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Preface

The global outbreak of SARS-CoV-2, COVID-19 a novel strain of coronaviruses,
emerged from Wuhan city of China in December 2019 and was later announced as
global pandemic by the World Health Organization on 11 March 2020. Combating
the disease is difficult as no specific therapeutics and vaccines are yet available
against the novel coronavirus. Hence, early detection and containment of infected
individuals is the best possible approach to reduce the spread of the infection. Here,
in the chapter summarised, the major diagnostic tools are used for the detection of
COVID-19 along with their advantages and disadvantages. Additionally, the
potential therapeutic approaches are also discussed with their current developmental
status.

In Chap. 2, the diagnostic approaches, therapeutics and vaccine candidates along
with their current developmental stages have been discussed. As there is a huge
spike in the number of cases every day, early diagnosis of the disease has become a
significant need to stop the spread of the virus. The gold standard RT-PCR and
other existing techniques are having sensitivity, but they are not able to detect the
infection at an early stage. Hence, the development of innovative rapid testing
point-of-care device which can detect the disease at its onset with high sensitivity,
specificity and reproducibility is the need of the hour. A few of the drug candidates
within the two broad categories of therapeutic approaches have the potential to
reduce the load of the disease after they clear the clinical trials parameters. But a
specific drug against the SARS-CoV-2 may take several years to develop and
manufacture at a commercial scale.

Personal Protective Equipment designated as PPE is considered to be the most
important protective equipment designed for safeguarding both public and personal
health against infectious microbial agents other toxic materials. The third chapter
gives an overview about the importance and use of the Personal Protective
Equipment (PPE) as corona virus shielding material. The various contents of the
chapter focussed on different types of PPE, its formation and preparation. The
importance and values of Personal Protective Equipment (PPE) are also included in
the chapter. The details of disposing of contaminated PPE are included along
with the discussion about annual procurement (demand) for PPE via UNICEF.
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The Indian scenarios as well the world scenario about the availability of PPE are
also investigated. Also, the future perspective of the PPE market is also discussed.
The polymers which are used in the manufacturing of PPE kits take part in a vital
character from the prevention of the disease. The global overview is also presented
which focuses on the production rate of PPE along with the materialistic points
of the polymers which have been used. Globally, the demand for PPE kits is at a
high-inclined position since the corona virus pandemic is widely affected.

The research studies focus on the progress of the wide utilization of the antiviral
drugs which have potential efficiency for combating the emerging viruses.
Cost-effective, easy to synthesise effective antiviral drugs could lessen the burden
of the challenges faced worldwide due to the COVID-19 pandemic. Till date, there
are no competent antiviral drugs or vaccines available for treating COVID-19. The
optimistic results in all the possible areas are explored counting antiviral drugs that
are exists for other viral diseases, are subjected to clinical assessment. Material
aspects for detection and monitoring related to various diagnostic measures for
COVID-19 with and without the aid of nanoparticles have been discussed in
Chap. 6. With the day-to-day surge in the affected number of people, it has become
utterly important to detect the virus at an early stage. Detection platforms like
genome sequencing has high accuracy for diagnose of COVID-19; still, it was not
applicable for rapid diagnosis for clinical large samples because of the longer
sequencing time and high requirements. Reverse transcription polymerase chain
reaction (rRT-PCR) has been massively employed to detect SARS-CoV-2 in public
health and clinical laboratories because it a specific and sensitive diagnostic method
for detection the novel coronavirus however it strongly relies on complex apparatus,
skilled personnel and a continuous power supply and hours of time. In addition,
remote areas do not have equipped rRT-PCR diagnostic services. Thus, the need
of the hour is to design easy-to-use, fast and more simplistic detection techniques
for COVID-19. Recent developments focussing disinfectant systems for effective
inactivation of corona viruses are discussed in Chap. 7. Along with the possible
measures, disinfectants for inactivation of plausible exposed and high-risk places
along with day-to-day sanitising practices can go a long way can repudiate the virus
surge. Though there are variety of disinfectants available for inanimate and animate
surfaces their appropriate use and dosage is very essential for maximum efficacy
and dodging any related human health hazards. This chapter focuses on the various
physical and chemical disinfectants available and employed for inactivation of
coronaviruses. The optimum dosage and mode of operation along with their effi-
cacies have been elaborated. This chapter is expected to provide a better under-
standing of the disinfectant technologies available and their suitable dosage for their
appropriate use in the foreseen long fight against coronaviruses.

Chapter 8 is based on the using of artificial neural network (ANN) for epi-
demical outbreaks. The precise forecast informs precautionary of epidemical dis-
eases control. This objective can only be attained through appropriate models. Not
only is the forecasting precision essential but also its methodologies and procedure
of model selection. This chapter directed on delivering a summary on the appli-
cation of ANN for the epidemic forecasts. It also proposed a neural network model
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(multi-layer perceptron feedforward neural network (MLPFFNN)) for the fore-
casting of new arrival number of COVID-19 cases. A review on the comparison for
the achievements of ANN is provided. Hybrid of ANN with other conventional
methods are compared. Executing hybrid ANN with advanced algorithms like data
transformation, learning algorithm, weight converging optimization increases
learning and generalization of ANN beyond training. The proposed model provides
a close prediction within a maximum deviation of 1500 cases at the end of July
2020. Chapter 9 discussed the detailed simulation analysis in this chapter on such
prevention practices such as ventilation systems, social distances and respiratory
mask simulations. In addition to that some of the antiviral material that can be used
for antiviral mask production has also been investigated. This chapter tried to
summarise some of the simulation studies carried out to assess the efficacy of
ventilation systems and the correct use of masks to minimise COVID-19 infection
and also tried to integrate some of the studies already done in antiviral materials that
can be used in masks and personal protective equipment.

In light of the results of the scientometric analysis of the research paper, in the
area of the coronavirus, there was a significant increase in various aspects, which
includes the number of author appearances, number of multi-authored articles, etc.
In gist, the information on 9257 number of documents related to the
above-mentioned research area was extracted from the Web of Science. The
extracted information was then used to perform a detailed scientometric analysis
and described in Chap. 10. It was observed that the research in this field of study
started as early at 2000, but the research in the said field started receiving much
attention post-2000. Since then from 2000 till 2020, research articles published
reached a number of 9257. United States Department of Health and Human
Services being the highest supporter funding agency in coronavirus research among
all other agencies globally.

Bhubaneswar, India Mamata Mohapatra
Bengaluru, India Balamati Choudhury
Bhubaneswar, India Suddhasatwa Basu
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Chapter 1
COVID-19 Crisis

Mamata Mohapatra, Arya Das, and Suddhasatwa Basu

1 Introduction

The COVID-19 pandemic has sent tremors around the world causing colossal loss
to human lives, still bestowing an unprecedented encounter to public health, life-
styles and economies of the world which already stands gravely affected. One year
after the COVID-19 global pandemic, the worldwide lockdowns leave behind
immense impact on millions of citizens, shutting down businesses and industries
ceasing all the economic commotion. Though the exact economic damage is hard to
assess, early estimates by International Monetary Fund predicted a 3% shrink of
global GDP in 2020 restated to 4.5% with the course of shutdown of economies
with numbers standing at 3.94 trillion US dollars in lost economic output.
Developed economies stand hit the most with GDPs of France, Spain and Italy fell
by 21.3, 19.2 and 17.5%, respectively. China’s GDP dropped by 36.6% in the first
quarter of 2020, while India’s GDP contracted by a record 23.9% under the impact.
As the health and human toll is still on rise, the economic impairment is clearly
apparent and embodies the largest economic shudder the world has experienced in
decades. Let alone the economic impact the pandemic has left both short- and
long-term insinuations for mental health and lifestyles with thousand being
unemployed and restricted to their homes.

