. c: Schematic illustration of the 
SERS-based immunoassay.
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2.1.2 Label-free SERS technology

Labeled SERS technology can not directly obtain the spectral information of tar-
geted molecules, but this method has good quantitative properties, that is, the Raman 
intensity of SERS tags has a strong linear relationship with the concentration of the 
molecules to be measured [21]. Because of its high sensitivity and rapid response, the 
labeled SERS detection platform has been widely applied to the rapid detection of 
SARS-CoV-2.

Xiaomin Liu’s team of Jilin University [22] used a novel method of oil/water/
oil three-phase liquid-liquid interfaces self-assembly to prepare a double-layer Au 
nanoparticles films (Figure 1c). After the surface of Au nanoparticles films is modi-
fied with SARS-CoV-2 antibody, it can be used as an SERS-immune substrate to detect 
SARS-CoV-2 antigen. The team also designed a labeled SERS-immune detection plat-
form, which is a “sandwich” structure composed of SERS-immune substrate, reported 
molecules, and Ag nanoparticles modified with antibody (SERS tags). This SERS-
based immune platform will not be disturbed by impurities in physiological environ-
ment. The LOD of SARS-CoV-2 S protein in untreated saliva can reach 6.07 fg/mL, 
and the detection platform has excellent specificity and reproducibility. The labeled 
SERS technology mainly relies on the Raman signals of the reported molecules in the 
SERS tags to indirectly detect SARS-CoV-2, so the selection of the reported molecules 
and the construction of the SERS-active substrate are very important. Noble metals 
with strong electromagnetic enhancement such as Au/Ag nanoparticles/nanostruc-
ture are usually used as the SERS-active substrate, and reported molecules containing 
-SH/-NH2 functional groups such as 4-MBA, 4-ATP, and R6G are selected to form Ag/
Au-S/N bonds with strong binding force through strong electrostatic interaction.

2.1.3 Application of nanotechnology in SERS-based biosensors

At present, most of the SERS-active substrates involved in the detection of SARS-
CoV-2 are noble metal substrates, whether labeled or label-free SERS technology. 
The preparation methods of SERS-active substrate can be roughly divided into two 
categories: chemical method and physical method. Chemical methods include wet 
chemical synthesis, liquid-liquid self-assembly, hydrothermal method, etc.; physi-
cal methods include ion sputtering, magnetron sputtering, etc. [13, 18, 20, 23–26] 
Compared with the chemical method, the substrate prepared by the physical method 
has a more regular array structure, which can build a more uniform “hot spot” 
structure according to the detection requirements, so as to achieve higher detection 
sensitivity. In addition, compared with nanomaterials prepared by chemical method, 
substrates with nanostructures prepared by physical method are easier to be produced 
on a large scale. Chemical synthesis of SERS substrate has simple steps and low 
requirements for equipment. In order to inhibit the agglomeration of nanomaterials 
with high surface energy, various surfactants will be used in the process of preparing 
SERS-active substrate by chemical method, such as sodium citrate, PEI, PEG, and so 
on. Surfactants will introduce Raman bands of background, and SERS-active sub-
strates prepared by some physical methods can effectively avoid these bands.

2.2 SPR-based biosensors

Surface plasmon resonance-based (SPR)-based biosensors realize the detection 
of target substances through the change of refractive index caused by the interaction 
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between plasma resonance wave and target molecules on the metal surface. It has 
the advantages of real-time, label-free, high cost-effective, noninvasive nature, good 
reutilization, and excellent reproducibility [27, 28]. However, the sample volume 
and power consumption required for SPR-based biosensing detection are still large, 
and the sensitivity and resolution of SPR-based biosensors or devices still need to be 
further improved. These shortcomings hinder the application of SPR-based biosen-
sors in biomedical detection [29]. In order to settle these problems, nanomaterials, 
microfluidic devices, compact and power-free pumps have been tried to be integrated 
into SPR-based biosensor system.

2.2.1 SPR-based biosensors for SARS-CoV-2 detection

Researchers from Huazhong University of Science and Technology, Shanghai 
Public Health Clinical Center affiliated to Fudan University, Liangzhun (Shanghai) 
Industrial Co. Ltd. [30] have successfully developed a high-sensitivity optical detec-
tion system based on a spike protein specific nano-plasmonic resonance sensor, which 
can quickly and specifically measure the concentration of SARS-CoV-2 virus particles 
without sample preparation and make it possible to quickly and noninvasively detect 
the asymptomatic patients of SARS-CoV-2 in the early stage of infection (Figure 2). 
The team has developed an optical nano plasma resonance chip, which has special 
optical properties caused by the collective oscillation of electron gases in metal 
metamaterial nanostructures surrounded by dielectric materials. With the help of 
this SPR-based biosensors, the quantitative analysis of the binding process between 
protein of SARS-CoV-2 surface and antibody can be completed only with conven-
tional ordinary equipment such as optical microscope or Microplate Reader. The 
experimental results show that the lowest LOD of the system is 370 vp/ml, which can 
satisfy the requirements of rapid detection of SARS-CoV-2 in saliva. Taka-aki Yano 
et al. [31] constructed the “sandwich” structure composed of Au substrate, N protein 
of SARS-CoV-2, and antibody modified Au nanoparticles, and used SPR technology 
to detect novel coronavirus with fmol/L detection sensitivity of N protein. The team 
attributed the excellent sensitivity of the SPR-based biosensors to the coupling of 
surface plasmon resonance between Au nanoparticles and Au substrate and the use 
of large particle size Au nanoparticles (about 150 nm). Through experiments and 
electromagnetic field simulation, they believe that ~150 nm Au nanoparticles are 
more conducive to the detection of biomacromolecules than Au nanoparticles with 
tens of nanometers.

Figure 2. 
a: Schematic diagram of the nanoplasmonic resonance sensor for. determination of SARS-CoV-2 pseudovirus 
concentration. b: Photograph (Middle) of one piece of Au nanocup array chip with a drop of water on top.
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2.2.2 Application of nanotechnology for SPR-based biosensors

The sensing performance of SPR-based biosensor is directly related to the surface 
plasmon resonance produced by nanomaterials/nanostructures. As a result, the prepa-
ration of SPR-based biosensor materials also involves the preparation of a variety of 
traditional or novel preparation method of nanomaterials and micro/nanofabrication. 
SPR technology is mainly divided into two categories: transmitted surface plasmon 
resonance (commonly referred to SPR) and local surface plasmon resonance (LSPR). 
The kernel of substrate based on transmitted SPR technology is the design of Micro/
Nano Architectures. The main preparation methods include lithography, electron beam 
lithography method, focused ion beam lithography method, and nanosphere self-assem-
bly. The nanomaterials based on LSPR are related to the material quality, geometry, size, 
and the distance between nanoparticles [32]. The main methods for preparing LSPR-
based substrate are wet chemical method, electrochemical method, and hydrothermal 
method. Among them, wet chemical method is the most commonly used preparation 
method. In order to overcome the limitation of low sensitivity of SPR-based biosensors, 
researchers designed composite SPR-based biosensors combined the transmitted SPR 
technology and LSPR technology to enable them to couple and excite each other, which 
greatly improved the sensing performance of the SPR-based biosensors.

2.3 Electrochemical biosensors

Electrochemical biosensors are a quantitative or semiquantitative sensing technol-
ogy with high sensitivity and specificity, which works by potentiometric, ampero-
metric, conductometric, polarographic, capacitive, or piezoelectric ways [33]. The 
effective physical transduce in electrochemical biosensors depends on the working 
electrode, and the sensitive layer is the interface between the electrode and the ana-
lyzed environment [34]. The sensing element of electrochemical biosensor must be a 
conductor, and the target molecules can be specifically identified and adsorbed after 
some modification on the conductor surface. Electrochemical biosensors have the 
characteristics of short detection time, simple device, low cost, and high portability, 
which has the potential to become a point-of-care detection tool [35, 36].

It is extremely important to select appropriate materials when designing electro-
chemical biosensors. When an electrochemical reaction occurs, the material must be 
inert at the current potential. At present, the solid electrodes employed commonly are 
mainly metals, such as gold, silver, nickel, copper, and so on. Metal electrodes with 
metal nanoparticles or nanostructure have high specific surface area and are easy to 
modify and label, which can improve the sensitivity, specificity, and accuracy of elec-
trochemical biosensors. For electrochemical biosensors, suitable surface modification 
can shorten the detection time. Electrochemical biosensors are mainly divided into 
four types, including voltammetric/amperometric biosensors, impedance biosensors, 
potential biosensors, and field effect transistor (FET)-based biosensors.

2.3.1 Voltammetric/amperometric biosensors

Voltammetric/amperometric biosensors have the advantage of high sensitivity, 
which makes them the most commonly used electrochemical biosensors [37]. So far, 
voltammetric/amperometric biosensors have developed a variety of methods, com-
prising cyclic voltammetry, linear sweep voltammetry, square wave voltammetry, and 
differential pulse voltammetry [38]. Both voltammetric and amperometric biosensors 
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detect the target molecules through the current generated by electrolysis caused by 
electrochemical oxidation and reduction on the working electrode. When the poten-
tial is applied to the indicator electrode versus the reference electrode, the signals are 
determined by the mass transfer rate of reactant molecules from the solution to the 
electrode interface. The potential applied by the working electrode increases progres-
sively at a constant rate in voltammetric biosensors, while the potential is applied at a 
constant rate in potential biosensors.

Voltammetric biosensor is one of the most commonly used electrochemical 
biosensors, which is widely employed for the rapid detection of SARS-CoV-2. Fabiani 
et al. [39] facilitate the detection of S protein and N protein of SARS-CoV-2 by 
electrochemical biosensors based on magnetic beads and carbon-black-based screen 
printed electrodes (Figure 3a). The electrochemical biosensor can detect the target 
substance in untreated saliva through the change of voltammetry curve within 30 min 
with LOD of S protein and N protein being 19 and 8 ng/mL, respectively. Compared 
with the detection results of RT-qPCR, the detection results of the electrochemical 
biosensor showed no difference, and the detection time is faster.

2.3.2 Impedimetric biosensors

Impedimetric biosensors are another commonly used biosensors with high 
sensitivity and low amplitude, which realize the analysis of targets by electrochemical 
impedance spectroscopy (EIS) [40]. Electrochemical impedance is the ratio of the 
increased voltage change to the resulting current change, and the electrochemical 
impedance spectroscopy can determine the resistive and capacitive components of 
circuit through a frequency-changed small-amplitude sinusoidal AC excitation signal. 
When the frequency is quite high, the redox species will be blocked by the target ana-
lyte when migrating to the electrode surface and produce a rate limiting, resulting in a 
frequency-dependent phase lag between the AC voltage and current. Electrochemical 
impedance spectroscopy can be based on Faradaic and non-Faradaic modes. EIS of 
Faradaic mode involves charge transfer between electrodes and the adding of redox 
couples, while EIS of non-Faradaic mode does not need to add additional reagents. 

Figure 3. 
a: The magnetic-beads-based electrochemical assay for SARS-CoV-2 detection in untreated saliva. b: Principle of 
the proposed electrochemical biosensor for sensitive analysis of SARS-CoV-2 RNA.
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The change of capacitive behavior is generated by charge separation at the electrode-
electrolyte interface in EIS of non-Faradaic mode.

Impedimetric biosensors have also made outstanding contributions to the detec-
tion of SARS-CoV-2 antigens, antibodies, and nucleic acids. Peng et al. [41] proposed 
a high-sensitivity electrochemical biosensor based on impedance and voltammetry 
to detect the RNA of SARS-CoV-2 with the LOD of 26 fmol/L for RNA (Figure 3b). 
Target RNA will trigger the catalytic hairpin assembly circuit and cause DNA polym-
erization mediated by terminal deoxynucleotidyl transferase, resulting in the produc-
tion of a massive of single-stranded DNA. These negatively charged single-stranded 
DNAs will combine with a large number of positively charged electrochemically 
active molecules due to electrostatic adsorption, which would amplify the electro-
chemical signal. The research team based on the proposed electrochemical sensor to 
detect clinical samples of SARS-CoV-2, which showed a high degree of stability.

2.3.3 Potentiometric biosensors

The potentiometric biosensors utilize two reference electrodes (mainly ion-selec-
tive electrode (ISEs)) to measure the charge accumulation on an electrode [42, 43]. 
For biological detection, potentiometric biosensors usually use enzymes to catalyze 
chemical reactions and generate ions near the sensing ISE. Potentiometric biosensor 
has the advantages of small size, fast response, easy to use, low cost, strong anti-
interference ability, independent of sample volume, and has the potential to become 
an SARS-CoV-2 point-of-care detection tool.

After SARS-CoV-2 invades the human body, it will not only cause various antibod-
ies in the blood, but also have a certain impact on some metabolism and enzymatic 
reactions. Studies have reported that the level of cholinesterase will decrease in 
the acute stage of severe SARS-CoV-2 infection. Pershina et al. [44] constructed a 
carbon-fiber-based potentiometric biosensor using polyelectrolyte multilayers to 
detect the ion concentration in the human biofluid of patients with SARS-CoV-2. 
Polyethyleneimine/polystyrene sulfonate complex has hygroscopicity and can retain 
ion clusters of inorganic salts, which allows the adhesion of hydrophobic ion selective 
membrane and produces Nernst response in miniature sensor system. This biosensor 
based on ion selective electrode can detect the changes of Na + or K+ concentration 
in urine or blood of COVID-19 patients, and then evaluate the course of the disease. 
The potential biosensor has not been applied to detect the antigen, antibody, and 
pathogen of SARS-CoV-2 temporarily. However, this method can assess the infec-
tion status of patients by detecting the ion balance or enzymatic reaction in patients, 
then analyze the disease course of patients, treatment methods, and recommend the 
dosage of drugs.

2.3.4 FET-based biosensors

The biosensor based on field effect transistor (FET) also belongs to a kind of 
electrochemical biosensor, which is employed to detect the conductivity change in 
the electric field caused by the accumulation of charged target substances on the 
biosensor surface [45, 46]. FET-based biosensors have the advantages of label-free, 
miniaturization, easy-to-batch production, strong universality, and low cost, which 
are an ideal candidate for the point-of-care test of SARS-CoV-2.

Li et al. [47] constructed a graphene-based field effect transistor modified by 
Au nanoparticles and then modified the complementary phosphorodiamidate 
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morpholino oligos (PMO) probe on the surface of Au nanoparticles (Figure 4). The 
FET-based biosensor can perform SARS-CoV-2 RdRp high-sensitivity test within 
2 min and process low background signal caused by PMO without charge, and the 
LOD in throat swab is 2.29 fmol/L. In addition, the biosensor is also employed to test 
30 real clinical samples, and the detection results are highly consistent with RT-qPCR. 
The research team further used the constructed biosensor to successfully distinguish 
SARS-CoV-2 RdRp and SARS-CoV RdRp. Dacheng Wei’s team of Fudan University 
[48] constructed a electromechanical system assembling the nucleic acid fragment 
of SARS-CoV-2 and the graphene-based field effect transistor, which can detect the 
SARS-CoV-2 within 4 min.

Electrochemical biosensors have the characteristics of fast response, simple opera-
tion, low cost, and miniaturization of detection equipment, but there are still some 
challenges in commercialization. First of all, most of the electrochemical biosensors 
for detecting SARS-CoV-2 are in the laboratory stage, and some of the electrochemical 
biosensors have poor stability when in the external environment. Secondly, how to 
ensure that the structure of target molecules such as S protein or N protein will not be 
polluted and damaged on the unclean electrochemical detection platform, as well as 
the reliability of the detection results. In addition, the clinical samples are complex. 
The biological environment of virus/protein/nucleic acid is complicated, and the 
components of preservation solution will be different. Whether the sensitivity of 
electrochemical sensor will be affected and whether the stability of the results can be 
guaranteed is a problem. Of course, how to ensure that the detection personnel are not 
infected by the targeted virus is also a key problem for all kinds of novel biosensors.

2.3.5 Application of nanotechnology in electrochemical biosensors

In electrochemical biosensors, nanomaterials are mainly applied for modifying 
the sensitive interface of the biosensors or immobilizing biomolecules. Because of 
its large specific surface area and high surface energy, nanomaterials can become an 

Figure 4. 
Schematic diagram of rapid direct identification of SARS-CoV-2 using the PMO-functionalized G-FET 
nano-sensors.
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active electron acceptor or electron donor. The electrode modified by nanomateri-
als can significantly improve the specific surface area of the electrode, improve the 
conductivity of the electrode, load more biomolecules, improve the sensitivity and 
stability of the biosensors, and speed up the response of the biosensor [49].

Nanomaterials commonly used in electrochemical biosensors include noble metal 
nanomaterials, carbon nanotubes, graphene, magnetic oxide nanoparticles, and so 
on. Noble metal nanoparticles represented by gold nanoparticles not only have large 
specific surface area and high surface energy, but also have high catalytic efficiency, 
strong adsorption, and excellent biocompatibility, which can effectively load and 
label target biomolecules. In addition, gold nanoparticles have excellent electrochemi-
cal activity and can effectively improve the electron transmission efficiency. Au 
nanoparticles can also form strong covalent binding through Au-S bond and Au-N 
bond, which is conducive to the coordination of biomolecules containing -SH and 
-NH2. Carbon-based materials such as carbon nanotubes and graphene have large 
specific surface area and strong electron conduction ability. The modification of this 
kind of carbon-based nanomaterials can greatly improve the electrochemical activ-
ity of the electrode, improve the detection sensitivity, increase the current signal, 
and improve the response time of the electrochemical biosensors [50]. Magnetic 
nanoparticles can be modified on the surface of the electrode to improve the specific 
surface area of the electrode, which can also be applied for immobilizing biomolecules 
to improve the selectivity and specificity of electrochemical detection and avoid the 
interference of other impurities in the biological environment to the target molecules.

2.4 Magnetic biosensors

Magnetic biosensors have attracted extensive attention of researchers in the past 
two decades. The biosensors can be divided into surface-based and volume-based 
magnetic biosensors, which are widely used in the detection of viruses, pathogens, 
and cancer biomarkers [51–53]. In magnetic biosensors, magnetic nanoparticles 
modified by suitable antibodies or DNA/RNA probes are usually used as magnetic 
nanotags, which can skillfully convert the concentration of analytes into magnetic 
signals [54]. Compared with optical, plasma, and electrochemical biosensors, mag-
netic biosensors have lower background noise. Because the biological environment 
of most biomolecules is non-magnetic, the magnetic biosensors will not be disturbed 
by the biological environment, so as to produce more accurate and reliable detection 
results [55]. Magnetic biosensors can be roughly divided into three categories: mag-
netoresistive (MR) biosensors, magnetic particle spectroscopy (MPS) platforms, and 
nuclear magnetic resonance (NMR) platforms.

2.4.1 Magnetoresistive biosensor

Magnetoresistive biosensor is a surface-based sensing technology, which is very 
sensitive to the stray field from generated by magnetic nanoparticles close to the sen-
sor surface, so as to convert the binding of magnetic nanoparticles with analytes into 
readable electrical signals [56, 57]. Magnetic nanotags in magnetoresistive biosensors 
need to produce high magnetic moment without losing paramagnetic properties.

At present, there are few studies on magnetoresistive biosensors for the detec-
tion of SARS-CoV-2, and we infer main reason is that magnetic nanoparticles would 
inevitably reduce the magnetic moment when their size decreases. Jinhong Guo’s team 
at the University of Electronic Science and technology of China [58] constructed 
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an LFIA detection platform based on superparamagnetic nanoparticles and giant 
magnetoresistive sensing system to detect the immunoglobulin IgM and IgG of SARS-
CoV-2 at the same time. Among them, the giant magnetoresistive sensing platform 
can transmit medical data to smart phones through Bluetooth, which is convenient for 
medical personnel to obtain patient information. Superparamagnetic nanoparticles 
with an average size of 68 nm were synthesized by a simple and rapid coprecipitation 
method with excellent dispersion and magnetic properties. This sensing technique 
has the advantages of low cost, rapidity, easy operation, and high sensitivity, which 
can simultaneously detect two antibodies of SARS-CoV-2 within 10 min with the 
LOD of 10 ng/mL for IgM and the LOD of 5 ng/mL for IgG.

2.4.2 Nuclear magnetic resonance (NMR) platform

The nuclear magnetic resonance (NMR) platform uses magnetic nanoparticles 
as contrast enhancer, which causes the nonuniformity of local magnetic field and 
disturbs the precession frequency variations of surrounding water protons [59]. 
Therefore, the development of high-sensitivity NMR platform essentially depends on 
the application of appropriate magnetic nanoparticles with high transverse relaxation.

Siwei Yang’s team of Shanghai Institute of Microsystems and Information 
Technology, Chinese Academy of Sciences [60] reported a rapid and highly sensi-
tive detection of SARS-CoV-2 pathogens based on ultralow-field NMR relaxometry 
(Figure 5a). This method utilizes magnetic graphene quantum dots modified by 
SARS-CoV-2 antibody as a probe to construct a magnetic relaxation switch to specifi-
cally detect novel coronavirus. It is worth noting that closed-tube one-step strategy is 
safer for experimenters without samples preparation. This one-step detection method 
has the characteristics of excellent sensitivity and rapid detection with 248 particles/
mL within 2 min.

NMR spectroscopy, like infrared spectroscopy and Raman spectroscopy, can 
analyze the structure of the molecules to be measured. Different from infrared spec-
troscopy and Raman spectroscopy, which can directly reflect the molecular structure 
information, NMR spectroscopy obtains the skeleton structure of the molecules to be 
tested by analyzing the 1H, 13C, and 15N NMR spectra. Nuclear magnetic resonance 
spectroscopy is also widely applied to the screening of antibodies of SARS-CoV-2 and 
the characterization of protein and nucleic acid structures. Magnetic nanoparticles 
can be used as a signal amplification tags in this technology to improve the sensitivity 
of detection. Schoenle et al. [61] reported the sequence-specific backbone assignment 
of the SARS-CoV-2 RBD and proved that biomolecular NMR spectroscopy chemical 
shift perturbation (CSP) mapping can quickly and successfully identify the molecular 
epitopes of RBD-specific antibodies. CSP mapping combined with other detec-
tion technology of biomolecules could help us accurately recognize the interaction 
between RBD and antibody, which is of great significance for antibody screening and 
further vaccine development.

2.4.3 Magnetic particle spectroscopy platform

Magnetic particle spectroscopy platform is a volume-based detection technology, 
which directly detects the dynamic magnetic responses of magnetic nanoparticles 
[62, 63]. Therefore, for this kind of biosensor, the properties of excitation mag-
netic field, saturation magnetization, and anisotropy should be considered. Rosch 
et al. [64] reported a novel SARS-CoV-2 nucleic acid detection platform based on 
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magnetic response changes of magnetic nanoparticles (Figure 5b). The specific 
modified magnetic nanoparticles and target molecules mediated assembling will 
lead to the increase of hydrodynamic radius, which can be measured by the mag-
netic particles spectrum in alternating magnetic field. This sensing technology has 
high sensitivity for the detection of SARS-CoV-2 RNA, with LOD of 0.28 nmol/L, 
and the biological environment such as saliva will not affect the performance of the 
detection platform.

Compared with optical biosensors, magnetic biosensors have simpler sample pro-
cessing steps in the detection process, and magnetic tags are safer than electrochemi-
cal biosensors. Because of its high sensitivity, accuracy, and specificity, magnetic 
sensing technology is expected to be employed for on-site detection tools to restrain 
the spread of SARS-CoV-2.

2.4.4 Application of nanotechnology in magnetic biosensors

The unique magnetic relaxation properties and good biocompatibility of magnetic 
nanomaterials give many biosensors high sensitivity and selectivity. In the process of 
designing magnetic biosensors, which rely on magnetic nanoparticles tags, the size 
of magnetic nanotags is required to match that of analytes [65]. However, with the 
decrease of the size of magnetic nanoparticles, these magnetic nanotags often have 
low magnetic moment and uneven particle size distribution. In addition, the serious 
surface defects on the surface of nanoparticles and the unavoidable magnetocaloric 
effect will cause the fluctuation of magnetic signal in the detection of low-concen-
tration analytes. Therefore, the development of magnetic biosensors should focus on 
how to prepare magnetic nanoparticles with uniform size and good dispersion and the 
point-of-care detection of magnetic biosensors.

3. Conclusions

Up to now, SARS-CoV-2 has continued to diffuse and spread all over the world, 
and the epidemic of COVID-19 is facing the dilemma of globalization and time 
sustainability. Especially in view of the continuous variants of SARS-CoV-2 with 

Figure 5. 
a: The detection process of SARS-CoV-2 of the magnetic relaxation switches assay with ULF NMR. b: The 
schematic diagram of the detection of SARS-CoV-2 RNA based on magnetic particle spectroscopy biosensors.
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increasing transmission speed, concealment, and the proportion of immune escape, 
even new variants still pose a serious and death threat to people with low immunity 
and the elderly. Therefore, it is necessary to further improve the conventional detec-
tion methods and break through the limitations of the original detection methods 
and develop new methods as a supplement or substitute for future monitoring and 
detection tools. Especially in some developing countries with a shortage of medical 
resources, it is particularly important to develop rapid, simple, high-throughput, and 
intelligent detection methods.

The nanotechnology attached to the novel nano-biosensing technology has devel-
oped relatively mature, but the application of biomacromolecules detection still needs 
to be further improved, such as the biological toxicity of nanomaterials, the modifica-
tion of biomolecules on the surface of nanomaterials, the large-scale manufacturing 
of nanomaterials, and so on. For the novel diagnostics methods, the following aspects 
need to be considered:

1. High-sensitivity detection. At present, the accuracy of various PCR diagnostic 
kits at home and abroad is acceptable, and the limitation of detection can reach 
200 ~ 500 copies/ml. However, false negatives may still occur in the detection 
of COVID-19 patients with low viral load. In view of the screening and future 
monitoring needs of the normalized management of SARS-CoV-2, it is still very 
necessary to develop a highly sensitive detection method that is less affected by 
the sampling method and sample quality in order to detect the infected person as 
soon as possible.

2. High-throughput detection. The simultaneous detection of a large number of 
samples can alleviate the detection pressure caused by the large-scale outbreak of 
the epidemic.

3. Multi-pathogen detection. Strengthen the ability to identify and detect a vari-
ety of pathogens, viruses, and variants. The differential diagnosis of multiple 
pathogens under normal management can save manual labor, material resources, 
and time.

4. Detection of environmental virus and identification of virus infectiousness. For 
the cured cases, virus detection in the environment, air, and freight develops 
intelligent detection technology that can distinguish the death and life of the 
virus, which can accurately identify the virus and avoid unnecessary false alarm 
and huge social cost consumption. At this stage, a new rapid and highly sensitive 
pathogen detection method that can distinguish the activity of SARS-CoV-2 is 
developed to fill the gap of current detection methods.

5. On-site detection. For different application scene such as hospitals, customs, 
communities, and even families, develop portable, economical, and miniatur-
ized instruments to realize on-site rapid detection, which will greatly help to 
improve the timeliness of monitoring.

6. Automation and integrated detection of multiple technologies. Single detection 
technology always has its disadvantages. The novel diagnostic methods integrate 
sample pretreatment, nucleic acid extraction, amplification, and detection to 
truly realize “sample in-result out.” By integrating the new diagnostic technology  
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with the existing nucleic acid, antibody, and pathogen detection methods 
and complementing their advantages, the combined use of them is expected 
to achieve the accurate and rapid detection of SARS-CoV-2. This method not 
only provides a powerful means for the current outbreak of COVID-19 and the 
detection of unknown pathogens in the future, but also has important practical 
significance for the future application in the fields of respiratory disease differ-
ential diagnosis, environmental monitoring, food safety assessment, etc.

7. Intelligent detection. Standardize the high-throughput screening results, instru-
ment interpretation results, and analysis results for large population to avoid the 
lag and subjectivity of manual interpretation. The interpretation results are not 
only comparable, but also can be output in time for on-site or remote research 
and judgment.
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SARS-CoV-2/COVID-19
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Abstract

Over the last 2 years, the economic and infrastructural damage incurred by the 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has exposed several 
limitations in the world’s preparedness for a pandemic-level virus. Conventional 
diagnostic techniques that were key in minimizing the potential transmission of 
SARS-CoV-2 were limited in their overall effectiveness as on-site diagnostic devices 
due to systematic inefficiencies. The most prevalent of said inefficiencies include their 
large turnaround times, operational costs, the need for laboratory equipment, and 
skilled personnel to conduct the test. This left many people in the early stages of the 
pandemic without the means to test themselves readily and reliably while minimizing 
further transmission. This unmet demand created a vacuum in the healthcare system, 
as well as in industry, that drove innovation in several types of diagnostic platforms, 
including microfluidic and non-microfluidic devices. In this chapter, we will explore 
how integrated microfluidic technologies have facilitated the improvements of previ-
ously existing diagnostic platforms for fast and accurate on-site detection of infec-
tious diseases.

Keywords: microfluidics, SARS-CoV-2, covid-19, diagnostics, healthcare, on-site, 
infectious diseases

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a type of highly 
infectious pathogen that is unique compared to many other viruses seen in recent 
history [1]. The virulent nature of SARS-CoV-2 has allowed it to set the stage for the 
current global pandemic that continues to plague our society, known as coronavirus 
disease 2019 (COVID-19) [1]. Over the last 2 years, COVID-19 has drastically altered 
the way in which humans have lived and is expected to continue with no foreseeable 
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end. As a result of the pandemic, people, businesses, and governments alike have been 
forced to adapt to continuously changing situations. The changes in people’s daily 
routines, workplace habits, and social interactions over the past 2 years, only account 
for a fraction of the seemingly permanent COVID-19-induced changes [2]. Otherwise 
known as the COVID-19 experience, these adaptations and changes to our society 
are not limited to the experiences of average citizens. SARS-CoV-2 has also funda-
mentally altered how institutions such as the healthcare industry and governments 
respond to potentially pandemic-level infectious diseases, both in terms of diagnostic 
capabilities and social practices [2].

Unlike many other viruses in the same coronavirus family, SARS-CoV-2 was 
found to be sufficiently infectious and complex that it was not readily or accurately 
diagnosed in the early stages of the pandemic. SARS-CoV-2 almost always initially 
presents itself as a mild case of the common cold or seasonal flu virus [1]. These 
near-asymptomatic early-stage primary infections, coupled with the limitations in 
early diagnostic testing, have led to some of the highest rates of lethality and long-
lasting symptoms seen in the last century [3]. As of March 2022, it has been reported 
that COVID-19 has been officially linked to over 6,000,000 deaths worldwide. At one 
time, it was the second-leading cause of global deaths in both children and adults [3]. 
SARS-CoV-2’s unique characteristic of presenting seemingly mild or asymptomatic 
cases continues to be one of the most difficult aspects of managing the spread and 
treatment of infected patients. In one study, it has been reported that roughly 50% of 
all new SARS-CoV-2 infections were estimated to have originated from asymptomatic 
individuals [4], which included both individuals who transmitted prior to the devel-
opment of symptoms (42%) and individuals who never developed symptoms (8%) 
[4]. Studies such as these reinforced the unnerving truth that transmission between 
primary infections and secondary infections was just as likely to originate from a 
seemingly asymptomatic individual as a symptomatic individual. In the early stages 
of the pandemic, this inability to discern between infected and uninfected COVID-19 
patients forced researchers and healthcare professionals around the world to col-
laborate and assess the potential for the initial epidemic of COVID-19 to evolve into 
a pandemic. To do so, researchers and healthcare professionals evaluated the risk of 
reaching a pandemic status through epidemiological studies, with various empirical 
techniques [5]. One of the best-established techniques for assessing risk is the repro-
duction number (R0).

As seen in Figure 1, R0 represents a well-established epidemiological concept 
that measures the potential for an infectious disease to spread by determining the 
average number of secondary infections that one primary case will generate [5]. 
Assuming nobody is either immune or vaccinated, an R0 value less than zero would 
represent the infections eventually stopping on their own, whereas an R0 greater 
than zero would estimate exponential growth in the number of cases in the given 
population. With R0 values averaging over 2.0 in most parts of the world, COVID-19 
was expected to reach pandemic levels by the start of the second year [6]. Prior to 
December 2020 (when vaccines became mass-produced and widely distributed), 
SARS-CoV-2 was a global virus that would endure for many years to come. Without 
an accurate means of diagnosing individuals for SARS-CoV-2, there were no reliable 
means for quickly managing potential outbreaks and secondary infections. The high 
risk of lethality and seemingly permanent post-infection symptoms thus prompted 
urgent and necessary advancements in vaccine technology, but more importantly in 
diagnostic technology [1–4].
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2. The COVID-19 “Experience”

SARS-CoV-2 has become the most persistent and lethal virus seen in the last 
century. After more than 2 years, to date, the COVID-19 pandemic has drastically 
changed the lives of people across the globe. Although the pandemic is an ongoing 
issue, there are two major time periods which each contain several important mile-
stones in the evolution and management of life during the COVID-19 pandemic. The 
first year preceded the mass administration and distribution of vaccines and diag-
nostic testing [2]. While the second year saw more focus on the amelioration of the 
post-mass-vaccination testing capabilities and societal norms of countries worldwide 
[6]. By highlighting some of the milestones within the 2 years, the progression of the 
COVID-19 “experience” can be traced.

2.1 Year one

In the pre-vaccination stage of the COVID-19 pandemic, between December 
2019 and 2020, most people’s “experience” with COVID-19 included a constant fear 
of unknowingly being infected with SARS-CoV-2 [1–4]. At the time, a significant 
amount of immune-compromised and seemingly healthy individuals infected with 
SARS-CoV-2 were readily being admitted to the hospital with a range of symptoms 
as mild as incessant coughs to more severe symptoms such as shortness of breath 
and even death [4]. As vaccines had not yet been developed, most people had not yet 
developed innate or induced immunological defences to this novel virus and feared 
the uncertainty in symptoms severity [4, 6, 7]. This concern was further magnified 
after reports of hospitalized COVID-19 patients presenting little to no symptoms, 
symptoms often indistinguishable from the symptoms of the more common seasonal 
flu, during the early stages of infection. The ambiguity of symptom development 
coupled with the high transmissibility of SARS-CoV-2 resulted in an increased 
likelihood of unreported transmission, and an even greater difficulty in tracking the 

Figure 1. 
A schematic for visualizing the practical significance of R0 values. Adapted from Ref. [5].
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propagation and transmission of the virus throughout the population [7]. Therefore, 
without an effective and reliable means to diagnose the early stages of the COVID-19 
infection (< 1 week), the ability of hospitals and healthcare professionals to control 
massive outbreaks and effectively treat the outcomes of infected patients, was 
severely limited [7, 8]. Thus, the need for improved diagnostic capabilities became the 
most essential goal in combating the continued spread of SARS-CoV-2.

Polymerase chain reaction (PCR) and immunohistochemistry assays were two 
of the most commonly used assays being employed to combat the spread and expo-
nential transmission of SARS-CoV-2 [9]. PCR and immunohistochemistry assays 
required the collection of bodily fluids (> 1 mL) such as saliva, blood, and sinus fluid. 
These tests needed to be administered by trained technicians at clinics, hospitals, 
and pop-up testing centres to later be processed in specialized facilities [6]. In most 
cases, due to the limited number of testing centres and test-availability, wait-times 
and lines were always very long [7]. Despite the robustness and utility of conventional 
diagnostic platforms, such as polymerase chain reaction (PCR) and immunohisto-
chemistry assays, the first year of COVID-19 became difficult for diagnostic technolo-
gies to match the increasing global demand [9, 10]. The need for improved diagnostic 
capabilities became increasingly apparent, forcing the requirements for conventional 
diagnostic platforms to evolve as well. PCR tests sported a limit of detection (LOD) 
and specificity that was yet unmatched by alternative testing technology like immu-
nohistochemistry assays [2, 9]. In the early to middle stages of the first year, this 
practice of diagnosing patients experiencing flu-like symptoms, who are potentially 
infected with SARS-CoV-2, with PCR tests became the gold standard. For a time, it 
allowed healthcare professionals to better manage and track primary infections, from 
mild to severe symptomatic infections, by providing a superficial means to control 
potential outbreaks through contact tracing [2, 9, 10]. In addition, it allowed for 
better-directed resources and healthcare efforts for those positively infected with 
SARS-CoV-2. This, however, would prove to eventually become less and less viable as 
a diagnostic method, due to the test speed at which transmissions between primary 
and secondary infections were occurring.

Although PCR tests are normally able to process tests within 1 week of submission, 
the delay in onset of symptoms and high transmissibility of SARS-CoV-2, severely 
hindered its effectiveness to facilitate tracing and resource management in the 
healthcare system [11]. To further hinder the efforts of PCR testing, testing backlogs 
at processing facilities resulted in a delay of over two weeks to receive testing results. 
This coupled with the understanding that SARS-CoV-2 was often transmitted before 
the onset of symptoms (< 1 week) meant that people were now not able to confirm 
their state of infectiousness until their infectious period had already passed. The sheer 
speed and virality of SARS-CoV-2 left PCR tests incapable of forewarning primary 
infections of their risk of transmission. PCR tests, shown in Figure 2, remained the 
gold standard for the diagnosis of SARS-CoV-2. However, exploring other detection 
methods may address some tests’ inherent limitations.

The newly observed limitations of PCR testing, highlighted by the exponential 
growth of SARS-CoV-2 cases across the globe, demonstrated that future prospective 
diagnostic tests required less turnaround time and greater accessibility to the public 
[12]. Near the end of the first year, in response to the growing need for even faster 
SARS-CoV-2 diagnostic technology, funding and research into “rapid” immunohisto-
chemistry tests began to grow exponentially [2, 13]. At the time, rapid tests based on 
immunohistochemistry were difficult to mass-produce with enough rigor to reliably 
diagnose patients for SARS-CoV-2, while also being logistically difficult to meet its 
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demand [9, 13, 14]. At minimum, future rapid tests would now need to be more acces-
sible such that people might be able to test in any environment without specialized 
equipment while producing results within the first week of suspected infection to help 
prevent primary infections from spreading. Moreover, the production and distribu-
tion of these potential tests would require great logistical improvements, which would 
not be possible without a great deal of continued funding. These obstacles meant PCR 
tests, for a little while longer, would remain the gold-standard for SARS-CoV-2 diag-
nostics over other detection methods, including immunohistochemical assays. This 
growing list of requirements jumpstarted the need for the technological advancements 
that would lead to the mass-production of rapid, accurate, low-cost, on-site tests seen 
in the second year of the COVID-19 pandemic [2, 8]. The improvements that earlier 
quantitative and qualitative rapid tests required to meet the needs of society could 
have been addressed more readily, in the short-term, with immunohistochemical 
detection methods, but were not the most viable long-term solution [12, 13].

2.2 Year two

By early 2021, the fear of unknowingly acquiring and transmitting SARS-CoV-2 
prompted governments, healthcare professionals and businesses to enter a state of 

Figure 2. 
A visualization of the testing procedures involved in PCR and immunohistochemistry assays. Adapted from 
Ref. [12].
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stasis; with the hopes, it would mitigate the transmission and persistence of SARS-
CoV-2 [2, 14]. Under the advisement of healthcare professionals, people were now 
forced to restrict their social interactions and to experience heightened levels of 
caution between one another for necessary tasks. This time of stasis created a loop 
of financial and emotional hardships between consumers and businesses in ways the 
world had never experienced before. The speed at which SARS-CoV-2 was transmit-
ted between individuals was not the only concern researchers were trying to address 
by improving our qualitative and quantitative diagnostic capabilities. Variants of 
the SARS-CoV-2 virus were slowly emerging and becoming an increasing cause for 
concern during the spring of 2021 [15]. The emergence of the SARS-CoV-2 variants 
had now provoked a resurging fear across the globe.

With the introduction of vaccines in early 2021, the potential prevention and 
reduction of SARS-CoV-2 infections quickly turned much of the first year’s fear, 
uncertainty, and general unease into hope [2, 11, 15]. The hopeful end to COVID-19, 
at this time, was further supported by a large increase in the production and accessi-
bility of rapid (< 30 min) diagnostic tests that helped to control the spread of SARS-
CoV-2 variants. Despite the emergence of the virus variants, people were hoping to 
return to some sense of normalcy. To facilitate this transition, some governments 
and healthcare professionals began relaxing health policies as vaccinations were 
being regularly administered to a large portion of the population. This hope would, 
however, prove to be short-lived as novel discoveries demonstrated the virus’s abil-
ity to replicate and mutate into several increasingly more infectious variants [15]. 
Almost exclusively across the second year of the pandemic, five COVID-19 vari-
ants of note were recorded by the World Health Organization (WHO) [15]. These 
variants of note included Alpha and Beta (discovered in December 2020), Gamma 
(January 2021), Delta (April 2021), and Omicron (November 2021) [15]. Each 
variant of note is structurally similar to that of the original strain, often referred 
to as the “index virus,” in that they all contain a lipid shell that houses viral genetic 
material and spike proteins on the surface of the lipid shell, which facilitates the 
anchoring and fusion of viral cells to healthy cells [2]. However, each subsequently 
discovered variant of SARS-CoV-2 demonstrates slight differences in the structure 
of the spike proteins that occupy the outer lipid shell [2]. Normally, our bodies are 
built to naturally defend against repeated infections from viruses by producing 
antibodies that specifically target the surface proteins of a previously introduced 
virus, as well as antibodies with slight modifications to try and prevent infections 
from similarly structured viruses [7, 9]. Unfortunately, the slight variations in 
spike proteins of subsequent SARS-CoV-2 variants proved to be significant enough 
that the body could not recognize or defend against them, resulting in increased 
infectiousness that bypasses both the induced and innate immune response against 
infections. This meant that despite the induced protection from the SARS-CoV-2 
vaccines, these new variants could once again infect a person without presenting 
symptoms in the early stages of infection. Mass-production of diagnostic rapid tests 
was now, more than ever, in direct need of improvements to aid in combating the 
spread of SARS-CoV-2 and its variants. The previously established quantitative and 
qualitative tests, such as PCR and **ELISA, offered their own strengths and limita-
tions, but neither could meet the needs of the healthcare system to help control the 
spread of SARS-CoV-2 independently. Therefore, alternative diagnostic technolo-
gies were being explored. Microfluidic systems continued to show great promise in 
addressing the shortcomings of the diagnostic testing platforms currently available, 
as well as the logistical limitations in mass-producing these tests [16].
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3.  The evolution of diagnostic technology throughout the COVID-19 
pandemic

By December of 2019, SARS-CoV-2 became a newly established virus, which 
meant that researchers and scientists did not yet have a thorough understanding 
of how SARS-CoV-2 transmission occurred or exactly how infectious and deadly it 
would become [12, 16]. This meant that many of the established conventional diag-
nostic technologies were not yet optimized for the accuracy, sample processing speed, 
and capacity for mass production that was required to help control mass outbreaks 
like the COVID-19 pandemic. As a result, many of the deaths and infections unknow-
ingly caused by COVID-19 in the first year could not have been averted. The obstacles 
to outbreak management and tracing caused by a strain on the healthcare systems 
around the world almost certainly led to the underestimation of both the transmission 
rate, severity, and the capacity of COVID-19 as a pandemic-level threat. In effect, the 
world was not prepared for the rampant shortages of hospital beds, cleaning supplies, 
and masks which were essential for mitigating people’s exposure risk to the virus [16]. 
Eventually, SARS-CoV-2 diagnostic tests would be able to accurately diagnose patients 
in a reasonable amount of time. However, it took roughly 1 year and a half to achieve 
a sufficient level of reliable testing capabilities utilizing improvements on previously 
established diagnostic systems [16].

3.1 The cost of technological advancement

Given the rampant fear brought on by the uncertainty of the first year of the 
pandemic, it was given that a collective effort across worldwide industry, healthcare 
professionals, and governments would be necessary to tackle the logistical and 
technological shortcomings of developing rapid diagnostic tests. In response, many 
resource-abundant countries promised to commit billions of dollars worth of fund-
ing to promote the development and manufacturing of rapid tests [17]. Due to the 
large influx of funding, the attraction for developing increasingly robust rapid tests 
prompted many small and large-scale companies to try and compete to mass-produce 
effective tests faster than each other. By the summer of 2021, there was increased 
access to rapid, 30-minute tests, which allowed people to slowly gain clarity on how 
to go more carefully about their daily lives while reducing the spread of COVID-19 
[17]. These rapid tests empowered people to monitor their own social behaviours and 
individual health to a greater degree than what was previously possible, providing 
them with the knowledge to minimize their risk for exposure and transmission. This 
short-term competition between companies had lent itself to exponential advance-
ments in the development and production of rapid tests which resulted in some 
countries eventually being able to give out limited numbers of rapid tests for free. 
Within countries that were fortunate enough to have ready access to a combination of 
vaccines and rapid tests, the number of COVID-19 cases saw a gradual reduction, over 
an extended period of time [2, 10]. Conversely, the risk for continued viral transmis-
sion was not effectively addressed in resource-limited countries. Other less-equipped 
countries were unable to produce, receive or distribute as many rapid tests as their 
more fortunate counterparts, to their own citizens. The disparity between countries 
for access to rapid tests was observed to have, in part, a direct correlation with popu-
lation size and density, as well as the economic state of a country’s wellbeing [7, 10]. 
Thus, the short-term reliance on rapid diagnostic tests that were too costly to produce 
or distribute in resource-limited countries highlighted the possibility of conventional 
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diagnostic techniques not being ideal in globally addressing the importance of fair 
access to accurate and rapid testing.

3.2 Progression of PCR and immunohistochemical diagnostics

Accurately tracking the state of active infectiousness in a person with SARS-CoV-2 
is an essential tool in managing and combating potential outbreaks by providing 
people with primary infections some insight into a timeline for when and how long 
they should be self-isolating to reduce the risk of propagating secondary infections 
[17]. The progression of an individual’s infection, otherwise known as active infec-
tiousness, can ideally be monitored by quantifying the viral load of a person, the 
number of viral copies in a unit volume of bodily fluid. Measuring the viral load can 
in turn provide healthcare professionals and researchers with useful data pertain-
ing to the time required for the onset of symptoms and the state of a person’s active 
infectiousness.

Quantifying the concentration of individual units of double-stranded template 
genetic material (DNA) in a unit volume of sample is possible through PCR. By 
cycling through the three major steps of PCR (denaturation, annealing, and elonga-
tion), one individual copy of DNA can be multiplied exponentially [8]. However, 
assessing the “active infectiousness” of a person involves quantifying individual units 
of viral genetic material, which are instead, units of single-stranded mRNA [8, 17]. 
To use single-stranded mRNA as the substrate for the replication of genetic material, 
we first require a molecular complex known as a reverse-transcriptase (RT) to create a 
complementary strand of DNA (cDNA) to the template single-stranded mRNA [8, 9]. 
By introducing the RT to the template mRNA, a double-stranded DNA template that 
can be further amplified in a downstream PCR reaction, is created. This technique 
combines these two processes to create RT-PCR (rtPCR) which will inevitably allow 
for the amplification of genetic material from mRNA. To later quantify mRNA sam-
ples previously amplified through rtPCR, the use of a fluorescent reporter molecule 
must be used [8]. This reporter molecule could be in the form of a dye or a molecular 
complex, such as a probe. These reporter molecules will then bind to double-stranded 
DNA, if it is a dye or a specific target sequence if it is a genetic probe [8]. By measur-
ing the increase in fluorescence of the sample, a quantitative PCR (qPCR) analysis can 
be achieved. The fewer number of cycles it takes for the sample to fluoresce beyond 
a certain threshold, the greater the concentration of genetic material, and vice versa. 
This process allows for the detection of targeted sequences in very low concentrations 
as well as quantification of viral loads through the addition of fluorescence-based 
reporter probes. PCR assays have shown their use in reliably diagnosing infectious 
diseases, with a reasonable amount of accuracy, but require higher costs and turn-
around times than other methods such as immunohistochemistry assays.

Immunohistochemical assays, such as in Figure 3, offer qualitative detection 
methods that do not rely on a genetic component but instead on the intrinsic binding 
properties of antibodies and aptamers to biomarkers of interest [17, 18]. Qualitative, 
immunohistochemical assay, rapid 30-minute tests were designed to target some of 
the most common antibodies present in people infected with SARS-CoV-2, namely 
IgG, IgM, and IgA, but lacked the ability to track the progression of an individual’s 
infection [2, 18]. Due to the potential specificity of antibodies and aptamers to 
biomarkers of interest, false positives in immunohistochemical assays are not com-
mon, however, false negatives are not so uncommon in rapid diagnostic systems [19]. 
Due to the strictly qualitative nature of the test, the concentration of target molecules 
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must reach a certain threshold before resulting in an observable positive result 
and can result in false negatives [19]. As a trade-off, these assays can instead gain a 
greater amount of modularity, selectivity, and specificity compared to other assays 
by researching and testing combinations of detector and target molecules to optimize 
the detection technique. One important example of an immunohistochemical assay 
with proven applications in medical diagnostics is the enzyme-linked immunosorbent 
assay (ELISA). ELISA assays bind antigens onto an absorbent surface that would 
facilitate the even distribution of a test buffer and sample mixture across the entire 
surface through capillary action [17, 19]. When a target antibody moves across some 
of the bound antigens on the surface, they will bind and be fixed onto the surface in 
a particular orientation [17]. Afterward, the secondary detection antibody, designed 
to be complimentary to the antibody at the other end of the target antibody, then 
subsequently becomes fixed onto the surface allowing for conformational changes in 
the detection antibody. This conformational change then allows for a reporter gene 
to be activated and create a colour change that can be qualitatively assessed by the 
naked eye [17]. However, unlike PCR tests, this technology is not capable of achieving 
quantitative diagnostic capabilities.

Despite the numerous technological advances in diagnostic technology, many 
conventional detection techniques such as immunohistochemistry and PCR have yet 
to comprehensively address the requirements for a mass-producible, rapid, on-site 
diagnostic test that is capable of both quantitative and qualitative results [19]. Many 
of these diagnostic tests are too costly to manufacture in resource-limited parts of 
the world, increasing their intrinsic cost and restricting their access from the gen-
eral-public. In addition, the on-site requirements of many of these available tests are 
too great either structurally or logistically to be reliably used and shipped across the 
globe. For example, several types of cost-effective tests cannot withstand extreme 
changes in weather conditions through transit and could be compromised in terms 

Figure 3. 
A visualization of the qualitative nature of a rapid immunohistochemistry diagnostic test. Adapted from 
Ref. [11].
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of their accuracy. Many currently available rapid tests (< 30 min) have insufficient 
detection limits to provide an accurate diagnosis across the early stage (0–7 days) of 
infection, where primary cases might already be infectious to surrounding people 
[2, 19]. The limitations of conventional diagnostic techniques are continuously 
magnified by the seemingly endless need for tests as more and more variants, with 
greater infectiousness than their predecessor, begin to make our healthcare practices 
less effective over time. Moreover, the benefits of such technological and health-
related advancements were limited to wealthier countries, which celebrated earlier 
access to both vaccines and rapid tests, long before other less fortunate countries 
had access to either of these life-saving resources [16]. It would therefore be of great 
importance to continue to innovate existing diagnostic technologies, or develop 
new ones, to try and address the socioeconomic disparity between countries in the 
pursuit of preventing further mass outbreaks.

Throughout the COVID-19 pandemic, the main goals of conventional rapid-test 
manufacturers and researchers were to increase the reproducibility and reliability 
of the unit tests, while reducing overall costs in production and logistics [11, 16]. 
Improving the technology of more readily available diagnostic tests, such as rapid 
PCR and immunohistochemistry tests, would prove to be an extremely useful tool in 
reducing the transmission of COVID-19 around the world. However, it would still be 
necessary to explore alternate diagnostic technologies which were also expected to 
advance our diagnostic capabilities, such as microfluidic devices. Microfluidic devices 
offer not only some promising prospects to address many of the limitations of previ-
ous conventional devices through their modularity and reproducibility, but also offer 
the ability to enhance previously established diagnostic techniques.

4.  Microfluidic devices as diagnostic platforms for SARS-CoV-2/
COVID-19

Microfluidic devices utilize fluid systems on the micro-scale that behave dif-
ferently than that of fluids at volumes seen in day-to-day life. The main difference 
between micro and macro-scale fluid dynamics is seen in the readiness of micro-scale 
fluids to achieve a state of flow known as laminar flow [2]. Laminar flow describes a 
state of fluid flow where the fluid moves in continuous parallel layers, without any 
disruption between the layers of fluid [20]. In practice, this means that even at lower 
velocities, the fluid is not subjected to unwanted lateral mixing and the particles 
within the fluid itself are moving in straight, parallel, lines with one another. This 
directly contrasts with the type of flow ordinarily seen in macro-scale volumes, 
turbulent flow, which would instead experience rapid and chaotic variations in 
pressure and flow velocity across any given period. In turbulent fluids, particles are 
unevenly distributed and are subjected to random changes, which are undesirable 
traits when attempting to measure or work with systems that require a great deal of 
accuracy [20]. In the context of microfluidics, by taking advantage of the readily 
achievable laminar flow states, researchers and scientists can perform extremely use-
ful and precise experiments that would normally be impossible with larger volumes 
[20, 21]. Interestingly, microfluidic technology was originally invented in the 1950s by 
Siemens-Elema, not as a diagnostic technique but as a subset of printing technology 
used to efficiently transport ink [21].

It was not until the turn of the millennium that this microfluidic technology 
really began seeing more practical medical applications [21]. As seen in Figure 4, the 
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number of microfluidic applications has seen a steady increase since the early 2000s, 
largely in part to the extremely fast development of computing power and computa-
tional hardware, which allowed for many combinations of microfluidic technology, 
integrated with digital processing [19–21]. Therefore, the number of potential future 
microfluidic applications appears limitless.

4.1 Microfluidic classification and scientific relevance

Over the years, microfluidics has grown in a way that several classifications of 
microfluidic technology exist to aid in organizing the myriad of its applications. The 
biggest classification of microfluidics distinguishes microfluidic systems between 
continuous-flow and droplet-based systems, sometimes called segmented flow.

As seen in Figure 5, Continuous-flow microfluidic systems utilize the characteris-
tics of laminar flow to facilitate experimental processes that often require controlled 
mixing of micro-scale reagent and sample volumes [20]. Moreover, these continuous-
flow systems can serve as ideal platforms for other slow-processing experiments 
such as microfluidic-based PCR quantification and even real-time sample separation 
techniques. Conversely, droplet microfluidics allows for more instances of chaotic 
mixing to occur in a highly controlled environment, essentially facilitating numerous 
independent mixing phenomena to occur [20].

The differences in how these techniques can be achieved or improved upon with 
microfluidics depend on the micro-channel design of the system. In continuous-flow 
microfluidics, the four main categories of channel design include serpentine, spiral, 
oscillating-flow, and straight microchannels [22]. Each design channel design serves 
its own unique purpose when being used in microfluidics. For instance, serpentine 

Figure 4. 
A timeline of the historical milestones achieved with microfluidics [21].
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microchannels can be used to extend the time in which a fluid is exposed to external 
factors, such as UV light for crosslinking or heat to promote a particular reaction, 
across a more unified and even distribution of the fluid [18, 22]. Oscillatory contin-
uous-flow microfluidics has been used to increase the effectiveness of liquid-liquid 
separations as well as aid in sample concentration techniques to improve detection 
outcomes in downstream processes [22]. These continuous-flow adaptations allow 
microfluidic systems to intrinsically offer more freedom for the experimental design 
than conventional techniques and can use a smaller working volume to make better 
use of smaller and costlier reagents. In general, continuous-flow microfluidic systems 
have seen an increase in popularity over the years due to their modularity, but do not 
compare in popularity to droplet microfluidic systems.

Droplet microfluidic systems forego the continuous laminar flow physics that is 
innate in continuous-flow systems, but instead make use of the micro-scale laminar 
flow physics to facilitate the production of individual droplet microenvironments 
[23]. These droplet microenvironments, shown in Figure 6, are discrete microlitre 
volumes that are formed through the controlled flow of a sheath (transporter) 
fluid across one or more sample fluids at a common junction [23]. Thus, repeatedly 
partitioning the sample fluids in a controlled manner and encapsulating the mixture 
of sample fluids into droplets. What makes droplet microfluidics so important and 
unique, even compared to continuous-flow microfluidics, is that it can allow for 
both high throughput experimentation and an increase in resolving power [2, 24]. 
Droplet microfluidic systems have been demonstrated to effectively process, in high 
throughput, experimental analysis in resolutions as high as single-cell resolutions; 
something many other platforms cannot achieve on their own [23, 24]. The various 
forms of droplet microfluidic systems can be classified into three main categories: 
high and ultrahigh throughput droplet microfluidics (htDM/uhtDM), digital 
droplet microfluidics (dDM), and controlled droplet microfluidics (cDM) [23]. In 
htDM and uhtDM, the main purpose of the system is to generate as many stable and 
uniform droplet microenvironments as possible to facilitate increased resolution and 
turnaround time. The production of thousands of comparable droplet microenviron-
ments in a controlled manner promotes increased reaction efficiency as well as both 
qualitative and quantitative analysis through integration with digital technology. This 
integration between htDM and uhtDM with digital technology does not necessarily 
overlap with the dDM classification but does experience some similarities in that 
they can both utilize automation to enhance their analyses [24]. dDM systems aim 
to achieve complete automation through their integration with droplet microfluid-
ics. However, it does not often utilize high throughput processing [23, 24]. Instead, 
purely dDM systems often generate multiple types of droplets in one system and 
have these different droplets interact with one another, in a highly controlled man-
ner [23]. By utilizing components of both htDM/uhtDM systems and dDM systems, 

Figure 5. 
A visualization of (a) droplet, and (b) continuous-flow microfluidics fluid dynamic mixing [20].
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researchers can achieve systems that are classified as controlled droplet microfluidic 
systems. These controlled droplet microfluidic systems gain some of the advantages 
of the other two systems and offer even greater modularity than either of those sys-
tems independently. As a result, the use of digital integration along with controlled 
droplet microfluidic systems microfluidics permits microfluidic platforms to be one 
of the most promising cost-reducing diagnostic platforms in both current and future 
diagnostic research.

4.2 Advantages of microfluidic integration in diagnostic tools

The increased efficiency of sample-reagent interactions is a particularly  attractive 
characteristic of microfluidic devices which drives research towards improved 
diagnostic applications of microfluidic technology [25]. Normally, diagnostic tech-
nologies utilizing sample-reagent interactions between molecules of relatively weak 
binding affinities are regarded as non-optimal, in macro-scale volumes, due to the 
inefficiencies and potential overconsumption of resources [25]. Resources such as 
reagents, samples, and equipment can often be extremely resource-intensive and 
expensive, which can result in fewer tests per unit volume of sample and may discour-
age researchers from moving forward with a particular combination of cost-effective 
and practical diagnostic material. Ideal detection molecules for diagnostic purposes 
should offer an acceptable balance between cost, binding efficiency, and selectivity to 
the target molecule of interest. Finding this balance of characteristics in a detection 
molecule often requires lengthy amounts of research and testing, which would fur-
ther incur operational costs. However, these limitations associated with non-micro-
fluidic technologies can be improved upon with the use of microfluidic technology. 
Therefore, microfluidic integration can overcome many of the limitations associated 
with non-microfluidic systems and gain some advantages unique to microfluidics.

4.2.1 Cost-reduction

Conventional diagnostic techniques often require costly materials as well as 
logistical and operational costs, all of which create barriers limiting the access of 
these techniques to resource-limited settings [26]. Furthermore, due to the COVID-19 

Figure 6. 
A graphic highlighting the various droplet microfluidic classifications [23].
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pandemic, unmet demand for conventional diagnostic tests had significantly 
increased the prices of individual tests, leaving several countries and low-income 
individuals with fewer options for obtaining these potentially lifesaving items [19, 
26]. In 2021, it was found that a single COVID-19 rapid antigen test could have costed 
consumers upwards of $20 USD, per test [2, 19, 25]. These essential diagnostic tools 
are often subject to the whim of the companies that produce and distribute the tests, 
which can only further limit access to lower-income individuals [16, 17]. By integrat-
ing microfluidic technology with previously existing platforms, microfluidics has the 
potential to reduce the overall costs of mass-producing rapid and accurate diagnostic 
tests for the detection and quantification of SARS-CoV-2.

4.2.1.1 Fabrication

To better optimize the costs for mass-producing diagnostic tests, microfluidic 
integration may help to reduce costs by permitting more variety in the materials used 
to fabricate tests. As seen in Table 1, commonly used materials in producing several 
microfluidic integrated systems including silicon, glass, polymers, and paper; each 
material, offers its own respective advantages and disadvantages [2, 26].

Silicon and glass were two of the most used materials in the fabrication of 
microfluidic devices due to their abundance [2]. These two materials offered great 
modularity in the type of potential applications the microfluidic systems would 
supplement. However, both suffered from high material costs [2, 26]. As technol-
ogy advanced and other synthesized materials became more affordable, these two 
abundant microfluidic materials became less and less viable for the mass-production 
of diagnostic tests [16, 26]. As a result, materials such as polymers and paper became 
more attractive microfluidic substrates. Coupled with their simplified fabrication 
and processing methods, both paper-based and polymer microfluidic devices share 
stronger potential as on-site SARS-CoV-2 diagnostic tests, as compared to glass or 
silicon-based systems [16, 18, 19].

In addition to the reduction of microfluidic substrate costs, microfluidics reduces 
the inherent costs associated with reagent use since only microlitre volumes are used 
in the system. Each individual microfluidic test would, ideally, only require microlitre 
volumes of any reagents and samples to be effectively analyzed. Lower fluid volumes 
required for the successful operation of each test reduce the cost of fabrication per 
test and might allow for a better redistribution of financial resources.

4.2.1.2 Operations

A microfluid integrated diagnostic device has the potential to greatly reduce 
operational costs associated with processing samples. By reducing the number of 
experienced operators required to pilot the device or removing the need for expensive 
equipment to process samples, a large portion of the cost (per test) incurred by the 
consumer can be greatly reduced. This operational cost reduction can be achieved by 
developing a system with self-contained microfluidic tests that are qualitatively and 
quantitatively analyzed by a small portable test analyzer, with a single operator.

By developing a portable microfluidic analyzer that can independently process 
multiple diagnostic tests, in sequence or in parallel, only one unit operator would 
be required to perform on-site diagnoses. Depending on the design and software 
of the analyzer, the operator might not always require a great deal of experience to 
collect, process, and record samples. In the case where diagnostic sample processing 
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includes whole-sample mediums, such as whole blood, saliva, and mucosal liquids, 
a potential biohazardous risk to the collector could exist [24, 25]. These potentially 
biohazardous samples can be collected by trained personnel swabbing the patient’s 
sinuses or mouth, as well as through the drawing of blood [25]. These collection 
techniques are used to require trained operators to wear personal protective equip-
ment (PPE) to minimize potential transmission and required processing off-site. 
In the early stages of the pandemic, it was common for diagnostic tests being 
administered by a healthcare professional wearing PPE to take more than a week to 
produce results. Many of these early tests still required millilitre-volume samples 
that lead to lowered detection-sensitivity issues [17]. Conversely, in the later stages 
of the pandemic, more and more diagnostic tests were being self-administered, and 
taking less time, as diagnostic technology continued to advance. However, these 
self-administered tests were often restricted to qualitative detection methods that 
could not yet provide a measure of an individual’s “active infectiousness”. In theory, 
microfluidic technology is expected to allow for a single portable microfluidic 
analyzer to both qualitatively and quantitatively diagnose large numbers of samples, 
with only one operator.

An equally important feature of microfluidic systems is its ability to facilitate 
on-site and on-device pre-treatment of samples. Some form of molecular separation 
or enhanced sample concentration was usually required to accurately process samples 
for diagnostic purposes [2]. In addition, this pre-treatment usually required some 
equipment that was both non-portable and difficult to operate. However, microfluidic 
technology has allowed for some of these pre-treatment techniques to be automated 
and contained within the test itself, for improved on-site capabilities [11]. The 
separation of unwanted molecules, from the sample, and the enhanced concentra-
tion of the target analyte could now be performed on-device and increase accuracy 
and sensitivity. One way in which microfluidics can facilitate this is by introducing a 
mixture of channel designs and reagents into the microfluidic device to initiate this 
pre-treatment of samples, directly inside the microfluidic device. The self-containing 
design principle intrinsic to most on-site microfluidic systems readily facilitates this 
feat and can be integrated into a myriad of diagnostic techniques such as qPCR [16]. 
Furthermore, by integrating these on-device pre-treatment steps into each individual 
test, the microfluidic analyzer would be able to capture and process data in real-time. 
Thereby, reducing some operational costs while improving the assay’s sensitivity and 
limit of detection (LOD) significantly. By enhancing the modularity of diagnostic 
tests through microfluidic integration and a portable microfluidic analyzer, not only 
can the number of operators and trained personnel be reduced but can also provide 
quantitative analysis.

4.2.1.3 Logistics

Diagnostic platforms integrated with microfluidic systems may offer advantages 
over other non-microfluidic platforms such as portability, size, structural integrity, 
and reproducibility that can reduce logistical costs associated with the mass-produc-
tion and distribution of tests. One of the most important measures of on-site diag-
nostic validity is the ability to efficiently reproduce, store and distribute tests without 
affecting quality or accuracy of the device [19].

Paper-based and polymer-based microfluidic designs offer a greater amount 
of reproducibility and modularity compared to non-microfluidic tests [2]. The 
moulds used to imprint upon the paper and polymer substrates in microfluidic 
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devices can be readily fabricated through methods such as lithography and etching 
[2]. These fabrication methods allow for microfluidic devices to remain relatively 
small and highly reproducible. Despite the moulds requiring expensive equip-
ment to fabricate, only a few moulds need to be made to continuously produce 
a large number of microchannels for the intended devices. Thus, testing devices 
can be manufactured at high capacity. By separating the testing platform and the 
analyzer, one can significantly reduce costs associated with quality control and 
large-scale production.

Storage of the diagnostic tests depends on both the reagent lifespan used in the 
tests as well as the rigor of the test itself. Reagents used in diagnostic analysis often 
have expiration dates that are meant to limit quality control issues in the reagents 
themselves, which may lead to inaccurate testing results [22]. In general, most diag-
nostic reagents have a recommended shelf-life of 1 year, which would provide ample 
time for a microfluidic-based device to be stored and distributed with little worry. The 
additional rigor added to diagnostic devices through microfluidic integration refers to 
the thermostability and structural integrity of the devices themselves. If a test must 
be stored and transported in a temperature-controlled environment, the logistical 
costs for transporting those tests would significantly increase. Similarly, if the tests 
are not structurally sound, the need for more delicate transportation would also add 
to the costs of storing and transporting the tests. Thus, microfluidics offers a useful 
advantage in both scenarios as the self-containing principle behind ideal microfluidic 
diagnostic devices, can be applied. Therefore, through microfluidic integration, 
these important logistical metrics may be readily met, promoting continued mass-
production of diagnostic tests.

4.2.2 Decreased turnaround time

Prior to the advent of the technological revolution of the 2000s, microfluidic 
technologies were extremely limited in their automation capacity due to many of 
the automation-driven adaptations being hindered by the cost of computational 
processing, the size of the equipment required to process the experiments, and the 
time required for the experiment to complete [21]. The increased accessibility for 
computational processing and digital analysis over the last two decades has allowed 
microfluidics to achieve significant improvements in diagnostic technology, such as 
increased automation and high throughput analysis. Turnaround times in both micro-
fluidic and non-microfluidic diagnostic tests have significantly improved over the 
last 2 years, from times greater than 1 week to less than 30 minutes [25]. Microfluidic 
automation and high throughput processing improved transmission prevention, 
and potentially improved treatment outcomes might be possible by more accurately 
diagnosing SARS-CoV-2 at an earlier stage.

4.2.2.1 Automation

Microfluidic integration of digital automation can allow for several simulta-
neous processes to occur, which can exponentially decrease the time it takes to 
analyze a certain number of samples. Greater computational processing power 
and more robust software and hardware have provided microfluidic technologies 
with the means to explore previously unfathomable feats in diagnostic testing [23, 
24]. Inconsistencies such as human error in sample analysis or device fabrication 
can more easily be avoided, further reducing costs to the producer. This in turn 
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will create a greater incentive for microfluidic research, further driving down 
prices and effectively creating a feedback loop. Equipment can be coded to operate 
machinery, treat samples, and even provide qualitative and quantitative insight 
that would have been difficult for operators to observe. Through automation,  
the reliance on manual operation, experienced operators, and expensive equip-
ment for diagnostic techniques is severely mitigated and can be adapted to  
process samples at speeds impossible for humans to do, otherwise known as high  
throughput processing.

4.2.2.2 High throughput processing

The benefits of high throughput processing achieved through microfluidic 
integration can be easily observed in microfluidic-based techniques such as droplet 
microfluidics. In droplet microfluidics, hundreds if not thousands of individual 
droplet microenvironments can be formed to initiate microscopic bioreactions in 
series, which can be later processed or analyzed in parallel [23, 27]. The process-
ing speed in which high throughput analyses works, coupled with the micro-scale 
volumes used in microfluidics, presents a unique advantage that is not easily 
achieved in other detection methods [24]. Therefore, by integrating high through-
put analysis through microfluidics, exponentially shorter turnaround times can  
be achieved.

4.2.3 Accuracy and LOD

The effectiveness of conventional non-microfluidic diagnostic techniques 
can often be hindered by their limit of detection (LOD) and their accuracy [19]. 
Microfluidic devices can, in some cases, overcome these limitations. Accuracy 
is defined by the ability of the test to correctly discern between a state in which 
a target condition is met and when that target condition is not met [2, 19]. By 
establishing benchmarks for accuracy in non-microfluidic diagnostic techniques, 
we can compare it to the accuracy seen in similar microfluidic techniques. In many 
situations, since microfluidic integration does not necessarily change the detection 
method primarily used, the accuracy might not significantly improve. In most 
immunohistochemical assays, the accuracy of a diagnostic test varies significantly 
with differences in viral loads [17, 18]. As the concentration of virus particles 
increases, so does the accuracy of most immunohistochemical tests, not necessarily 
in a linear manner. Conversely, through microfluidic implementation, a pre-treat-
ment step can be applied to concentrate and separate the target molecules from 
other unwanted material into standardized volumes [22]. In doing so, the variance 
in accuracy from samples with low viral loads can be mitigated. The modularity  
of microfluidic systems may offer a means to improve the LOD, as well as  
improved accuracy.

Target molecules at low concentrations found in macro-scale volumes of sample 
fluid are not always readily detected by non-microfluidic devices [23–25]. This 
limitation of non-microfluidic devices becomes more important when dealing with 
molecules that are not easily replicated by conventional means, such as protein bio-
markers found on the surface of a SARS-CoV-2 cell. As a result, single-cell-resolution 
droplet microfluidic systems can be designed to generate thousands of microlitre 
droplet microenvironments to capture biomarkers, in extremely low concentrations, 
normally too difficult to detect through conventional means [27].
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5. Standards for ideal on-site diagnostic microfluidic devices

Microfluidic devices that would like to be tested and sold as on-site diagnostic 
devices, must first adhere to a standardized set of criteria set out by the WHO. The 
WHO published a list of criteria that states that on-site diagnostic devices must be 
“affordable, sensitive, user-friendly, rapid and robust, equipment-free and deliver-
able to end-users” [2]. These criteria are the 6 basic standards that prospective 
on-site diagnostic devices should strive to achieve, otherwise known as ASSURED. 
The ASSURED criteria allow researchers and healthcare professionals to assess the 
effectiveness of prospective on-site diagnostic devices [2]. The six criteria can be 
further divided into two main categories for evaluation, the technical and the practi-
cal criteria. The technical criteria include: “sensitivity”, “rapid and robust”, as well as 
“equipment-free”. While the practical criteria include: “affordable”, “user-friendly” 
and “deliverable to end users”. While some criteria are not necessarily related to one 
another, they are nevertheless all equally important in designing an idealized on-site 
microfluidic device. However, the ASSURED criteria are not easy to be simultane-
ously and effectively implemented. Therefore, to improve the overall potential of a 
microfluidic device as an effective on-site diagnostic tool, several other more measur-
able criteria must also be addressed; as seen in Figure 7.

Effective diagnostic microfluidic devices that manage to address the ASSURED 
criteria, as best as possible, may still struggle to measure how they are addressing 
these criteria [2]. Figure 7 summarizes a list of seven more measurable criteria that 
simplify and quantify the characteristics that best represent an ideal on-site microflu-
idic device used for diagnostic purposes. These “seven pillars” of integrated microflu-
idic device design will aid in providing developers with quantifiable metrics to better 
evaluate their device’s efficacy and on-site diagnostic potential.

Figure 7. 
The 7 pillars for assessing effective on-site diagnostic devices. Adapted from Ref. [2] with permission.
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6. Current state of microfluidic systems in SARS-CoV-2 diagnostics

Advancements in diagnostic technology over the past 2 years have allowed for 
infectious diseases, such as SARS-CoV-2, to be more readily and accurately diagnosed 
[2, 9, 11]. Improvements made to costs, accuracy, turnaround times, and process-
ing speeds in non-microfluidic diagnostic tests have greatly improved the ability of 
healthcare workers and governments to better prevent and manage mass outbreaks 
[12]. For example, rapid antigen tests have demonstrated their effectiveness in 
reducing the number of potential secondary infections by providing people with a 
qualitative means of diagnosing for COVID-19 [14]. However, this does not mean that 
these tests and their detection technology cannot still be improved upon. Microfluidic 
technology offers a means to continuously advance the world’s diagnostic capabilities 
and preparation for the next potential pandemic-level virus.

The past decade has demonstrated the effectiveness of microfluidics in the on-site 
diagnosis of various infectious pathogens, such as Zika, HIV-1 and more recently 
SARS-CoV-2 [2]. The errant lack of tests, medical devices, and human resources seen 
throughout the pandemic, prompted a large increase in the demand for technology 
capable of being remotely operated and readily analyzed [18, 20]. Advancements 
in information technology and computational processing created a revolution of 
new approaches by which microfluidic devices can accurately diagnose COVID-19 

Figure 8. 
Various microfluidic diagnostic devices for SARS-CoV-2 [25].