The mental health impact of catastrophes can outlast the physical impact, several
studies point towards the need, and urgency of elevated mental health need will
continue well beyond the COVID-19 pandemic itself. The daunting social wreck
caused by the pandemic is equally devastating: With predictions of tens of millions
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of people are at risk of dwindling into extreme poverty, up to 132 million being
undernourished under the influence, which in turn possess a severe risk of increased
mortality due to “deaths of despair”. The economic depression and social seclusion
loom greater danger of drug and alcohol misuse with studies predicting greater
fatalities due to suicides. The COVID-19 pandemic stands still as a major health
and humanitarian crisis with profound impact on life, health and economy.

The COVID-19 pandemic has sternly injured the world economy with its serious
penalties gravely impacting all the countries, societies and individuals all across the
globe. Spreading hastily all across borders, the global health catastrophe has turned
into a global economic shockwave with stern impact to the vulnerable. Severely
paralysing the arteries of global economy, the sustainable economic growth of
different economies needs combined global effort with tactful pandemic handling to
achieve them. The COVID‐19 pandemic has caused significant disruption to
developing countries, in particular India, likely to see downward trajectory in
economic growth. With production and consumptions scaled back, India sees a
greater challenge to revive its already sluggish economy since the implementation
of goods and services tax (GST).

The major boom sectors serving as backbone of any economy came to a
standstill reporting loss in several thousand crores. The tourism sector has projected
an overall loss of US$ 935 billion and possible laying off of 4 crore people related
to the sector. With all the international and domestic flights grounded all across the
world, the aviation industry stood at a staggering loss of around $370 billion. The
agriculture sector though experienced escalation for vegetables, crops, etc. however
faced losses forced to reduce prices owing to supply chain issues leading the output
to reach markets with inadequate transport availability and labour. The manufac-
turing units have also suffered substantially in the pandemic with all major con-
sumer electronic firms and automobile firms had to shut down hampering
production of essential key products leading to extensive revenue loss. The
COVID‐19 has also enforced new start-up units to close due to fund unavailability
and lack of communication with clients. The shutdown of shopping complexes and
theatres and diminishing footfalls even after slow reopening have grossly affected
the retail sector with loss and closure putting job of employees at an enormous risk
(Fig. 1).

With vaccinations arriving with slow lifting of restrictions, countries have
gradually start over their economies, and GDP growth will rely on individual
countries’ strategies to mitigate the virus via effective vaccination programmes, but
the longer-term economic upliftment will hinge on resumptions of jobs and catering
unemployment issues across various sectors. With phased vaccination programmes
taking place across the world, the rise in cases and the possibility of the second
wave hovering do not chalk out stressful conditions deployed as precautionary
measure to mitigate the spread and avoid another possible outbreak. For the current
emerging market and developing economies, with daunting vulnerabilities in the
basket of uncertain future, it is critical to reinforce public health classifications and
strong adherence steps against the spread along implementing reforms for stout and
sustainable evolution once the health catastrophe subsides. In the race to alleviate

2 M. Mohapatra et al.



the loads of the COVID-19 pandemic, it will be pretty vital to consider the aug-
mented necessity for mental health services and to support pertaining the long-term
loss and human impact even if the fatality and new infections dwindle. Over the
longer prospect, the deep downturns prompted by the pandemic are anticipated to
leave behind deep scars through significant attrition of human capital through lost
labour, schooling and disintegration of global trade and supply connections all
across the globe.

2 Conclusion

The main objective of this chapter is to highlight the need of the hour without
overlooking the possibility of another outbreak. The overwhelming situation
demands the governments to make noteworthy interventions in response to the
current alarming situation and unpredictable future in line with the slow revival of

Fig. 1 a Initial impact of partial and complete shutdowns on activity major economies and
b overall loss of major economies. Source OECD annual national accounts and OECD calcula-
tions, OECD 2020, http://www.oecd.org/coronavirus/en
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businesses rapidly fine-tuning to the changing needs of the market and customers
while traversing to the possible financial, operational and functional challenges to at
least ensure that the new normal is an effective and better one.
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Chapter 2
Deciphering the Recent Advancements
in Diagnostic, Therapeutic and Vaccine
Candidates Against COVID-19

Arpan Ghosh, Aryan Jaiswal, Nirmal Mohakud,
Santosh Kumar Panda, and Namrata Misra

1 Introduction

In December 2019, an outbreak of pneumonia emerged in Wuhan, Hubei Province,
China. The rapid rise in acute respiratory failure-related cases in China induced the
identification of the causative pathogen as severe acute respiratory syndrome
coronavirus 2 or SARS-CoV-2 which have the common clinical manifestations like
fever, dry cough and tiredness [1, 2]. WHO declared the outbreak as a global
pandemic on March 11, 2020. At present, there are over 190 million confirmed
cases globally. Out of these, over 170 million cases recovered and 4 million
deceased, with USA leading with almost 35 million cases, followed by India with
over 31 million cases and Brazil with over 19 million cases. The novel coronavirus
belongs to the Coronaviridea family of coronaviruses [3]. Currently, there are
seven coronaviruses which commonly infect humans, including 229E (alpha
coronavirus), NL63 (alpha coronavirus), OC43 (beta coronavirus), HKU1 (beta
coronavirus), MERS-CoV (Middle East respiratory syndrome, beta coronavirus),
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SARS-CoV (severe acute respiratory syndrome, beta coronavirus) and
SARS-CoV-2 [4, 5]. The SARS-CoV-2 is a single-stranded, positive-sense RNA
virus with several glycoproteins like spikes (s) which assist the virus to enter into
the host cell, envelope (E) and membrane glycoprotein (M) which plays a signif-
icant role in virion assembly and binding of virus particles. Apart from these, there
is another glycoprotein called nucleocapsid (N) which packages the viral RNA [6]
(Fig. 1). The virus has different sets of genes like ORF-1ab gene that translates a
protein which plays a major role in cellular signaling, RdRp gene (RNA-dependent
RNA polymerase) which is responsible for replicating virus genetic material inside
the host cell, N gene which translates into glycoprotein called nucleocapsid, E gene
codes for the envelope for the virus, etc. The RNA virus uses the host cell
molecular machinery for replication, due to which it is prone to mutations while
transmitting from one animal to another. Genome sequencing analysis of the
clinically isolated SARS-CoV-2 revealed by Ren et al on January 25, 2020 [7],
initiated various studies on understanding the origin of the virus and also helped to
design strategies to fight against the virus. The comparison studies between the
novel coronavirus genome with SARS and MERS have effectively led to the
identification of many potential therapeutic components and strategies. As there is a
rapid surge in the number of positive cases globally, a lot of specific efforts across
the globe is being pursued in the search of identifying and developing smart and
innovative diagnostic approaches, novel drugs, and safe and effective vaccines to
stop, spread and treat the disease. Here, in this chapter, we discussed the current
diagnostic approaches to detect SARS-CoV-2 along with the various strategies to
develop novel therapeutic candidates including vaccines against the SARS-CoV-2.

Fig. 1 Schematic diagram of coronavirus structure with surface glycoproteins
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2 SARS-CoV-2 Detection Approaches

As the number of positive cases is rising exponentially and there are no specific
therapeutic approaches currently available, diagnosing the disease at an early stage
becomes very important to contain the disease from community spreading.
Currently, there are several methods available to diagnose the disease, but a rapid
and sensitive detection approach is still unavailable [8]. The current diagnostic tools
are based upon nucleic acid detection (real-time polymerase chain reaction), imaging
techniques (Computerised tomography), antigen–antibody reaction (Enzyme linked
Immunosorbent Assay), next-generation whole-genome sequencing, etc. (Fig. 2).
The real-time polymerase chain reaction (RT-PCR) method is considered the gold
standard for SARS-CoV-2 detection.

2.1 Nucleic Acid-Based Detection Techniques

Nucleic acid-based detection uses the DNA/RNA which does highly specific base
pairing with the homologous sequences and thus identifies a particular species or
subspecies of an organism. The nucleic acid detection includes techniques like
polymerase chain reaction (PCR), DNA microarrays, high-throughput whole-
genome sequencing, etc. These techniques are faster and provide a lot of informa-
tion, but they are relatively expensive compared to the conventional culture-based
techniques and also require expert manpower to perform the tests. Currently,
RT-PCR (TaqMan probe-based) is being used widely for the diagnosis of COVID-19
because of its high sensitivity and specificity. As soon as the genetic sequence of
SARS-CoV-2 was released, diagnostic RT-PCR assays were designed based upon
the sequence and are made available in the market. A different set of genes like

Fig. 2 Schematic representation of COVID-19 diagnosis approaches
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ORF-1a gene, ORF-1b gene, RdRp gene, N gene, E gene, etc., are targeted for the
detection process. The test generally includes two-step screening, and the target gene
for the first step is the highly specific E gene followed by a confirmatory assay with
targeted RdRp gene or N gene or ORF-1b. These assays are highly specific and
accurate but are very laborious and expensive as well.

One of the promising alternatives to RT-PCR is loop-mediated isothermal
amplification (LAMP), but it is still under the process of approval. LAMP is based
upon the principle of strand displacement by DNA polymerase at a constant tem-
perature of 60–65 °C eliminating the use of thermocycler. LAMP is a user-friendly
technique which can amplify more than 109 copies of target sequence at less than an
hour time [9, 10]. Also, the combination assay of isothermal amplification and
clustered regularly interspaced short palindromic repeats (CRISPR) has emerged as
diagnostic tools for the rapid detection of SARS-CoV-2 and requires only lateral
flow dipstick for visual detection [11, 12].

Additionally, next-generation sequencing using the nanopore target sequencing
plays a great role in the diagnosis of COVID-19. This technique can be used to
determine genomic sequences of millions of base pairs in a single experimental
setup. Therefore, this technology has great potential to identify unknown organisms
including pathogens in a short span of time, but the technology is costly and
requires experienced professionals for handling.

2.2 Imaging Technique—CT Scan

Early detection of COVID-19 plays a crucial role in the treatment and control of the
disease. The nucleic acid techniques are effective when clinical symptoms appear in a
patient. But computed tomography (CT) scan usually gives highly sensitive results
even before the clinical symptoms appear in COVID-19 patients and can help in early
detection of COVID-19 especially in highly pandemic areas [13]. Previous reports
suggest that CT scan provides more sensitive data than PCR for SARS-CoV-2 sus-
pected patients [9] and holds a great potential to diagnose COVID-19 but these scans
are not a confirmatory tool for detection of COVID-19. Furthermore, there are mul-
tiple drawbacks in using CT scan for diagnosing COVID-19 like the CT scan images
cannot distinguish between SARS-CoV-2 and other respiratory infections. Also, the
usage of imaging equipment on COVID-19 patients increases the risk of contami-
nation and spread of infection among the healthcare providers and other patients for
getting infected. Therefore, CT scans might be used in better management and care of
COVID-19-positive individuals rather than diagnosis.

2.3 Serological-Based Detection

Currently, the serological-based diagnosis which uses blood samples is based upon
the principle of enzyme-linked immunosorbent assay (ELISA). This includes two
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types of tests—detection of antigen (viral components like spike and nucleocapsid
proteins) is present in a measurable concentration in the infected patient during the
time of infection, and the other one is the detection of antibodies which significantly
appears in patients at the later stage in result of immune response against the virus.
The two major types of antibodies which are used for detection are immunoglobulin
M (IgM) which acts as the first line of defense and appears within a few days of
infection and immunoglobulin G (IgG) which plays a major role in the clearance of
the infection [14]. There are several antigen and antibody kits developed across the
globe like Mylab’s PathoCatch, Innovita Rapid Test Kit, etc., but only a few are in
the market due to a lack of distribution strategy in the commercialization stage of
the devices. These ELISA-based detection kits showed good sensitivity, but they
are not useful in early detection of COVID-19 [15, 16].

2.4 Point-of-Care Testing (POCT) Approaches

The handheld POCTs are user-friendly and cost-effective devices that can be used
without any expert or professional interventions. These devices generally include
various types of biosensors. Biosensors are widely used to detect various infectious
diseases like hepatitis, HIV, malaria, etc. At present, these advanced biosensor-
based detection approaches are used to build different innovative POCTs which can
overcome the limitations of other detection techniques available for diagnosis of
COVID-19. One of these innovative devices includes nanomaterial-based biosen-
sors which are highly sensitive because of their high surface-to-volume ratio [17].
The other one in this category includes aptamer-based biosensors which consist of
an oligonucleotide having high specificity toward the target molecule (virus parti-
cles or antibodies or biomarkers) [18]. Currently, the aptamer-based biosensors are
under the developmental phase which can give results within few seconds only.

With the rapid spread of COVID-19 across the globe, the commercial-scale
development of alternative methods like rapid antigen–antibody kits, nanomaterials-
based biosensors, aptamer-based biosensors, etc., for mass screening with high
specificity and sensitivity has become an utter need for the current situation. These
technologies can play a significant role in identifying and managing the spread of
COVID-19.

3 Therapeutic Approaches Against SARS-CoV-2

Presently, there is no specific drug which can efficiently treat the COVID-19 dis-
ease. Many researchers across the globe are working on finding the potential drug
components against the SARS-CoV-2. However, such drugs will take several years
to develop on a commercial scale. Nonetheless, few existing antiviral drug candi-
dates have shown some therapeutic properties for the treatment of COVID-19.

2 Deciphering the Recent Advancements in Diagnostic, Therapeutic… 9



These antiviral drugs can be broadly divided into two categories based upon their
targets. One category includes therapeutic candidates that can directly act on the
SARS-CoV-2 and the other that controls the human immune system [19].
Generally, the drugs which target the coronavirus directly interfere with the viral
replication mechanism, and on the other hand, the human immune system modu-
lating drugs either boosts the immune response against the virus or inhibits the
cytokine storm to prevent lung damage. The major drug candidates against novel
coronavirus (nCoV-2) which are under development are discussed.

3.1 Remdesivir

Remdesivir (Fig. 3) is a broad-spectrum pro-drug of an adenosine triphosphate
analog and an antiviral agent against RNA viruses which was designed to control
the Ebola outbreak. The remdesivir blocks viral replication by inhibiting the RNA-
dependent RNA polymerase and is safe for use in humans [20]. According to
in vitro studies, remdesivir exhibited inhibitory properties against the SARS-CoV-2
[21]. Currently, remdesivir is under Phase 3 of the clinical trial in multiple
countries.

Fig. 3 2-D chemical
structure of remdesivir.
Source NCBI, PubChem [22–
27]
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3.2 Favipiravir

Favipiravir (Fig. 4) is a pyrazinecarboxamide derivative and a broad-spectrum oral
RNA-dependent RNA polymerase inhibiting antiviral drug which blocks the viral
replication in host cells [28]. Generally, the favipiravir is used to treat influenza
infections. Recently, Glenmark Pharmaceuticals got the regulatory clearance to
manufacture and market favipiravir under the brand name FabiFlu for the treatment
of mild-to-moderate COVID-19 patients.