Immunoassay 
(rapid antigen test)

RT-PCR Nanoparticle Microflow 
Cytometry

Reagent consumption 10 μg (in tube) 20 μL (in tube) Negligible 50 μL (in tube)

Target of detection IgG, IgA, IgM N gene, E gene Gold-spiked IgM, IgG

Limit of detection 0.4 ng/L 1–10 copy/μL 0.08 mg/L 0.06–0.10 mg/L

Total assay time 30 minutes 2 hours 2–5 hours 30 minutes

Sample volume 20 μL 120 μL 1 μL 10 μL

Assay control Automated Manual Manual Automated

Cost per test ~ 6 (USD) ~ 4 (USD) ~ 10 (USD) ~ 5 (USD)

Quantitative No Yes Yes Yes

Mobile Yes Yes No No

Adapted from Ref. [2] with permission.

Table 2. 
Comparison of rapid test to microfluidic diagnostic tests.
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patients, on-site [21, 24]. Figure 8 highlights several of the most current, digitally 
integrated, microfluidic platforms capable of diagnosing SARS-CoV-2.

In many of the diagnostic platforms highlighted in Figure 8, smartphones are 
used as an imaging processor to read fluorescent signals through machine learning 
and artificial intelligence [25]. With the ever-increasing global access to the internet, 
smartphone-enabled microfluidic diagnostic devices can produce results that can 
be uploaded to a data-cloud to be immediately stored. Moreover, these smartphone-
enabled devices can reduce the turnaround time for qualitatively diagnosing SARS-
CoV-2 to, on average, less than 15 minutes.

Despite the processing speed advantages which smartphone-enabled systems 
offer, there is still unmet need for faster and more robust microfluidic devices capable 
of quantitative analysis [26]. As seen in Table 2, several types of existing quantita-
tive microfluidic diagnostic tools are slowly becoming more comparable even the 
most current rapid diagnostic tests for SARS-CoV-2. It is only a matter of time before 
quantitative microfluidic-based tests will be able to either perform comparably, or 
better, than the rapid antigen tests.

7. Conclusions

This chapter deals with the experience of COVID-19 over the last 2 years and 
highlights the significance of microfluidics to the history and advancement of SARS-
CoV-2 diagnostic technology. In these years, conventional rapid PCR and ELISA 
COVID-19 technology has advanced greatly. However, limitations in their modularity, 
sensitivity, turnaround time and cost greatly reduce their future viability as on-site 
diagnostic tools. The current state of microfluidic, information and smartphone 
technology allow microfluidic-based diagnostics to address many limitations associ-
ated with conventional on-site/rapid tests. The advantages of microfluidic integration 
into medical diagnostics are discussed throughout this chapter. The expectation is 
that microfluidics will advance our future diagnostic abilities to help better prepare 
for, and manage, the next possible pandemic-level threat.
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Abstract

A simple, fast, and accurate diagnosis of SARS-CoV-2 is of great importance for the
patient’s isolation, treatment, and the control of the COVID-19 pandemic. Although
RT-qPCR is accepted as the gold standard, studies to improve fast, simple, and more
reliable diagnostic methods are continuing. Colorimetric reverse transcription loop-
mediated isothermal amplification (RT-LAMP) is a method that allows visual detec-
tion of SARS-CoV-2 without needing expensive fluorescence readers. However, the
performance of the assay depends on some factors, such as selection of a target gene
(i.e., N, RdRp, S, E, M), primer design, the dye used for visual observation—neutral
red, calcein, cresol red, or phenol red—and the reaction conditions such as the buffer
pH, reaction temperature, and enzyme concentration. In the last 2 years, plenty of
research has been conducted to obtain the best performance. In this chapter, the
recent progressions on colorimetric RT-LAMP assay for the diagnosis of SARS-CoV-2
are comprehensively elucidated.

Keywords: SARS-CoV-2, RT-LAMP, COVID-19, colorimetric, diagnosis

1. Introduction

For over 2 years from its emergence, the coronavirus disease 2019 (COVID-19)
pandemic, caused by the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has infected over 500 million cases and 6.2 million deaths worldwide as of
May 2022 [1]. This highly contagious disease spreads through the respiratory tract via
sneezing, coughing, and talking and causes a range of symptoms from mild, like
coughing, to severe, like pneumonia. Most patients are asymptomatic and do not
require hospitalization; however, high-risk groups—elders over 65 years old, patients
with obesity, impaired immune system, and chronic diseases—may develop serious
complications that lead to septic shock, multi-organ failure, and eventually, death.
However, asymptomatic patients are 75% more likely to spread the disease to others
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compared to symptomatic cases, which hinders the control of this pandemic [2–5]. It
overtook both SARS and MERS outbreaks in terms of infectivity and spread [6]. This
crisis still poses a threat to public health and socioeconomics globally ever since its
appearance in late 2019. SARS-CoV-2 is from a family of viruses that undergo
frequent mutations that alter its characteristics like infectiousness and the rate of
transmission.

To control the spread of the pandemic, expanded and rapid point of care (POC)
testing is of utmost importance. The reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) molecular testing is the gold standard according to world
health organization (WHO). This bulky and expensive instrument requires special
facilities and must be operated by experts, which makes expanded testing challenging
in resource-poor regions. Alternative testing methods are needed for simple and fast
POC testing to resolve the demand for reagents and diagnostic equipment in such
regions. Therefore, fast, affordable, and practical alternative diagnostic tests to detect
the novel SARS-CoV-2 are being investigated, one of which meets these criteria is the
loop-mediated isothermal amplification (LAMP). LAMP is a molecular test that pro-
vides simple detection methods including the colorimetric LAMP, which relies on a
color change in the presence of viral nucleic acids and can be detected via the naked
eye. Addition of reverse transcriptase (RT-LAMP) enables the detection of RNA
pathogens in a one tube reaction. This single-step technique does not require sophis-
ticated equipment, as the reaction takes place isothermally. This chapter summarizes
the most recent developments on the colorimetric RT-LAMP assay for the diagnosis of
COVID-19.

2. Principle of RT-LAMP

Founded by Notomi [7], RT-LAMP is a molecular diagnostic technique that detects
and amplifies nucleic acids (DNA or RNA) using 4–6 primers that identify six regions
in a gene, these include forward and backward inner primers and forward and back-
ward outer primers designated as FIP, BIP, F3, and B3, respectively, in addition to
forward and backward loop primers (LF and LB) to increase the amplification rate.
Unlike RT-qPCR, RT-LAMP is a single-step isothermal reaction that takes place in a
heat block or water bath heated to 60–70°C (depending on the enzyme used), thus
eliminating the need of a thermal cycler, and the results can be obtained as early as
15 minutes [8]. This technique caught the attention of scientists during COVID-19
pandemic because it provides a cheaper POC testing alternative while maintaining
sensitivity and specificity.

RT-LAMP reaction takes place in a single tube containing reverse transcriptase,
DNA polymerase, and 4–6 primers. It starts by converting the viral RNA to cDNA via
reverse transcriptase enzyme. Then, FIP anneals to its complementary region, initiat-
ing DNA synthesis via DNA polymerase with strand displacement activity. Subse-
quently, F3 anneals outside FIP to its complementary region and starts polymerization
and displaces the strand synthesized by FIP. This released strand has a complementary
region at 5` end and thus forms a stem-loop structure, which becomes a template
strand for BIP. At the other end, BIP binds to its complementary region and similarly
starts polymerization, forming a new strand that is displaced by B3. The released BIP
strand has complementary sequences at both ends that form a dumbbell structure,
which serves as a starting point of LAMP amplification cycle at loop regions by inner
and loop primers. This repeated annealing and displacing cycle rapidly releases
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millions of the targeted DNA structures with different lengths and inverted repeats
(Figure 1) [7].

Many studies proved the high specificity of RT-LAMP against SARS-CoV-2 [9–13].
RT-LAMP products can be detected by different methods including the colorimetry,
fluorometry, turbidity, and gel electrophoresis, with the colorimetry being the most
attractive for its accessibility since it does not require additional instruments for the
results’ interpretation. Researchers are developing colorimetric RT-LAMP kits to be
commercially used for COVID-19 in vitro diagnosis (IVD) in hospitals, airports, or in-
home self-testing. These kits provide a fast and simple diagnosis that can be visualized
by a robust color change between positive and negative specimens. For instance,
FastProof™ 30 min-TTR SARS-CoV-2 RT-LAMP is a kit that obtained an FDA
approval. This kit targets the N gene and gives the results within 30 minutes <https://
zenosticbio.com/fastproof-30-min-ttr-sars-cov-2-rt-lamp-kit/>. Several studies vali-
dated the performance of this kit. For example, Promlek et al. collected 315 clinical
specimens from a hospital during the fourth wave of COVID-19 in Thailand. The assay
had a 100% positivity rate in specimens with Ct < 31 in RT-qPCR. However, the
accuracy decreased for samples that had higher Ct values. They revealed that the kit
was able to detect the infection with high accuracy, particularly in symptomatic
patients [14]. Also, the Color SARS-CoV-2 RT-LAMP Diagnostic Assay has been

Figure 1.
Main components and primers binding mechanism of loop-mediated isothermal amplification (LAMP) reaction.
For the detection of SARS-CoV-2, the reaction tube must be composed of reverse transcriptase, DNA polymerase,
primers, and SARS-CoV-2 RNA template, in addition to the reaction building blocks and cofactors like dNTPs
and MgSO4. The amplification starts by binding the forward inner primer (FIP) to its complementary target
sequence that results in synthesizing a new strand via DNA polymerase. FIP is then displaced by the outer forward
primer F3 annealing and similarly starts polymerization. The released FIP becomes the template strand in which
both backward inner and outer primers (BIP and B3) bind and start polymerization and strand displacement as
well. Both FIP and BIP form dumbbell structure that become the starting point of loop primers amplification cycle,
resulting in millions of DNA target sequences with different lengths and inverted repeats.
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authorized for emergency use by FDA. The FDA recommends using an internal
control in these assays to assure a successful reaction [15]. A five-month multicenter
prospective observational study evaluated the diagnostic accuracy of the colorimetric
RT-LAMP in resource-limited areas in parts of Africa. The study included 1657 symp-
tomatic and asymptomatic individuals and the results were compared with the gold
standard RT-qPCR. They obtained 87% overall sensitivity that reaches up to 98% in
high viral load samples (Ct < 30) [16]. These results suggest that the colorimetric RT-
LAMP is reliable and applicable for POC testing, especially in poor resources areas for
offering a cheaper alternative to the gold standard, with a comparable accuracy.

3. Colorimetric RT-LAMP in the detection of SARS-CoV-2

The colorimetric RT-LAMP is one of the simplest detection methods offered in this
technique because it can be qualitatively visualized by the naked eye. The color
change in the solution post-reaction is due to the accumulation of pyrophosphate ions
(PPi) produced during amplification, which causes a pH drop. On average, the pH
value drops from 8 to 6 before and after the colorimetric RT-LAMP reaction, respec-
tively [9]. The pH-sensitive dyes that are capable changing color around the reaction
pH include phenol red, neutral red, and cresol red. These dyes can be added to the
reaction as an amplification indicator. Also, some DNA intercalating dyes such as
propidium iodide (PI), SYBR green, SYTO-9, etc., can show a distinguished change in
positive samples both colorimetrically and under UV visualization. Additionally, the
color change can be quantified using the spectrophotometer via measuring the absor-
bance at 434 nm and 560 nm wavelengths.

3.1 pH-sensitive dyes

The selection of the pH-sensitive dye is crucial for the best visual detection. The
color transition zone of the dye should cover the initial and final reaction pH. In
general, when using a minimal reaction buffer (26 μM Tris), the pH should be
adjusted to 8.8 with 1 M KOH [17]. After 1 h incubation at 65°C, the estimated pH
drops around 6.0–6.5, which is a > 2 pH unit drop due to acidification. The dye stock
solution can be prepared in large quantities (50–100 mM) with distilled water and
should be diluted to 2.5 mM (25�). However, the dye concentration to be used in the
reaction mixture is changeable according to the dye type. In general, a final concen-
tration of 100 μM provides more striking visual detection for most of the dyes.
However, cresol red demonstrates more obvious color difference when used at lower
concentration (50–100 μM) [18]. Before the reaction, the pH of the reaction solution
should be adjusted above the indicating threshold [17]. Therefore, only the dyes that
react to the pH of the reaction mixture can be used in the LAMP reaction; these dyes
are phenol red, neutral red, bromothymol blue, m-cresol purple, and cresol red. Other
than these dyes, a higher pH requiring dye (>pH 9.5) such as naphtholphthalein and
thymol blue can be used in visual detection. However, the reaction pH should be
adjusted to a higher pH value than usual. In this case, the reaction takes longer time
due to the suboptimal pH conditions for polymerase and reverse transcriptase
enzymes. The most suitable pH-sensitive dyes with corresponding color changes at
low and high pH, and transition pH range for colorimetric RT-LAMP are indicated in
Table 1.

218

Current Topics in SARS-CoV-2/COVID-19 - Two Years After



Recently, Amaral et al. [19] suggested a new assay to ease the distinguishing of
color by naked eye. A complexometric indicator, namely murexide (MX), obviously
forms pink color in positive samples, while remaining yellow in negative ones. The
working principle of the dye based on the complexation of MX (2 μL of 5 mM) with
Zinc ions (Zn+2) (1 μL of 50 mM of ZnCl2) that are added to the post-reaction
(30 min). In the presence of Zn+2, MX possesses yellow color (negative); whereas it
turns to pink (positive) in the absence of Zn+2. Pyrophosphates (PPi), as the
byproduct of LAMP, strongly interacts with Zn+2 ions and prevents MX-Zn+2 interac-
tion. This competition leads to a color formation in LAMP-positive samples as pink.

3.2 Intercalating dyes

In addition to pH-sensitive dyes, intercalating dyes such as propidium iodide (PI),
ethidium bromide, SYBR green, SYTO-9, Eva green, and GeneFinder can be used to
distinguish positive or negative test results. These dyes are added to the reaction mix
at the end of the reaction and visualized either by the naked eye or under UV trans-
illuminator. For example, for the visual inspection, PI at a concentration of 1 mg/mL
can be mixed to the end point RT-LAMP product. Although the use of these dyes
facilitates the interpreting of results, they can lead to results misinterpretation owing
to the abundant primer concentration of the reaction mixture. In negative or non-
template control (NTC) samples, binding of the dye to the primers and non-specific
amplicons leads bright transillumination under UV, which makes distinguishing
between positives and negatives difficult. Also, the addition of dye at the end of the
reaction necessitates opening the reaction tube, which maximizes the carry-over
contamination risk. To minimize it, some studies have suggested adding the dye to the
tube cap prior to the reaction, this way it can be called a cap-tube assay.

Yu et al. [20] used GeneFinder™ (D039 from Bridgen) to improve the fluorescent
signal and sensitivity of the RT-LAMP. The SARS-CoV-2 positive samples are
observed as green under blue light, while it was pink in the negative samples. Addition
of 2 μL of SYBR Green I (1:10 dilution in TAE buffer) or 0.5 μL of 50� SYBR green
into the positive reaction tubes (25 μL) changed the solution color from orange to
yellow [21]. In addition, the positive tubes can be observed under UV and/or by
loading the product in agarose gel. A ladder-type banding pattern is the typical
positive RT-LAMP result.

In addition, dye combinations can improve the visual observation. For instance,
adding PI dye to the end-point reaction of neutral red-stained LAMP improves the
color difference (data not shown). Moreover, the addition of PI enables the detection
of the reaction under UV, which helps to verify colorimetric results in the case of

Dye Final conc. Color change Low pH color High pH color pH range

Phenol Red 100 μM Red to Yellow Yellow Red 6.8–8.2

Cresol Red 50 μM Red to Yellow Yellow Reddish-purple 7.2–8.8

Neutral Red 100 μM Yellow to Red Red Yellow 6.8–8.0

m-Cresol Purple 100 μM Purple to Yellow Yellow Purple 5.2–6.8

Bromothymol Blue 100 μM Blue to Yellow Yellow Blue 6.0–7.6

Table 1.
pH-sensitive dyes for the colorimetric RT-LAMP reactions.
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intermediate results. Pre-addition of colorimetric fluorescence indicator (CFI), a color
mixture composed of 0.7% (v/v) 10,000� Gelgreen (Biotium, Freemont, 108 CA) in
12 mM Hydroxynapthol blue (Sigma-Aldrich, Oakville, ON) re-suspended in dH2O,
changes the reaction color from orange to yellow in positive samples. The color change
can be detected by the naked eye after excitation of gel green in the reaction with a
blue LED light. The sensitivity of the assay was 50 copies/reaction, and the reaction
time was 30 min by targeting the S gene [22].

Another study by Zhang et al. [23] reported that the addition of guanidium chlo-
ride improves the sensitivity for colorimetric and fluorometric SARS-CoV-2 detection
about five to ten folds. Moreover, addition of 40–50 mM of guanidine chloride solu-
tion (pH � 8 adjusted with KOH) speed up the LAMP reaction time about two-fold,
corresponding to �40% improvement. Additionally, no nonspecific amplification was
detected after the incubation period, which enables better colorimetric and fluoro-
metric LAMP discrimination. The mechanism of action of guanidine hydrochloride in
the RT-LAMP reaction has not yet been clarified. According to Zhang et al., [23]
guanidine hydrochloride improves the base pairing between primers and target
sequences. The addition of guanidine also significantly shortens reaction times for
helicase-dependent amplification. The increase is probably not the result of modula-
tion of enzyme activity, as additional enzyme such as reverse transcriptase or Bst 2.0
DNA polymerase had no such effect.

4. Selection of target genes

SARS-CoV-2 genome is comprised of a positive and single-stranded �30 kb in
length RNA. The subgenomic RNA (sgRNA) encodes conserved structural proteins
(spike protein [S], envelope protein [E], membrane protein [M], and nucleocapsid
protein [N]), and several accessory proteins. In addition, non-structural protein cod-
ing genes such as nsp12, which harbors RNA-dependent RNA polymerase (RdRp) gene
responsible for replication, reside in the viral genome. ORF1ab as the largest gene,
encodes for two polyproteins PP1ab and PP1a, can also be a target. Dong et al. [24]
reported that an N gene-based RT-LAMP assay is more sensitive in detecting SARS-
CoV-2 than those based on other genes. Among the target genes, N gene possesses the
most abundant expression of subgenomic mRNA during infection [19, 25]. Therefore,
it can be the most suitable target for LAMP reaction, especially in the low viral loaded
specimens. In parallel, it was reported that RT-PCR assay detected single gene N, but
not orf1ab gene upon 9–10 days from the onset of the disease. After 2 weeks, both
genes resulted in positive amplification, pointing out the sensitivity of N gene over
orf1ab [26, 27]. It should be also noted that because of the high-frequency mutation
rate of the SARS-CoV-2 genome, the sequence of the target genes is evolving. A recent
study estimated that the nucleotide mutation rate of the SARS-CoV-2 genome is
6.677 � 10�4 substitution/site/year [28]. For instance, the S gene of the Omicron
variant harbors double number of mutations compared to that of the Delta variant,
which caused 29 amino acid substitutions and one insertion mutations [29]. Due to
this dynamic nature of the genome as well as the viral recombination, the genome is
very prone to mutations, which can lead to loss of assay’s sensitivity [30]. This
requires at least monthly checking and updating of existing primer sequences.

In addition to selecting a single mRNA target, some studies have reported
improved RT-LAMP sensitivity upon using two gene targets simultaneously.
According to Zhang and Tanner [31], combining two primer sets that target the same
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or different genes in the same LAMP reaction led to a higher sensitivity (�12.5 SARS-
CoV-2 RNA copies/reaction) compared to the reactions used one primer set. In addi-
tion, some dual primer sets exhibited higher sensitivity at lower temperatures (60°C).
However, utilizing the LAMP reaction with triple primer sets instead of dual ones
showed no advantage over dual sets.

5. Advantages and drawbacks of the colorimetric RT-LAMP

The colorimetric RT-LAMP technique is gaining popularity in diagnosing a variety
of pathogenic diseases, one of which is the most recent COVID-19 pandemic. Due to
the large number of infections per day, the global demand for reagents, facilities, and
healthcare workers increases, and thus RT-qPCR falls short under these circum-
stances. The simplicity and accessibility of the colorimetric RT-LAMP enables testing
a large number of people in a shorter time without the need of complicated instru-
ments like a thermal cycler. Also, since this test does not require advanced laboratory
setting and experienced personnel to be operated, it can be used in rural areas with
low resources or POC settings like airports and emergency departments. In addition,
the use of four to six primers improves the amplification selectivity for the target
sequence, and thus this technique is highly specific for SARS-CoV-2 and not for other
viruses, including respiratory and other coronaviruses. Regardless, the results from
RT-LAMP must be validated with RT-qPCR when developing new assays to assure
high sensitivity [11].

One of the most common limitations in this technique is the formation of unwanted
primer secondary structures that lead to misamplification in negative samples, which
leads to false positive diagnosis. Therefore, primers must be well designed to avoid
forming these structures. Some open-source LAMP primer design platforms have
been developed such as Primer Explorer V5 by Eiken (https://primerexplorer.jp/e/),
LAMP Primer Design Tool by NEB (https://lamp.neb.com/). However, the classical
empirical testing of primers often yields suboptimal results. To acquire the best sensi-
tivity and specificity, several LAMP primer sets should be designed [31]. For instance,
Yang et al. [32] tested 35 sets, and Joung et al. [33] designed 29 primer sets that target
different genes. Recently, 18 primer sets, mostly from previous publications, were
screened to find the most sensitive primer set. Based on the sensitivity, they were
classified as sensitive (eight sets), medium (seven sets), and poor (three sets) [31]. In
general, only a few sets that possess a satisfactory result are further suggested as a
robust method. The others result in lower sensitivity or false-positive results in NTC.
To tackle this issue, some algorithms have been developed to find out the robust primer
set. Recently, Huang et al. [34] developed an algorithm and suggested to shorten the
FIP and BIP primers, which are the longest ones that have a poor annealing efficacy
than other primers. The shortening of these primers led to a significant time-to-
threshold (TT) improvement in comparison to that of non-truncated ones. According
to the suggested protocol, the optimal stem length was in between 12 and 17 bp with a
melting temperature (Tm) of >45°C. By means of this strategy, the sensitivity of the
RT-LAMP assay has been improved to detect 1.5 copies/μL of SARS-CoV-2 particles
in saliva [34].

Together with the abovementioned limitations, the sensitivity of the colorimetric
RT-LAMP decreases when testing samples with low viral loads. Some studies reported
indeterminate color change—between positive and negative—in lower viral copies
samples [9, 10]. The sensitivity also depends on the days from which symptoms of the
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disease appeared. It was reported that 5 days was the optimum time in which this
technique gives the most accurate results, whereas sensitivity reduces if more than 7
days since the onset of the symptoms have passed [10]. To overcome these limitations,
studies suggested using internal controls to evaluate primers’ performance and con-
firm the success of reaction. In addition, it was found that skipping RNA extraction
step, especially in saliva specimens, affects the pH of the solution, leading to false
diagnosis. Therefore, RNA extraction step is crucial to assure the accuracy of the
colorimetric RT-LAMP results [12].

6. Conclusions and future prospect

Since its emergence, RT-qPCR was the only approved gold standard molecular
diagnostic technique that detects SARS-CoV-2. However, once studies started to uti-
lize the colorimetric RT-LAMP for a faster and cheaper alternative, they proved the
success of this technology in diagnosing COVID-19. Hence, some developed RT-
LAMP SARS-CoV-2 detection kits received the approval by the FDA like the AQ-
TOP™ COVID-19 Rapid Detection Kit, the Color SARS-CoV-2 RT-LAMP Diagnostic
Assay, FastProof™ 30 min-TTR SARS-CoV-2 RT-LAMP, or the Lucira COVID-19 All-
In-One Test Kit Labeling for emergency use authorization (EUA). Thanks to its
simplicity and accessibility for end-users, this technology can be easily adapted for
custom-use. For instance, Davidson and colleagues developed a paper-based colori-
metric assay that contains lyophilized reagents for room temperature storage and
distribution [18]. Also, some colorimetric RT-LAMP reagents, especially enzymes, can
be made in-house to reduce the cost of the assay. To improve the efficiency of the
detection, RT-LAMP can be combined with other technologies like CRISPR [35],
nanotechnology [36], and many more. Therefore, the colorimetric RT-LAMP method
must be further investigated not only for the detection of SARS-CoV-2, but also for
broader applications such as human, plant, or animal-hosted viral pathogens.
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Abstract

SARS-CoV-2 belongs to the family of coronaviruses, which are characterized by 
spikes that sit densely on the surface of the virus. The spike protein (Spro) is respon-
sible for the attachment of the virus to the host cell via the ACE2 receptor on the 
surface of the host cell. The strength of the interaction between the receptor-binding 
domain (RBD) of the highly glycosylated spike protein of the virus and the host cell 
ACE2 receptor represents the key determinant of the infectivity of the virus. The 
SARS-CoV-2 virus has mutated since the beginning of the outbreak, and the vast 
majority of mutations has been detected in the spike protein or its RBD. Since specific 
mutations significantly affect the ability of the virus to transmit and to evade immune 
response, studies of these mutations are critical. We investigate GISAID data to show 
how viral spike protein mutations evolved during the pandemic. We further present 
the interactions of the viral Spro RBD with the host ACE2 receptor. We have per-
formed a large-scale mutagenesis study of the Spro RBD-ACE2 interface by perform-
ing point mutations in silico and identifying the ambiguous interface stabilization 
by the most common point mutations in the viral variants of interest (beta, gamma, 
delta, omicron).

Keywords: spike protein, spro, point mutations, SARS-CoV-2, receptor binding 
domain, ACE2

1. Introduction

The SARS-CoV-2 virus has been with us for more than 2 years now. More than half 
a billion people have contracted the virus in a little over 2 years, and more than 6 mil-
lion people have died from the virus [1, 2]. Subsequent pandemic waves of the disease 
can be prevented by social distancing during local outbreaks and vaccination. In spite 
of current pandemic, coronaviruses have always been present and are commonly the 
cause of colds. The first virus from the family mentioned above, isolated in 1962, 
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was classified as an enveloped, single-stranded (+ssRNA) RNA virus. The new virus 
family was named after its characteristic morphological appearance, the crown spikes 
(spike protein or Spro) on its surface (Figure 1) [4].

Until the outbreak of the SARS (Severe Acute Respiratory Syndrome; causative 
virus named SARS-CoV) pandemic in mainland China and Hong Kong in 2003, coro-
naviruses did not receive so much attention from the scientific community. Timely 
action at that time prevented the outbreak and evolution to the pandemic. However, 
in 2012, the respiratory syndrome coronavirus (MERS-CoV) led to an outbreak of 
the Middle East respiratory syndrome (MERS) in Saudi Arabia, mainland China, 
the United Arab Emirates, and the Republic of Korea [2, 5, 6]. In late 2019, SARS-
CoV-2, a member of the Coronaviridae family, emerged in Wuhan, China. As a result, 
a creeping spread among the human population began, and the WHO declared a 
pandemic on March 11, 2020 [7, 8]. At the time of writing, COVID-19 disease (caused 
by SARS-CoV-2) has spread worldwide, claiming more than 6.5 million lives. As the 
SARS-CoV-2 virus has become a critical health concern, scientists immediately began 
research on this topic. COVID-19 disease is of great concern worldwide because, while 
the majority of cases have mild symptoms, a variable percentage (0.2 to >5%!) of 
patients progresses to pneumonia and multiple organ failure, which can lead to death 
especially without medical assistance [9, 10].

Vaccines against SARS-CoV-2 are now available, few therapeutic options have 
been authorized for emergency use by FDA and only one antiviral agent has been 
approved for COVID-19 treatment, however novel drug research is ongoing [11–16]. 
Since vaccines are the poster child in the fight against the COVID-19 pandemic, a high 
viral mutation rate may lead to changes in the structures of essential viral proteins, 
rendering available vaccines ineffective [17]. This concern is exacerbated by the fact 
that, with the exception of inactivated SARS-CoV-2 vaccines, all other vaccines (RNA 
vaccines, Adenovirus-based and protein-based vaccines) currently in clinical use are 
targeted at the same structure in the virus – the spike protein from the viral envelope. 
Its biological functions and surface location, make it a major target for the formation 
of neutralizing antibodies. However, this also determines the high frequency of muta-
tions in this region, which can help the virus escape from the immune response [18].

Figure 1. 
The cross-section of SARS-CoV-2 with characteristic spikes at the virus’s surface (left) and the fusion of the virus 
with the cell membrane (right). The figure is the artwork of David Goodsell (PDB-101: Educational resources 
supporting molecular explorations through biology and medicine [3]).
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The first identified mutations and respectively recognized subtypes / variants 
of the virus were announced in March and April 2020 [19, 20]. In late 2020, the 
first SARS-CoV-2 variant of concern (VOC) was reported—the B.1.1.7 variant (UK 
variant, designated alpha by WHO as of June 7, 2021; https://www.who.int/). Alpha 
is often designated by canonical mutations: N501Y, 69/70 deletion, P681H. This was 
followed by the appearance of several other variants of concern—beta, gamma, delta 
and omicron, as well as a number of variants of interest (VOI; for variant classifica-
tion the reader is referred to a wonderful classification at CDC: https://www.cdc.gov/
coronavirus/2019-ncov/variants/variant-classifications.html). The second in the list 
of VOC was B.1.351 variant (beta; canonical mutations: K417N, E484K, N501Y) or 
South African variant [21, 22]. Both variants carry an N501Y mutation in the RBD 
(receptor binding domain) of the Spro, which is associated with increased viral 
transmission [23]. In addition, the South African variant carries mutations K417N and 
E484K, which may be responsible for decreased binding to host antibodies [24]. P.1 
(gamma, canonical mutations: K417T, E484K, and N501Y) variant has been reported 
in Brazil with the known N501Y, E484K and the novel K417T mutations [25]. Epsilon 
or B.1.427 or B.1.429 followed with canonical mutations: S13I, W152C, L452R, D614G. 
In early 2021, a novel SARS-CoV-2 variant B.1.617.2 (delta, canonical mutations: 
L452R, T478K, D614G, and P681R) nicknamed “the double mutant” or Indian variant 
was reported to cause infections in India and slowly spread throughout the world via 
global travel practices [26]. Acquired critical mutations in the Spro, particularly in 
the receptor-binding domain (RBD), are currently under heavy investigation (Delta 
Plus variant) as they may have higher infectivity and transmissibility or even escape 
the host immune response [27]. Last but not least is the observed omicron or B.1.1.529 
variant first detected in Botswana and then in South Africa in November 2021. 
Omicron is described with at least 34 mutations in Spro, of which 15 are in RBD, 7 in 
the NTD and 3 close to the furin cleavage site.

2. The structure of the spike protein and its role

Since the first announcement of the existence of the new virus, many scientific 
groups around the world began an intensive search for a suitable drug. In their 
attempts to develop drugs to treat COVID-19, scientists are focusing on a variety 
of strategies, including identifying / creating agents that attack and neutralize the 
virus; agents that affect inflammation, prevent the formation of blood clots, etc. [28]. 
The structure of the Spro, as well as its biological properties and its role in the entry 
of SARS-CoV-2 into the cell have been the subject of extensive studies and are the 
key towards development of adequate preventive and curative approaches [29, 30]. 
The spike glycoprotein is the crucial protein that determines viral host selection and 
pathology and thus one of the most important targets for diagnosis and therapy. With 
a total length of 1273 amino acids, the Spro consists of an extracellular N-terminus, a 
transmembrane domain anchored in the viral membrane (TM), and a short intracel-
lular C-terminal segment. Bound to the protein are specific polysaccharides whose 
function is to prevent the host immune system from recognizing the viral protein. 
Once the virus interacts with the host cell, the conformational changes of the Spro 
lead to the fusion of the virus with the host cell membrane. The protein consists 
of the signaling protein (1-13) and the S1 (14-685) and S2 (686-1273) subunits. In 
addition, the S1 domain, which is responsible for receptor binding, is divided into an 
N-terminal domain (NTD; 14-305) and a receptor-binding domain (RBD; 319-541). 
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The S2 subunit, whose function is fusion, consists of the fusion peptide (FP) (788-
806 residues), heptapeptide repeat sequence 1 (HR1) (912-984), HR2 (1163-1213), 
the TM domain (1213-1237), and the cytoplasmic domain (1237-1273). A polybasic 
insertion (PRRAR) characteristic of joining the S1/S2 and S′ domains of SARS-CoV-2 
can be cleaved by furin, and this cleavage is essential for membrane fusion. The model 
of the Spro with labeled domains shown in Figure 2 and results from a detailed all-
atom molecular dynamics simulation (μs trajectory timeframe) of the fully glycosyl-
ated full-length Spro in a viral membrane [32].

The Spro is densely coated with polysaccharides. Each monomer of SARS-CoV-2 
Spro has 22 N-linked glycans, 18 of which were conserved between SARS-CoV 
and SARS-CoV-2 Spro [33]. The glycan shielding has several effects on Spro fold-
ing, its processing by host cell proteases, immune evasion, and the elicitation of a 
humoral immune response. Extensive glycan shielding of the Spro, which blocks 
the surface of the protein, can thereby hide specific epitopes from neutralization 
by antibodies, masking them and facilitating immune evasion [33]. In addition, 
it has been observed that both glycosylated and de-glycosylated S ectodomains 
bind with almost identical affinity to ACE-2 (1.7 nM vs. 1.5 nM); therefore, it has 
been suggested that glycosylation of the Spro does not alter the binding affinity 
of the Spro to ACE-2 [18]. However, the glycan shield of the Spro of SARS-CoV-2 
is thought to be less dense and less effective compared to glycoproteins of other 
viruses such as HIV-1, which may be advantageous for the induction of humoral 
immunity and vaccine development. Therefore, there is great interest in investigat-
ing the potential immunogenicity of glycan components as vaccine candidates 
[34]. Furthermore, the structure bound to ACE2 shows that the omicron variant 

Figure 2. 
The structure of the Spro with labeled domains. The model is based on the cryo-EM structure of SARS-CoV-2 
spike glycoprotein trimer in prefusion conformation with a single receptor-binding domain (RBD) in “up” 
conformation (PDB-ID: 6vsb) [31].
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spike trimer contains an unusual RBD-RBD interaction and other interactions at 
the ACE2-RBD interface, both of which contribute to the higher affinity of ACE2 
for the omicron spike trimer, which is six to nine times higher than that of the wild 
type, WT. The structural analysis of the omicron spike trimer also explains why the 
omicron escapes the most therapeutic antibodies and reduces the efficacy of vac-
cinations. The interaction of omicron spike trimer with ACE2 and Fab antibody is 
shown in Figure 3 [35].

3. SARS-CoV-2 variants and mutations in the spike protein

Genetic sequencing studies have revealed numerous neutral or mildly deleterious 
mutations, mainly single nucleotide polymorphisms (SNPs) and insertions/deletions 
(indels). However, a small percentage of mutations can alter fitness and help the virus 
adapt. These substitutions or deletions can alter peptide polarity and affect the struc-
ture and functionality of viral proteins responsible for infectivity, transmissibility, 
and antigenicity [36]. Several databases and nomenclature systems have been estab-
lished to classify genome sequences and track the epidemiology and genetic evolution 
of SARS-CoV-2. GISAID (The Global Initiative on Sharing All Influenza Data, https://
www.epicov.org) contains millions of SARS-CoV-2 whole-genome sequences [37]. 
The GISAID nomenclature categorizes genomes into clades (based on marker muta-
tions) that help understand large-scale diversity patterns and geographic dispersal. 
Pango nomenclature (https://cov-lineages.org/) is one of the most widely used 
nomenclatures that assigns newly identified genomes to a lineage based on the global 
phylogenetic tree. Based on the extensive sequencing data and observations available, 

Figure 3. 
The structure of SARS-CoV-2 (omicron variant) Spro trimer in complex with ACE2 receptor (PDB ID: 7wpa, 
left) and with Fab antibody (PDB ID: 7wpf, right) [35].
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the WHO has classified the SARS-CoV-2 variants that may pose an increased public 
health risk into the following three groups:

• Variants of Concern (VOC): VOC is defined by increased transmissibility and 
virulence or a decrease in practiced public health and social interventions and 
available therapeutics.

• Variants of Interest (VOI): VOI is defined by variants that have been observed 
to spread in the community and occur in multiple cases or clusters or have been 
detected in different countries.

• Variants under Surveillance (VUM): VUM is defined as a variant with genetic 
alterations that are believed to affect viral properties, and that may pose some 
risk to public health and safety in the future. Increased surveillance and ongo-
ing assessment are needed to gather evidence of these variants’ phenotypic or 
epidemiologic impact.

According to comprehensive data provided by WHO as of May 2, 2021 (https://
www.who.int/en/activities/tracking-SARS-CoV-2-variants/), the above groups are 
summarized in Table 1.