3.3 Hydroxychloroquine

Hydroxychloroquine (Fig. 5) is a 4-aminoquinoline which is widely used as anti-
malarial and immunosuppressive agent. It generally makes an alkaline pH in
endosomes which inhibits the fusion of membranes between virus and host cell and
eventually blocks the entry of the virus [29]. Hydroxychloroquine specifically
interferes with angiotensin-converting enzyme-2 (ACE2) [30] which is one of the
functional cellular receptors of SARS-CoV-2 [31]. But recently, World Health
Organization (WHO) halted the use of hydroxychloroquine for treatment of
COVID-19 stating that the drug is not effective against SARS-CoV-2 and fails to
reduce the mortality rate of the disease. Food and Drug Administration (FDA) also
stated that there have been severe cardiac issues and other side effects of hydrox-
ychloroquine when used for treating COVID-19 patients.

3.4 Thalidomide

Thalidomide (Fig. 6) is a glutamic acid derivative which has emerged as one of the
potential anti-inflammatory agents which can reduce the formation of TNF-alpha
during any inflammatory disease [32]. Additionally, thalidomide also reduces the
cytokine level produced in inflammatory response. Currently, thalidomide is under

Fig. 4 2-D chemical
structure of favipiravir.
Source NCBI, PubChem [22–
27]
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clinical studies to check their efficacy in reducing lung damage caused by over-
expression of immune response against the SARS-CoV-2.

3.5 Lopinavir and Ritonavir

Both lopinavir (Fig. 7) and ritonavir (Fig. 8) are two widely used protease inhibitors
which are used in combination for the treatment of HIV infection. Earlier studies
have shown that the combinational therapy of lopinavir and ritonavir resulted to be
effective against SARS and MERS [21, 28, 33]. However, the clinical trials done on

Fig. 5 2-D chemical
structure of
hydroxychloroquine. Source
NCBI, PubChem [22–27]

Fig. 6 2-D chemical
structure of thalidomide.
Source NCBI, PubChem [22–
27]
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mild-to-moderate COVID-19 patients indicated that the combinational therapy of
lopinavir and ritonavir is not very effective against SARS-CoV-2 infection [34, 35].

3.6 Convalescent Plasma Therapy

Plasma therapy using the isolated blood plasma from COVID-19-recovered patients
which generally contains the neutralizing antibodies against the SARS-CoV-2 is an

Fig. 7 2-D chemical
structure of lopinavir. Source
NCBI, PubChem [22–27]

Fig. 8 2-D chemical
structure of ritonavir. Source
NCBI, PubChem [22–27]
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interesting approach for treatment. According to few studies, the administration of
convalescent plasma has reported an improvement in the clinical status of
COVID-19 patients [36].

4 Vaccines Against SARS-CoV-2 Infection

Since the release of whole-genome sequence of SARS-CoV-2, many pharmaceu-
tical and biotech industries along with the research laboratories across the globe are
involved in developing various vaccine candidates against SARS-CoV-2. Since
there is a similarity of novel coronavirus with SARS and MERS at the genetic level,
S protein and N protein are identified as targets for COVID-19 vaccines [37, 38].
Currently, the vaccines which are under developmental stages are based upon
various technology platforms like mRNA, DNA, adenoviral vectors, subunit and
recombinant proteins, etc. (Table 1).

4.1 mRNA-/DNA-Based Vaccines

Several biotech industry giants like Moderna, Inovio, etc., are using the DNA- and
RNA-based platforms for developing the potential vaccine candidates for
COVID-19. The greatest advantage of using this platform is that the production
process requires very less time as it does not involve culturing and fermentation
steps and eventually decreases the cost of manufacturing as well [39]. Also, these
vaccine candidates prove to be safe as it does not consist of any inactivated
pathogens or subunits of live pathogens. Currently, the Moderna’s mRNA-1273
which is a synthetically produced mRNA strand translates into stabilized viral spike
protein and promotes immune response against it. Similarly, Inovio’s INO-4800 is a
DNA vaccine which upon delivering into human cells translates into stable viral
proteins and elicits immune response against it. Both the vaccine candidates are
under the clinical trials to check the efficacy and safety.

4.2 Adenoviral Vectors

Non-replicating adenoviral vectors are one of the powerful vaccination tools against
pathogens. The ChAdOx1 nCoV-19 developed by the University of Oxford in
partnership with AstraZeneca consists of non-replicating adenovirus, and spike
protein sequence of SARS-CoV-2 is under the final stages of clinical trials. The
non-replicating adenovirus ensures the safety of this vaccine candidate upon
administration in human cells. But the use of adenovirus vaccines can induce
immunity against the vector which will eventually reduce the efficacy of the vaccine
candidate [40].

14 A. Ghosh et al.
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4.3 Subunit Vaccines

The University of Queensland is currently developing a recombinant viral protein
using molecular clamp technology which will remain stable as pre-fusion form of
glycoprotein and elicit the production of neutralizing antibodies [41]. But the major
challenge with this vaccine candidate is efficacy as it can easily get denatured upon
injecting into the human cells [42].

4.4 Live-Attenuated Virus Vaccines

Live-attenuated virus as vaccine candidates is another very promising vaccine
development approach and also considered as one of the traditional vaccine
development strategies. This platform is based upon the codon deoptimization
technology and has shown higher efficacy against respiratory viruses in both in vitro
and in vivo experiments [43–45]. This type of vaccine candidates has limited usage
in immunocompromised persons and also holds possibilities to get reactivated after
administration which puts a big question on its safety profile. Currently, the live-
attenuated virus vaccine developed by Codagenix and Serum Institute of India is
under the 3rd phase of clinical trials.

5 Conclusion

In this chapter, the diagnostic approaches, therapeutics and vaccine candidates
along with their current developmental stages have been discussed. As there is a
huge spike in number of cases every day, early diagnosis of the disease has become
a significant need to stop the spread of the virus. The gold standard RT-PCR and
other existing techniques are having sensitivity, but they are not able to detect the
infection at an early stage. Hence, development of innovative rapid testing
point-of-care device which can detect the disease at its onset with high sensitivity,
specificity and reproducibility is the need of the hour. We can also summarize that a
few of the drug candidates within the two broad categories of therapeutic approa-
ches have the potential to reduce the load of the disease after they clear the clinical
trial parameters. But a specific drug against the SARS-CoV-2 may take several
years to develop and manufacture at a commercial scale. Similarly, we can conclude
that many vaccine candidates are in the pipeline of development and regulatory
clearance, upon which we can hope that we will get a potential therapeutic resource
to halt the current pandemic across the globe.
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Chapter 3
Personal Protective Equipment
(PPE) as Coronavirus Shielding
Material

A. K. Srivastava, Sarika Verma, Medha Mili, S. A. R. Hashmi,
Rashmi Chowdhary, and Vaishnavi Hada

1 Introduction

Coronavirus (CoVs) is enveloped, non-segmented, positive sense spherical viruses,
belonging to the order of Nidovirales and family of Coronaviridae of about 65–
125 nm in diameter. CoVs are the RNA viruses which have the wide genetic data,
with genetic data sizes which vary from 26 to 32 kilobases (kb) in length,
respectively [1]. The primary target of the coronaviruses includes the respiratory
system which, in turn, results in breathing problems in humans. When an infected
person coughs, sneezes, or speaks, the droplets which come outside are the main
cause behind the spread of COVID-19 [2]. The coronaviruses which are RNA
viruses once enter the human cells, first attack the cytokine release which gives
signal to T-cell for the proceeding actions (being the central cells for all the viral
diseases). Their trimeric spike glycoproteins stick to the cell surface. SARS-CoV-2
ties up with angiotensin-converting enzyme 2 (ACE2) to the human cell surface
with elevated connection as compared to other viruses which were responsible for
severe acute respiratory syndrome (SARS) in 2003 and middle east respiratory
syndrome (MERS). COVID-19 being a global pandemic now and thus is the need
of the hour to slow down or prevent its rapid spread until the development or
deployment of some effective control measures such as a vaccine. Based on the
current evidence, the mode of transmission of this highly contagious deadly
SARS-CoV-2 virus from human-to-human is either by direct touch or through
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contaminated droplets, mainly through respiratory droplets when people cough,
sneeze, or exhale infected respiratory droplets [3, 4].

Under these circumstances, PPEs are designated as the most vital equipment
which is basically designed for safeguarding both public and personal health against
infectious microbial agents. PPE acts as a barrier and is helpful in shielding the
infectious coronavirus as well as takes care of the safety of the frontline healthcare
personnel like doctors, nurses, other caregivers in this pandemic stage of COVID-19
entries especially in hospital wards, quarantine centres, and primary health centres or
testing laboratories [5]. As reported by Food and Drug Administration (FDA), PPE
is actually assigned as a strong shielding linking the user's skin, nose, eyes, mouth, or
bacterial as well as viral infections or eyes and viral and bacterial infections. They
are fabricated specially to protect the health workers from the direct exposure.

Few researchers have reported about PPE in their work like Casanova et al.
reported coronavirus survival on healthcare personal protective equipment [6].
Balkhyour et al. reported the evaluation of PPE use and professional subjections in
small-scale companies in Jeddah: Health involvement for labourers [7]. Bajwa et al.
investigated on peri-operative and critical care concerns in coronavirus pandemic
[8]. Rowan et al. studied the challenges and solutions for addressing critical
shortage of supply chain for personal and protective equipment (PPE) arising from
coronavirus disease (COVID-19) pandemic—case study from the Republic of
Ireland [1]. Cook presented on PPE during the COVID-19 pandemic—a narrative
review [9].

2 Types of Personal Protective Equipment (PPE)

Personal protective equipment (PPE) are, namely of three types, industrial PPE,
healthcare PPE, and consumer PPE as depicted in Fig. 1. The PPE can be respi-
ratory PPE as well as dermal PPE.

Fig. 1 Various types of PPE available
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Further, the use of PPE in every situation will be specific to the means of viral
contamination and may differ from the healthcare workers, hospital labourers, and
patients. The emergence of this virus pandemic has submerged the worldwide
manufacturing of these personal protective equipment’s kits as very important cen-
sorious outcome in combating COVID-19. The PPE kit majorly consists of respi-
rators (N95 or FFP2 standard or equivalent), masks, face shields, gloves, goggles,
gowns, coveralls, boots, or closed-toe work shoes. The PPE should be breathable
along with fluid and microbial-resistant characteristics certain medical procedures
such as during intubation (the process of inserting a tube through a patient’s mouth
and into their airway) and nebulizer treatments (a machine that delivers medicated
mist to the lungs), necessitate the compulsory requirement of the use of PPE’s [6].

Although a number of international organizations like the World Health
Organization, the European Centre for Disease Control, Public Health England, the
European Society of Intensive Care Medicine, and Society of Critical Care
Medicine have produced guidance related to the PPE and which are broadly con-
sistent too. In nutshell, each organization states that mainly the airborne/in-flight
safeguard comprises of fit-tested and fit-checked elevated sieve mask; long-sleeved
liquid-resistant gown; goggles or visor; and gloves. Progressively, all advices
majorly involve the utilization of FFP2 masks or maybe FFP3 masks, respectively.

The PPEs should be simple to wear and easy to remove after being used up,
thereby preventing the contamination of the user especially health workers and its
surrounding environment. The risk of contamination mainly occurs if the PPE
apparel is improperly removed as experienced from earlier SARS epidemic in
Canada, which led to infections in the healthcare workers. Every PPE should be
deliberately removed, disposed of immediately and appropriately after use. A proper
norm or “buddy system” is recommended for the users of PPE during both the
processing of donning (i.e., putting on) as well as doffing (i.e., removing) of PPE.
The mechanism behind the shielding of coronavirus with the use of PPE is attributed
to its difference in the biological structure and chemical compositions [10].

The centres for disease control and prevention (CDC) have issued certain
advices and guidelines for the use of personal protective equipment by healthcare
personnel to prevent the exposure due to infectious diseases. The lists of PPEs
mentioned below prevent the contagious contact of the infectious virus and the
healthcare personal [11].

3 Formation of Personal Protective Equipment (PPE)

The polymeric materials are playing most important role in the formation of PPE kits.

Polymers for PPE

Most of the medical PPE and products which are used by the healthcare workers are
usually made up of polymeric plastics. The reason to use this polymeric plastic for
PPE is mainly its effectiveness. Plastic can be used in many unique ways; hence, it
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is very much suitable for the respective motive. As plastics are repellent to chemical
and gas, these are the perfect material that is used by medical personnel as they
have a risk of getting direct contact with blood and infection-causing diseases. It
helps as a safety measure and maintains an immediate contact between doctors and
patients. Polymeric PPE manifests unexpected low moisture immersion due to its
intrinsic configuration. Consequently, fine electrical sheathe effects are achieved
above a broad scale of the moisture and climatic situations.

Following are the list of different types of polymers and their chemical structure
used for fabricating various types of personal protective equipment (PPE) which are
in demand during this global coronavirus outbreak [12–14] (Table 1).

4 Preparation of Personal Protective Equipment (PPE)

The preparation of appropriate personal protective equipment (PPE) is a very
important factor which affects its functionality. The detailed overviews for the
preparation of important kinds of PPEs which are highly valuable and are in great
order during the coronavirus, COVID-19 outbreak are described below. The PPEs
are either respiratory or dermal in nature.

4.1 Respiratory PPE

Medical personnel has to be dressed in various kinds of respiratory PPE which
includes respirators, dental, and surgical masks.

Face Mask

It is the most important type of PPE used by the frontline workers as well as
non-frontline workers in society. The compulsory use of the face masks as PPE by
the frontline health workers as well as the general public to combat the spread of
COVID-19 is increasing tremendously. Wearing face masks during this epidemic
situation has been recommended as a potential tool to tackle coronavirus spread and
has been now made compulsory [15]. They can be categorized as with respirators
and non-respirators like surgical masks and cloth masks as shown in Fig. 2.

Respirators

Healthcare workers or those at risk of exposure to airborne or fluid hazards should
wear the surgical N95 respirators in sterile environments, as they can filter out
potential bacteria and viruses, whereas the non-surgical N95s can be used by
frontline healthcare workers not involved in surgery but treating the
coronavirus-infected patients. However, in the absence of any respirators, it is
advised to opt for the next best protection like face masks by the health workers.
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Consequently, the utilization of surgical masks by medical personnel is com-
pletely common. Nevertheless, surgical masks are not planned for the utilization of
preserved healthcare workers from novel diseases. They are mostly outlined to
preserve sufferers from whooping cough and discharging of infections from
healthcare workers. In this manner, respirators are better as respiratory PPE, prin-
cipally in a healthcare atmosphere that suppresses novel infections [16]. During the
twentieth century, surgical masks were mostly recyclable and produced from
multi-layered cotton gauze. Because of this multi-layered formation, the defensive
regulation of such masks was increased.