RNA viruses have the highest mutation rates, 1:10,000 to 1:1,000,000 muta-
tions per base pair, due to the lack of proofreading ability of RNA-dependent RNA 
polymerases (RdRp) [38]. However, coronavirus family viruses have a proofreading 

WHO 
label

Pango 
lineage

GISAID 
clade

Earliest documented 
amples

Date of designation

Alpha B.1.1.7 GRY UK, Sep-20 VOC: 18-Dec-20

Beta B.1.351 GH/501Y.V2 South Africa, May-20 VOC: 18-Dec-20

Gamma P.1 GR/501Y.V3 Brazil, Nov-20 VOC: 11-Jan-21

Delta B.1.617.2 G/478 K.V1 India, Oct-20 VOI: 4-Apr-21; VOC: 
11-May-21

Epsilon B.1.427 GH/452R.V1 USA, Mar-20 VOI: 5-Mar-21

Zeta P.2 GR/484 K.
V2

Brazil, Apr-20 VOI: 17-Mar-21

Eta B.1.525 G/484 K.V3 Multiple countries, 
Dec-20

VOI: 17-Mar-21

Theta P.3 GR/1092 K.
V1

Philippines, Jan-21 VOI: 24-Mar-21

Iota B.1.526 GH/253G.V1 USA, Nov-20 VOI: 24-Mar-21

Kappa B.1.617.1 G/452R.V3 India, Oct-20 VOI: 4-Aprl-21

Lambda C.37 GR/452Q.V1 Peru, Dec-20 VOI: 14-Jun-21

Mu B.1.621 GH Colombia, Jan-21 VOI: 30-Aug-21

Omicron B.1.1.529 GR/484A Multiple countries, 
Nov-21

VUM: 24-Nov-21; VOC: 
26-Nov-21

Table 1. 
Summary of VOI, VOC, and VUM as published by the WHO.
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mechanism due to the exoribonuclease (ExoN) domain of nsp14 [39]. Although this 
was expected to contribute to a low mutation rate, more than 6 million viral genomes 
were captured within 2 years (GISAID). Furthermore, the first fitness-enhancing 
mutation at the spike protein was identified only a few months after SARS-CoV-2 
emerged [40]. These findings could be a consequence of the sheer magnitude of 
infection numbers on a global scale. In addition, Gribble et al. [41] have experimen-
tally demonstrated that nsp14-ExoN may play a critical role in RNA recombination 
events during viral replication that can generate genetic variants (Table 2).

As we see in Table 2, the most essential mutations of the SARS-CoV-2 are found 
on the spike protein’s receptor-binding domain (RBD), but that is not the whole story. 
Other important regions are critical to the success of different lineages, like mutations 
in the antibody binding regions found on/near the RBD, on the N-terminal domain 
(NTD) and the S2 domain. Such mutations mainly contribute to the lineages’ anti-
body escape. Some mutations stabilize binding with stabilization of the open con-
formation and add/remove glycosylation sites which are also important. There is also 
the furin cleavage site, one of the vital mutation points that was present in the delta 
variant. The other aspect of mutations is also the influence on testing capabilities. For 
example the mutation S:69/70del that caused the so-called S-drop out in the PCR test-
ing, which was caused by the mutation in the PCR primer region. This mutation was 
later cleverly exploited to quickly distinguish between alpha and non-alpha infections 
and omicron and non-omicron. There are also mutations on the N-gene that are present 
mainly in the omicron lineage, which cause lower sensitivity and even failure of 
detection using lateral flow tests (so-called quick antigen tests). Lastly, there are also 
mutations in other proteins that are significant for novel drug design. The phyloge-
netic analysis of SARS-CoV-2 is presented in Figure 4 (The reader is referred to an 
excellent resource: https://covariants.org/).

The omicron variant mutations potentially attenuate the efficacy of therapeutic 
antibodies and enhance the binding of ACE2. Of even more significant concern, omi-
cron infections have been reported in individuals vaccinated in South Africa and Hong 
Kong [44]. The recent study by Yin et al. reported the biochemical and structural 

No. Mutation Region Virus variant Impact in viral pathogenicity

1 D614G RBD several lineages the most prevalent mutation, increase 
spike density.

2 N501Y RBD B.1.1.7,B.1.351,P.1 antibody escape, may effect host tropism

3 E484K/K/Q/A RBD B.1.351,P.1, B.1.617.1, 
B.1.1.529

antibody escape, increase ACE binding

4 K417N/T RBD B.1.351,P1 antibody escape, vaccine ineffectiveness, 
reinfection

5 L452R, T478K RBD B.1.617 increase ACE binding, antibody escape 
resistance to antibody drugs

6 Q677P/H S1/S2 Several lineages Increasing virus fusion with human cell

7 T478K, Q493K, 
Q498R

RBD B.1.1.529 Increase ACE2-RBD binding

8 Δ69–70 NTD B.1.1.7,B.1.1.529 Immune escape

Table 2. 
Collected key mutations of SARS-CoV-2, which have a substantial impact on the viral pathogenicity.
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characterization of the spike protein trimer of SARS-CoV-2 omicron variant and its 
binding to ACE2. Data show that omicron variant RBD is less stable and more dynamic 
than WT RBD. [35] Omicron differs significantly from all previous versions of SARS-
CoV-2. These mutations in turn have led to important consequences in the behavior 
of the virus, including significant epidemiological characteristics [42, 43]. Namely, 
mutations altered the area recognized by neutralizing antibodies and reduced the 
effectiveness of the immune response elicited by previous variants and vaccines. 
Of particular interest are the neutralizing antibodies that still recognize the virus, 
because knowing them will help us to improve prophylactic and therapeutic strate-
gies and to respond adequately to future variants. There is excellent research done on 
antibody escape by J.D. Bloom et al. [45]. Bloom’s lab plotted the antibody escape in 
dependence on the spike mutation site for Moderna’s vaccine serum and convalescent 
serum. From the plots presented in Figure 5 it’s nicely seen that the mutation on 484 
or 456 sites would cause an antigen to escape from any previously acquired immunity. 
The mutation on 484th residue, present in beta and gamma lineages as E484K and in 
omicron as E484A, confirmed Bloom’s work. The mutation 456 on the other hand, is 
not present so far in any of the WHO’s variants of interests.

Omicron variant mutations thus contributed to the successful transmission of 
the virus from person to person and its faster spread. Surprisingly, the virus with 
so many mutations continues to effectively bind to the ACE2 receptor. Omicron is 
thought to combine various mutations (we know some of them from other vari-
ants), some of which simultaneously help it escape the immune response and 
bind to ACE2 [43]. The mutations have affected the mechanism of viral entry 
into the cell. Unlike other variants, which use the mechanism of fusion with the 
cytoplasmic membrane of the host cell, omicron uses another mechanism of entry, 
namely the uptake by the endosome. According to one hypothesis, this may at least 
partially explain omicron’s preference for the upper respiratory tract (nose and 
throat) [42]. The mutations have also affected the spectrum of hosts—it is known 

Figure 4. 
On the chart we can see the molecular clock, i.e. the number of mutations in a particular sequence dependent on 
the time of sampling. The colors represent variants (clades). The thick line represents the average mutation rate. 
We can see that 21 L (BA.2) omicron, as well as 22A (BA.4), 22B (BA.5), 22C (BA.2.12.1), clearly deviate from 
the average. Nextstrain; 2022-05-31 [42, 43].
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that SARS-CoV-2 can infect a wide range of domestic and wild animals, including 
cats, dogs, ferrets, hamsters, leopards, minks, deer, etc., but not mice and rats. 
However, unlike “conventional” SARS-Cov-2 variants, omicron can bind to the 
ACE2 receptor in turkeys, chickens and mice, as well as rats (linked to N501Y and 
Q498R mutations) [1, 45].

All in all, omicron consists of several genome sublines / subvariants (BA.1, BA.2, 
BA.3, BA.4, BA.5), some of which (BA.1, BA.2) have already been established world-
wide, while the growth of the others (BA.4, BA.5) is increasing at the moment. BA4 
and BA5 appeared in late December 2021 and early January 2022, they are better 
transmissible than earlier versions of omicron (BA2 and especially BA1) and may 
partially escape the immune protection provided by infection with previous variants 
or vaccination. At the beginning of May 2022, infections with BA.4 and BA.5 were 
60–75% of the cases in South Africa, and have been registered in a number of other 
countries in Europe and North America [42, 46]. According to the European Centre 
for Disease Prevention and Control (ECDC; https://www.ecdc.europa.eu/en/news-
events/epidemiological-update-sars-cov-2-omicron-sub-lineages-ba4-and-ba5), 
as of May 13, 2022, BA.5 represents already 37% of the cases in Portugal, and the 
expectation is to become dominant by May 22, 2022. Omicron has a large number of 
mutations (50 as compared to the original variant of SARS-CoV-2 isolated in Wuhan 
in the end of 2019). Its origin is not yet fully established. Clarifying it is extremely 
important not only from a theoretical point of view, but also because it will help us 
to be better prepared to manage with future variants [42]. Among the more recog-
nized hypotheses, we can distinguish four: First, accumulation of mutations during 
its transmission from person to person. It is known that, unlike other RNA viruses, 
coronaviruses, including SARS-CoV-2, carry an editing enzyme system that helps 

Figure 5. 
Bloom plots (https://jbloomlab.github.io/SARS2_RBD_Ab_escape_maps/) top: Moderna’s vaccine serum and 
bottom: Convalescent serum; on 2022-05-31 [45].
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it to correct errors occurring during in RNA molecule synthesis [47, 48]; Second, 
the appearance of such large number of mutations can be facilitated by infecting 
immunosuppressed individuals in whose body the virus persists for a long time, 
which creates conditions for its continuous reproduction and selection of mutations 
that avoid the immune response; Third, the emergence can be related to its circula-
tion (and consequent accumulation of mutations) in animal organisms. This shows 
that we need to monitor the fate of the virus also in the animal kingdom [42]; and 
Fourth, the changes in coronaviruses can be induced through a process of recom-
bination—in this case, the formation of the next vital generation may be the result 
of combining genetic information. It has been reported that this process takes place 
not only in bats, but in humans as well and can lead to the emergence of new vari-
ants and strains [49, 50].

4. In silico comprehensive mutagenesis

We can postulate new viral variants along with key (canonical) mutations, espe-
cially at the receptor binding domain (RBD) of the Spike protein (Spro), improve the 
ability of the virus to recognize relevant host receptor (ACE2) via steric adaptation and 
new interactions with the binding partner. In order to inspect all possible mutations at 
the Spro RBD we performed a comprehensive in silico mutagenesis study using FoldX 
[46]. 3D complexes of Spro wild type along with Spro FoldX mutants were iteratively 
used for ΔΔG prediction. All possible mutations of RBD binding domain of SARS-
CoV-2 S protein (PDB ID: 6M0J) with sequence from K417 towards Y505 (length of 89; 
KIADYNYKLPDDFTGCVIAWNSNNLDSKVGGNYNYLYRLFRKSNLKPFERD 
ISTEIYQAGSTPCNGVEGFNCYFPLQSYGFQPTNGVGY) for a total of 1780 point 
mutations were calculated and the resulting heatmap is presented in Figure 6 [49]. 
Individual point mutation calculations were repeated once and mutations with no 
structural change left for validation purposes where all no-change mutation produced 
ΔΔG energies below 0.1 kcal/mol.

Upon structural inspection and superimposition (PDB ID: 6M0J, 7DK3), the Spro 
RBD-ACE2 interface was identified as: 417 LYS, 445 VAL, 446 GLY, 449 TYR, 453 
TYR, 455 LEU, 456 PHE, 473 TYR, 475 ALA, 476 GLY, 484 GLU, 486 PHE, 487 ASN, 
489 TYR, 493 GLN, 496 GLY, 498 GLN, 500 THR, 501 ASN, 502 GLY, 503 VAL, 505 
TYR. Reference key mutations were placed on this interface such as E484K, Q493N, 
Q493Y, and N501Y with ample experimental data for validation. Namely, N501Y 
confers increased binding affinity to human ACE2 while N501T shows reduced host 
ACE2-binding affinity in vitro all according to P0DTC2 Uniprot reference [47, 48]. 

Figure 6. 
We conducted a full RBD 417–505 mutagenesis study using FoldX in order to assess the key mutations and their 
effects on the stability of the system; in total 1780 point mutations.
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We observed FoldX total energies of 0.37, 0.62, and −0.95 kcal/mol upon point 
mutations E484K, Q493N, and Q493Y respectively in accordance with literature [50]. 
Furthermore, canonical delta L452R, and E484Q displayed insignificant FoldX force 
field Δ energies of 0.04, 0.09 kcal/mol, respectively [51]. If we focus on omicron 
variant, it possesses the following mutations at the Spro RBD not in contact with 
ACE2 binding partner: G339D, S371L, S373P, and S375F. In the ACE2 PPI, however 
the following mutations are present with calculated FoldX Δ energies in kcal/mol: 
K417N: −0.34, G446S: 2.99, N440K: −0.61, S477N: 0.14, T478K: −0.18, E484A: 1.31, 
Q493K: −1.20, G496S: −0.06, Q498R: −0.93, N501Y: 6.18 and Y505H: 1.62. The results 
confirm the observed ensemble of mutations substantially modify the resulting PPI in 
accordance with the literature [52–60]. It should be stressed, that FoldX evaluations 
are single-point only and detailed binding energetics should be further studied by 
experiment supported MD. We postulate however such in silico interaction profiling 
approaches could be further developed to quickly assess key mutations or mutation 
ensembles for further study in the future.

5. Conclusions

One of the most interesting questions is undoubtedly in which direction the 
 evolution of the SARS-CoV-2 will continue. Viruses strive for a successful dissemi-
nation and more intensive replication, which means that they evade the immune 
response and bypass the effects of antiviral agents. The omicron variant (and 
especially its subvariants) represents one of the fastest spreading viruses known. In 
addition, it is more successful at evading the immune response triggered by previous 
variants and/or available vaccines. What would be the profile of the next variant(s) 
to replace omicron? It is clear that the new variant must outperform the old one in 
order to prevail—this is achieved by bypassing the immune response and spreading 
efficiently, as evidenced by the evolution of new (sub)variants. From a public health 
perspective, the most important question is how severe the disease pattern of the next 
variant(s) will be and how effectively we can study the evolution of viral variants 
along with their impact on the drug/vaccine development in the future, with the final 
goal of preventing such future pandemics.

Funding

This study is supported by the National Science Fund, Bulgarian Ministry of 
Education and Science—Grant No. КП-06-КОСТ/16 from 16.12.2020 (AR) as well as 
by the Slovenian Research Agency (ARRS) through the research programs P1-0201 
(CP), P1-0403, P2-0046 and the research project J1-2471 (UB, MJ).

Conflict of interest

Authors declare no conflict of interest.



Current Topics in SARS-CoV-2/COVID-19 - Two Years After

240

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 

Author details

Črtomir Podlipnik1*, Radostina Alexandrova2, Sebastian Pleško1,3, Urban Bren4,5  
and Marko Jukič4,5*

1 Faculty of Chemistry and Chemical Technology, University of Ljubljana, Ljubljana, 
Slovenia

2 Institute of Experimental Morphology, Pathology and Anthropology with Museum, 
Bulgarian Academy of Sciences, Sofia, Bulgaria

3 Reactor Physics Department, Jozef Stefan Institute, Ljubljana, Slovenia

4 Faculty of Chemistry and Chemical Engineering, University of Maribor, Maribor, 
Slovenia

5 Faculty of Mathematics, Natural Sciences and Information Technologies, University 
of Primorska, Koper, Slovenia

*Address all correspondence to: crtomir.podlipnik@fkkt.uni-lj.si; 
marko.jukic@um.si



Perspective Chapter: Bioinformatics Study of the Evolution of SARS-CoV-2 Spike Protein
DOI: http://dx.doi.org/10.5772/intechopen.105915

241

[1] Alexandrova R, Beykov P, Vassilev D, 
Jukić M, Podlipnik Č. The virus that 
shook the world: Questions and answers 
about SARS-CoV-2 and COVID-19. 
Biotechnology and Biotechnological 
Equipment. 2021;35(1):74-102

[2] Kahn JS, McIntosh K. History and 
recent advances in coronavirus discovery. 
The Pediatric Infectious Disease Journal. 
2005;24(11 SUPPL):S223-S227

[3] Zardecki C, Dutta S, Goodsell DS, 
Lowe R, Voigt M, Burley SK. PDB-101: 
Educational resources supporting 
molecular explorations through 
biology and medicine. Protein Science. 
2022;31(1):129-140

[4] De Wit E, Van Doremalen N, 
Falzarano D, Munster VJ. SARS and 
MERS: Recent insights into emerging 
coronaviruses. Nature Reviews 
Microbiology. 2016;14(8):523-534

[5] Lu G, Wang Q , Gao GF. Bat-to-
human: Spike features determining 
“host jump” of coronaviruses SARS-CoV, 
MERS-CoV, and beyond. Trends in 
Microbiology. 2015;23(8):468-478

[6] Hilgenfeld R, Peiris M. From SARS 
to MERS: 10 years of research on highly 
pathogenic human coronaviruses. 
Antiviral Research. 2013;100(1):286-295

[7] Li Q , Guan X, Wu P, Wang X, 
Zhou L, Tong Y, et al. Early transmission 
dynamics in Wuhan, China, of novel 
coronavirus–infected pneumonia. The 
New England Journal of Medicine. 
2020;382(13):1199-1207

[8] Hui DS, Azhar EI, Madani TA, 
Ntoumi F, Kock R, Dar O, et al. The 
continuing 2019-nCoV epidemic threat of 
novel coronaviruses to global health—The 

latest 2019 novel coronavirus outbreak in 
Wuhan, China. International Journal of 
Infectious Diseases. 2020;91:264-266

[9] O’Driscoll M, Ribeiro Dos Santos G, 
Wang L, Cummings DAT, Azman AS, 
Paireau J, et al. Age-specific mortality 
and immunity patterns of SARS-CoV-2. 
Nature. 2021;590(7844):140-145

[10] Lu R, Zhao X, Li J, Niu P, Yang B, 
Wu H, et al. Genomic characterisation and 
epidemiology of 2019 novel coronavirus: 
Implications for virus origins and receptor 
binding. Lancet. 2020;395(10224):565-574

[11] Flanagan KL, Best E, Crawford NW, 
Giles M, Koirala A, Macartney K, et al. 
Progress and pitfalls in the quest for 
effective SARS-CoV-2 (COVID-19) 
vaccines. Frontiers in Immunology. 
2020;11:579250

[12] Kyriakidis NC, López-Cortés A, 
González EV, Grimaldos AB, Prado EO. 
SARS-CoV-2 vaccines strategies: A 
comprehensive review of phase 3 
candidates. NPJ Vaccines. 2021;6(1):28

[13] Jayk Bernal A, Gomes da Silva MM,  
Musungaie DB, Kovalchuk E,  
Gonzalez A, Delos Reyes V, et al. 
Molnupiravir for Oral treatment of 
Covid-19 in nonhospitalized patients. 
The New England Journal of Medicine. 
2022;386(6):502-520

[14] Kabinger F, Stiller C, Schmitzová J, 
Dienemann C, Kokic G, Hillen HS, et al. 
Mechanism of molnupiravir-induced 
SARS-CoV-2 mutagenesis. Nature 
Structural & Molecular Biology. 
2021;28(9):740-746

[15] Drożdżal S, Rosik J, Lechowicz K, 
Machaj F, Szostak B, Przybyciński J, et 
al. An update on drugs with therapeutic 
potential for SARS-CoV-2 (COVID-19) 

References



Current Topics in SARS-CoV-2/COVID-19 - Two Years After

242

treatment. Drug Resistance Updates. 
2021;59:100794

[16] Mahase E. Covid-19: Pfizer’s 
paxlovid is 89% effective in patients at 
risk of serious illness, company reports. 
BMJ. 2021;375:n2713

[17] Malik JA, Ahmed S, Mir A, Shinde M, 
Bender O, Alshammari F, et al. The 
SARS-CoV-2 mutations versus vaccine 
effectiveness: New opportunities to new 
challenges. Journal of Infection and 
Public Health. 2022;15(2):228-240

[18] Duan L, Zheng Q , Zhang H, Niu Y, 
Lou Y, Wang H. The SARS-CoV-2 spike 
glycoprotein biosynthesis, structure, 
function, and antigenicity: Implications 
for the Design of Spike-Based Vaccine 
Immunogens. Frontiers in Immunology. 
2020;11:576622

[19] Tang X, Wu C, Li X, Song Y, Yao X, 
Wu X, et al. On the origin and continuing 
evolution of SARS-CoV-2. National 
Science Review. 2020;7(6):1012-1023

[20] Forster P, Forster L, Renfrew C, 
Forster M. Phylogenetic network analysis of 
SARS-CoV-2 genomes. Proceedings of the 
National Academy of Sciences of the United 
States of America. 2020;117(17):9241-9243

[21] Volz E, Mishra S, Chand M, 
Barrett JC, Johnson R, Geidelberg L, 
et al. Assessing transmissibility of SARS-
CoV-2 lineage B.1.1.7 in England. Nature. 
2021;593(7858):266-269

[22] Tegally H, Wilkinson E, 
Giovanetti M, Iranzadeh A, Fonseca V, 
Giandhari J, et al. Detection of a SARS-
CoV-2 variant of concern in South Africa. 
Nature. 2021;592(7854):438-443

[23] Gu H, Chen Q , Yang G, He L, 
Fan H, Deng YQ , et al. Adaptation of 
SARS-CoV-2 in BALB/c mice for 
testing vaccine efficacy. Science. 
2020;369(6511):1603-1607

[24] Wibmer CK, Ayres F, Hermanus T,  
Madzivhandila M, Kgagudi P, 
Oosthuysen B, et al. SARS-CoV-2 501Y.
V2 escapes neutralization by south 
African COVID-19 donor plasma. Nature 
Medicine. 2021;27(4):622-625

[25] Voloch CM, da Silva 
Francisco R, de Almeida LGP, 
Cardoso CC, Brustolini OJ, Gerber AL, 
et al. Genomic characterization of a 
novel SARS-CoV-2 lineage from Rio 
de Janeiro, Brazil. Journal of Virology. 
2021;95(10):e00119-21

[26] Cherian S, Potdar V, Jadhav S, 
Yadav P, Gupta N, Das M, et al. Sars-
cov-2 spike mutations, L452R, T478K, 
E484Q and P681R in the second wave 
of covid-19 in Maharashtra, India. 
Microorganisms. 2021;9(7):1542

[27] Teng S, Sobitan A, Rhoades R, Liu D, 
Tang Q. Systemic effects of missense 
mutations on SARS-CoV-2 spike 
glycoprotein stability and receptor-
binding affinity. Briefings in 
Bioinformatics. 2021;22(2):1239-1253

[28] Ledford H. Hundreds of COVID 
trials could provide a deluge of new 
drugs. Nature. 2022;603(7899):25-27

[29] Jackson CB, Farzan M, Chen B, 
Choe H. Mechanisms of SARS-CoV-2 
entry into cells. Nature Reviews 
Molecular Cell Biology. 2022;23(1):3-20

[30] Xie Y, Karki CB, Du D, Li H, Wang J, 
Sobitan A, et al. Spike proteins of SARS-
CoV and SARS-CoV-2 utilize different 
mechanisms to bind with human ACE2. 
Frontiers in Molecular Biosciences. 
2020;7:591873

[31] Wrapp D, Wang N, Corbett KS, 
Goldsmith JA, Hsieh CL, Abiona O, et 
al. Cryo-EM structure of the 2019-nCoV 
spike in the prefusion conformation. 
Science. 2020;367(6483):1260-1263



Perspective Chapter: Bioinformatics Study of the Evolution of SARS-CoV-2 Spike Protein
DOI: http://dx.doi.org/10.5772/intechopen.105915

243

[32] Choi YK, Cao Y, Frank M, Woo H,  
Park SJ, Yeom MS, et al. Structure, 
dynamics, receptor binding, and 
antibody binding of the fully 
glycosylated full-length SARS-CoV-2 
spike protein in a viral membrane. 
Journal of Chemical Theory and 
Computation. 2021;17(4):2479-2487

[33] Watanabe Y, Allen JD, Wrapp D, 
McLellan JS, Crispin M. Site-specific 
glycan analysis of the SARS-CoV-2 spike. 
Science. 2020;369(6501):330-333

[34] Zhao X, Chen H, Wang H. Glycans 
of SARS-CoV-2 spike protein in virus 
infection and antibody production. 
Frontiers in Molecular Biosciences. 
2021;8:629873

[35] Yin W, Xu Y, Xu P, Cao X, 
Wu C, Gu C, et al. Structures of the 
omicron spike trimer with ACE2 and 
an anti-omicron antibody. Science. 
2022;375(6584):1048-1053

[36] Thakur S, Sasi S, Pillai SG, Nag A, 
Shukla D, Singhal R, et al. SARS-CoV-2 
mutations and their impact on diagnostics, 
therapeutics and vaccines. Frontiers in 
Medicine. 2022;9:815389

[37] Shu Y, McCauley J. GISAID: Global 
initiative on sharing all influenza data – 
From vision to reality. Eurosurveillance. 
2017;22(13):30494

[38] Sanjuán R, Nebot MR, 
Chirico N, Mansky LM, Belshaw R. Viral 
mutation rates. Journal of Virology. 
2010;84(19):9733-9748

[39] Robson F, Khan KS, Le TK, Paris C, 
Demirbag S, Barfuss P, et al. Coronavirus 
RNA proofreading: Molecular basis and 
therapeutic targeting. Molecular Cell. 
2020;79(5):710-727

[40] Harvey WT, Carabelli AM, 
Jackson B, Gupta RK, Thomson EC, 

Harrison EM, et al. SARS-CoV-2 variants, 
spike mutations and immune escape. 
Nature Reviews Microbiology. 
2021;19(7):409-424

[41] Gribble J, Stevens LJ, Agostini ML, 
Anderson-Daniels J, Chappell JD, Lu X, 
et al. The coronavirus proofreading 
exoribonuclease mediates extensive 
viral recombination. PLoS Pathogens. 
2021;17(1):e1009226

[42] Hadfield J, Megill C, Bell SM, 
Huddleston J, Potter B, Callender C, 
et al. Nextstrain: Real-time tracking of 
pathogen evolution. Bioinformatics. 
2018;34(23):4121-4123

[43] Xiong C, Liu X, Xiong J, Sun Z, 
Hu W, Hu J, et al. Omicron: A chimera 
of two early SARS-CoV-2 lineages. 
2022;7(1):90

[44] Shah M, Woo HG. Omicron: A 
heavily mutated SARS-CoV-2 variant 
exhibits stronger binding to ACE2 and 
potently escapes approved COVID-19 
therapeutic antibodies. Frontiers in 
Immunology. 2022;12:838527

[45] Eguia RT, Crawford KH, 
Stevens-Ayers T, Kelnhofer-Millevolte L, 
Greninger AL, Englund JA, et al. A 
human coronavirus evolves antigenically 
to escape antibody immunity. PLoS 
Pathogens. 2021;17(4):e1009453

[46] Buß O, Rudat J, Ochsenreither K. 
FoldX as protein engineering tool: 
Better than random based approaches? 
Computational and Structural 
Biotechnology Journal. 2018;16:25-33

[47] Motozono C, Toyoda M, Zahradnik J, 
Saito A, Nasser H, Tan TS, et al. SARS-
CoV-2 spike L452R variant evades 
cellular immunity and increases 
infectivity. Cell Host & Microbe. 
2021;29(7):1124-1136



Current Topics in SARS-CoV-2/COVID-19 - Two Years After

244

[48] Shang J, Ye G, Shi K, Wan Y, 
Luo C, Aihara H, et al. Structural basis 
of receptor recognition by SARS-CoV-2. 
Nature. 2020;581(7807):221-224

[49] Jukić M, Kralj S, Nikitina N, 
Bren U. Bioinformatic and MD analysis 
of N501Y SARS-CoV-2 (UK) variant. In: 
International Conference on Computer 
Science Protecting Human Society 
against Epidemics. Cham: Springer; 2021. 
pp. 1-13

[50] Wang WB, Liang Y, Jin YQ , 
Zhang J, Su JG, Li QM. E484K mutation 
in SARS-CoV-2 RBD enhances 
binding affinity with hACE2 but 
reduces interactions with neutralizing 
antibodies and nanobodies: Binding 
free energy calculation studies. Journal 
of Molecular Graphics and Modelling. 
2021;109:108035

[51] Li Q , Wu J, Nie J, Zhang L, Hao H, 
Liu S, et al. The impact of mutations 
in SARS-CoV-2 spike on viral 
infectivity and antigenicity. Cell. 
2020;182(5):1284-1294

[52] Lupala CS, Ye Y, Chen H, Su XD, 
Liu H. Mutations on RBD of SARS-
CoV-2 omicron variant result in stronger 
binding to human ACE2 receptor. 
Biochemical and Biophysical Research 
Communications. 2022;590:34-41

[53] Hatmal MMM, Alshaer W,  
Al-Hatamleh MA, Hatmal M, 
Smadi O, Taha MO, et al. Comprehensive 
structural and molecular comparison 
of spike proteins of SARS-CoV-2, 
SARS-CoV and MERS-CoV, and 
their interactions with ACE2. Cell. 
2020;9(12):2638

[54] Saville JW, Mannar D, Zhu X,  
Srivastava SS, Berezuk AM,  
Demers JP, et al. Structural and 
biochemical rationale for enhanced 
spike protein fitness in delta and 

kappa SARS-CoV-2 variants. Nature 
Communications. 2022;13(1):1-10

[55] Roy U. Comparative structural 
analyses of selected spike protein-
RBD mutations in SARS-CoV-2 
lineages. Immunologic Research. 
2022;70(2):143-151

[56] Nie C, Sahoo AK, Netz RR, 
Herrmann A, Ballauff M, Haag R. Charge 
matters: Mutations in omicron variant 
favor binding to cells. Chembiochem. 
2022;23(6):e202100681

[57] Mittal A, Khattri A, Verma V. 
Structural and antigenic variations in 
the spike protein of emerging SARS-
CoV-2 variants. PLoS Pathogens. 
2022;18(2):e1010260

[58] Gómez SA, Rojas-Valencia N, 
Gómez S, Cappelli C, Restrepo A. The 
role of spike protein mutations in the 
infectious power of SARS-COV-2 variants: 
A molecular interaction perspective. 
Chembiochem. 2022;23(7):e202100393

[59] Magazine N, Zhang T, Wu Y,  
McGee MC, Veggiani G, Huang W.  
Mutations and evolution of the 
SARS-CoV-2 spike protein. Viruses. 
2022;14(3):640

[60] Kistler KE, Huddleston J, Bedford T. 
Rapid and parallel adaptive mutations 
in spike S1 drive clade success in 
SARS-CoV-2. Cell Host & Microbe. 
2022;30(4):545-555



245

Chapter 14

Perspective Chapter: Real-Time 
Genomic Surveillance for  
SARS-CoV-2 on Center Stage
Mercedes Paz, Pilar Moreno and Gonzalo Moratorio

Abstract

The course of the COVID-19 pandemic depends not only on how the SARS-CoV-2 
virus mutates but on the actions taken to respond to it. Important public health 
decisions can only be taken if we know viral dynamics, viral variants distribution, 
and whether new variants are emerging that may be more transmissible or/and more 
virulent, displaying evasion to vaccines or antiviral treatments. This situation has put 
the use of different approaches, such as molecular techniques and real-time genomic 
sequencing, to support public health decision-making on center stage. To achieve this, 
robust programs based on: (i) diagnostic capacity; (ii) high-throughput sequencing 
technologies; and (iii) high-performance bioinformatic resources, need to be estab-
lished. This chapter focuses on how SARS-CoV-2 evolved since its discovery and it 
summarizes the scientific efforts to obtain genomic data as the virus spread through-
out the globe.

Keywords: genomic surveillance, SARS-CoV-2, variant of concern, sequencing, PCR, 
genotyping, phylogenetic trees

1. Introduction

At the early stages of the COVID-19 pandemic, sequencing the full genome of 
SARS-CoV-2 was key to investigate the newly emerging outbreak of pneumonia in 
Wuhan, China. In addition, this fact provided evidence that it was being caused by a 
novel virus belonging to the family Coronaviridae [1–3]. The viral sequence became 
public very rapidly, permitting the scientific community to carry out analyses and 
pandemic preparedness to start promptly [4]. Back then, having available the full 
viral genomic sequence made possible the development of rapid and affordable 
molecular diagnostic tools to isolate infectious patients (symptomatic and asymp-
tomatic). This was the first weapon to control the disease spread, given the lack of 
approved therapeutics and vaccines at that time [5, 6]. Later on, genomic surveillance 
of the virus played a center role in the prevention and control of the disease through-
out the course of the pandemic [7]. In fact, it made it possible to study many different 
aspects of the disease, such as the transmission patterns of the virus, the time and 
from where the virus was introduced into a country, and local and superspread-
ing events. Most notably, genomic surveillance was key to track virus evolution, 
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evidencing the emergence of genomic variants worldwide. Those variants that are 
more transmissible or virulent, and/or can decrease the effectiveness of treatments, 
vaccines, and public health measures were defined, by the WHO - in consultation 
with the Technical Advisory Group on Virus Evolution - as variants of Concern 
(VOC) [8]. To date, five VOCs (named Alpha, Beta, Gamma, Delta, and Omicron) 
have emerged at different times and places as a result of viral evolution displaying 
different features compared to the first strain isolated from Wuhan. Among these, 
Alfa, Beta, Gamma, and Delta are now designated former VOCs as they appear to no 
longer circulate in the population. Omicron and its descendent sub-lineages are, at 
the time of writing this chapter, the only circulating VOCs [8]. The five VOCs have 
demonstrated to be able to act as ‘game changers’, reshaping infection dynamics and 
causing new waves of infections in many countries. Periodic genomic sequencing of 
viral samples kept the world informed in a global pandemic setting and facilitated 
proper public health measures to be made. Implementation of comprehensive real-
time genomic surveillance programs is vital for monitoring, detecting, and character-
izing new variants, helping sanitary authorities to better manage the crisis.

2. SARS-CoV-2 then

Whole-genome sequencing of specimens of an outbreak of pneumonia in Wuhan, 
China in December 2019, led to the discovery of a previously uncharacterized virus 
capable of infecting humans [2]. The first annotation of the complete 29,903 nucleo-
tide-length genome of SARS-CoV-2 revealed it was a positive-sense, single-stranded 
RNA virus from the genus Betacoronavirus (β-CoVs). Comparative phylogenetic 
analysis shed light on the genomic organization of SARS-CoV proving that it shared 
key structural similarities with coronaviruses including SARS-CoV the causative 
agent of the severe acute respiratory syndrome outbreak in Asia in 2003. In addition, 
this novel virus, like many other members of the β-CoVs genus, had its evolutionary 
roots in viruses known to commonly infect bats [9, 10]. Yet, none of the SARS-CoV-2 
related coronaviruses that can be found in public databases present more than 99% 
similarity to SARS-CoV-2 across the genome as a whole, suggesting that none of these 
viruses could be its direct ancestor. Efforts to find possible reservoirs and/or an inter-
mediate host of the virus in wild animals’ reservoirs, mostly bats and pangolins, had 
still not made clear the exact emergence event of the virus in the human population. 
The genome of SARS-CoV-2 has a rather mosaic pattern, to which different progeni-
tors seem to contribute [11].

The closest related bat-borne virus at the whole-genome level identified so far is 
RaTG13 (from R. affinis, China, 2013), sharing 96.2% identity with SARS-CoV-2 [3]. 
Despite its apparent higher percentage of similarity, the receptor binding domain 
(RBD) sequence of the Spike (S) protein of SARS-CoV-2 shows a significant diver-
gence from the RaTG13 strain. RaTG13 lacks the four-residue (PRRA) insertions at 
the furin cleavage site on the S protein, essential for viral binding to human cell recep-
tors and infection [12, 13]. Furthermore, the authors referenced in [13] demonstrated 
the binding affinity between the RaTG13 RBD and human angiotensin-converting 
enzyme 2 (hACE2) to be approximately 70-fold lower than that between the SARS-
CoV-2 RBD and hACE2. Further phylogenetic analysis identified pangolin-derived 
coronaviruses clustering with RaTG13 and SARS-CoV-2 and sharing a higher amino 
acid similarity to the RBD of SARS-CoV-2 (97.4%) [14]. This analysis raised the 
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possibility that SARS-CoV-2 might have originated from a recombination event of a 
virus similar to pangolin-CoV with one similar to RaTG13 [15, 16]. Other groups have 
identified coronaviruses sampled from bats that shared higher similarity to the RBD 
of SARS-CoV-2, as STT182 and STT200 sampled from Cambodia [17] and BANAL-52 
and BANAL-103 sampled from Laos [18]. Of note, comparative sequence analysis of 
the viruses sampled in Laos showed that those viruses have an RBD with only one or 
two amino acidic mismatches at the 17 residues that interact with the hACE2 receptor. 
Many more groups continued collecting genomic sequence data of coronaviruses and 
sampling animal reservoirs to better understand the exact spillover event and emer-
gence process of SARS-CoV-2. These studies are of high importance due to the latent 
threat of the emergence and re-emergence of infectious diseases from animal origins.