From the mid-twentieth century, lightweight replaceable masks majorly pro-
duced from a thin glass fibre non-woven rug were established in the market as a
definitive technique of dissuading environmental microorganisms (e.g. bacteria,
fungi, and viruses). Till the 1990s, various kinds of fibres (e.g. cellulose and
polypropylene) were used for the production of surgical masks. From an elevated
quantity of preservative regulation to low cost, they are polypropylene, polyester–
rayon, glass, and cellulose. Presently, glass fibre is hardly ever worn and results in
infuriation on the worker’s skin. Widely used fibre is the polypropylene since it has
the ability of water repellence (water-proof) and gives a soft and suitable touch
between the face and mask. Modern surgical masks are mainly comprised of three
non-woven fabrics layers—a shell fabric, a filter layer, and a cover web. The
deepest cover web has a whirl bond with a non-woven rug and more close to the
person’s skin. Next is the filter layer which lies in between the shell and the cover
web. It is a melt-blown non-woven rug firstly discards the airborne particles which
are hazardous, body fluids, and microorganisms. The outermost layer is of shell
fabric which is revealed to the atmosphere.

Normally, these respirators comprise four–five non-woven fabric layers.
Accordingly, two–three layers of non-woven filters are crammed in between the
shell fabric and the cover web by polypropylene. The filter layers are made up of
tightly filled with a light thin and insubstantial melt-blown non-woven fabric which

a)

Fig. 2 Various types of face mask

3 Personal Protective Equipment (PPE) as Coronavirus … 29



is based on polypropylene fibre. Additionally, these filter layers are sometimes made
up of wiggler fibres which carry the amount of radiation and the combined
polypropylene. These wiggler fibres can absorb the toxic substances and microor-
ganisms with the electrostatic attractions. These effects in an elevated amount of
safeguarding regulation for wiggler fibre filter layers which are differentiated into
standard polypropylene filter layers. Actually, addition wiggler fibres, filter layers set
off less tightly compacted in the absence of protecting regulation. This, less tight
composition may give more solace and a good ability to breathing [17].

N95 Respirators

An N95 mask consists of filtration material made of an electrostatic non-woven
polypropylene fibre that seals to the face, having a 95% efficiency to supply res-
piratory prevention and decreases the person’s revelation to air particulates, from
little flecks aerosols to bigger drops as shown in Fig. 3(i) [18]. These masks have
the capacity to act as a barrier of particulates and large droplets of the minimum size
of 0.3 µm. The prefix letter “N” denotes “non-oil” which means when there is
presence of non-oil-based particulates, then the masks can be used in the workplace.
In addition, some of these masks are provided with an optional expiration valve
which decreases expiration shield, and hence, it makes easy for respiration [19].
The proper wearing of the N95 respirators ensures that the breathing air is being
directed through the filter material. National Institute for Occupational Safety and
Health (NIOSH) certified the importance of N-95 respirators or greater, for the
prevention of inhalation of infectious particle droplets. Size and the mode of par-
ticulate transmission play an important role in deciding whether a respirator is
required or not. Time to time there is always a demand for upgraded respirators for
safety against suspended particulate matter (SPM), liquid droplets, or aerosol par-
ticles. Respirators protect from exposure to airborne particles. Its pore size is
0.3 µm [20]. In hospitals, it prevents from disclosure to living droplets which
includes viruses and bacteria. Respirators are outlined to cover the person’s face.
Masks which accumulate at least 95% of the droplets are at 95 in ratings [21]. The
good performance of respirator is decided on the basis of two major factors–firstly,
the mask should be capable of catching the full scale of toxic particulates, generally
at a broad scale of dimensions (<1 to >100 µm) above a scale of air (approx10–
100 L/min). Secondly, seepage must be protected at the borderline of the face and
the face piece. Rigorous evidence testimonies (42 CFR Part 84) confirmed by
NIOSH.

According to NIOSH tests, “worst case” limits which include

• A sodium chloride (for N-series filters) or a dioctyl phthalate oil (for R- and
P-series filters) test aerosol with a mass median aerodynamic diameter particle
of about 0.3 µm, which is in the MPPS range for most filters

• Airflow rate of 85 L/min, which represents a moderately high work rate
• Conditioning at 85% relative humidity and 38 °C for 24 h prior to testing
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• An initial breathing resistance (resistance to airflow) not exceeding 35 mm
water column height pressure and initial exhalation resistance not exceeding
25 mm water column height pressure

• A charge-neutralized aerosol
• Aerosol loading conducted to a minimum of 200 mg, which represents a very

high workplace exposure
• The filtering efficiency cannot fall below the certification class level at any time

during the NIOSH certification tests (Table 2).

Respirators were designed according to their oil resistance as it was invented for
oil mines workers [22] (Table 3).

The current medical filters and masks are made up of filters which are observed
“fibrous” in creation and are built from plane, on-woven mats of fine fibres. Various
factors that play a role in the filtration capacity of how well the filter collects particles
depend on fibre breadth, penetrable (the ratio between fibres and open space) and
mask diameter thickness. Fibres that are used in the N95 respirator are very crucial
and have special mechanical qualities and specifications [23]. The operating capture
or filtration mechanism of N95 masks is basically based on the following principles:

Inertial impaction: The inertial impaction collects the larger particles, as the larger
particles have higher size or mass, i.e., inertia due to which they do not follow in the
air stream and thus move around a filter fibre.

Table 2 Ratings for compatibility with oil-based pesticides which show filter efficacy

Ratings for compatibility with oil-based
pesticides

Filter efficacy

N—not suitable for use with oil-based
pesticides

95—filters 95% of particles from
atmosphere

R—oil resistant up to 8 h 99—filters 99% of particles from
atmosphere

P—oil proof 100—filters 99.9% of particles from
atmosphere

Table 3 Filter description with resisting activity

Oil resistance Rating Description

Not oil resistant N95 Filters at least 95% of particles

N99 Filters at least 99% of particles

N100 Filters at least 99.97% particles

Oil resistant R95 Filters at least 95% of particles

R99 Filters at least 99% of a particles

R100 Filters at least 99.97% of airborne particles

Oil proof P95 Filters at least 95% of particles

P99 Filters at least 99% of airborne particles

P100 Filters at least 99.97% particles
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Interception: When the particles present near the filter fibre, they are intercepted and
the phenomenon helps to collect the larger particles.
Diffusion: Due to the continuous hitting of smaller particles with air molecules, they
deviate and later take place into proximity with a mask fibre and thus are
accountable for assembling small particulates [22, 24].
Electrostatic attraction: This mechanism is independent of particle size. The charge
fibre has the capability to attract oppositely charged particles.

Amongst the above operating mechanism, the electrostatic attraction mechanism
sets these N95 masks apart from other surgical or homemade face masks.

Ideally, these masks shall be thrown away every time when an infected person
encounters which succeeds to droplet causing procedures. It can become wet or
visibly dirty; get harmed or disfigure; or not extensively should be a productive
device to the face which makes it more difficult for the wearer and then be discarded
[25]. It can also be adulterated by blood, breathing or nasal discharge or various
body liquids and shall be discarded immediately. Though reuse or routine decon-
tamination of these N95 masks is not recommended as per conventional standards
of care, however, the shortages of supply of N95 masks during this global pandemic
have urged for its decontamination and reuse to ensure continued availability [26].
Various methods that have shown to be potential to decontaminate these masks
include ultraviolet germicidal irradiation (UVGI), vaporous hydrogen peroxide
(VHP), and moist heat methods. But before adoption of any sterilizing method,
evaluation for the capacity to hold up

1. Purifying procedure
2. Suitable disinfectant
3. Persons protection from FFR must be practised [22, 27].

Lewis et al. above-mentioned article has investigated how the use of N95 has
provided comparison with hospital health workers infected during influenza
outbreaks.