3.  Understanding SARS-CoV-2 long game: mechanisms for viral evolution 
and variant emergence

SARS-CoV-2 has acquired many mutations over the course of the pandemic, 
 resulting in altered viral replication and transmission. One of the mechanisms that 
can explain the generation of new genomic variants is that, SARS-CoV-2 as well as all 
CoVs, rely on an error prone RNA-dependent RNA polymerase (RdRp) to replicate 
within the host’s cells to produce more viral particles [19]. The errors that occurred 
during replication, however, are corrected by nsp14-ExoN, a 3′-to-5′ proofread-
ing exoribonuclease that acts on both ssRNA and dsRNA, which helps the virus to 
reduce its error rate 100–1000-fold compared to other RNA viruses [20]. This repair 
mechanism however is not flawless, resulting in the retention of some of the mutations 
during replication. The error rate for SARS-CoV-2 replication has been estimated to 
be in the range of 10−4–10−3 nucleotide substitutions per site per year, which means the 
viral genome can acquire approximately two mutations per month [21]. Although most 
acquired mutations are synonymous - producing a change in the ARN sequence but 
not the amino acid composition- some are non-synonymous, which allows the virus 
to acquire a different amino acid composition. When these mutations help the virus 
to reproduce and transmit better in the host, either by improving the virus intrinsic 
fitness, the interaction with key host cell components, or by permitting the virus to 
escape from the host immune system, they exert a positive selection force resulting in 
the appearance of new variants [22].

Another mechanism that has been proposed to drive SARS-CoV-2 variants’ 
emergence is recombination [23–26]. For positive sense-RNA viruses, recombina-
tion can occur within a cell that was coinfected with more than one genomic species 
via a process known as ‘strand switching’ mediated by the viral RdRp, producing 
chimeric subgenomic RNA and proteins [27, 28]. Recombination has been com-
monly observed in β-CoVs, most notably in SARS-CoV and MERS-CoV [27, 29–31]. 
Unlike the mutations acquired due to errors occurring via the replication process, 
recombination allows the virus to acquire larger genome sections more quickly and 
causes dramatic changes in the SARS-CoV-2 phenotype [32, 33]. These recombina-
tion events have been identified throughout the genome, but most of them have 
been detected in the ORF1a and N-terminus regions of the S protein [25]. Mutations 
in the S protein have been of more attention as it plays a critical role in viral infec-
tion and immunity, although mutations in other genes can play a role in viral 
replication and fitness.
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4. Tracking SARS-CoV-2 evolution worldwide

Tracking the evolution of SARS-CoV-2 was made possible by the state-of-the-art 
molecular and bioinformatic tools that were rapidly adapted for an efficient data-
driven response against the COVID-19 pandemic. Although these tools are now used 
widely, they did not exist a couple of decades ago. SARS-CoV-2 is the first virus to 
which its evolution has been monitored and assessed in real time since its discovery, 
leading to the accumulation of an unprecedented volume of data - more than 11 
million SARS-CoV-2 genomes have been sequenced up to the time of writing this 
chapter [34].

4.1 Whole-genome sequencing

Next-generation sequencing has been the major molecular tool to identify 
and study viral genomic variants. Its widespread application turned out to be 
possible thanks to the extensive collaborative efforts of the scientific community 
for developing standardized sequencing protocols and making public the bio-
informatics workflows for consensus genome assembly. The main method used 
for the identification of SARS-CoV-2 variants relied on sequencing the whole 
genome of the virus. For this purpose, several sequencing technologies have 
been employed, including Illumina, Oxford Nanopore, Pacbio, Ion Torrent, BGI, 
Sanger and Qiagen; where the first two remain the most used platforms. The 
protocol for sequencing SARS-CoV-2 by these two technologies employs a tailed 
amplicon sequencing approach. The protocol for nanopore sequencing of tiled 
PCR-generated amplicon pools was developed by the ARTIC Network [35] in 2017 
for sequencing Ebola, Zika, and Chikungunya viral genomes [36]. It has been 
adapted throughout the course of the pandemic in order to convert into a rapid 
and cost-effective method to acquire high-quality genomic data at a great scale 
[37]. This method proved to be helpful for obtaining whole viral genomes from 
clinical samples with limited viral genomic material promptly, as it is the only 
technology capable of sequencing in real-time long-read nucleic acid sequences. 
Other approaches like sequence capture methods, that enrich libraries by using 
sequence capture with a respiratory virus panel containing probes against SARS-
CoV-2, have also been used particularly as a tool for recovering more data for low 
input samples [38].

Having the information on the entire viral genome not only permits us to 
identify viral variants, but it is also essential to perform phylogenetic analysis 
to study viral evolution. It has helped scientists to answer several questions, for 
example, understanding whether an outbreak was caused by imported viruses or 
by community transmission, through tracking when and where new mutations are 
introduced in a geographical region [39]. This information was particularly valu-
able at the beginning of the pandemic when there were no treatments available, as 
it provides evidence of high-risk transmission routes prompting enhanced public 
health control measures. Additionally, phylogenetics was also used to monitor the 
effectiveness of global travel restrictions and lockdowns. Later, with the appear-
ance of the variants of concern harboring distinctive mutations, having their 
whole-genome sequence provided valued data for understanding their emergence 
and distribution across the globe and also to investigate the risk associated with 
specific mutations.
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4.2 RT-qPCR

Another molecular tool that turned out to be extremely valuable to investigate 
the prevalence of emerging viral variants is multiplex real-time RT-qPCR [40]. 
This assay has been employed by different groups to identify genomic fingerprints 
associated with emerging VOCs. VOCs specific mutations, such as amino acid 
S deletion 69–70 (del69-70) found first in Alpha and later in Omicron BA.1, S 
deletion 241 in VOC Delta, and ORF1a nucleotide deletion 3675–3677 in VOC 
Gamma and Beta, generate a negative or a significantly weaker positive result in 
the PCR when the target probe is designed to align with the deletion. This failure 
of the amplification target caused by the specific mutation in a gene is known as 
gene target failure or gene dropout [41–43]. Choosing this method works perfectly 
for monitoring the introduction of a variant in a population when another one is 
already circulating at high prevalence, as it becomes evident very quickly when the 
two variants display a different PCR gene dropout pattern [44]. For example, this 
method was used to evidence the introduction of the VOC Gamma into Uruguay, 
as this VOC has the ORF1ab deletion which displaced the other lineages with no 
ORF1ab deletion circulating before Gamma introduction [45]. The use of this 
method is more convenient in resource-limited settings compared to sequencing, 
as the latter is time-consuming, costly, and requires extensive data processing 
[46]. RT-qPCR-based variant analysis of SARS-CoV-2 is rapid, low-cost, and does 
not require bioinformatics expertise. Another TaqMan-based RT-qPCR that was 
widely used to estimate VOC prevalence was an assay that can detect specific 
amino acid substitutions or single nucleotide polymorphisms (SNPs) present in 
VOCs,  particularly in the S gene [47]. Ascertaining SNPs allowed certain coun-
tries to estimate the prevalence of the variants carrying specific mutations in a 
population.

Employing the methods mentioned above, genomics consortiums – networks 
of multidisciplinary workgroups with diverse expertise – were created in many 
countries around the world for real-time monitoring for SARS-CoV-2 genomic 
variants with public health implications. Following a sentinel strategy, samples that 
tested positive for SARS-CoV-2 are collected weekly from different regions within a 
country in order to adequately represent the geographic spread, to then send them 
for whole-genome sequencing to a laboratory that can perform molecular and bioin-
formatics analysis. As an example of this strategy, genomic surveillance of SARS-
CoV-2 in Uruguay during the firsts months of 2021 was focused on a representative 
number of samples collected from all provinces of the country, as a need for detect-
ing the imminent introduction of the VOC Gamma promptly, as this variant was 
circulating at great scale in neighbor countries (mostly Brazil and Argentina) by the 
time Uruguay was just starting to vaccinate its population. Phylogenetics analysis 
revealed that SARS-CoV-2 was introduced into Uruguay from multiple routes to 
then become the most prevalent variant in a matter of weeks, most likely causing 
the first wave of coronavirus in the country [45]. Later on, when Uruguay started to 
ease travel restrictions due to low positive cases and a high vaccination percentage, 
genomic surveillance started to focus mostly on the variants that could be imported 
by international travelers and their close contacts in the community. In this way, the 
introduction of the VOC Delta, Beta, and Alfa was detected in travelers, where only 
Delta surpassed the prevalence of Gamma that was previously circulating in great 
proportion.
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4.3 Nomenclature schemas to explain SARS-CoV-2 phylogeny

Different standardized nomenclatures schemas have been developed by 
 bioinformatic investigators in charge of tracking SARS-Cov-2 population dynamics to 
define and explain the divisions of the different viral genomes circulating globally.

There are currently mainly three schemas. Two are based on clade separation: 
the Nextstrain and GSAID [34, 48], where a clade is defined as a group of organisms 
that include a single ancestor in all its descendants. Both Nextstrain and GSAID aim 
to provide generic categorization of globally circulating diversity. The other schema, 
Phylogenetic Assignment of Named Global Outbreak Lineages (Pangolin) was 
developed to implement the dynamic nomenclature of SARS-CoV-2 lineages and to 
correspond to outbreaks [49]. Later on, the WHO recommended using letters of the 
Greek alphabet to designate viral variants in order to make the use of the nomencla-
ture schemas easier for the general public without previous knowledge in bioinfor-
matics and to ease the discussion about the topic [8].

5. Variants of concern

As of June 2022, there were five reported lineages defined as VOCs by the WHO 
[8]. Alpha, Beta, Gamma, and Delta were all first detected between late 2020 and 
January 2021. Omicron was the fifth emerging VOC, first reported in South Africa a 
year later in November 2021. Phylogenetic analysis of SARS-CoV-2 whole genomic 
sequences shows clearly that these variants did not emerge one from another but 
that they emerged from the ancestral SARS-CoV-2 genotype (Wuhan-Hu reference 
sequence) as shown in Figure 1.

VOCs have acquired many mutations independently by convergent evolution, 
which provided them with either enhanced transmissibility, higher severity of dis-
ease, or lower neutralization capacity by vaccine and/or sera from people who recov-
ered from COVID-19. Most of these mutations are located at the subunit 1 (S1) of the 
spike protein, especially in the RBD and NTD domains. Interestingly, although VOCs 
are genetically divergent, they share many amino acid mutations at the S1 subunit as 
schematized in Figure 2, whereas they do not share mutations at the subunit 2 (S2). 
This phenomenon is hypothesized to have occurred most likely because the S1 subunit 
is the most immunodominant viral region and the one under a higher and constant 
selective pressure, as 90% of the neutralizing antibodies found in COVID-19 conva-
lescent plasma were found to block the RBD [51].

5.1 Alpha

The VOC Alpha – defined as Pango lineage B.1.1.7 and Nextstrain clade 20I/V1– was 
the first VOC, identified by the COVID-19 Genomics UK Consortium (CoG-UK). 
It was first sampled in late September of 2020 [52] from a rapid rise in cases in the 
southeast of England during a national lockdown and caused a second wave of 
infections in December 2020 [44, 53]. It has 17 mutations located at the S, N, ORF1ab, 
and ORF8 genes and exhibited around a 50% increase in transmissibility over previ-
ously circulating lineages [44, 54]. The several amino acid mutations carried in S 
protein were proven to be of epidemiological concern as they play a crucial role in 
the infectivity and pathogenicity of the virus. The N501Y substitution (also found in 
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Figure 1. 
Phylogenetic tree showing divergent SARS-CoV-2 VOCs emerging from the ancestral Wuhan Hu-1 strain sequence. 
Data was downloaded from Nextstrain [48] under a CC BY 4.0 license and corresponds to a subsampling of 
reference genomic sequences from GISAID [34]. The phylogenetic tree was edited with FigTree v1.4.4 [50].

Figure 2. 
Shared amino acid mutations of VOCs at the S protein S1 subunit. NTD, amino-terminal domain; RBD, 
receptor-binding domain; RBM, receptor-binding motif; SD, subdomain; S1/S2, the junction between the exposed 
S1 attachment domain and the partially buried S2 fusion domain; FP, fusion peptide; HR, heptad repeat; CTD, 
C-terminal domain.
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Beta, Gamma, and Omicron) located at the RBD, increases the binding affinity to the 
human ACE2 receptor and improves transmissibility [55]. The authors referenced in 
[56] developed a mouse-adapted strain model (MASCp6) to evaluate the SARS-CoV-2 
infectivity and virulence after intranasal inoculation and observed that the N501Y 
mutation favors interaction with ACE2 and promotes virus entry, and increases infec-
tivity in mouse lung tissue. Recent studies have suggested that the N501Y mutation 
has a low impact on clinical outcomes and pathogenicity [53, 57] and on the immune 
response generated by monoclonal antibodies (mAbs), vaccines, or previous infec-
tions [58, 59]. Conversely, in the work referenced in [60], the group evaluated more 
than 2.2 million people with SARS-CoV-2 positive tests and 17,452 related deaths in 
England and observed a 61% higher mortality rate in those infected with the B.1.1.7 
variant than other pre-existing variants. Likewise, another group that assessed the 
mortality rate of this variant showed Alpha appears to have a 30% higher mortality 
rate along with other variants of SARS-CoV-2 [61]. Moreover, an increased likelihood 
of hospitalizations was observed for Alpha cases compared to non-Alpha cases [62]. 
Thus, this variant presented increased transmissibility and virulence and increased 
the risk of contracting a more severe disease. The P618H substitution on the S protein 
is reported as a key determinant for efficient SARS-CoV-2 transmission. It is located 
immediately adjacent to the furin cleavage site, which is essential for viral entry into 
the host’s cell [63]. Alpha also possesses two amino acid deletions (del69-70) in the 
S1 of the S protein. It was demonstrated that this variant requires this deletion for 
efficient cleaved S protein incorporation and infectivity, thus promoting cell entry 
and cell-to-cell fusion activity [64].

Several studies have demonstrated that existing vaccines remained protective of 
this variant. For example, the susceptibility of Alpha to mRNA vaccines, specifically 
the BNT162b from Pfizer Biontech has not been seen to be affected in great measure. 
Cohort studies from Israel and Qatar – which were the first countries to have a high 
vaccination rate at the time Alpha was spreading in the population – demonstrated 
that the vaccine retained more than 90% efficacy against Alpha after a second dose 
[65]. For the Novavax vaccine NVX-CoV2373, clinical trials showed that the vac-
cine efficacy against Alpha was 86.3% [66], proving that it could still retain a high 
efficacy. Regarding the susceptibility to neutralization by commercial mAbs or sera 
from patients that recovered from COVID-19, Alpha was shown to be susceptible to 
neutralization [67].

5.2 Beta

The VOC Beta – defined as Pango lineage B.1.351 and Nextstrain clade 20H/V2 – has 
the earliest clinical sample date of September 2020, and was the cause of a second 
wave of infections in South Africa. The South African Genomic Surveillance Network 
(NGS-SA) reported that it was the most prevalent variant sequenced from October 
2020 to May 2020 and it was estimated to be around 50% more transmissible than 
the Wuhan strain [68]. Following its discovery, it was reported in at least 119 coun-
tries but it has not been detected since March 2022 [69]. Beta variant contains eight 
mutations in S protein: three are located at the RBD (mutations K417N, E484K, and 
N501Y) and five are located in the NTD (substitutions L18F, R246I, D80A, and D215G 
and three amino acid deletion 242–244). The N501Y mutation is associated with 
increased affinity to the hACE2 receptor as discussed above for Alpha. The amino acid 
substitution K417N, also found in Delta and Omicron, replaces a lysine (positively 
charged) for an asparagine (neutral charge), resulting in a reduced positive-positive 
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charge repulsion between S protein and hACE2 receptor [70] which favors RBD-
hACE2 interaction. The E484K substitution extends the amino acid side chain and 
creates a change in the charge of the amino acid from negative to positive. It was 
found also in Gamma and Alpha sub-lineages and was important for improving the 
association of the S protein with hACE2 and it was mostly associated with immune 
escape [71, 72]. Most of the antibody-based therapies for COVID-19 have shown 
to decrease the efficacy against Beta. Regarding immune escape from convalescent 
plasma, the group referenced in [73] showed in studies using a pseudovirus express-
ing Beta S protein that this variant had almost a complete escape from neutralization, 
but not binding, by convalescent plasma [73]. Another study showed that the neutral-
ization titers were reduced 13.3-fold for Beta compared with an early Wuhan-related 
isolate viral strain in 34 convalescent plasma samples from a cohort of patients 
infected during the first wave of infections in the UK, where precisely 14 of 34 failing 
to reach the 50% neutralization titer (NT50) at a 1:20 dilution and some showing 
almost complete knockdown of activity [74]. Furthermore, it was shown that Beta-
specific and cross-reactive RBD antibodies from the serum of Beta-infected patients 
had reduced neutralization of wild-type virus [75]. Regarding immune escape from 
mAb treatments, the VOC Beta has a widespread escape from mAb neutralization 
largely driven by E484K. This mutation interferes with the binding of several class 
1 and 2 mAbs that target the receptor binding motive. The group referenced in [74] 
showed that Beta is much more difficult to neutralize than previous circulating viral 
strains, as the neutralization capacity of 14 out of 20 mAbs used in the study was 
seriously compromised and some of their neutralization was completely abolished 
[74]. Regarding vaccines, the immunity acquired by all the available vaccines (Pfizer-
BioNTech, Moderna, AstraZeneca-Oxford, Johnson and Johnson, Novavax) has been 
shown to have reduced neutralization capacity against this variant [76] although 
vaccine effectiveness against fatal disease from Beta infections has been shown to 
remain high [77]. Furthermore, there is evidence that Beta may have caused increased 
disease severity as it was associated with in-hospital mortality increase in the second 
wave in South Africa compared to the first wave [78]; although the authors state these 
findings could be attributed to admissions in the second wave being more likely in 
older individuals and to an increment on the health system pressure.

5.3 Gamma

VOC Gamma – defined as Pango lineage P.1 and Nextstrain clade 20 J/V3 – was 
the third VOC identified. It was first detected in Japan in travelers returning from 
the Amazonas state in Brazil in January 2021 [79]. It originated in Brazil where the 
earliest documented samples are associated with an outbreak in Manaus, capital of 
the Amazonas state, in November 2020 which was preceded by a period of faster 
molecular evolution [80]. Its high transmissibility became rapidly evident after the 
observation of a short period between its emergence and its high prevalence in the 
reported cases from the Amazonas state [81]. Gamma introduction in Brazil and its 
neighboring countries in South America was followed by the displacement of previ-
ously circulating SARS-CoV-2 variants and a rapid increase in prevalence in the entire 
continent. As an illustration of this phenomenon, Uruguay, which shares 600 miles 
of dry border with Brazil, is a clear example of how Gamma worsened the COVID-19 
pandemic as this country experienced an exponential increase in COVID-19 cases 
after the variant was introduced. By June 2021, Uruguay was among the countries 
with the highest number of daily cases and deaths per million persons [82] which 
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could be attributed to an almost 100% Gamma prevalence. Also, Gamma accounted 
for the high number of infections in several South American and Caribbean countries 
by June 2021 - the most affected region by this VOC. It has been reported in more 
than 86 countries since its discovery but is no longer detected since December 2021. 
Gamma is characterized by mutations N501Y, E484K (also seen in VOCs Beta and 
Omicron), and K417T in the RBD. It also contains five mutations in the NTD, among 
which the substitution L18F has a known impact of interfering with the binding of 
neutralizing antibodies targeting NTD. There is also a mutation in nucleocapsid (N) 
protein P80R and the deletion in ORF1a(Nsp6) gene at positions 3675–3677 (also 
present in Alpha and Beta). Having the mutation N501Y confers Gamma with an 
increased affinity for the hACE2 receptor as mentioned before for Alpha and Beta 
[83]. Gamma was proved to be between 1.4 and 2.2 times more transmissible than the 
Wuhan strain [80]. The E484K mutation, associated with immune evasion, supports 
that this variant is able to infect and cause illness in persons previously infected with 
other variants, which explained the resurgence of COVID-19 cases in Manaus despite 
the high seroprevalence in its population [84, 85]. In addition, Gamma was associ-
ated with increased mortality risk and severity of COVID-19 cases in younger age 
groups – corresponding to the unvaccinated population at that time in Brazil [86]. 
The mortality rate associated with Gamma infections was estimated to be 1.1-fold to 
1.8-fold higher than with earlier variants and people infected with Gamma showed to 
have approximately 3 to 4 times higher viral loads [80].

5.4 Delta

VOC Delta – defined as Pango lineage B.1.617.2 and Nextstrain clade 21A – is the 
fourth VOC identified. It was first detected in India during an uncontrollable surge 
of COVID-19 infections that hit the country in May 2021 [87] and spread rapidly 
worldwide causing a second global wave by mid-2021. Delta rapidly outcompeted 
Alpha and was determined to be approximately 60% more transmissible [88], leading 
the WHO to classify Delta as a Variant of Concern on May 11, 2021. It has a total of 10 
amino acid mutations in the S protein: T19R, G142D, 156del, 157del, R158G, L452R, 
T478K, D614G, P681R, and D950N. Both L452R and T478K are located at the RBM of 
the S protein and have been shown to enhance the binding affinity of the virus to the 
host cell leading to increased infectivity [89] and reduce the neutralizing activity of 
monoclonal antibodies and convalescent plasma [90, 91]. The mutation L452R when 
present together with the T478K mutation was shown to increase the stability of the 
spike protein, which could alter the interaction capacity of neutralizing antibodies 
[92]. The T478K mutation substitutes the non-charged amino acid threonine with a 
positively charged lysine, which alters the electrostatic surface in the RBD, affecting 
the protein interaction with the cellular receptor [93]. The P618R is located adjacent 
to the polybasic furin cleavage site between S1 and S2 and makes the sequence less 
acidic. This alteration has been demonstrated to be key in enhancing Delta infectivity, 
as facilitates the cleavage by the furin protease giving the virus a higher fusogenicity 
and pathogenicity [91]. COVID-19 cases caused by Delta infections have been associ-
ated with a shorter incubation period before disease onset and with a viral load of 
about 1000 times greater compared to earlier infections by previous viral variants 
[94]. Regarding the impact on immunity, Delta exhibited some resistance to immu-
nity acquired either by previous natural infection or by first-generation vaccines. The 
neutralizing ability of convalescent serum from unvaccinated individuals was shown 
to be significantly decreased against Delta, by four-fold when compared to Alpha and 
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by six-fold when compared to B.1 strains [91] Other studies conducted using data 
collected by the Scotland-wide COVID-19 surveillance platform have shown that the 
vaccines from Oxford-AstraZeneca and Pfizer-BioNTech could still reduce the risk 
of infection or hospitalizations, although this reduction was considerably less when 
compared to infections with Alpha [95]. Importantly, two doses of these vaccines can 
still safeguard their effectiveness, as it was shown to decrease only from 87.5% with 
the Alpha variant to 79.6% with the Delta variant.

The accumulation of more mutations overtime gave rise to 133 Delta sub-lineages, 
identified with the AY alias by Pangolin nomenclature (Delta AY.1 to AY.133) [96]. 
One of these sub-lineages was reported to be more transmissible, referred to by the 
media as ‘Delta plus’, which was first identified in Nepal. It carried an additional 
K417N mutation which is also found in Beta and has been related to decrease neutral-
ization by antibodies.

5.5 Omicron

Omicron was the fifth VOC to emerge in late 2021, undermining all predictions 
about where the next variant would come from. Most scientists believed it would 
descend out of Delta or one of its sub-lineages, but instead it evolved to a completely 
different lineage from previous ones as it is shown in Figure 1. Omicron cur-
rently refers to a larger group of descendent variants of the Pango lineage B.1.1.529 
or Nextstrain clade 21 M. They are currently classified as VOC-Linages Under 
Monitoring (LUM) by the WHO due to their high prevalence of transmission in the 
population and concomitant increase in viral sequence diversity. This large group con-
sist of variants BA.1 (clade 21 K), BA.2 (clade 21 L) and its descendent lineages BA.4 
(clade 22A), BA.5 (22B), BA.2.12.1 (22C), BA.2.9.1, BA.2.11, BA.2.13, and BA.2.75 [8].

The first identification of Omicron (BA.1) was on November 24, 2021 from an 
immunocompromised individual in South Africa. It caused a sharp increase in daily 
cases, which rose rapidly from 273 on November 16 to more than 1200 by November 
25, more than 80% of which were in the northern province of Gauteng, where the 
first cases were seen. Genomic sequencing revealed it acquired an astounding number 
of 62 amino acid mutations, where 36 of them are located in the S protein, particu-
larly at the N-terminal and RBD as shown in Figure 3. The BA.1 sub-lineage was the 
first variant to displace Delta, becoming the most prevalent variant worldwide by 
December 2021. BA.2 variant gradually replaced BA.1, becoming the most prevalent 
worldwide by May 2022. BA.1 and BA.2 have 21 amino-acid mutations in common 
at the S protein, with BA.1 having 12 additional unique mutations and BA.2 having 
7 (including a three amino acid deletion) which is shown in Figure 3. BA.4 and BA.5 
arose in mid-January 2022 displacing BA.2, have an identical S protein amino acid 
composition (Figure 3), and are differentiated only by mutations in the following 
positions: BA.4 has the mutation L11F at the ORF7b gene and the mutation P151S at 
the N gene whereas BA.5 has the mutation D3N at the membrane (M) protein [97]. 
Both have estimated growth advantages over BA.2 and can also display immune 
evasion acquired after a previous infection with Omicron sub-lineages. BA.2.12.1 is a 
sub-lineage of BA.2 that differs from it only for the mutations in S protein L452Q at 
the RBD and the S704F at the S2 (Figure 3), but it continues to be closely monitored 
due to its high prevalence and its capacity to evade the immunity acquired by vaccines 
and previous infection with other Omicron sub-lineages [98]. Although Omicron 
possesses high transmissibility, it was the first VOC to show signs of viral attenuation 
which helped to decrease the disease burden [78].
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6. Conclusion

Since its discovery in 2020, the SARS-CoV-2 virus has been circulating in the 
human population evolving in genomic variants with distinct evolutionary advan-
tages, such as increased transmissibility, immune evasion, and increased virulence, 
causing outbreaks and new waves of infections worldwide. By monitoring the evolu-
tion of SARS-CoV-2 scientists provided valuable information about newly emerging 
variants over the course of the COVID-19 pandemic. Thus, the implementation of 
comprehensive real-time genomic surveillance programs is vital for monitoring, 
detecting, and characterizing new variants, helping sanitary authorities to better 
manage the crisis.

Figure 3. 
Spike amino acid mutations in the most prevalent Omicron sub-lineages circulating during the first half of 2022.
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Abstract

There have been over sixty microbiome scientific studies involving populations 
in Europe, Asia and America which have enabled researchers to be able to map the 
human microbiome. There have been also over hundred publications on the effects 
of skin cosmetic conditions on the dynamism of the human microbiome. The human 
body naturally has its own ecosystem of microbiome population which further stud-
ies have shown that they are associated and communicate with the human immune 
system. Recent studies have shown that there are benefits which are derived from a 
healthy microbiome which is composed of a balanced microbial diversity. Advances 
in technologies, and increased WHO guidelines due to the COVID-19 pandemic are 
increasingly being found to be impacting this long-standing human-microbiome 
synergy. The skin surface microbes and their interactions with other organisms have 
a significant capacity of influencing health by being immune modulators through 
either their cell components or other cellular metabolites. This Book Chapter shall 
discuss and propose microbiome targeted therapeutics strategy as a rationale to 
involve the role of immune system dynamics and human microbiome in the fight 
against COVID-19 pandemic and other pandemics.

Keywords: SARS CoV-2, WHO, sanitization, antibodies, vaccination, biota

1. Introduction

There is need to have a universal language on how practitioners can trace and 
treat the progression of a pandemic. This need has been highlighted by the COVID-19 
outbreak. Furthermore, the long-term effects on the immune system need to be inves-
tigated. The impact of the WHO guidelines on the immune system should be deter-
mined at all ages of the human population as they were postulated to have contributed 
to the reduction of the spreading of the SARS CoV-2 [1]. This book chapter examines 
the rationale and impacts of wearing of masks, hand sanitization and social distancing 
as measures of containing COVID-19. The analysis gives possible advices on retaining 
a functioning immune system in the midst of contradicting forces. Recent studies 
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have shown the role of microbiome in influencing health as a therapeutic strategy via 
modulation of the immune system. This modulation occurs through cell components 
and cellular metabolites.

Although the SARS CoV-2 is regarded as a new contagious corona virus, the 
human body has encountered, the family of coronaviruses for ages [2]. The common 
human pet called dog, usually hosts many corona viruses. Even with such advances 
in knowledge on corona viruses, we are still not sure about the origin of SARS CoV-2. 
Some speculations of natural SARS mutation or laboratory synthesized virus origins 
have been suggested.

If the SARS CoV-2 is a new virus, then the human immune system might take time 
to develop antibodies immediately. However, if it is not new, past ideas from similar 
virus can be give the body a strategic advantage over the new mutation called SARS 
CoV-2. This strategic immunity can be related to a possible innate kind of immunity 
which can provide protection from coronaviruses without the need for a precondi-
tioning of the body from the current new virus in the environment. The need for a 
new diverse vaccine can also be argued on the same understanding. Various people 
will react to SARS CoV-2 exposure mainly depending on how their bodies respond 
to inbuilt immune defenses against specific past exposures on corona viruses. An 
individual health and locational responses to corona viruses can determine the out-
come of the health status of an exposure. However, this expectation is not as straight 
forward as we expect if the SARS CoV-2 is a man made and new inserted genome 
sequences of a synthesized corona virus. The adaptability of the immune system can 
also circumvent the human induced mutation as it has been doing before naturally.

The joint ecosystem between the human body and microorganisms is referred 
to as holobiont. It is made of persistent microorganism communities [3]. At the 
cell level our bodies are also interacting with microorganisms. This interaction has 
physiological impacts in development, immunity, adaptation and general health. 
This microecology is maintained at particular balance because disturbance of their 
equilibrium can cause diseases. The microorganisms in our bodies have been found 
to be transferable from one body to another. A host and its microbiota constitute 
a holobiont [4]. This phenomenon has become more important in the spread of 
COVID-19 and the place and value of the immune system health. This microbiome 
has the ability to remain silent until when disturbed. Microbial activity is necessary 
for life on earth. The microbiota composition in humans in built in the early years 
of a new born before reaching a more stable adult-like configuration at the age of 
~3 years [5–7]. Henceforth, studies have shown that the host-microbiota equilibrium 
in humans is important and that a perturbation of such homeostasis may lead to shifts 
from healthy to pre-disease and disease states [8]. It is amazing how diseases like obe-
sity, which is lifestyle related can be linked to microbiome dynamics. The shift from 
a healthy microbiota to pathobiota is influenced by modern civilization which does 
not consider its impact on the microbiome [9, 10]. Therefore, the holobiont concept 
highlights the complexity of host–microbiota interactions as a challenge and as a new 
venture for research for the scientific community [11, 12].

2. The immune system and the microbiota

In a broad sense, we have the adaptive and innate immunity. The body has a 
mechanism that enables living organisms to distinguish its own cells and substances 
or humors from foreign ones. This ability is called adaptive immunity. It has the 
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ability to generate a specific cellular response to new pathogens [13]. The innate 
immune system is made up of cells and organs which are distributed throughout 
the body. The blood and the lymph usually distribute the immune cells throughout 
the body. The Innate immune cells react fast and nonspecifically when foreign cells 
are detected. The adaptive immune cells usually have a delay in their response. 
However, they later end up forming specific immunological memories of the 
intruding proteins. Researchers have suggested several ways to boost the immune 
system. These include the following three ways; The increase of immune system 
cells circulation to do their functions by doing moderated exercises to increase 
blood circulation, The boosting of the endocrine system functions by reducing 
stress and thirdly by eating balanced foods that are rich in vitamins and miner-
als [14]. The interactions between microbiota and host immunity are complex, 
dynamic and context-dependent [15].

3. Diseases and the microbiome

Diseases that affect humanity mostly thrive on a dysregulated or disturbed 
immune systems. Human beings have over the years developed mechanisms to coexist 
with microorganism [16]. Furthermore, this microbiome inhabitants are in constant 
interactions with the immune system either on the body surface or on the inside. The 
role of this human-microbe interaction is to train and empower the immune system 
[17]. In other words, the human body produces natural antimicrobial substances 
like tears, saliva, mucus and acids that inhibit or kill pathogens. These natural are 
supposed to be maintained for the proper functioning of the body immune system. 
Surprisingly, the same pathogens are the ones which stimulate the body to produce 
these useful antimicrobial substances. The phenomenon has helped the immune 
system to be maintained strong. There are critical roles which the microbiome plays in 
the training and development of the host’s innate and adaptive immune system major 
components [15].

4. Microorganisms’ role in training and boosting the immune system

In general, adaptive immunity is described as a mechanism that enables living 
organisms to distinguish its own cells and humors from foreign ones. It then generates 
a specific cellular response to the new pathogen [13]. The Immune cells in the body 
are distributed throughout the body by the blood and the lymph. In comparison, 
the innate immune cells usually react fast and are nonspecific when foreign cells are 
detected. The adaptive immune cells usually have a delay in their response, however, 
they end up forming a specific intrusion protein immunological memory.

If we carefully assume that the SARS cov-2 is natural mutation of the SARS corona 
virus then we can trust the human body to fight and overcome its invasion. However, 
a human synthesized source can be different. We can try to envisage the effects of the 
inserted sequences by the symptoms and signs from patients or from the sequences 
bases available. In our studies we assume that the immune system is not being influ-
enced by other environmental factors causing similar symptoms. However, we are 
aware of major emerging environmental factors like climate change and human fac-
tors including chemical pollutions, nano particles or electromagnetic waves including 
mobile phone radiations.
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Ref., [14], showed that the immune system can be boosted via reduction of 
stress, eating of balanced diet inclusive of vitamins and minerals. There are other 
ways of increasing the capacity of the immune system like doing moderate exer-
cises which make the distribution of immune system cells to be faster and wider. 
A disturbed and dysregulated immune system have been shown to be the ground 
for diseases to be established in humanity. The earth biosphere is full of microbes 
as shown in Figure 1. Living bodies have over the years developed mechanisms to 
enable them to coexist and survive in the midst of microbes [16]. These microbes 
interact with the immune system on various levels. It can be very specific or non-
specific. These interactions are very important in strengthening and training the 
immune system [17]. Furthermore, there is growing evidence of microbes influ-
encing the peripheral cells of immune and thus consequently influencing cells at 
other distal sites [18].

5. The microbiome acting as a layer of defense

The normal body flora is composed of large community of microbes which associ-
ate with body cells. The association can be on the surface of on internal organs like in 
the digestive system. The layer of microbes can act as a physical barrier for cells and 
reduces the available surface for intruding pathogens. It also increases their survival 
competition, see.

Figure 2, The human microbiome is furthermore reinforced by the produc-
tion of natural antimicrobial substances that act by inhibiting or killing invading 
pathogens. These natural body antimicrobial substances in animals include tears 
in eyes, saliva in the mouth, mucus in the respiratory surface and acids in the 
stomach. The body has to be stimulated to produce these useful antimicrobial 
substances. This is in many cases done by the same or similar pathogens. This 
scenario is developed and maintained continuously and is very important for the 
strengthening of the immune system. Pathogens that mutate have to fight the 

Figure 1. 
The expected microbiome equilibrium around homes, and markets. It is worthy to note that each location 
has its own unique microbes which are also constantly being invaded by other microbes from other places and 
individuals. However, a new equilibrium is usually established after sometime due the law of the survival of the 
fittest due to competition or due to factors that enhance aggressive adaptation in changing environments.



269

Perspective Chapter: Emergency COVID-19 Guidelines Impacts on the Human Microbiome…
DOI: http://dx.doi.org/10.5772/intechopen.107843

same microbial defense barrier. The body is only diseased if microbes overcome 
and pass this barrier.

6. Relooking at the WHO guidelines

Three main COVID-19 guidelines were issued by the world health organization 
(WHO) in the fight against the novel SARS CoV-2. One of them was the proper hand-
washing of hands. This is based on the idea that the coronavirus is killed by proper 
handwashing of hands for 20 seconds with soap or by using hand sanitizer that has 
an alcohol concentration of more than 60%. The microbial envelop is assumed to be 
effectively being affected by the soap.

7. The implications of washing hands on the immune system

Normally, the human hand has a high concentration of microbial community. 
However, studies on the hand microbiome showed that there are some factors that 
can impact the hand microbiome composition. These factors include, temporal and 
biogeographical changes, age and intrinsic gender. Others are extrinsic product use, 
extrinsic cohabitants and extrinsic pet-ownership variables. Further studies have 
shown that the hand microbiome is always in constant changes. Therefore, hands 
are a critical factor in transmitting microbes between people, animals, inanimate 
objects and our environments see Figure 3). This transmission and establishment 
of microbes stimulates our immune system and prevents harmful microbes from 
colonizing the hands. Consequently, the WHO guideline seems to be enhancing the 
reduction of hand microbes and can contributing to the weakening the immune 
boosting abilities and opening the hand to new pathogens including novel viruses 
like SAR CoV-2. Washing hands with a sanitizer also makes it more difficult for the 
normal body flora to reoccupy their habitats due to changes of pH. It is like a reset of 
the microbiome. The touching eyes, skin, nose and mouth and other body parts after 

Figure 2. 
The scenario of an invasion new microbes like in the current situation; the immune system is being attacked by the 
novel SARS CoV-2. The body will try to develop a new equilibrium. This is usually done easily and effectively if 
human external factors and extreme mutations in gene sequences are not added.



Current Topics in SARS-CoV-2/COVID-19 - Two Years After

270

touching other places and people assist in boosting the strength of the immune system 
as a natural process.

8. The implications of social distance on the immune system

The maintenance of social distance or physical distance of at least 1 metre (3 feet) 
distance between one person and another has been used as a measure of preventing 
the spread of SARS CoV-2. This was to reduce the spray of contaminated droplets from 
nose and mouth to uninfected people. Moreover, people with symptoms like coughing, 
headache and fever were advised to self-isolate. However, the implication of the social dis-
tancing practice is that there shall be little person to person exchange of microbes. This if 
practice is coupled with the washing of hands and continuous sanitizing shall make it very 
difficult to recover the normal flora populations. This shall be another reset of normal 
body flora. It shall cause a weakening of the immune system and might most likely open 
an opportunity for new pathogens to attack the body including making the new SARS 
CoV-2 more virulent. Furthermore, in the face of the global climate change and increased 
migrations we might end up with a reset of the current human microbiome population.

9. The implications of wearing face masks on the immune system

In another the precaution of wearing face masks in crowded places is not natural to 
the body. It can increase mental stress in the body on people who are already bom-
barded with economic burden and frequent pandemic information. Immunological 
studies show that stressed bodies might have malfunctioning of the endocrine system 
and the weakening of the immune system. The use of a mask increases the intake of 
the respiratory carbon dioxide from the body which makes metabolism to be lower. 
This affects negatively people with other under laying conditions like diabetes, 
mental health and high blood pressure.

Figure 3. 
The continuing wearing of face masks reduces the distribution of natural microbes to other places. Keeping 
interactive social distancing reduces the transfer of natural microbes from one person to another and from one 
region to another. This transfer of microbes from one source to another is crucial for the training and development 
of the immune system in children and boosting and strengthening the same immune system in adults. The current 
invasion of SARS CoV-2 into an intact and dynamic microbiome and its establishment is not possible. However, 
these studies show that it can be reinforced by a systematic destruction of the microbiome community or by having 
a novel synthetic virus which is more aggressive.
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10. Discussions and conclusions

The diversity, abundance and functionality of the microbiome is still being 
deciphered. It is worthy to note that the microbiome role in health is of paramount 
importance. Much studies on microbiomes and microbiota have been done in bacte-
ria. Less studies have been done in fungi, with only less than 400 fungal species so far 
having been isolated [19–21].

The training and development of the host immune system is promoted by natural 
body and environmental microbes. These interactions have been occurring to keep 
invading pathogens at bay. Some of these microbes are commensals and hence they 
promote the development of the immune system B cells that assist the body to pro-
duce Immunoglobulin A (IgA) which is a protective antibody. The role of the IgA is to 
neutralize pathogens and exotoxins. This promotes the development of the immune 
system. Deviations from this natural mechanism can have short term effects but after 
sometime it can produce new waves of disease out breaks and pandemics. The natural 
microbiome populations have been known to prevent the growth of harmful patho-
gens by using various parameters like altering pH, effectively consuming nutrients 
required for pathogen survival, and by even secreting toxins and antibodies that 
inhibit growth and competition of pathogens [16].

This Chapter has examined some of the potential effects of WHO guidelines in 
relation to microbiome and the human immune system. Suggestions have been made 
on how to have a balance between having a healthy immune system and not expos-
ing it to pathogenic attacks when weakened. Microbes have a significant capacity in 
influencing health by being immune modulators through either their cell components 

Figure 4. 
The effects of the WHO guidelines of social distancing, sanitization of hands, streets and markets and homes is 
gradually reducing the protective microbiome barrier in human populations. The invasion of SARS CoV-2 into 
an intact and dynamic microbiome is being reinforced by destroying the microbiome community if a synthetic 
and more competitive, mutating virus which destroys the immune system is introduced in the equilibrium. This 
can lead to another pandemic due to the altering, replacing or editing the time proven human-microbiome 
interactions.
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or other cellular metabolites including hormone production. We propose the develop-
ment of microbiome targeted therapeutics strategy in order to involve the role of 
immune system dynamics in the fight against COVID-19 pandemic (Figure 4).

11. Impact of WHO guidelines on COVID-19 to the immune system

The COVID-19 outbreak caused the world health organization (WHO) to issue 
three major guidelines in the fight against the spread of the novel SARS CoV-2. These 
were washing of hands, wearing of masks and keeping physical distances. Careful 
examination of each of these guidelines show that they have a negative effect on the 
immune system.

The sanitization of hands or hand washing was based on the idea that the SARS 
CoV-2 was killed by proper hand washing for 20 seconds with soap or by using an 
alcohol-based hand sanitizer of more than 60% concentration. However, the impli-
cations of this washing hands guideline to the immune system are that the human 
hand which has a high amount of microbial abundance and diversity was being 
transformed to another composition gradually. Studies have shown that there is an 
intimate relationship between microbiomes and the immune system that requires 
a healthy host immunity to prevent commensals from overexploitation of the host 
resources while maintaining immune tolerance to innocuous stimuli [22, 23]. The 
hand microbiome is influenced by temporal and biogeographical dynamics, intrinsic 
age, intrinsic gender and extrinsic product use, extrinsic cohabitants and extrinsic 
pet-ownership variables. This microbiome is constantly changing as the hand 
involved in transmitting microbes between people, objects and environments. This 
transmission is crucial in stimulating the immune system and preventing harmful 
microbes from colonizing the hands. However, the WHO guidelines of sanitizing the 
hands just because of one virus has the potential of weakening the immune boosting 
abilities and opening the hand to new pathogen colonization. This could actually be 
the virulent SARS CoV-2 itself. Furthermore, the washing of hands with a sanitizer 
makes it more difficult for the normal body flora to reoccupy their natural habitat 
because of the new pH.

The second WHO guideline of keeping a physical distance of about 1.5 m between 
one person and another. This regulation is based on the idea that if somebody coughs 
or sneezes, the droplets with the virus will not be able reach the nose of another 
person. People are also advised to stay home and to self-isolate when they notice 
symptoms like coughing, headache and fever. This means that shall be little exchange 
of microbes from one individual to another. Therefore, if all these guidelines are 
implemented it might be very difficult to recover the normal microbiome of healthy 
individuals. Could this trigger a bigger pandemic?

The third major WHO guideline is the wearing face masks in crowded places or if 
one would like to go out so as to avoid infecting others. The idea is that contaminated 
droplets shall not be able to find their way to other people or land on surfaces to 
contaminate them. The wearing of masks is not natural to the body. This can stress 
the body who are already under economic and social burdens. This stress can impact 
the endocrine system and the immune system. This is more so on old peoples and 
people with chronic illnesses like diabetes. The later studies did sent caution that 
people with underlying conditions should not be vaccinated.

Studies have shown that human disease and therapeutic interventions affect 
microbial communities’ abundance, diversity and functionality [24]. There are two 
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drivers of the human microbiome composition: one is the genetic and immunological 
factors and two is the environmental, notably diet and environmental biodiversity. 
Human beings display a substantial loss of microbiome in comparison to chimpanzees 
and gorillas. This loss is attributed to much diet modification and environmental 
changes [25–27].

12. Microbiome-immunity crosstalk mechanisms and COVID-19

The microbiome is composed of a great number of microorganisms which in the 
human body are found in the gut and also on the skin and other mucosal microenviron-
ments. Studies have shown that microbiome is active participant in a host functions like 
immunity and other metabolism activities. Other functions which have a microbiome 
impact are nutrition end products and the circadian clock operation [28–30]. Studies 
have shown that lung microbiome can modify the risk and consequences of COVID-19 
by activating the immune response. On the same line, other suggestions show that 
bacterial co-infections as well as the gut-lung cross talk may be important players in 
COVID-19 disease prognosis. Recent studies have established that COVID-19 patients 
with GI complications experience more respiratory distress when compared to the 
patients without GI complications [31, 32]. Interestingly, obesity, diabetes mellitus, 
cardiovascular diseases and old age-related disorders have been related to weak micro-
biome communities and the same category of patients have also been more vulnerable 
to COVID-19 and SARS CoV-2 attacks [33–36]. Even in gut microbiome, COVID-19 
patients were found to be deficient to beneficial commensals like Eubacterium ven-
triosum, Faecalibacterium prausnitzii, and Roseburia these microbes highly correlate to 
disease severity [37–39].

13. Recommendations

The recommendations from this crucial evaluation of the immune system role of 
the microbiome is that in future we should not over look natural mechanisms which 
have established an equilibrium with the immune system. This should also involve 
the educating of masses on how to cultivate the natural human microbiome defense 
systems as physical barriers. The training and boosting of the immune system both 
in children and adults respectively should regionally be evaluated. This is because 
increased traveling and climate change cannot be assumed to be of little consequences 
in pandemic control strategies in light of the microbiome roles.
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Chapter 16

Perspective Chapter: Ethics of 
Using Placebo Controlled Trials for 
Covid-19 Vaccine Development in 
Vulnerable Populations
Lesley Burgess, Jurie Johannes Jordaan and Matthew Wilson

Abstract

When clinical trials are conducted in vulnerable communities such as those 
found within low-to-middle-income-countries (LMICs), there is always the risk of 
exploitation or harm to these communities during the course of biomedical research. 
Historically, there have been multiple instances where significant harm was caused. 
Various organisations have proposed guidelines to minimise the risk of this occurring, 
however, questionable clinical trials are still conducted. Research Ethics Committees 
have an additional duty of care to protect these vulnerable populations. During the 
Covid-19 pandemic the ongoing use of placebo-controlled trials (PCTs), even after 
approval of a safe and efficacious vaccine, is a topic of great debate and is discussed 
from an ethical and moral perspective.

Keywords: Covid-19, research ethics, clinical trials, equity, placebo, randomisation

1. Introduction

Randomised control trials have existed in medicine since the 1940s [1]. Many 
iterations of guidelines to govern their use in research to protect vulnerable popula-
tions that have historically been abused for the betterment of science. Unfortunately, 
with a concept as abstract as ethics in clinical research, there is no universal consen-
sus, and one may argue for or against their use with equal vigour depending on the 
specific circumstances of the trial [1–5].

Ethics of conducting clinical trials, particularly placebo-controlled trials (PCTs) in 
low-to-middle-income-countries (LMICs), is controversial. The emergence of placebo-
controlled vaccine clinical trials against severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2), the causative agent of coronavirus disease 2019 (COVID-19), has 
renewed interest in the debate. According to the World Bank Group (2021) [6], LMICs 
are defined as countries in the developing world with a gross national income per capita 
of $1046–$4095. The need for clinical trials to be conducted in LMICs is paramount 
to bridging the health gap, a concept so starkly highlighted in the recent pandemic. 
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Medical research in these countries requires proper adjudication and protection to 
maximise benefits and deter potential harm [7].

Pharmaceutical companies tend to pursue these communities, capitalising on 
lower costs, fewer restrictions, and weaker local standards [8]. In 2008, the United 
States Food and Drug Administration (FDA) published its decision to abandon the 
Declaration of Helsinki (DoH) as an ethical guideline when conducting and review-
ing data from clinical trials conducted outside the United States of America (USA). As 
a result, there is limited protection for LMICs where USA-based companies conduct 
clinical trials [9]. The responsibility to uphold moral ethics thus shifts to the local 
investigators and review boards [9]. The limited protection referenced above pertains 
to the Good Clinical Practices of the Conference of International Harmonisation 
(ICH-GCP) being more flexible when choosing comparator drugs in clinical trials 
[10]. Article 33 in the DoH outlines stricter criteria for using placebo as an alternative 
to best proven intervention [7]. ICH-GCP, however, has no enforceable article guiding 
the choice of comparator leaving the decision to the study designer and review board’s 
discretion [10]. Consequentially, this avenue is open for exploitation in LMICs where 
scientific knowledge and ethics are comparatively weaker [8]. Together, the DoH and 
ICH-GCP should govern the impact clinical trials have in vulnerable communities, 
however, there is more nuance to the situation [1–3].

To ensure exploitation does not occur, participants must not be exposed to 
excessive risk and must understand the difference between clinical trials and clinical 
medicine [1, 5–7]. To participate in a trial, you willingly join an experimental pro-
cess rather than have a therapy tailored to your medical needs [2–3, 11–17]. We will 
discuss the aspects of trials as a whole and why LMICs are vulnerable to this exploita-
tion, explore the concept of clinical equipoise, and discuss PCTs in the setting of 
COVID-19 vaccine trials during the pandemic.

2. What makes LMICs so vulnerable?

All manner of ethical research necessitates non-use of undue influence to garner 
research participant compliance [7, 8, 10]. However, what may seem negligible to 
cause undue influence in developed countries, could very well double or even be 
whole income for a household in LMICs that suffer from poverty, poor living condi-
tions and no access to running water. For these reasons, it’s imperative to consider the 
medical benefits of clinical trials [9].

In LMICs, there is a prevailing lack of access to healthcare [11]. Clinical trials 
offer the opportunity for recruited participants to receive healthcare not otherwise 
available to them [1–4, 8]. The DoH states: “medical research within a vulnerable 
group is only justified if the research is responsive to the health needs...” [7]. This 
highlights an obvious gap in the protection of these populations which is easily 
exploited if not appropriately safeguarded. The argument for choice of comparator 
weighs heavily on this point. Internationally, there is a call for using “best available 
standard” when designing clinical trials. However, in LMICs, there is no legal basis 
enforcing an international gold standard over a locally available comparator choice 
[1–5, 8–12]. Problems arise when conducting clinical trials in LMICs where there 
is no “locally available standard”. In vaccine trials, specifically where cold chain 
continuation is paramount, there’s advocation against use of the international gold 
standard should the target country have insufficient infrastructure to ensure preser-
vation of drug.
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Multiple publications reference the lack of ethics conducting clinical trials in LMICs 
[7, 18–21]. Major challenges noted include: incomplete ethical regulations and guidance, 
limited knowledge of science, language barriers between researchers, sponsors and com-
munities, and insufficient financial and material resources of local authorities to govern 
the conduct of clinical trials. Exploitation of LMICs is well documented throughout his-
tory. In 1994, the ACTG 076 trial involved in reviewing low-cost regimes of antiretroviral 
drugs to prevent mother to child transmission of human immunodeficiency virus (HIV), 
was rife with controversy. Placebo was administered despite having proven knowledge 
that zidovudine is effective in prevention of vertical transmission of HIV [8, 22]. Another 
example was a rotavirus vaccine trial conducted in India from 2011 to 2012. The use of 
placebo as comparator, despite availability of two internationally registered vaccines 
recommended by the World Health Organisation (WHO), and one locally registered 
vaccine. As a result, more than 3000 out of 7500 randomised children were exposed 
to rotavirus and associated risks [23]. Such use of placebo would be unacceptable in 
developed countries and the expectation that LMICs should carry this burden is unjust.

3. Principles of medical ethics and how they apply to LMICs

The cardinal pillars of medical ethics are autonomy, beneficence, non-malefi-
cence, and justice. All manner of clinical research takes heed of these pillars and can 
be described and applied in a myriad of ways [24].

3.1 Social and clinical value

Risk exposure must be justified; any resulting scientific knowledge gains should be 
significant enough to warrant inconveniencing and risking the population of unknown 
health outcomes for the greater good [1, 8]. There are certain areas of research that 
are better conducted in LMICs based on the endemic nature of diseases such as HIV 
and tuberculosis (TB) [19]. Populations are thus able to benefit directly from the trial 
as participants. The common shortfall is post-trial access to the tested intervention. 
There is massive debate on the responsibility of stakeholders to provide post-trial 
access to drugs. Some cite reciprocal justice to participants, while others cite practical-
ity of large-scale rollouts being the jurisdiction of government entities [19]. Clinical 
trials in LMICs need to account for these factors during study design to ensure value.

3.2 Scientific validity

Studies should be designed to answer specific questions, using research methods 
that are valid, and feasible [8]. Poor scientific reasoning and application of research 
trials damages the perception of clinical research. In the realm of LMICs it can be 
deleterious to future relationships in garnering support for clinical trials. Standards 
in LMICs may permit approval of fallacious studies by local authorities without better 
knowledge or insight. It is the responsibility of sponsors to ensure this avenue of 
exploitation is protected to the level of the country of origin [1–5, 18].

3.3 Favourable risk-benefit ratio

Uncertainty about the degree of risks and benefits associated with a treatment 
is implicit in clinical research [8, 13–17]. Clinical research is not conducted to 
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provide health care though it is often a beneficial by-product [1–4, 8]. When look-
ing to conduct trials in LMICs and other vulnerable populations, there needs to be 
increased emphasis on these benefits [7]. Maintaining a favourable ratio requires the 
use of interim reviews during a study to timeously detect whether an intervention 
arm (active or control) is associated with increased risk. Should this occur, research 
should be stopped to allow the protection of participants [24].

3.4 Independent review

An independent review panel, with no vested interest in the outcome of the trial, 
should review proposal validity and ensure its integrity [8]. This is generally done by 
Institutional Review Boards (IRBs) and Research Ethics Committees (RECs). In high 
income countries, these committees comprise of highly qualified and experienced 
individuals who are well-suited to manage complex ethical issues. Their role serves 
to make sound, consistent and ethical decisions on matters related to patient safety. 
There is trepidation that IRBs and RECs in LMICs may not be adequately equipped 
to protect the human rights of clinical trial participants, due to lack of financial and 
material resources, inadequate training of members, lack of diversity of membership, 
lack of independence and inability to monitor approved protocols [21]. As a result, 
there may be inconsistencies in the review process outcomes thus compromising 
patient safety. Some countries intentionally weaken their regulatory framework to 
encourage foreign investment through externally sponsored research [24]. These 
shortcomings are historically exploited to conduct research in LMICs that would 
never pass the review process in the country of origin [24].

3.5 Informed consent

Participants must decide, independently and without duress, to take part in 
research [8, 24]. Subjects must be appropriately informed of the purpose, method, 
risks, benefit, and alternatives to research [24]. Furthermore, subjects must be made to 
understand these factors and how they apply to their situation. In LMICs, a common 
roadblock is language and minimum level of education [18, 21]. At times it is difficult 
to know the degree of participants understanding especially when translators are used 
[21]. Even in developed countries, the understanding of what a PCT is can be lacking.

3.6 Respect for subjects

Confidentiality and ensuring informed voluntary participation are the hallmarks of 
respecting autonomy of subjects [8]. Abiding by a subject’s wishes to withdraw consent 
and discontinue from a trial without consequence is important [24]. Sharing information 
that arises from interim review of previously unknown adverse events is the responsibil-
ity of research staff, even though it may change the subject’s opinion on the risks and 
benefits of participation [24]. In LMICs there is a role for Community Advisory Boards 
(CABs) to advocate for trial participants and promote the ethical conduct of clinical 
trials [20]. In South Africa, CABs are used to protect the interests of participants on 
HIV and TB drug trials. Their main roles have been preventing exploitation and build-
ing capacity for research in communities. By consisting of community members and 
encouraging interest in research by the individual in a community, CABs bring the value 
of research to the home country. Assisting in advancing research goals, their use has had 
positive benefit in information distribution and recruitment for trials [25].
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4. Effects of Covid-19 on LMICs

The Covid-19 pandemic augmented the effects of resource deficiency in LMICs. 
In such countries, where healthcare access is limited under normal circumstances, 
the added burden of a pandemic will and has caused vast morbidity and mortality. In 
India alone, there was an estimated 30,000–50,000 ventilators available to service 
a projected 1 million people with severe disease requiring ventilation during the peak 
of their first COVID-19 wave [26]. Access to oxygen in LMICs has been a challenge, 
with many hospitals running out of oxygen amidst a massive surge in patients due to 
COVID-19. During these periods, many hospitals in LMICs had an additional shortage 
of beds and staff [26]. The development of life-saving vaccines against Covid-19 can 
mitigate this devastation, by preventing severe disease completely and limiting hospi-
talisation. With development and initial distribution of vaccines occurring predomi-
nantly in the western world’s high-income countries, a potentially faster way for LMICs 
to receive any form of Covid-19 vaccination is through clinical trials. While controver-
sial, it cannot be overstated (especially given the critical nature of the pandemic), that 
there is a need for clinical trials to collaborate with communities in LMICs and involve 
them in research of novel and affordable versions of these vaccines. This will provide 
them all the benefits of early access and equip their governments with tools to advance 
a vaccine rollout plan, while the scientific world benefits from the data they provide.

Figure 1 [27] is from the United Nations Office for the Coordination of 
Humanitarian Affairs, showing countries with inter-agency humanitarian response 
plan (HRP). This graph depicts the vaccine coverage of population, provided by 
developed countries to HRP countries. This clearly depicts the health gap, the ineq-
uity of vaccine rollouts on a global scale.

5. Ethics of trial design in Covid-19 vaccines

The genetic sequence of SARS-CoV-2 was published early in January of 2020. A 
global research and development effort followed to develop a safe and efficacious 

Figure 1. 
Estimated percent of population covered by delivered vaccines to HRP countries (based on two doses), as of 31 
December 2021 [27] .
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vaccine. Human clinical testing of the first vaccine candidate started in March 2020 
[28]. At that time there was no doubt that PCTs were ethical and the preferred trial 
design to test potential Covid-19 vaccines.

A global pandemic is a highly dynamic situation and regular change in the clinical 
landscape can be expected. Ethical and moral considerations will also change as new 
developments unfold and new information becomes available. These considerations 
will be influenced by existing global inequality and a lack of resources in LMICs. The 
moment a safe and efficacious Covid-19 vaccine became available, it opened the ethi-
cal debate as to how long it will stay ethical to continue using PCTs.

5.1 Advantages of using PCTs in Covid-19 vaccines

Most of the arguments in favour of continuing the use of PCTs in Covid-19 vac-
cines stems from a document published in The New England Journal of Medicine by 
the WHO Ad Hoc Expert Group on the Next Steps for Covid-19 Vaccine Evaluation in 
January 2021 [29]. More than a year later, one could argue that this information is now 
outdated, but even though the global vaccine situation has changed dramatically, the 
WHO has not released any new guidelines.

The WHO Ad Hoc Expert Group stated that initial vaccine roll-out will be slow 
and in limited quantities. This would provide an opportunity to ethically obtain 
socially valuable data. Data could then be used to improve regulatory and public 
health decision making. Better data would lead to increasing public and professional 
confidence in vaccines [29].

Rapid vaccination of large numbers of people will inevitably cause the vaccine 
to seem temporarily associated with some uncommon side effects. A large, simple 
PCT could identify any rare short-term side-effects or show the absence of such 
side-effects. These probably unrelated events occurring by chance after vaccination, 
may incorrectly be attributed to the vaccine [29]. Groups opposed to vaccination may 
deliberately spread these anecdotes and cause vaccine hesitancy [29, 30].

Randomised, noninferiority trials can provide clinically relevant data but accord-
ing to the WHO, “at considerable cost to efficiency”. PCTs would assist with earning 
broad public confidence required for widespread vaccine acceptance. A PCT is still 
the scientific gold standard for testing any new intervention and alternative designs 
could yield inferior data [29–35]. Even following the availability of the first vaccines, 
it is still crucial to further evaluate candidate vaccines to meet the global needs. 
Observational data obtained from non-randomised studies after vaccine deployment 
could yield inaccurate answers and suffer from substantial biases [29].

The obligations researchers have to participants are not the same as those clini-
cians have towards patients [32, 33]. Proper informed consent would allow partici-
pants to voluntarily enrol in a trial and accept some risks to collect socially valuable 
data. In this unparalleled global crisis, billions of individuals might benefit from 
finding a new safe and efficacious vaccine, and thus some participants might enrol in 
PCTs because of altruistic reasons [29].

Those in favour of continuing to use PCTs in Covid-19 vaccines, argue that research-
ethics guidelines such as the DoH and the Council for International Organizations 
of Medical Science (CIOMS) Guidelines were not written with Emergency Use 
Designation (EUD) of vaccines in mind [29]. A vaccine approved under EUD does not 
render it “best proven intervention” or an “established effective intervention” [29].

In January 2020 the WHO stated verbatim that trial sponsors are not ethically obli-
gated to unblind participants who desire to obtain a different investigational vaccine [29]. 
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As with any clinical trial, participants would still have the option to withdraw from the 
trial and the WHO did not comment on this probability when engaging with participants 
who request unblinding.

5.2 Ethical shortcomings of using PCTs in Covid-19 vaccines

Several Covid-19 vaccines have been approved for emergency use, with some 
vaccines already receiving full approval from various regulatory authorities across the 
world. These vaccines have been proven to have high levels of efficacy and safety [36].

Once there is an available vaccine, with high level of safety and efficacy, new 
candidate vaccines should be tested against approved vaccines. Ongoing PCTs of 
Covid-19 vaccine candidates should be unblinded [37]. Continuation of PCTs of new 
vaccines in conditions where efficacious vaccines already exist, contravenes the bio-
ethics principle of beneficence. It will be in direct conflict with the participants’ best 
interests. It puts them at a disadvantage compared to people who are not on the trial.

Researchers have a duty not to harm participants in clinical trials. In using placebo, 
researchers fail to provide protection against a deadly pandemic, as various Covid-19 
vaccines have been proven to be safe, efficacious, and available [36]. The harm par-
ticipants in the control group are exposed to is not minor [38]. There are limitations in 
current treatment options, thus it is in everyone’s own interest to take the first vaccine 
found to be safe, instead of participating in a PCT.

Ravinetto [39] stated that an ethical strategy cannot be built on an unethical prem-
ise. In this case it is the inequitable allocation of vaccines between countries which is 
in essence unethical. This is a prime example of so-called “ethics dumping”: undertak-
ing research in LMIC settings, which would not be permitted in high income settings. 
This reverses the principle of benefit sharing in global research. The burden of the 
research is much higher for the most vulnerable communities, while the benefits are 
available only to the higher income countries.

In social justice terms, global health research should generate knowledge that 
improves the health and well-being of disadvantaged and marginalised communities 
[39, 40]. In the context of Covid-19 these communities are mostly in LMICs, those 
who lack access to vaccines due to unequal global distribution. Research involving 
this group should be based on health and social justice, rather than building on the 
existing structural injustice and exploitation of these groups.

Clinical equipoise can be defined as a state of uncertainty or true ambivalence 
toward the efficacy of a novel therapy in the medical or scientific community [41–43]. 
Based on the principle of beneficence if any novel therapy is believed, by consensus, to 
be efficacious, research subjects should not be denied access to that therapy. Similarly, 
if the novel therapy is found to cause harm, then it would go against the principle of 
nonmaleficence to continue that specific candidate as investigational product.

The ethical loophole that supporters of continuing PCTs in Covid-19 vaccine 
trials in LMICs are using, is based on the fact the so-called local “standard of care” in 
many LMICs would be no vaccine or very restricted access to a vaccine [40]. Arguing 
equipoise between placebo and local standard, in settings where vaccines are not yet 
available, due only to vaccines nationalism and lack of equity, would be unethical. 
One could argue that the ethical standards applied in the LMICs should be the same 
as if the research were carried out in the sponsoring country. People should be treated 
fairly, regardless of where they live.

The WHO states that if vaccines are not properly tested (with continuing PCTs), it 
might lead to public distrust [29]. However, in the authors’ opinion, using a different 
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set of ethical standards for certain countries just because they are poor, disadvantaged 
and cannot afford vaccines, could lead to even more distrust and scepticism around 
how the WHO is dealing with global inequality during a deadly pandemic.

Although those who argue in favour of continuing to use PCTs in Covid-19 vac-
cines state that randomised control trial is the golden standard for modern clinical 
decision making [29–35], there are various other study designs that could yield good 
data without endangering or leaving any participants unprotected [37–40, 44–48]. 
Non-inferiority blinded active control trials can be done to compare trial vaccines 
to an established vaccine, without leaving any participants unvaccinated [39]. If 
research can be conducted in several ways, the method that minimises morbidity and 
loss of human life should be prioritised above a method that supposedly gives scien-
tific results more efficiently, but at a greater risk to the participants.

Various authors have commented on the WHO’s call to altruism aimed at com-
munities in LMICs [39, 40, 44]. To quote the WHO document: “people who enrol 
in clinical trials would probably understand the value of gathering data that will 
further elucidate the safety and efficacy of these vaccines and their appropriate use” 
[29]. This seems to underestimate the complex nature of decision-making regarding 
participating in a clinical trial by people living in LMICs [49]. The WHO is expecting 
the people from poor, marginalised and disadvantaged communities to accept that 
their sacrifice will be for the greater good. Firstly, this sacrifice is per definition not 
expected from their counterparts in higher income countries. Secondly, the “value of 
gathering of data” will directly benefit the sponsor country long before it benefits the 
general population of the LMIC where the trial was conducted.

Ironically, Dr Ghebreyesus, the WHO Director-General, in relation to global vac-
cine inequity, stated “The world is on the brink of a catastrophic moral failure—and 
the price of this failure will be paid with lives and livelihoods in the world’s poorest 
countries” [50]. Now it is the WHO Ad Hoc Expert Group that is essentially giving 
researchers free reign to continue using PCTs in countries that are too poor to afford 
vaccines by misusing the clinical equipoise argument and thus further marginalising 
these vulnerable communities that they are meant to protect.

When conducting trials in LMICs there are certain specific considerations regard-
ing informed consent [33–34]. The level of literacy in LMICs is lower than in high 
income countries and thus it is more likely that a participant will have a diminished 
understanding of what a PCT entails [34]. The authors can reflect on several cases 
where despite extensive counselling and a thorough informed consent process, par-
ticipants in various Covid-19 vaccine PCTs, when coming back for subsequent visits, 
could not recall that they were told of the possibility of having a salt-water injection. 
This caused great confusion for many participants and highlights the ethical chal-
lenges of conducting clinical trials in LMICs.

In many LMICs, some participants are more likely to trust a clinician blindly as it 
is seen as a sacred profession [40]. The clinician is supposed to act in the patient's best 
interest and the participants cannot be expected to always know the subtle difference 
between a clinician and an investigator. In some cultures, the clinician is seen as an 
authority figure and participants find it difficult to say no [40]. Medical care is often 
limited in LMICs and joining a clinical trial is a way for a participant to gain access to 
a scarce resource. In many LMICs there is still great uncertainty about the access to 
vaccines and the people are vulnerable and desperate for any type of help.

The Covid-19 pandemic has led to a massive socio-economic crisis with countless 
jobs lost. The exact economic effect of Covid-19 on LMICs, will not be discussed in 
this chapter, but in summary all can agree that the economic situation of many people 
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living in LMICs is worse than ever. The monetary gain involved in being part of a 
clinical trial, when converted into the currency of the sponsor nation, is often seen as 
negligible and not considered a formal payment. For a participant in a LMIC, there is a 
higher probability that this payment might be a very strong motivator to join a clinical 
trial even if there are substantial risks. If the participant joins the trial as the only way 
to feed himself and his family, one could argue that it is not truly informed consent.

The WHO stated that sponsors are not ethically obliged to unblind subjects as soon 
as a different investigational vaccine becomes available [29, 31]. In South Africa, the 
vaccine roll-out for health care workers was via the Sisonke open label clinical trial. 
Outside of a clinical trial setting, there was no other way for a health care worker to 
get vaccinated. A small group of these health care workers were already participating 
in Covid-19 vaccine PCTs. This is another example of how participants in LMICs are 
motivated to participate in PCTs, because a 50% chance of getting the vaccine is still 
better than no chance at all. Even though, according to the WHO, sponsors were not 
obliged to unblind these participants, it would have caused a great ethical scandal if 
they were not given the option. In the author's experience, many participants made it 
clear that if they were denied unblinding, when they have a 100% chance of getting 
a vaccine elsewhere that is already authorised in several other countries, they would 
certainly withdraw from the PCT.

Ahmad and Dhrolia posed the following comparison. The question “Should we 
continue or permit placebo controlled vaccine trials for Covid-19 disease, when avail-
able vaccines have been found safe, efficacious and in use in many countries?” sounds 
very similar to “Should West African HIV-positive pregnant women receive placebo 
in HIV placebo-controlled trials when Zidovudine was found safe and efficacious for 
the prevention of vertical transmission of HIV infection elsewhere in the world?” or 
“Should African American men of Tuskegee, Alabama remain untreated even when 
penicillin was found safe and efficacious for the treatment of syphilis?” [40].

Any researcher who has attended training in Good Clinical Practice, should be 
familiar with these historical events, which serve as extreme examples of what should 
not happen during a clinical trial. They involve vulnerable, disadvantaged, poor 
populations with potentially life-threatening diseases. These populations do not have 
access to the standard of care that is available in higher income countries. They are 
trying to access interventions which the sponsors are able to provide, but deliberately 
chose not to do so.

Multiple Covid-19 vaccines have been found to be safe, efficacious and one of the 
only lifesaving interventions that would be able to end a pandemic. Over ten billion 
doses of vaccines have been administered globally [35]. The vaccine is freely avail-
able in high income countries, but only 9.5% of people in low-income countries have 
received at least one dose [51]. It could easily be argued that continuing to use PCTs 
in Covid-19 vaccines, and thus further exploiting the vulnerable pollution in LMICs, 
is no different to the West Africa or Tuskagee trials, and thus grossly unethical and a 
violation of human rights.

6. Conclusions

PCTs for a COVID-19 vaccine in vulnerable populations need to be reviewed with 
the above in mind. The onus of patient safety when looking to conduct clinical trials in 
vulnerable populations, which LMICs certainly are, should remain with the sponsor 
and country of origin that will benefit most from the data. Emphasis must be placed on 
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Abstract

A virus when replicates itself from one generation to another, tends to change 
a little bit of its structure. These variations are called mutations. History says that 
SARS CoV-2 originated from the virus reservoirs of animals, specifically non-human 
mammals like bats and minks. Since then, there are evolutionary changes in its 
genome due to recombination in divergent strains of different species. Thus, making 
the virus more robust and smarter to sustain and evade immune responses in humans. 
Probably, this has led to the 2019 SARS CoV-2 pandemic. This chapter tracks the evo-
lutionary trails of the virus origin, its pathogenesis in humans, and varying variants 
with the coming times. Eventually, the chapter overviews the available vaccines and 
therapies to be followed for SARS CoV-2.

Keywords: evolution, pathogenesis, variant, SARS CoV-2, vaccine

1. Introduction

At the end of the year, 2019 a pandemic was caused by a new human infecting 
coronavirus, also called severe acute respiratory syndrome coronavirus 2 or SARS 
CoV-2. The first case of this novel virus was reported in Wuhan city of China and 
later it spread all over the globe. COVID-19 is the disease caused by SARS-CoV-2, 
which is characterized by different levels of severity and a range of signs and symp-
toms mainly fever, cough epidemic, sore throat, sudden onset of anosmia, shortness 
of breath, nausea, vomiting, and diarrhea [1]. This was announced a ‘public health 
emergency of international concern’ by the International Health Regulations (IHR) 
Emergency Committee of the World Health Organization (WHO) [2]. To date, more 
than 6 million deaths are caused by this disease around the globe (WHO, Coronavirus 
Disease COVID-19 Dashboard, accessed on 14/04/2022). Coronaviruses are positive-
sense single standard RNA viruses that come under the family of Coronaviridae and 
Orthocoronavirinae subfamily. They are enveloped viruses having spherical, oval, 
or pleomorphic genomic shapes. The subfamily is further divided into four genera: 
Alpha, Beta, Gamma, and Deltacoronavirus [3]. Coronaviruses are not new to 
humans, and most of them cause minor respiratory infections in humans. They have 
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also been known to infect domesticated animals for decades [4]. However, since the 
beginning of the twenty-first century, they have emerged as a major threat to the 
human population. There were six coronaviruses (CoV) known till now, among which 
severe acute respiratory syndrome CoV (SARS CoV) and Middle East respiratory syn-
drome CoV (MERS CoV) outbreaks took the life of a large number of people in 2002 
and 2012, respectively. SARS CoV first appeared in China in 2002, infecting 8422 
people followed by 916 deaths. MERS CoV afterward emerged in Arabian nations 
and infected around 1800 people. In 2019, the seventh CoV produced a large-scale 
outbreak that affected nearly every country on the planet. The new coronavirus was 
called SARS CoV-2 since it is closely related to SARS CoV. SARS CoV-2 is spreading 
quicker than SARS CoV and MERS CoV, with an increasing number of deaths [5].

2. History

Since the discovery of the virus in China in late 2019, the SARS CoV-2 pandemic 
has progressed through numerous stages. Patients with pneumonia-like symptoms 
were reported from various local health institutions in Wuhan city of China in 
December 2019. The reason was unknown, and the majority of the patients came 
from Wuhan’s sea/wet food market. The pathogen was identified and confirmed 
in the laboratory using real-time polymerase chain reaction, and next-generation 
sequencing. Because its genome did not entirely match any previously sequenced viral 
genome and the clinical signs were distinct from other recognized viral diseases, the 
virus was named 2019-nCov, where “n” stands for “novel” [5], and the disease was 
called COVID-19. The novel virus was classified as a Beta coronavirus based on the 
highly conserved protein-encoding open reading frame (ORF) 1a/1b sequence. As a 
result, the International Committee on Taxonomy of Viruses changed the nomencla-
ture to SARS CoV- 2 [6].