Respirators with high filtration efficiency are considered to be one of the most
important and complicated PPEs to manufacture. As per the standard set by
NIOSH, only when a 95% filtration efficacy is achieved, and N95 respirators can be
sold by manufacturers. Respirators are made using layers of extruded polypropy-
lene plastic fibres (diameter of 1 µm) on a conveyor, which are then bonded to form
a cloth as they cool down. Then a hot calendared needled pre-filtration layer of
non-woven fabric which should be thick enough to be shaped into a mask is layered
on the above fabric. The safeguarding coating of the non-woven thread protects the
entire mask. Finally, the manufacturing of masks is completed and is properly
sterilized.

The manufactured masks with every batch pass from a series of test which
includes oxygen permeability, flammability and beating repellent, particulate
sieving regulation and bacteria filtration efficiency, etc. These are specialized masks
which are considered to be one of the most important PPEs to be used during this
COVID-19 pandemic.
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N95 respirators are mainly made of multiple layers of non-woven polypropylene
fabric, having the two outward layers which cover the inside and outside of the mask,
made using spun bonding using thermal, chemical, and mechanical techniques [14].
The sieving medium upon the mask is been applied as electrostatic non-woven
polypropylene polymer. Spun bonding uses nozzles which blow down the melted
threads of polypropylene into layers and build up into cloth on a conveyor belt. These
two outward layers having density in the range of 20–50 g/m2 act as the protective
barrier against the wearer’s exhalations. The layers formed by spun bonding consist
of a thick and stiff pre-filtration layer made up of needled non-woven material and a
filtration layer. The outermost layer is formed of or polarized non-woven material or
melt-blown electrets, which, in turn, determines the efficiency of filtration. The res-
pirators are then added with straps and metal strips for proper adjustment into the
user’s nose, which is then finally sterilized before physical use [28].

Powered Air Purifying Respirators (PAPRs)

These are additional complex tools respective of characteristics which differ with
respective to the mask, face coveralls, helmet, etc. All the PAPRs nevertheless have
a machine boaster with energy restoration pack that is attached with a respiratory
pack which pushes the airflow towards face as shown in Fig. 3. Filtration of air is
done by the canister which is alike with those filters which are used in the
renewable masks. PAPRs may have a firmly suited face cover which is manufac-
tured by using silicone and rubber. On the other hand, it can be an appropriate head
casing, frequently manufactured by non-woven polypropylene, often made up of
PET or acetate. Another efficient alternative of PAPRs is followed by controlled air
purifying respirator (CAPR) [14].

Surgical Masks

Surgical masks are willingly obtainable to medical workers and inexpensive as
compared to respirators. The FDA-cleared surgical masks are also of great

Fig. 3 N95 respirator and PAPR
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importance which is planned from the prevention from splashing and spraying
which are performed during revelations that are predicted, which includes clinical
course of actions, and are highly recommended to be reserved for the healthcare
professionals. There are rigorous standards for the evaluation of the efficacy of the
surgical masks as personal protective equipment (PPE) used in healthcare settings
to check the ability of the masks to protect the wearer from conterminous particles.

The design of these surgical masks usually consists of three-ply material and is
generally used to shed potential microorganisms present in infectious airborne and
aerosol liquid droplets released from the wearer’s mouth and nose. The surgical
face mask is generally produced using woven, non-woven, and knitted fabric
forming technology [29]. These filters generally consist of one layer of polymeric
substance which on each side adjoins the covering of non-woven substance, making
a total of 3–4 layers, made using specialized machinery. The degree of filtration
efficiency of surgical masks is attained with a very fine filter layer of textile fibres
covered on both sides with conventional non-woven bonded fabrics [14]. These
masks are most often manufactured of polypropylene, either 20 or 25 g per square
metre (GSM) in density, made using spun-bond technology and melt-blown tech-
nology, respectively. Also, other polymeric materials such as polystyrene, poly-
carbonate, polyethylene, or polyester can be also used to manufacture surgical
masks of variable sizes for adults as well as infants on-woven are cheaper to make
and can be easily cleaned due to their disposable nature, being efficient at sieving
out microbes which includes bacteria and viruses above 1 µm. However, microbial
sieving efficiency and air permeability of these masks depend on the fibre, manu-
facturing process, and the fibre’s cross-sectional shape. In addition, non-woven
fabrics have advantages over woven fabrics infiltration that includes permissible to
excessive air, excessive efficacy to bacterial sieving, and lower production cost [30–
32]. Then on-woven polypropylene and polymeric substances are provided from
drums to the equipment which divides simultaneously, it also unites ultrasonically.
The apparatus joins various parts such as metal strips and ear loops, while the filters
are sanitized and packed for dispatching. Besides, non-woven surgical face masks
being disposable after using present less risk of contamination than either woven or
knitted reusable face masks [14].

However, surgical masks are comparatively loose fitting and have efficiency less
than the respirators but can form a substantial blockade which connects the person
and the capable infections, generally large particles present in the outside envi-
ronment. These masks, however, have limited ability or do not have any filter to
block or inhale very small particles, i.e., submicron-sized airborne particles that get
transmitted through coughs or sneezing and have to be discarded after every use.

Cloth masks: In response to the critical shortage of N95 respirators or surgical
masks during this COVID-19 pandemic, a major mass of the population are
mobilizing towards using locally made cloth face masks as shown in Fig. 4. In
addition, wearing medical N95 masks for long periods of time can feel a bit
uncomfortable and suffocating, thus, breathable cloth masks are a simple, sus-
tainable, and economic alternative to surgical masks as a means of controlling
SARS-COV-2 for the general public masses. These masks made of softer fabric can
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be easily made or manufactured at home that can be reused after washing and can
be a better option. The cloth masks can be prepared using various types of materials
including paper or cloth, but cotton is the most preferred. Though experts agree that
cloth face masks absolutely do not alone prevent the spread of COVID-19, wearing
a cloth mask will help prevent the spread of droplets that the wearer is emitting and
also helps to reduce the chance of infecting others. The fabric of the homemade
masks and also the face fitting affect the efficacy of the masks [33].

The universal use of face masks as a means of the source to control the
COVID-19 pandemic is strongly advisable. Though homemade face masks cannot
prevent the spread of coronavirus, at least cloth masks are efficient as compared to
no covering on the face, thus, in turn, reducing the risk of infection. The CDC
recommends the easy, effective, and bearable fibres to use at home for covering the
face and also has recommended laundering the homemade cloth masks regularly
depending on use. Overall, cotton masks with high amount of thread natural silk
and chiffon have been found to be performed well. Wearing a mask is the most
important habit we can practice to protect ourselves and the communities we live in
until a vaccine is developed.

4.2 Dermal PPE

4.2.1 Face Shields

These are the parts of the PPE kits that have been used in healthcare settings and
recently became a staple for medical personnel who are in the frontline treating
COVID-19 infected patients as shown in Fig. 5. A face shield is simply a curved
transparent plastic or Plexiglas panel that can be worn over the face to prevent
transmissions of the SARS-CoV-2 coronavirus. Generally, these are not used as

Fig. 4 Surgical mask and cotton cloth mask

3 Personal Protective Equipment (PPE) as Coronavirus … 35



solitary face/eye protection and are worn in conjunction with other perspective
equipment such as masks or respirators, thus blocking infectious droplets and
sprays from reaching the face and also reducing the potential for autoinoculation by
preventing the health workers from touching their faces frequently. The coverage
that face shields offer is ideal since they extend down from the forehead; shields
protect the eyes as well as the nose and mouth from the transmission of the con-
tagious infection [34]. The advantage of the face shields is their longevity as they
can be well worn for an unlimited time, they can be simply cleaned later every use,
comfortable to wear the person from affecting the face, and most eminently, it
blocks the entrance of virus from mouth, nose, and eyes. The face shield model(s)
to be chosen for appropriate situations will depend upon the circumstances of
exposure. In order to be most effective in stopping the viral spread, they should
extend below the chin and its width should also be sufficient to cover the ears. In
addition, for improved protection there should not be any exposed gap between the
forehead and the shield’s headpiece.