3. Evolution

Based on mutation research, Li et al. [7] proposed that the virus appears to have 
emerged in late summer 2019 in China, and it may have invaded the West as early as 
October 2019. According to Dorp CH et al. [8], the illness spread globally most likely 
from the start of the epidemic. By Chaw SM et al. [9], SARS-CoV-2 spread cryptically 
well before the late 2019 outbreak in China, and Gambaro et al. [10] suspect the same 
for France. It is known that the SARS CoV-2 infection started in China, however, it is 
assumed that the virus arose in a mine in China in 2012, was collected in a laboratory, 
that may have escaped during manipulations in 2018 or 2019 [11]. This explanation 
might account for the virus’s circulation before the epidemic; during this early era, the 
virus could have undergone unnoticed mutations.

4. Structure

Coronaviruses are members of the Coronavirinae subfamily of the Coronaviridae 
family, which includes four genera as mentioned earlier. CoVs have a single-stranded 
Positive-sense RNA genome (27–32 kb) which is bigger than any other kind of 
RNA virus. The capsid was formed outside the genome by the nucleocapsid protein 
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(N), and the genome is further packed by an envelope that is associated with three 
structural proteins: membrane protein (M), spike protein (S), and envelope protein 
(E) [12]. After the virus was confirmed to be the member of the coronavirus fam-
ily, the genome size of SARS CoV-2 which was sequenced which approximately was 
found to be 29.9 kb [13]. Other than the structural proteins, SARS-CoV-2 contains 
16 non-structural proteins (nsp1 to nsp16). Majorly, to mention a few, Nsp1 mediates 
RNA processing and replication. Nsp2 modulates the survival signaling pathway 
of the host cell. Nsp3 is believed to separate the translated protein. Nsp4 is a trans-
membrane domain 2 (TM2) protein thus promotes alterations in the endoplasmic 
reticulum membranes. Nsp5 participates in the polyprotein process during replica-
tion. Nsp6 is a likely transmembrane domain. The presence of Nsp7 and Nsp8 boosted 
the combination of Nsp12 with template-primer RNA. Nsp9 is a protein that binds 
to ssRNA. Nsp10 is required for viral mRNA cap methylation. Nsp12 includes the 
RNA-dependent RNA polymerase (RdRp), which is required for coronavirus replica-
tion/translation. Nsp13 binds ATP and the zinc-binding domain for replication and 
transcription. Nsp14 is an exoribonuclease proofreading domain. Endoribonuclease 
activity of Nsp15 is Mn (2+) dependent. Nsp16 is a 2’-Oribose methyltransferase 
[14, 15]. According to one study, NSP-mediated effects on splicing, translation, and 
protein trafficking can suppress host defenses. When infected with SARS CoV-2, 
NSP16 binds to the mRNA recognition domains of the U1 and U2 snRNAs, suppress-
ing mRNA splicing. NSP1 binds to 18S ribosomal RNA in the ribosome’s mRNA entry 
channel, interfering with mRNA translation. NSP8 and NSP9 bind to the 7SL RNA, 
which is found at the Signal Recognition Particle, causing protein trafficking to the 
cell membrane to be disrupted [16].

SARS CoV-2 virus contains a series of spike proteins on the surface. 
Microscopically, this virus appears like a crown, which gives rise to its name corona, 
which in Latin means crown [16, 17]. The structural and spike proteins are responsible 
for allowing the virus to attach to the membrane of the host cell. It contains a receptor 
binding domain that recognizes a specific receptor ACE-2 (Angiotensin Converting 
Enzyme- 2 Receptor), which is expressed in the lungs, heart, kidneys, and intestines 
[5, 18]. These proteins bind to the ACE-2 receptor with at least the same affinity and 
potentially as much as 20 times greater affinity than the SARS CoV-2 virus [6].

5. Pathogenesis

The structural proteins of this virion has specific roles for virus adhesion and  
invasion. The S glycoprotein mediates the viral particle’s entrance phases, which 
include adhesion to the host cell membrane and fusion. S protein is formed as a 
homotrimer and inserted in numerous copies into the virion membrane, giving it 
a crown-like appearance. Many viruses utilize these similar glycoproteins for host 
entry including HIV-1, Ebola virus, and avian influenza viruses. This is split into two 
subunits: extracellular and transmembrane in infected cells (that is, the cleavage 
happens before the virus is released from the cell that generates it). Similarly, some 
coronaviruses break their S protein into S1 and S2 subunits during biosynthesis in 
infected cells, whereas other coronaviruses cleave their S protein only when they 
reach the next host cell. SARS- CoV-2 and MERS- CoV, come under the first category: 
its S protein is cleaved in virus-producing cells by proprotein convertases such as furin 
[19, 20]. As a result, the mature virion’s S protein is made up of two non-covalently 
linked subunits: the S1 subunit binds ACE2 and the S2 subunit fixes the S protein to 
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the membrane. The S2 subunit also contains a fusion peptide and other machinery 
required to promote membrane fusion during new cell infection.

Receptor interaction by viral entry glycoproteins, generally in conjunction with 
other triggers, causes substantial conformational changes in both subunits, bring-
ing the viral and cellular membranes together and eventually forming a fusion hole 
that allows the viral DNA to access the cell cytoplasm. The cleavage of a second site 
internal to the S2 subunit, known as the ‘S2′ site, ‘is one such trigger for SARS-CoV-2. 
The virus exposes the S2′ location by engaging ACE2. Cleavage of the S2′ site by an 
enzyme called transmembrane protease, serine 2 (TMPRSS2) [21–23] at the cell 
surface or by cathepsin L in the endosomal compartment releases the fusion peptide, 
beginning fusion pore development. Because the viral genome requires access to the 
cytoplasm and can only do so when this hole develops and the viral and cell mem-
branes merge perfectly, where each step of the procedure is essential.

6. Evolution of viral variants

Viruses are complex molecular structures with simple-looking morphology. They 
are just single-cell microorganisms containing genetic material either DNA or RNA 
[1]. That genetic material is made up of molecules that can be represented as a series 
of deoxy-ribonucleotides in the form of A = T (DNA), A = U (RNA), and G = C. 
Each part of this code contains instructions for how to make one specific protein 
that allows the virus to function. A virus has one goal that is, to make more of itself. 
But because it’s not so simple, it cannot do that on its own. So, it uses a host. Every 
time a virus infects a person, it uses its cells to make copies of itself replicating this 
complex code again and again [1, 24]. But eventually, it makes a mistake, sometimes 
it deletes or adds a letter. Sometimes it flips them around. This mistake is called a 
mutation, which changes the instructions for making a virus. This slightly altered 
virus is a variant. Since viruses are constantly going through this copying process, it’s 
normal for them to change over time [2, 25]. Most of the time mutations are harm-
less or even make the virus weaker, and they quietly disappear without making any 
notable difference. But when a series of mutations occur it gives the virus a slight 
edge over us. If a particular set of mutations makes a variant more successful, it might 
become more prominent than others and that’s when it gets noticed. That is how the 
scientists started to notice SARS CoV2, back in September of 2020 [3, 4]. oronavi-
ruses are covered in spike proteins that they use to bind with and infect human cells. 
The thing is, that binding is not a perfect fit. So, it does not always get past the cell’s 
defenses. But the B.1.1.7 variant, which scientists later renamed the “Alpha” variant, 
has multiple mutations on the spike protein: Mutations that make it easier for the 
virus to bind with cells [5, 6, 26],help make the virus more transmissible. Which led 
it to become a dominant strain in many places around the world. But SARS CoV2 has 
been mutating all along. It’s important to remember that a virus does not make active 
decisions. It creates strategy within the cells [17]. Mutations are random errors. But 
the longer a virus is around, the more people it infects, the more it will change and the 
more those changes accumulate and the virus evolves into something more dangerous. 
Alpha, Beta, Gamma, Omicron, and Delta are five variants considered as “variants of 
concern” by the W.H.O. All have mutations on the spike protein [2–4]. Delta, the most 
recent addition to this list, has been referred to as a “double mutant,” because, while 
it has many different mutations, it has two significant mutations (L452R & E484Q ). 
These two mutations seem to make the virus more transmissible. Variant strains of the 
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virus make it easier for the virus to re-infect people who have already had Covid-19, 
meaning that variants may have evolved to dodge natural immune responses [17, 27]. 
The Omicron variant of COVID-19 is spreading more rapidly in comparison to other 
strains because it has more mutations majority of them on the spike proteins. The new 
omicron variant BA-2 appears to be about 50% more transmissible in comparison to 
the original omicron BA-1 and causes same severity of disease [2, 3]. BA-1 strain of 
omicron is more infectious in younger people and according to reports several people 
have been infected with omicron BA-1 and within a month infection with omicron 
BA-2. It appeared that this version of omicron was either highly infectious that it 
could overcome vaccine load or previous infection immunity, or it can evade immu-
nity due to the mutation that it has evolved with [5, 27]. It was also more contagious 
compared to the Delta variants, as it quickly became the dominant strain in the US. 
W.H.O said it expects that people can spread omicron even if they are vaccinated or 
do not have symptoms [3, 6, 26]. Viruses multiply by copying their genomes over 
and over, but as an old photocopier, these copies are not always perfect. Each of these 
imperfect copies is a variant. Normally the imperfections or mutations do not change 
how the virus behaves and they can often make it less successful than the original 
strain [25, 28]. But very rarely mutations can change the virus in some important 
ways. The more a virus is allowed to replicate unchecked, the more chance it has to 
accumulate these rare beneficial mutations [2, 18]. That can occur when viruses are 
allowed to spread quickly through a population, or if they encounter an immune 
compromised host.

7. Coronavirus and its new variants

Epidemiologists may even decide to label it as ‘Variant of Concern’ (VOC), like the 
examples identified in Brazil, South Africa, and the UK. For months, scientists have 
been striving to work out what’s changed in these variants, and what those changes 
mean. Because a variant spreading does not necessarily mean that it has an advanta-
geous mutation. For example, a small number of people could, by chance, move a 
variant from one region to another, like tourists traveling back from popular vacation 
spots. This could cause that variant to start spreading in a new location even though 
there may be no significant change to the biology of the virus. This is called the 
‘Founder Effect’. On November 5th, 2020, the United Kingdom went into lockdown 
[4, 18]. But, despite having the same lockdown measures, infections in Kent, an area 
outside of London, were still rising. In early December, the overall drop in cases led 
the country to relax restrictions anyway and then this happened [5]. It was not until 
around this time that researchers realized that somewhere in Kent, the virus itself had 
changed. It was a new variant. It was more contagious and it was spreading. By the 
time scientists gave it a name called B.1.1.7, it had spread to most of southeast England 
[18]. Two months later it was in 30 other countries. Five months later, it was the most 
common form of the virus found in the United States [6]. Lately, more and more vari-
ants are emerging in various places around the world. XE is a new variant of omicron 
and it is first detected in the UK. After successful detection of the XE variant, W.H.O 
has issued a warning against XE. It has been suggested that the variant could be more 
transmissible than any Covid-19 strain so far. XE is a combination of recombinants 
of both sub-variants (BA.1 and BA.2) of Omicron. Understanding why a variant 
has emerged requires a combination of studies. Epidemiology can help detect and 
trace new variants and flag new or worrying patterns of infection. Meanwhile, lab 
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studies can start to pinpoint how the mutations are changing the properties of the 
virus [5, 18, 25]. Some variants are faster spreading like the D614G mutation, known 
to virologists as Doug. It spread widely in the early days of the pandemic and can be 
seen in almost all variants [2, 17]. It affects the spike protein that coronavirus particles 
use to penetrate cells. N501Y also known as Nelly, is another spike protein mutation 
that appears to be associated with increased transmissibility. This mutation has been 
detected in the B.1.1.7, B.1.351, and P.1 strains - all variants of concern [5, 26]. The 
worry of so-called ‘immune escape’ has also been indicated with another spike protein 
mutation, E484K or Eek. Eek has been spotted in B.1.351 and P.1, the variants detected 
in South Africa and Brazil. Lab studies early in 2021 showed that the variant could 
evade some virus-blocking antibodies, while trials in South Africa suggested that 
the variant reduced the efficacy of several vaccines [28, 29]. Despite these worries, 
the coronavirus is mutating very slowly compared to something like influenza and 
it seems like the vaccines developed so far will remain at least partly effective. It is 
very important to monitor and trace the emergence of variants and that is not always 
simple to do [3, 18]. Organizations like the COVID -19 genomics UK consortium or 
COG-UK, have stepped up their efforts to combine fast sequencing with efficient data 
sharing. COG-UK has already sequenced over 400,000 SARS-CoV-2 genomes [3–5]. 
Next step for researchers is the need to look forward to how these mutated strains of 
SARS CoV-2 could affect global vaccination efforts. Existing vaccines can be rede-
signed and combinations of vaccines are also being tested but it could be difficult 
to perform reliable clinical trials amid the ongoing vaccination programmes. Public 
health policies such as track and trace, social distancing, and vaccine rollouts are 
powerful tools to interrupt, transmit and keep tabs on new variants [17, 28, 30]. After 
all, every time the virus is prevented from spreading, it’s also prevented from mutat-
ing, nipping new variants in the bud before they even have a chance to develop.

Figure 1. 
Diagrammatic representation of mutations in different regions of SARS CoV-2 giving rise to different variants. 
Amino acid substitutions are depicted in both structural and non-structural proteins of SARS CoV-2, which 
modify their affinity to ACE2 receptors, thus making them VOC.
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The hotspots and the mechanism of replacement of amino acids that bring about 
mutations at specific points in the SP’s and NSP’s have been shown in Figure 1. S1 and 
NSPs are thus considered hotspots for mutations that may have high clinical relevance 
in terms of virulence, transmissibility, and host immune evasion. NSPs are mostly 
biocatalyst or catalytic proteins or enzymes that induce viral replication and methyla-
tion and may play a critical role in host responses to infection. These genes are encoded 
in two important groups, namely ORF1a (NSP1-11), and ORF1b (NSP12-16). NSP1 is 
a principal protein to antagonizes type I interferon induction in the host and benefits 
the replication of the virus itself. The variants of concern (VOCs) have impacted the 
global health significantly, especially in the later year of 2020. The major ones are 
Alpha variant (B.1.1.7), Beta (B.1.351), Gamma (P.1), Kappa and Delta (B.1.617.1 and 
B.1.617.2) (Table 1). Figure 1 also tries to depict the important mutations in these 
VOCs, for example, the Alpha variant has an N501 mutation, N asparagine has been 
replaced with Y tyrosine, as well as K417 where the lysine K is replaced with aspara-
gine N (Figure 1). Another emerging variant derived from B.1.1.7 also carries E484 
mutation where the glutamic acid E is replaced with lysine K. Both Beta and Gamma 
variants have more substitutions other than N501. The Beta variant has E484, while the 
Gamma variant has the E484 and the K417 mutations. The latest variants Delta, and 
Kappa share two mutations E484 (glutamic acid E substituted by glutamine Q ) and 
L452 (leucine L altered by arginine R). Other than the two mutations above, Delta also 
harbors a unique mutation, T478 (threonine T replaced by lysine K) (Figure 1) [31].

Variants and their name 
according to W.H.O

Scientific 
Name

Canonical 
Mutations

Country, where 
first documented

References

Alpha B.1.1.7 N501Y, 69/70
deletion, P681H

South-eastern 
England

[3, 6–8, 13]

Beta B.1.351 K417N, N501Y, 
E484K

South Africa and 
Nigeria

[2–4, 7, 13]

Gamma P.1 K417T, E484K, and 
N501Y

Brazil [2, 5, 7, 13]

Delta B.1.617.2 L452R, T478K, 
D614G and P681R

India [3, 6–8, 13]

Omicron B.1.1.529 N679K, H655Y, and 
P681H

South Africa [4, 5, 10, 13]

Epsilon B.1.427 and 
B.1.429

S13I, W152C, 
L452R. D614G

USA [6, 7, 13]

Theta P.3 — Philippines [7]

Zeta P.2 — Brazil [7, 8]

Mu B.1.621 — Colombia [5, 7]

Eta B.1.525 — Nigeria [3, 7]

Iota B.1.526 — USA [7]

XE — — UK —

Table 1. 
Different variants of coronavirus with scientific names.
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8. Variants and their effects on pathogenesis

Coronavirus is a large family of viruses, which are found in humans and animals 
[32, 33]. These viruses have had two large-scale outbreaks in the past two decades 
the SARS virus in 2002 and the MERS (Middle East Respiratory Syndrome) virus 
in 2012 [34–36]. It’s generally been considered that these coronaviruses could cause 
future disease outbreaks because they are known to be able to evolve with animals 
and then jump to humans as an intermediate host in SARS. Palm civets and rac-
coon dogs were identified as the intermediate [37, 38]. According to the current 
mortality index total cases worldwide are found at 52.3 Cr and deaths confirmed 
at 62.7 L [34, 39]. The top five nations in terms of deaths in order are the US, 
India, Mexico, Brazil, and Russia. The UK has a much smaller number of deaths in 
comparison to these five countries. The highest number of cases are found in the 
US approximately 8.29 Cr and deaths confirmed 10 L. Coronavirus spreads mainly 
by respiratory droplets, cough, and sneezing. The aerosol-carrying virus allows 
it to travel into nasal or all cavities and it can live on surfaces for hours and even 
up to a few days on some surfaces [32, 35]. Infected touch can transfer the virus to 
mucous membranes in the eyes, mouth, nose, and upper airway [34, 35]. With that, 
symptoms arise like the common cold, stuffy nose, headache, sore throat, and fever 
[40, 41]. It is within the mucosal epithelium of the upper GI tract where primary 
viral replication is thought to occur similar to SARS CoV-2 is able to get further into 
the human respiratory system and lung’s epithelial cells [38, 42]. ACE-2 receptor 
interaction with SARS CoV-2 binds S protein to the ACE-2 receptor, this mechanism 
of binding is followed t in the same way in airway epithelial cells [37, 43, 44]. The 
host cells have proteases that break down proteins and these cleave spike protein, 
this process activates a protein to trigger the process of membrane fusion before 
injecting the viral genome into the host cell [45, 46]. This mechanism is similar to 
direct cellular entry that facilitates cell entry in the influenza virus. The virus may 
also enter the cell via endocytosis, where it is engulfed and surrounded by an area 
of the cell membrane [39, 47]. Further down it forms a vesicle inside the host cell 
where specific RNA and proteins are synthesized within the cytoplasm [46, 48]. 
Viral proteins are assembled with the blueprint of information contained within 
viral RNA using hosts cellular machinery specifically ER and Golgi apparatus 
with specific processes to form envelope glycoproteins [40, 48]. New variants are 
assembled by fusing to plasma membranes and released as vesicles via exocytic 
secretory processes. The stress is placed on cells by a viral infection and the interac-
tion of the immune system with viral antigens presented by infected host cells leads 
to cell death [47, 49, 50]. During this process of cell death, multiple inflammatory 
mediators are released and create an inflammatory response leading to a buildup 
of mucus. Thickening and hyperplasia of cells within airways this inflammation 
causes irritation of cells lining airways, which leads to cough [42, 51, 52]. In the 
lower respiratory tract, the virus acts within the lungs to get into the trachea or 
windpipe this branch is further bifurcated into the left and right main bronchi these 
bronchi branch into lobar bronchi. Bronchi have three sub-branches here one on the 
right and two on left, these branches are further segmented into segmental bronchi 
[49, 51, 53]. The segmental bronchi further branches into respiratory bronchiole 
and after that respiratory bronchiole culminate in tiny alveoli. COVID-19 infection 
may lead to inflamed alveolar walls, that get thickened and fill the alveolus with 
fluid, which can impair their ability to exchange gases [29, 40]. This can lead to the 
symptom of shortness of breath in some people infected with COVID-19 [38, 39]. 
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Viruses can lead to an exaggerated immune response with a huge release of pro-
inflammatory mediators causing, which is known as a cytokine storm or cytokine 
release syndrome. Cytokines are small proteins involved in cell signaling and crucial 
in mediating immune responses [39, 52]. The cascade of inflammatory mediators 
causes an uncontrolled systemic inflammatory response, which leads to acute respi-
ratory distress syndrome or ARDS is the rapid and widespread inflammation of the 
lungs [47, 48]. ARDS causes epithelial and endothelial cells of the lungs to secrete 
inflammatory mediators, which fill the alveoli and allow these inflammatory signal-
ing cells to recruit other cells of the immune system into the alveoli [50]. It further 
amplifies the problem and systemic inflammatory state causing increased capillary 
permeability, resulting in more fluid entering in alveoli causing pulmonary e dema 
[39, 50, 54]. Compounding the problem overall this pathological process severely 
impairs the ability of the lungs to exchange oxygen and carbon dioxide. This whole 
cycle of SARS CoV-2 invasion in general, pathogenesis, disease outcome, and cur-
rent therapy has been illustrated in Figure 2.

9. Available therapy

COVID-19 is one virus that causes serious breathing difficulties other than 
common flu-like symptoms. Patients who have trouble breathing may be given 

Figure 2. 
A summarized cycle of SARS CoV-2 depicting (a) different parts of SARS CoV-2 virus (S = spike, 
M = membrane, E = envelope, viral mRNA, N = nuclear material) being represented on antigen presenting 
cells (APC) and T helper cells, (B) further initiating the immune responses in the human body that may be 
cell-mediated or antibody-mediated/innate or adaptive immunity (C) shows the potential immune evasion 
mechanisms. This shows a common evasion shared by all three respiratory viruses (SARS-CoV, MERS-CoV, and 
SARS-CoV-2). (1 and 2) shows hindrance created by coronaviruses during RNA sensing, starting the innate 
immune response and interferon (IFN-1) production. (3) shows the STAT1/2 activation leading to downstream 
activation of IFN/IFNAR (4) as sown by blocking marks. This blocking or oppression results in the decrease of 
interferon production thus impacting the adaptive immune response. Thus, helping the persistence of the virus in 
the host cells thus aggravates immune responses which may lead to immune exhaustion and immune suppression. 
(D) Shows the type and severity of disease manifestations inside the human host (E) indicates vaccine as the only 
available therapy which is helping in controlling this fatal viral infection.
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supplemental oxygen, if the oxygen alone is insufficient to help the patient breathe 
then the patients are put on mechanical ventilation such as BiPAP, and in some situ-
ations, they may need to intubate and oxygenate the patient through conventional 
ventilators [37, 53]. Individual treatment depends heavily on their health condition 
and the resources available at a time. Remdesivir is an antiviral drug, which disrupts 
the virus’s ability to replicate and spread within the body [55]. Remdesivir specifi-
cally is recommended for patients, who have been hospitalized and require oxygen 
but are not on mechanical ventilation. Globally remdesivir is in short supply and 
many health institutions have very limited quantities of it. Dexamethasone is a 
corticosteroid drug that makes adjustments to how the immune system regulates 
itself [55, 56]. Dexamethasone or other glucocorticoids similar to it can be used 
in patients, who need oxygen and can be used on patients who are on mechanical 
ventilation or non-mechanical ventilation [57]. However, patients who are not on 
supplemental oxygen are not recommended to take dexamethasone as the side effects 
of the drug may worsen their condition [41, 54, 58]. There have been some proposed 
treatment solutions like the use of blood plasma of patients, who have recovered from 
COVID-19 also called convalescent plasma [58, 59]. But this therapy could not find 
much success in seriously sick patients with COVID-19. In the spring of 2020, there 
was a lot of news coverage regarding the use of chloroquine and hydroxychloroquine 
to treat severe covid-19 patients [23, 60]. In August of 2020, the National Institute 
of Health issued a statement that recommended against using these drugs as initial 
trials in Covid-19 had either shown no benefit at all or had led to worst outcomes for 
patients due to drugs with dangerous side effects [59, 61, 62]. In 2021 India has begun 
to roll out an antibody cocktail drug therapy for COVID-19 patients and a similar 
therapy was used to treat former US president, Sir Donald Trump. This was a cocktail 
of two drugs, casirivimab and imdevimab [63]. The cocktail therapy claims to reduce 
hospitalization and death in Covid-19 patients by 70%. Each patient’s dose is 1200 mg 
(600 mg of casirivimab and 600 mg of imdevimab) and the price of each patient’s 
dose will be around 60,000 rupees [63–66]. Majority of these drugs are a recipe of 
monoclonal or artificial antibodies that are generated by cloning a unique white blood 
cell [67]. These amalgamated antibodies are designed in such a way that they can 
well bind to the spike protein of SARS CoV-2 and fight against the infection. But the 
effectiveness of these antibodies is limited to Covid-19 patients with mild to moderate 
symptoms [64, 65, 68]. Its effectiveness shows best when given during the first seven 
days of the infection when the virus is multiplying. Thus the viral entry at this time 
point is ceased. This therapy is not advised for severe Covid-19 patients, who require 
oxygen therapy [54, 56, 68].

10. Vaccine against SARS CoV-2 and its efficacy

Researchers are racing towards the goal of delivering a safe and effective vaccine 
that could curb COVID-19 [69]. Production and scale-up for some of the vaccines 
have already started. New technologies are genetic vaccines and viral vector vaccines 
[70]. A lot of investment in them has especially focused on their potential to combat 
emerging infectious diseases and COVID-19 is putting that potential to test [15, 71]. 
Scientists developed a successful influenza vaccine was in 1953 where they injected 
viruses into fertilized eggs, which were then incubated to allow viral replication 
within the eggs [72]. These replicated viruses are then explored for developing two 
classical vaccine formulations, where the virus is either weakened (Live attenuated 
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virus) or killed (Whole inactivated virus) live attenuated and whole inactivated virus 
vaccines. These are [34, 70, 72]. These approaches are still in use today, although 
different cell cultures have replaced the use of eggs. At the current time, vaccinology 
has introduced multiple other approaches to develop vaccines [71]. This has been 
summarized in Figure 3. Major types of vaccines being deployed against COVID-19 
are genetic vaccines, protein subunits, virus-like particles, viral vector vaccines, live 
attenuated viruses, and whole inactivated virus vaccines [70, 73]. Because of previous 
research on SARS and MERS, researchers only focus initial attention on the S protein 
of the SARS CoV-2 virus that is necessary for viral entry into human cells [35, 74]. 
So, a vaccine that exposes the immune system to just a spike should induce a protec-
tive response and that is the strategy behind the majority of COVID-19 vaccines. A 
comparison between conventional vaccines (that contain the whole virus) and genetic 
vaccines is interesting. Researchers can take genetic material either as m-RNA or 
DNA, that codes spike protein and explore this for vaccine development [75]. Two 
types of genetic vaccines are being investigated for COVID-19, i.e. m-RNA and DNA 
vaccines. mRNA needs to reach the cytoplasm of host cells, while DNA needs to enter 
the nucleus. Then this genetic material gets taken up by cell machinery, and cells 
express spike protein [74, 75]. These spike proteins are recognized by the immune 
system, hopefully stimulating a protective response. Naked mRNA cannot easily 
cross cell membranes passively, and it’s very susceptible to degradation [32, 43]. In 
vaccines, mRNA coding for the spike is encased in small carrier molecules called lipid 
nanoparticles [44, 75]. The goal is to induce immunity against the target antigen, the 
added genetic cargo. But these vaccines may also induce immunity to the vector itself 
and viruses used as vectors are attenuated or weakened, so they cannot cause disease. 
A lot of different viruses have been developed as vectors, and they can be broadly 
categorized into two types, replication-defective and replication-competent [74, 76]. 
A very popular choice among potential COVID-19 vaccines is adenoviruses as these 
viruses are common pathogens that typically cause mild cold or flu-like symptoms [77]. 

Figure 3. 
The diagrammatical representation shows the different types of vaccines against COVID-19.
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Lots of vaccines with adenovirus vector carries DNA coding for the spike to host 
cells., but it does not display on its surface. Once the virus infects a host cell, it delivers 
DNA to the nucleus, cells machinery expresses spikes using this DNA which is to 
genetic vaccines [77, 78]. Adenovirus vectors are replication defective, after the virus 
infects a cell no more viruses are produced [78]. Replication competent virus vectors 
used recombinant vesicular stomatitis virus. The wild-type VSV is usually asymptom-
atic in humans or it causes a mild flu-like illness. Scientists attempted to replace part 
of the RNA sequence with spike coding RNA of the virus genome [32, 40, 77]. Once 
the virus (rVSV) infects the host cell, cell machinery starts expressing a spike. This 
phenomenon mimics a real viral attack more closely [44, 78]. Adenovirus vectors, 
which are much further ahead in COVID-19 trials, have never been used in an FDA-
approved vaccine and there are likewise no FDA-approved DNA or RNA vaccines.

11. Vaccines and their efficacy

A lot of viral evolution just comes down to statistics and a particular mutation that 
may confer the ability of the virus to make more copies of itself or to be stickier to 
cells. After that over time, it becomes more predominant in the population, because 
of that selective advantage it has and this is exactly what has happened with variants 
being detected around the globe [71, 79]. The variants reported are usually designated 
by their regions or locations where they were first found (B.1.17, B.1.351, P.1, and 
B.1.427/B.1.429). For example, some detected in California, South Africa, etc.  
[38, 80] (summarized in Table 2). But some variants were simultaneously found in 

Vaccine 
Name

Clinical trial 
Number

Manufacture Phage Number of 
Participants

Immunity 
response

Efficacy

mRNA-1273 NCT04470427 MODERNA/
NIAID

3 30,000 CD4+ T-cell 
activation 
reported 

(Th1 
skewed 

phenotype

94.10%

BNT 162b2 NCT04368728 BioNTech/Pfizer 3 44,000 Virus 
specific 
Th1 and 

CD8+ T cell 
responses 
reported

95%

Ad5-nCoV NCT04526990 CanSino 
Biological

3 40,000 T-cell 
responses 

were 
observed in 
88% of the 
participants

—

AZD1222 NCT04540393 AstraZeneca 3 30,000 T-cell 
responses 

were 
observed 

in all 
participants

62.10%
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many locations at the same time like a variant was first detected in the UK, South 
Africa, and Brazil which were already circulating in the US. This dilemma is still 
unanswered and may dampen the effectiveness of available vaccines [46, 66, 81]. When 
researchers talk about vaccine efficacy, a lot of attention is paid to antibodies, specifi-
cally neutralizing antibodies. The leading COVID-19 vaccines all induce neutralizing 
antibodies, which bind to the virus at a few different sites on spike proteins called 
epitopes [43, 81]. These neutralizing antibodies thus block the virus attachment to cells 
but to contrary, the evolving mutations in the virus are most worrisome in terms of vac-
cines, as they affect neutralizing antibody binding sites on spikes [81]. So, the first step 
in understanding how a variant will impact vaccine effectiveness is to analyze where the 
mutations are. But while this provides important clues, it does not give the full picture. 
Table 2 below summarizes the available vaccines till now and their efficacy.

12. Testing variants against serum

Researchers and physicians have also explored different components of blood 
for imparting immunity to the Covid-19 affected patients. Serum, a component of 

Vaccine 
Name

Clinical trial 
Number

Manufacture Phage Number of 
Participants

Immunity 
response

Efficacy

Sputnik V NCT04530396 Gamaleya 
Research Institute

3 40,000 CD4+ and 
CD8+ T cell 
responses 

were 
observed 

in all 
participants

—

JNJ-
78436735

NCT04505722 Janssen 
Pharmaceutical

3 90,000 CR4+ T cell 
responses in 
80% of the 
participants

—

CoronaVac NCT04456596 Sinovac Research 
& Development 

Co.

3 8870 Not 
Reported

—

BBIBP-CorV NCT04560881 Beijing Institute 
of Biotechnology

3 63,000 Not 
Reported

79.38%

BBV152 CTRI/2020/ 
11/028976

Bharat Biotech 3 26,000 Virus 
-specific 

CD4+ and 
CD8+ T cell 
responses 
Reported

—

NVX-
CoV2373

NCT04611802 Novavax 3 45,000 CD4+ T cell 
activation 

in all tested 
participants

—

CoVLP NCT04636697 Medicago 3 30,612 Not 
Reported

—

Table 2. 
Advanced SARS-CoV-2 vaccine candidates.
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blood that contains antibodies was taken from a vaccinated individual and combined 
with the virus in the lab, to see if antibodies contained in the serum block virus from 
infecting cells [82, 83]. There is currently no centralized system for testing all dif-
ferent vaccine sera against all different variants. Most studies have been small, and 
have primarily focused on mRNA vaccines [82, 84]. B.1.1.7 variant was first detected 
in the UK; and the B.1.351 variant was detected in South Africa, where serum testing 
showed a reduction of about six-fold in antibody sensitivity [85]. The other vari-
ants of concern currently identified by the CDC are P.1, which was first detected in 
travelers from Brazil, and two variants first detected in California B.1.427 and B.1.429 
[85, 86]. Fewer studies are available on these variants, but current data indicate that 
the reduction in antibody sensitivity is somewhere between B.1.1.7 and B.1.351 [85]. 
Overall researchers need more laboratory data. But even when larger studies become 
available on all different variants and vaccine sera, these data may prove inconclusive 
[83]. Testing against serum samples has limitations. A big one is that antibodies are 
only one part of the immune response. In serum, the patient will not have our T 
cells, the patient will not even have our memory B cells or plasma cells that might be 
important just for antibody response [87, 88]. So, a lot is missing and that makes it 
hard to determine how a decrease in antibody sensitivity of 6 fold, in the lab, trans-
lates to vaccine effectiveness in the real world [86, 89]. Given these limitations to 
laboratory testing, it is of paramount importance to collect data on the ground. One 
example of such data would be sequencing variants infecting people, who become 
seriously ill with COVID-19 despite being vaccinated [84]. Another source of ground 
data is ongoing and recently completed vaccine clinical trials. ChAdOx1 nCoV-19 
derived vaccine did not fare well in South Africa, where B.1.351 variant dominated, 
and South Africa halted its distribution in February [89, 90]. ChAdOx1 nCoV-19 
derived vaccine is close to filling for authorization in the US and this vaccine is already 
being distributed elsewhere, including in the UK, and Europe by WHO [89]. Another 
vaccine that was tested in South Africa is from protein subunit vaccine, this vaccine is 
not yet being distributed, but it is getting close to filling for authorization in the UK, 
the US, and elsewhere. The most recent update read out of data suggests that while 
the protein subunit vaccine was almost 90% effective in the UK, it was much less 
effective in South Africa about 49 or 55% depending on whether or not people include 
participants infected with HIV [74, 90, 91]. A vaccine made by a piece of a modified 
virus is now being distributed in the US, reports a similar trend. This vaccine was 
72% effective at preventing moderate to severe disease in US 28 days after vaccina-
tion. In South Africa, that number was only 64% [90]. But importantly this vaccine’s 
efficacy against the severe disease was similarly high across regions [74, 84]. The 
currently available data indicate that while variants do pose a real threat to vaccine 
effectiveness, the available vaccines remain potent tools in fighting the pandemic. But 
researchers and public health experts also stress, that there will be more SARS- CoV-2 
variants [92]. This underscores the importance of a global approach to surveillance, 
tracking, and vaccine development. But CDC Director Dr. Rochelle Walensky has 
emphasized the need to scale up surveillance across the US. In early January 2021, 
there were 250 samples a week that were being sequenced. In addition, CDC, NIH, 
vaccine procedures, and other groups are already discussing and collecting data on 
various vaccine strategies for combatting variants [92]. One potential strategy is a 
booster shot that would expose the human body to viral spike protein from the newer, 
resistant variant. This would stimulate the immune system to produce antibodies 
specific to the new variant in addition to an extra protective cushion for protection 



309

Perspective Chapter: Tracking Trails of SARS CoV-2 – Variants to Therapy
DOI: http://dx.doi.org/10.5772/intechopen.106472

against other variants as well [88, 93, 94]. Studies evaluating both booster approaches 
have already started. Other strategies may also be like a bivalent vaccine, which 
induces an immune response to two different antigens with one shot. Such a vac-
cine could induce immunity to two different variants or two viral proteins from the 
same variant [79, 95]. But while such strategies are important to evaluate, the most 
significant way to mitigate the threat posed by variants is to reduce the community 
spread of SARS CoV-2. The way to decrease the amount of virus circulating is to get as 
many people vaccinated as possible, as quickly as possible, and to continue preventive 
measures like mask wearing and physical distancing [84, 95].

13. Future predictions of COVID-19

The continuous emergence of different variants of SARS CoV-2 has shown us that 
this coronavirus has high replication potential than other RNA viruses, due to which 
with every transmission and spread, the rate of mutation increases. Though predict-
ing the future of an ongoing pandemic can never be explained with confidence and 
surety, still, possible future scenarios of COVID-19 can be explained [96–99].

1. The most important apprehension regarding this pandemic is that this will not 
end up with a sudden break in the coming times. Mini waves will keep com-
ing, where we will face manifestations from severe disease, with high levels of 
infection to milder disease symptoms. Though the recent COVID-19 infection in 
the past 3 years and vaccination will provide herd immunity, still the diagnostic 
surveillance should go on.

2. As discussed earlier the other possible scenario of this pandemic in the near 
future can be its transition to the epidemic, where it will follow the story of the 
Influenza virus. It has been seen in the past years that 2% of the annual global 
deaths (out of which 2/3rd of the people above the age of 65) are because of 
respiratory illness which majorly includes flu. And if this is compared with SARS 
Co V-2 infection, the availability of vaccine and effective monoclonal antibody 
therapies (70–85% effective), gives an optimistic view of COVID-19 infections in 
the future. There is still high scope of more effective therapies against COVID-19 
coming down the lane, thus keeping a positive approach towards decreasing 
SARS CoV-2 infections in the approaching times.

3. The other future scenario of SARS Co V-2 can be its transition from a pandemic to an 
endemic. As seen in the past with other coronaviruses like MERS and SARS, which 
got restricted to different pocket areas of the world and people of different ethnicity. 
Though there is limited data that supports the above information, it is therefore not 
possible to predict with confidence what adaptation SARS CoV-2 will take with time.

These future predictions of SARS CoV-2 virus spread and recurrence of COVID-
19 will depend on one or all of these important facts: 1. Epidemiological tracking 
(updated data on continuous surveillance of the disease and its global spread); 2. 
Updated data on its pathogenicity, virulence, and variation in disease severity glob-
ally; 3. A continuous inflow of funds worldwide for more research in the development 
of efficient targeted therapies for COVID-19 [100].
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14. Conclusion

The world has witnessed the recent pandemic of SARS CoV-2 and it is difficult 
to see that the world will return to pre-covid life any time soon. Although the global 
vaccination drive has brought this fatal respiratory infection under control, still SARS 
CoV-2 trajectory is yet to form a plateau. It is anticipated that with the transition of 
this pandemic to an endemic, uncertainties will remain with the human population. 
The persistence of this endemic virus in different pockets of the world may rise as a 
seasonal epidemic flu with some susceptible individuals who might succumb to its 
infection if immunocompromised or with waning levels of immunity.

We all share a beautiful world and as wisely said by “Sir Mahatma Gandhi”, “Unity 
to be real must stand the severest strain without breaking”. This pandemic has taught 
the world to be unanimous, be it in fighting against this disease by imposing national 
and international lockdowns to cease the spread of the disease or helping each other 
by providing daily bread and needs to the jobless migrants and affected people. 
Furthermore, the inflow of funds among different nations for rapid and continuous 
research led to the development of globally effective vaccines in the shortest time. The 
whole world stands together and looks forward to their respective contributions to 
keep an eye on the trajectory of COVID-19 so that we can reach the plateau with more 
effective strategies to combat COVID-19 and any more such pandemics in the near 
future if any.
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SARS-COV-2 Pandemic: How to
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Abstract

The emergence of severe acute respiratory syndrome type 2 coronavirus
(SARS-CoV-2) and its complications have demonstrated the devastating impact of a
new infectious pathogen since the first months of 2020, especially on Health Systems.
The work to maintain a COVID-free hospital in terms of reorganization of operational
processes and surveillance against SARS-CoV-2 has allowed us to maintain the
structure suitable for activities for non-positive patients. The commitment related to
this reorganization (not only in terms of costs) is largely satisfied by the responses to
the health needs of non-COVID patients. The results obtained during the First
Pandemic phase at the Giovanni XXIII Hospital in Monastier di Treviso have allowed
the maintenance of the status of a COVID-free hospital. These results are supported
by multiple studies in other parts of the world.

Keywords: SARS-CoV-2, COVID hospital, COVID- 19, coronavirus, pandemic,
vaccines, immunity

1. Introduction

COVID-19 [1] (acronym of Coronavirus Disease 19), or Severe Acute Respiratory
Syndrome from SARS-CoV-2 or more simply Coronavirus disease 2019, is an
infectious respiratory disease caused by the virus SARS-CoV-2 belonging to the
Coronavirus family. The first cases were found in China (Wuhan Province) during
the COVID-19 pandemic of 2019–2020 [2]. Coronavirus mainly affects the lower
respiratory tract with flu-like symptoms [3, 4], such as fever, cough, shortness of
breath, muscle pain, fatigue and diarrhea [5]; up to pneumonia, ARDS, sepsis and
septic shock, and death of the patient. More studies indicate the endothelium as the
virus site of the attack, therefore the involvement is systemic. A mass vaccination
campaign is underway with two types of vaccines: mRNA and protein vaccines.
Currently, treatment consists of isolating the patient and managing clinical symptoms
[3]. An infected person may present symptoms after an incubation period that can
vary between 2 and 14 days approximately (although there have been cases of
29 days), during which they can still be contagious [6, 7]. To limit its transmission,
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precautions must be taken, such as adopting careful personal hygiene, washing hands
frequently and wearing Personal Protective Equipment (PPE) [8]. Those who believe
they are infected must remain in quarantine, wear a surgical mask and call a doctor
immediately in order to receive appropriate guidance [4, 9]. Today monoclonal anti-
bodies and antivirals prevent serious complications when taken in the first days of
infection [10]. But the only weapon in our possession is the isolation of infected
communities. Due to its characteristics, a hospital is the structure with the greatest
risk of transmission of pathogenic microorganisms, due to the high number of users,
the permanence of many of them in the wards or common areas (emergency room,
polyclinics), invasive diagnostic-therapeutic procedures to which patients are
subjected and the immunosuppression state of many of them. The occurrence of
epidemic clusters within hospitals can lead to such serious consequences that it is
essential to take all necessary measures to prevent these. In the United Kingdom,
during the second wave, some hospitals were defined as COVID-free Hospitals in
order to guarantee the National Health Service (NHS) the possibility of treating
cancer patients or other diseases, without suspending elective management as during
the first pandemic wave. In fact, this approach was criticized by doctors and charities
as it would increase the number of deaths and slow down millions of elective treat-
ments in an unsustainable manner. The March closures allegedly denied vital care to
non-COVID patients, with the exclusive treatment of COVID-positive patients.
Planned treatments such as oncological surgery, joint prosthetic surgery, and oph-
thalmic surgery were discontinued. According to the NHS, a COVID-free Hospital
should have been kept as free as possible from COVID-positive patients, unlike what
happened during the first pandemic wave. This should also have reduced the risk of
patients hospitalized for normal care being infected with COVID-19 while inwards. In
north London, Whittington Hospital has designated a COVID-free site. It did not
receive infected patients so that it could make time for planned non-urgent surgeries.
COVID-19 patients would have been treated at University College London hospital or
the nearby Royal Free hospital. Likewise, for hospitals in northwest London. In fact,
millions of people have been denied NHS assistance after the fight against the coro-
navirus became a priority in the first wave. A record total of more than 2 million
people - three times the figure from the same period last year - had to wait more than
18 weeks to begin hospital treatment in England, according to data from that period.
Some hospitals, however, continued to provide COVID and non-COVID care in the
same facility while maintaining strict infection control (by The Guardian of
21.09.2020 “Some hospitals in England to be kept COVID-free in second wave”).

During the Italian pandemic of February–April 2020, the small hospital “Giovanni
XXIII” in Monastier di Treviso, in the province of Treviso, was declared COVID-free
by the local health authorities.

During this pandemic phase, SARS-CoV-2 circulated in this territory involving
about 2.1% of the population [11].

This function has changed the management of hospitalized patients and the duties
of health personnel working there.

2. The Health Organization in Veneto (Italy) during the first SARS-CoV-2
pandemic wave

Friday 21 February 2020 is a central date for the Italian situation linked to the new
coronavirus (date of the first death from COVID in Italy, in Vò Euganeo in Veneto).
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On that date, several cases of coronavirus emerged in Lombardy: these were people
from outside China, a new outbreak whose extent was not yet known. Some of the
affected villages (Codogno, Castiglione d’Adda, Casalpusterlengo and others) were in
fact closed, a bit like it is now for Italian “protected areas”. Outside China, the number
of infected people is very high in Italy, Iran and South Korea, even if for the WHO,
COVID-19 is not yet a pandemic. However, between the end of February and the first
days of March 2020, after Italy, an increasing number of cases and an epidemic were
also detected in other states (Europe and beyond). 4, 8 and 9 March: the three key
dates of the measures in Italy. The infection spread in our country, especially in the
north, but it was also starting in other regions. For this reason, onWednesday 4 March
the government gave the green light for the closure of schools and universities
throughout Italy until 15 March. As of the 4th, according to data from the Civil
Protection, the positives were about 2700 and there were already some cases (dozens
or a few) in all regions. While on Sunday 8 March came the decree that provided for
the isolation of Lombardy, by far the most affected, and of other 14 provinces, which
became the “red zone”. Although the still unofficial draft of the decree had already
been published by some newspapers on the evening of the 7th. Finally, we arrive at
the last (for now) important date for Italy: that of Monday 9 March. On that day, the
government extended the measures already taken for Lombardy and the other 14
provinces to the whole country, so much so that all of Italy became a “protected area”.
The new rules were contained in the new decree Dpcm March 9, 2020, which came
into force on 10 March. In fact, the rule is contained in the hashtag #iorestoacasa, you
could only go out for proven reasons of necessity such as shopping, for work needs,
for the purchase of medicines or other health reasons.

On 11 March 2020, Tedros Adhanom Ghebreyesus, World Health Organization
(WHO) Director General, announced in the briefing from Geneva on the
coronavirus epidemic that COVID-19 “can be characterized as a pandemic situation”.
The WHO’s goal is to appeal to all nations to counter the spread of COVID-19. This
condition remained valid until the gradual recovery with Phase 2 of the pandemic
crisis.

The “Regional guidelines for the reopening of health activities - Phase 2
COVID 19 - interim document” of 28/04/2020, provided specific indications on the
operation and organization of hospitals in Veneto, guided by criteria for maximum
risk containment of the SARS-CoV-2 infection and to guarantee safe treatments to
patients who have it, which can only be provided in this context, as well as to protect
the health personnel who work there. In particular, it indicated the aspects of hospital
management in Phase 2 COVID-19.

The main mission of the hospital, as a technical-functional structure dedicated to
the treatment of acute and immediate post-acute conditions, is to provide appropriate,
timely and excellent health services, emergency/urgent health services and highly
complex programmed services, aimed at patients with a high level of vulnerability,
also due to infectious diseases. It follows that, among the different types of health
facilities, the hospital is the one at the greatest risk of transmission of pathogenic
microorganisms, due to the number of users, the permanence of many of them in the
wards, invasive procedures and diagnostic-therapeutic treatments to which they are
subjected and the immunosuppressive state of many of them. The eventuality that
epidemic clusters may arise within hospitals entails such serious consequences that it
is essential to implement all the necessary measures to prevent their occurrence.
Therefore, the hospitals of the Veneto Region should have permanently adopted
access procedures in compliance with the guidelines contained in this document
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which represented, for the hospitals, a tool to be used, not only in this epidemic phase,
to prepare specific operational processes and paths of access but also aimed at the
prevention and management of infections from different pathogens. This task was
carried out by the Medical Departments of the Presidium which, for this purpose,
would have collaborated with the corporate Risk Management Services.

This document, therefore, had the purpose of:

• returning the hospital to its main management function emergency/urgency
and health services based on the provisions of the “Hub and Spoke” model,
reaffirmed within the Veneto Regional Social-Health Plan of 2019–2023;

• reducing all the low-complexity functions that can be performed in other health
facilities, in order to drastically reduce the flows of users who access them, with a
view to preventing infectious diseases with particular reference to SARS-CoV-2
infection;

• further strengthening the pathways aimed at containing hospital infections, with
particular reference to SARS-CoV-2, for patients, in particular the most fragile
ones, who need treatment for other pathologies;

• ensuring the safety of personnel working within hospitals.

This document was aimed at all regional health authorities and accredited public
and private hospitals, in order to provide the necessary and appropriate directives
with respect to the access of hospitals to:

• the users/patients who came for treatment.

• the health, technical and administrative personnel operating there.

• the staff of external companies that provided services to the hospital (cleaners,
employees of service cooperatives, etc.)

• workers in internal utility services.

• visitors.

• providers.

• volunteers.

This document was divided into the following operational lines:

1.General criteria for user access to hospital facilities.

2.Criteria for access to the emergency room.

3.Criteria for managing admissions activities.

4.Criteria for carrying out the surgical activity.
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5.Criteria for carrying out outpatient activities.

6.Healthcare services in private practice.

7. Internal support services.

8.Relations with users.

9.Rules for employees.

10.Personnel related to service, work and supply companies.

11.Hygiene of the environments.

12.Morgue.

The general criteria for user access to hospital facilities are divided into prevention
and compartmentalization measures for the containment/zeroing of the risk of conta-
gion and can only be obtained by rethinking and radically redefining the organiza-
tional and care processes, the operational and connection spaces and separation of the
different activities that take place within the hospital. The principle must be empha-
sized that every access to the hospital must have an adequate reason and, outside of
urgent/emergency situations, it must, as a rule, be booked. The fronts to consider in
defining these measures are:

• the methods of access for people to the health facility, depending on the purpose,
the activities/services to be used and their conditions at the time of access;

• the precautionary, preventive and protective measures of the various subjects;

• the definition of suitable routes to convey, as neatly as possible, the flows of
people, separating, as far as possible, the areas and routes for admissions, clinics
and services;

• the need to guarantee the safe use of health services for people who need them;

• the need to consider the logistical and organizational characteristics of each
individual structure, respecting the freedom of each managerial figure to adapt
the prevention and protection measures to their own contexts;

• the definition of the sanitary and hygienic measures of prevention in the
environments.

In order for anyone to access the hospital in safe health and hygiene conditions,
minimizing the risk of transmission of pathogenic microorganisms, it is necessary to
scrupulously observe the principle that only people who must access the hospital.

• to benefit from health services such as: urgent or planned admission, PS services,
outpatient services (urgent or planned) or services related to a previous
admission, etc.
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• take advantage of other services that cannot be provided remotely (e.g. picking
up of drugs for exclusive hospital distribution, administrative services that
cannot be accessed from home due to lack of IT means, etc.)

• visit a relative, assist a minor or a disabled person.

• work there, in any capacity.

This principle implies the regulation of access and the maintenance of the set of
hygiene and public health measures aimed at limiting the risk of transmission of
microorganisms through the circulation of people in the hospital environment; these
measures include:

1.the limitation of access to cases of real need;

2.the definition of differentiated paths;

3.social distancing;

4.the prevention of transmission through droplets;

5.hand hygiene.

The application of these preventive measures was also referred to in the Ordinance
of the President of the Regional Council no. 40 of 13 April 2020 and would have been
maintained, in order to prevent the transmission of SARS-CoV-2 infection, even after
the end of the ongoing pandemic.

3. Results

3.1 Organization of the activity in our hospital

The end of the lockdown corresponded to a gradual relaxation of the restrictive
measures put in place for the purpose of the containment determined by the corona-
virus pandemic SARS-CoV-2 (COVID-19), which hit the health and economic system
of our country in the spring 2020 and in a particular way our Region.

This moment coincided with the start of Phase 2 of the COVID-19 which also
involved the Monastier Hospital with a significant commitment of human and eco-
nomic resources, in order to guarantee the status of COVID-free Hospital, already
been in place since the beginning of the pandemic itself.

In fact, during Phase 1, the Hospital remained operational at all times, with a
central role in the organizational and health management chessboard of the eastern
Treviso area.

From the end of February 2020, the strategic management of ULSS 2 decided to
confer on the Monastier Hospital on the maintenance of urgent activities in a COVID-
free context (i.e. free from coronavirus), in order to guarantee all medical emergen-
cies and surgical-orthopedic “safe treatments” to safeguard the integrity of the
patient, often elderly, who was admitted and treated there.
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To this end, the Nursing Home management has put in place a “very tight mesh
network” of controls based on evidence and reasonableness, adapting them to the
inevitable changes that medical science has brought, allowing us to move from a
critical Phase 1 to the current state.

During Phase 1, the Hospital management adopted the following progressive mea-
sures to maintain the status of a COVID-free Hospital:

• It has always adapted to all national and regional regulations and standards in force.

• All the material and instrumentation (respirators, monitors, infusion pumps,
etc.) of the first aid and reanimation have been sold to the intensive care unit
(ICU) of the reference area hospital (hub centre of reference), in that moment in
a great state of the managerial shortfall.

• Health personnel have been made available to the hub centre of reference for any
needs or critical issues that cannot be overcome.

• The organization of the structure has been transformed: from a hospital with a
programmed elective activity of excellence to a hospital with emergency
activities (although it does not yet have its own operational emergency room),
creating shifts for the availability of health personnel that has allowed hundreds
of patients (especially elderly at risk) to receive urgent specialist care, keeping
them “protected and safe”.

All this was possible thanks to the establishment of an Operational Crisis Unit
h24 / 7on7 until the end of Phase 1.

• The staff (health and non-medical) who accessed the Nursing Home have been
checked through the access gates to the Nursing Home, which allows
temperature control and daily medical history of the subject who accessed the
facility, producing a daily report for the purpose of epidemiological surveillance.

• All subjects with body temperatures higher than 37.5°C were entrusted to the
caregiver. All patients entering the admissions regime were subjected to a throat
swab for specific RNA-COVID-19 research, and COVID-19 negative patients
admitted exclusively in single rooms (in the medical department, more at risk,
with negative air pressure).

• All the staff operating in the Nursing Home were subjected to active surveillance
in order to preserve their integrity and of the frail hospitalized patients, placing
the subjects at risk in quarantine until their negativity to the tampon and
subsequent serological tests were determined qualitatively.

• The use of PPE has been arranged systematically to healthcare personnel and
patients, in order to ensure safety towards potentially infected patients and fragile
subjects who are certainly not infected and the healthcare staff themselves.

• In all cases of admission, a device (tablet for video calls) has been made available
to the patient during the hospital stay for communication with the family,
preventing access to accompanying persons/relatives (except in special cases).
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• Social distancing measures have been guaranteed at the time of access, during
waiting, in the departments and admission areas.

• Antibody screening has been done with the qualitative determination of COVID-
19-specific antibodies (IgM and IgG) in subjects (patients or staff) with clinical
doubt when these procedures have become accessible and reliable.

3.2 COVID-free hospital organization

Phase 2, therefore, began after having guaranteed the status of COVID-free Hos-
pital to the Monastier Hospital and the safety of the subjects who up to now have
passed through it.

In this new phase, the difficulty in eliminating the risk of contagion (which,
however, will increase) has led to further restrictive decisions, in order to maintain a
closer and therefore more effective control network.

The management of the Nursing Home has therefore decided to create a “lean”
structure to direct these operations coordinated by a COVID manager.

This structure will make use of all the best technical-scientific and specialist skills
in order to further safeguard the integrity of the Hospital’s COVID-free status and to
make access to it still safe for patients, staff (and therefore their families) and all those
who want to take advantage of the excellences that are available to a territory and a
population that at this moment needs “Safe Care”.

To this end, it was decided to reorganize the resumption of services as follows:

• Arrangement of 5 filter zones for the entrance to the Nursing Home (Table 1).

• Arrangement of 5 gates in the filter areas equipped with turnstiles to determine
the access flows of subjects to the Nursing Home (Table 2).

• Arrangement of four check-in areas for patient registration.

• Preparation of routes for patients who must access treatments and clinics by
appointment (Tables 3, 4, 6–9, 11–13).

A (WHITE) Access for patients destined for outpatient
clinics, cardiology, admission, symptomatic
patients, patients in an ambulance, others

Tensile structure in front of the
entrance above the access ramp to the
Nursing Home

B (BLUE) Access for patients destined for pre-admission,
dentistry, post-operative check-up, swabs

External entrance to the ambulatory-
cardiology reception area

C (YELLOW) Access for patients destined for physiotherapy External entrance to the
physiotherapy reception area

D (NO
COLOR)

Access for employees, specialists, suppliers,
technicians or others

Rear access tunnel

E (RED) Access to laboratory, radiology, handicapped
people, minors

Hot room of the accident and
emergency department

F (BLACK) COVID Point Tensile structure for tampons

Table 1.
Filter areas A-B-C-D-E.
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Waiting room with entrance gate

Seats with a minimum distance of one and a half metres

Turnstiles with fever measurement and PPE control

Entrance gates and infrared thermo-scanner

Diversified path for symptomatic or febrile (sub-febrile) patients through filter area A

Check-in for booked patients

It is desirable to reach 100% of online or telephone bookings (CUP) as soon as possible

Check-in for unbooked patients
(It is desirable to reach 0% of accesses without booking as soon as possible)

Presence of a room assistant

Water-drink-coffee dispenser

Mask and gloves dispenser

Table 2.
Gate features.

Seats with a minimum distance of 1-m

Certain tensile structure at Gate A, no tensile structure at Gate B, no tensile structure at Gate C, tunnel
already present at Gate D, hot room of the accident and emergency department already present at Gate E

Summer air conditioning with a negative air pressure circuit in the tensile structure or natural air
recycling

Doors/windows that can be opened to allow air to be recycled in the tensile structure or in the waiting
rooms

Seating with fixed chairs spaced one and a half metres apart

Monitor skip queue (Filter Zone B-C)

TV monitor (Zone B-C)

Totem for booking at Gates A and B

Disinfectant dispenser

The turnstiles with fever measurement and device control allow control of access and exit flows (with data
centralization and remote access control) for patient access at presentation time with a thermo-scanner
and alarm if:
• TC ≥ 37°C
• no PPE (Mask)

Table 3.
Management of outpatient areas – waiting room with entrance gate.

If the patient is febrile (TC ≥ 37.5°C), he/she is sent to the entrance to the Emergency Department (ramp
side) upon communication of the room assistant from the Gate sending the room assistant of Gate E

If a patient with 37°C ≤ TC <37.5°C, re-evaluation of the temperature by the Room Assistant with the
tympanic or axillary thermometer. If confirmed, sent as in the previous point

If a patient is without PPE (mask and gloves), he/she is asked to purchase them

The Room Assistant must provide for patients who are unable to purchase surgical masks and gloves

The patient must enter and exit (if possible) the Nursing Home through the same turnstile
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If the reason for accessing the Nursing Home is the symptom or fever he/she presents, the procedure
already established at the time of booking will be followed

If the reason for access is different and there is no urgent need for access to the Nursing Home, he/she will
be sent to the care provider for territorial care

If the reason for access is different and there is an urgent need for access to the Nursing Home, the referral
specialist will be contacted

If the referral specialist is not reachable or is unable to define the problem or urgent management, the
patient will be placed in safety and sent to the referral emergency room with 118

If the symptomatic or febrile (sub-febrile) subject is the carer, he/she will be sent to the care provider for
territorial care

Surveillance protocol applications already in place

Table 5.
Diversified path for symptomatic or febrile (sub-febrile) patient through Gate A – the symptomatic or febrile
(sub-febrile) patient, sent to the waiting room of the emergency department, is taken in charge by the assistant of
Gate E and accommodated there.

Each turnstile must be “controlled and governed” by the Room Assistant

The Room Assistants must be equipped with manual thermo-scanners (even in the case of turnstiles with
thermo-scanners)

The filter area E can be controlled by a volumetric thermo-scanner

Infrared thermo-scanners are turnstile devices

The temperature check is guaranteed by the Room Assistant

The Gate and waiting area for symptomatic or febrile (sub-febrile) patients are located in the waiting
room of the emergency department

Table 4.
Various events.

The booking is made via CUP or online

The booking must be detailed and also include an information check (no interview) of the patient’s health
status (information report attached to the booking)

The patient must be present in the Filter Zone indicated 20 minutes before the time indicated for the visit

The passage from the turnstile to go to check-in:
Gate A - Central Cashier Area
Gate E - Central Cashier Area, Emergency Triage, Radiology Cashier area
Gate B - Outpatient Reception Area
Gate C - Physiotherapy Reception Area

The arrival of the patient at the outpatient clinic dedicated to the time of examination

Check-in filter totem at Gate A-B

Table 6.
Check-in for booked patients - it is desirable to reach 100% of online or telephone bookings as soon as possible.
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The presence of a Room Assistant is foreseen, positioned at each gate

This person will refer to the user

He/she will act as an intermediary with the check-in

He/she will control the body temperature or provide PPE if not available

He/she (at Gate A-E) will be the liaison with the switchboard for the search for the specialist

He/she (at Gate A) must deliver the information form for registration at check-in to patients who show up
without registration

He/she will verify the regularity of the procedures, will give information on the path to follow, will verify
that all the safety protocols are adopted: maintaining distance between people, correct use of PPE,
avoiding assemblies

He/she will have to use gentle, appropriate manners, avoiding any conflicts that can arise in waiting
situations

He/she will end his/her function with the Gate closed

He/she will write a report of the most significant events that emerged during his/her function

Table 8.
Presence of a waiting room.

Such patients should be referred to Gate A

Non-booked patients must ask the Room Assistant for a manual booking

These patients will be able to book their examination by entering with a report, one for every five patients
already booked (1/5) at check-in

Table 7.
Check-in for non-booked patients – it is desirable to reach 0% of accesses without booking as soon as possible.

Patients (and carers) who will pass through filter zones A and B can access the parking in front of the
Nursing Home (PARK A-B)

Patients (and carers) who cross the filter area C can access the rear parking (access to physiotherapy) at
the Nursing Home (PARK C)

Patients (and carers) who will cross the filter area E can access the rear-lateral parking (after the
roundabout) at the Nursing Home (PARK E).

At the rear and side parking (after the roundabout) at the Nursing Home (PARK D) all the personnel
(medical, technical and support) will be able to access the filter area D

Table 9.
Parking - the distribution and indications for the parking areas will be given by the civil protection volunteers.

This paper information form will be delivered to the patient who shows up without a booking and
delivered to the assistant in Gate A (who will access him with a 1/5 ratio)

Questions to ask when booking:
• Name
• Surname
• Date of birth
• Address
• Telephone number
• Name and surname of accompanying person (only 1 per patient)
• Reason for booking
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• Access gate
• Presentation day
• Presentation at the Filter Area 20 minutes before the time of the examination (with absolute

prohibition to arrive earlier)
• Time of examination
• Inform the patient about the path to follow
• Exit after max 15 minutes of the end of the procedure
• Exit from the access gate
• Fever
• Symptoms (cough, rhinitis or respiratory symptoms, pharyngitis, diarrhea, anosmia, other)
• Quarantine
• Previous contagion and / or positivity to COVID-19
• Call booking number if 15-16-17-18 on the day of the booking
• For those accompanying: if 15-16-17-18 on the day of booking, it is useful to change the accompanying

person
• Carry masks (surgical or other valveless) and vinyl / latex gloves
• Front Park (Park A-B) for Gate A-B - Rear Park (Park C-E) for Gate C-E
• Inform about probable delays due to checks and filter
• Inform if handicapped or non-self-sufficient people (input Filter Zone E)
• Inform if a minor (Filter E Zone input)

Table 10.
Booking information form - it is desirable to reach 100% of online or telephone bookings as soon as possible.

After check-in, the patient must follow the path indicated at the time of booking and confirmed at check-in

The patient will arrive at the waiting room at the appointed time and he/she will receive the examination
or service booked

Along the routes there will be stewards/hostesses who will check the regularity of the procedures, give
information on the path to follow and verify that all safety protocols are adopted (maintaining distance
between people, correct use of PPE also by personnel, avoiding assemblies)

Once the examination has been completed, the patient can go to the cashier, the bar and try to limit the
stay in the Nursing Home to a maximum of 15 minutes

elf-sufficient patients must have individual access to the visiting areas

In any case, the access of a companion of non-self-sufficient patients or minors is allowed

The exit from the facility will take place through the entry gate (if possible)

Surveillance protocol application already in place

In the clinic, the operator must present himself with the following PPE:
• FFP2 or FFP3 mask without valve
• Vinyl or latex gloves
• Overshirt
if invasive maneuvers on the airways or other invasive maneuvers are foreseen:
• Visor
• Shoe covers
• Change of PPE after each patient with these characteristics

Table 11.
Outpatient clinics – service areas to be provided.

After check-in, the patient must follow the path indicated in the instructions given for admission and
confirmed at check-in

The patient will arrive at the waiting room of the reference ward at the established time where he/she will
prepare for admission
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• Preparation of a path for patients who must access treatments and clinics by
appointment, but with critical issues (Table 5).

• Preparation of a personal report during telephone booking at the CUP of the
structure (Table 10).

• Preparation of guidelines for administrative and health care.

• Updates of the organizational status, in case the needs and/or priorities of access
to treatment, should change.

The strategic combination of operating procedures (as represented by the tables)
and sequencing of Reverse Transcriptase-Polymerase Chain Reaction (RT-PCR) tests
have proved successful, allowing uninterrupted system operativity.

All patients admitted to our hospital (DH-DS included) will be subjected to RT-PCR
tests (T0) performed the day before hospitalization at Gate F – COVID Point (7.00–
9.00), in order to promptly intercept any positive cases before hospitalization. Patients
will continue with molecular swabs from hospitalization, following the scheme:

• T1: at the entrance of the patient in the ward (Day Hospital –Day Surgery included).

• T2: every 48 h after T1.

• T3: in the case of active or passive surveillance.

• T4 (RAPID MOLECULAR SWAB from 2021): to patients transferred from other
hospitals who have not performed the molecular swab at that site (Table 14).

In this circumstance, the temperature will be re-measured and the Head of the Department informed by
the reception nurse

Along the routes there will be stewards/hostesses who will verify the regularity of the procedures, give
information on the path to follow and verify that all safety protocols are adopted (maintaining distance
between people, correct use of PPE also by personnel, avoiding assemblies)

Self-sufficient patients will have to access the admission areas individually

In any case, the access of a companion of non-self-sufficient patients or minors is allowed

In all cases, a device (tablet for video calls) will be made available during the hospital stay for
communication with the family

Surveillance protocol applications already in place

Table 12.
Departments – hospital areas.

Sanitation

Basic Medical Information

External Information

IT Procedures

Table 13
Connections.
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The surveillance with sequential molecular swabs for the health and non-health
personnel operating at the facility has also made it possible to avoid the formation of
clusters within the structure and propagate the infections. The temporal variability of
these swabs for staff will change depending on the course of the epidemic outside the
hospital and will diversify into active or passive surveillance [12, 13]. These RT-PCR
tests were performed on hospital staff up to once per day.

During the First Pandemic Phase of Coronavirus in Veneto in Spring 2020, we can
distinguish three periods of activity at our hospital. An initial block Phase from 22
February to 9 March, a Phase 1 (total block) from 10 March to 3 May and a Phase 2
from 4 May to today (data collection deadline 18 June 2020).

The admissions activity at our hospital was referable only to urgent patients with
admissions to the Departments of Orthopedics, Physiotherapy and Medicine. The
outpatient activity was only possible on patients of various specialties of an urgent
nature or with priority evaluation within 7 days.

In the initial phase, 85% of outpatient visits were carried out and 98.5% of patients
were seen compared to the same period in 2019, and there were 102% admissions
compared to 2019.

In Phase 1, 21% of outpatient visits were made and 18% of patients were seen
compared to the same period in 2019 and there were 26.4% of admissions compared to
2019.

In Phase 2, 94.7% of outpatient visits were carried out and 101.6% of patients were
seen compared to the same period in 2019 and there were 81.3% of admissions
compared to 2019.

During the Initial Phase and Phase 2, the recovery of activity highlighted by the
numbers above led to an optimization of the Health Organization according to the still
present and important external circulation of SARS-CoV-2.

All while continuing to maintain the structure of a COVID-free hospital.

4. Discussion

When community cases of COVID-19 increase:

1.Emergency departments immediately enact new pathways and protocols for
triage, evaluation and admission [14].

2.Hospitals begin to assess and enhance inpatient capacity, often by opening units
not traditionally used for general medical care (for example, postoperative care
units) as COVID-19–designated areas [15].

T0 Before hospitalization

T1 At the entrance of the patient in the ward

T2 Every 48 h after T1

T3 In the case of active or passive surveillance

T4 (from
2021)

To patients transferred from other hospitals who have not performed the molecular swab
at that site

Table 14.
Sequential swabs.
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3.Hospitals reduce elective surgical activity, merge specialized ICUs, and increase
costs due to the need to have more staff available for the care of critical patients.
The monitoring of patient flows between departments is optimized and the
communication of news about patients’ conditions to family members is
simplified [16].

In addition to the macro-processes, the micro-processes are completely revised,
involving all the Operational Units of the Hospital. New equipment such as beds and
mechanical fans is provided in specific areas. PPE and reagents for laboratory tests are
purchased. Medical, nursing and paramedical personnel, even newly recruited, are
diverted to critical departments and trained for emergencies. Common areas such as
canteen, laundry and sanitation are organized with access scheduling. Suppliers are
diverted to different areas of the building. In addition, monitoring and critical patient
management guidelines are introduced. [17]. Kadri and colleagues present findings
from a nationally representative cohort of 144,116 hospitalized patients cared for in
558 hospitals to understand the effect of COVID-19 surges on patient outcomes.
Nearly 1 in every 4 deaths and almost 6000 total deaths may have been attributable to
hospital strain due to COVID-19 [18]. However, Kadri and colleagues’ analyses may
not capture the tightrope that many of us walk today as we balance COVID-19 and
non– COVID-19 care. Shared learning platforms to understand how hospitals are
managing COVID-19 care could be launched [17].

An interesting programme was the Mi-COVID-19 initiative in Michigan, where
Blue Cross Blue Shield of Michigan and Blue Care Network, the Michigan Health &
Hospital Association, the Society of Critical Care Medicine, and 40 hospital systems
came together to improve COVID-19 care [19]. The Mi-COVID-19 initiative served as
an amalgam for clinicians and hospital leaders across the state to tackle important
questions ranging from therapeutic strategies and excess antibiotic use to provider
wellbeing and long-term outcomes of COVID-19 survivors [20, 21].

Besides patients, there are other victims when COVID-19 strikes hospitals: health
care workers. And although some have raised their voices asking for change [22],
surveys suggest that many are considering leaving the field after being battered by
wave after wave of COVID-19 [23].

Measures to control SARS-CoV-2 infections include active surveillance for early
identification of the positive subject, with his/her isolation in dedicated rooms and the
systematic use of PPE; and passive surveillance for the tracking of potential secondary
cases (perhaps asymptomatic) [24–27].

Effective infection control measures against SARS in 2003 were less successful
against SARS-CoV-2 [28], due to the greater number of asymptomatic (but infectious)
cases, and the presence of a peak of viral load with the presentation of symptoms.
Therefore, the systematic screening of patients and healthcare staff by RT-PCR
reduces the risk of outbreaks in hospitals [29]. The risk of hospital transmission
increases if asymptomatic COVID-19 patients are placed in non-AIRI rooms, and/or in
high-flow oxygen or non-invasive ventilation [30]. Therefore, the use of PPE by
healthcare personnel and inpatients should be applied to reduce the risk of SARS-
CoV-2 droplet transmission [31]. Universal masking in the community also reduced
the incidence of COVID-19 in the general population [32]. Also, appropriate use of
PPE is associated with a decreased risk of COVID-19 [33]. The huge number of
patients admitted to the COVID-19 Hospital also greatly increases the risk of expan-
sion of the nosocomial epidemic. In China (Singapore), Hong Kong, UK, USA, tem-
porary hospitals have been built (using tents or existing buildings such as conference
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or exhibition halls) to cope with a sudden increase in COVID-19 cases [34–36]. During
the SARS-CoV-2 pandemic in Italy, some hospitals became fully COVID-Hospitals,
while in most others, parts of the hospital were converted or created to treat COVID-
19 patients. In the latter cases, other parts of the hospital, “no-Covid-19” departments,
treated COVID-negative patients. Bo et al. reported their experience within a COVID-
free department, with asymptomatic patients or with negative RT-PCR tests. During
the study, a proportional increase in surveillance tests against SARS-CoV-2 was
adopted based on the increase in the community spread of COVID-19, together with
the use of PPE. Their findings demonstrate that there is a not negligible risk of
“hospital-acquired” SARS-CoV-2 infection, both for patients and hospital staff,
particularly within overcrowded supposed no-COVID-19 wards [37].

In our hospital, the winning strategy was to avoid the spread of SARS-CoV-2
infection with modular surveillance models on the course of the pandemic: increased
surveillance tests (RT-PCR tests) with the worsening of the pandemic curve. Also
important were the systematic adoption of PPE, the use of passive surveillance tests
(with contact tracing, both for patients and healthcare personnel) in the face of an
alleged case of COVID-19 or contact [38] and, where possible, patient isolation and
safe distancing.

5. Conclusions

During Phases 1 and 2 of the SARS-CoV-2 pandemic that struck Italy in the months
from February to April 2020, the re-organization of the hospital structure with strict
containment rules and surveillance with RT-PCR tests allowed it to remain a hospital
free of SARS-CoV-2, with zero infections.

The admissions activity at our hospital was referable only to urgent patients with
admissions to the Departments of Orthopedics, Physiotherapy and Medicine. The
outpatient activity was only possible for patients with various specialties of an urgent
nature or with priority evaluation within 7 days.

The subsequent pandemic waves, faced with the same methodological approach,
have allowed the Giovanni XXIII Hospital to remain a COVID-free Hospital.
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