Face shields are the easiest type of PPE that can be made and consist mainly of
three components, namely a visor, an adjustable or non-adjustable frame, and a
suspension system with fully or partially circumferential attachment features of the
shield to the wearer’s head [35]. The visors can come as reusable, replaceable, and
disposable models and are generally manufactured of several plastics, namely
polycarbonate, propionate, acetate, polyvinyl chloride, and polyethylene tereph-
thalate glycol (PETG). The visitors are frequently provided anti-glare, anti-fog,
anti-static, or other advanced protections for their better longevity. Face shield
frames can be made up of either plastics or with metal clip-on. Further, the attached
suspension systems can be fully circumferential which includes plastic headbands
and pin-lock systems or Velcro; non-adjustable structure that engages simple elastic
straps, moulded plastic, and 3D-printed plastic. Face shields can be affordably and
quickly produced for distribution and thus should be included as an important part

Fig. 5 Face shield and goggle
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of strategies to safely and significantly reduce the transmission of this deadly
coronavirus. Some of the simple face shields are designed for single use while
others can be sterilized and reused [36].

4.2.2 Eye protection

Reusable face shields or goggles are advised to be used for the protection of eyes.
After every use, they should be sanitized, and the disposed products should be
flanged out by safe means. These safety options should be eliminated only after
departing from the infected person’s unit [14].

Protective goggles are deliberated to protect the person’s eyes from influenced
dangers such as flying pieces, devices, large chips, and morsels. Health profes-
sionals need to make use of eye protection goggles using shields when there is a
risk from particles. Non-side protected goggles are not tolerable eye safety from the
desired risks. The shape of protective goggles is set up of plastic or metal and shall
be shaped with the curative or plan effective-impervious lenses. Side shields can be
included in the fixture of protective goggles when in need [37].

4.2.3 Gloves

From the past few decades, a significant establishment took place in the manu-
facturing of surgical gloves. Currently, surgical gloves are basically made up of
various waterproof textile polymers (generally produced from nitrile rubber, latex,
neoprene, or vinyl) which prevent health protectors from a close approach with
infected fluids. Commonly, these gloves can be described as medical gloves and
exam gloves as shown in Fig. 6. Exam gloves are generally greased by cornstarch

Fig. 6 Gloves
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to make them suitable to wear. Medical gloves, although, are not greased, as
cornstarch may be taken up by sufferers. Although it is a mandatory deliberation,
medical gloves have to be more specific with respect to the person’s size to supply
the maximum prevention to the sufferers and the medical workers. Non-sterile
patient examination gloves including nitrile, natural, rubber, polychloroprene, and
vinyl gloves can be used for treating COVID-19 infected patients [38]. Glove
restriction depends on the chemical and physical features of the handling stuffs and
the kind and time of the work which should be proceeded. This is not necessary that
every type of glove will be actually suitable to the skin from the chemical reve-
lations. Chemicals by the time pervade gloves, although they can be carefully used
for a particular duration by knowing the features of the gloves such as broadness,
pervasion, time and, cost are familiar [39].

4.2.4 Gowns

Apart from hands, the rest of the body parts of medical workers can also be exposed
from the liquid. During the nineteenth century, from the prevention of microor-
ganisms, the surgical gowns were invented. Eventually, surgical gowns are white,
which represents morality and dignity. Even so, surgical gowns are mostly blue or
green in colour, which helps to clear the doctor’s vision by refreshing them during
surgery. Gowns are stated as “fluid-resistant performance and description of pro-
tective at tyres and curtains deliberately for the utilization of the medical means” by
the American National Standards Institute/Association of the Advancement of
Medical Instrumentation (ANSI/AAMI) PB70:2003. Gowns should completely
cover the wearer’s body [33, 40].

Thin plastics/paper is used to make the disposable surgical gowns so that they
can be reused later. Renewable gowns are often made from natural sources (e.g.
cotton) or synthetic source (e.g. polyester fibres). By using the spinning process,
these fibres/polymers are then transformed into yarn and then entwined into the
fabric. Then this fabric/polymer gives rise to the surgical gown.

To give good prevention and protection to the medical workers, the main
demand is that the polymer used for the surgical gown must be water-repellent, and
also it should support the air passing easily to it. A water-repellent, airflow polymer
can be produced by using:

1. Compactly woven fabrics with a waterproof (fluorochemical or silicone) finish
2. Microporous (<2–3 µm pore size) layers or covering (poly amino acid, poly-

tetrafluoroethylene, polyurethane, acrylics,) on non-woven fabrics of cotton
3. Hydrophilic coverings or layers (such as thermoplastic elastomer based on

polyurethane)
4. Sharp or keen polymers (N-tert-butyl acrylamide-ran-acrylamide coated with

cotton fabric and shape polymer).
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Apart from these basic necessities, a major thing should also be in the demand
that there should be no place for the invasion of pathogens in the surgical gowns,
since it may cause other infections as well. By using these parameters, the medical
workers may get rid of various infections which may be caused by using renewable
gowns. For this motive, the disinfectant coats (e.g. metal/silver combined coat,
quaternary ammonium compounds finish, N-halamines finish) mostly are done to
polymers which are used to prepare the renewable healthcare gowns [41].

Food and Drug Administration (FDA) recognized surgical gowns as Class II
medication gadgets and non-sectional gowns as Class I devices which are intended
nearly at a dangerous extent (Levels 1–4) and for protection of the user in low or
minimal risk isolation situations, respectively. The performance testing of the
gowns is very important and is performed using consensus standards by the
American Society for Testing and Materials (ASTM) F2407 [33, 42, 43]. For
medium to high levels of risks of infection with a large critical zone, it is recom-
mended for the use of ANSI or AAMI PB70 Level 3 or 4 separation robe. While in
the surgery or any other levels of exposure, incision robe at levels 1–4 can be
preferred and for areas with minimal risk of exposure ANSI/AAMI PB70 Level 1 or
2 gowns can be used.

4.2.5 Coveralls

Coveralls can be worn by health workers as an alternative to gowns having the
provision of better protection as shown in Fig. 7. But due to an added layer of
insulation, they are more uncomfortable and additionally are often more unfamiliar

Fig. 7 Coveralls
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amongst the healthcare workers, which can thus be risky if the removal of the
coveralls is improper. The impermeable fabric for developing coveralls acts as a
shielding material between the infectious region and the body parts along with the
skin. From the financial point of view, disposable coveralls are a successful sub-
stitute cloth defensive outfit. It provides conservation from mould, dust, and
numerous different parched morsels and duster menace by which labourers exposed
day to day. These replaceable shielding clothes are perfect to use for painting,
asbestos or lead subsiding, mould indemnification, food processing, dry chemical
application, and a lot more [14].

5 Importance and Value of PPE

The PPE selection depends upon factors like the kinds of subjections leads
to splashing/spraying instead of touching, categorization of separated preventions,
longevity, and aptness from labour, fitting, etc. The personal protective equipment
is important in a number of ways, as it supports in reducing the transmission of
highly contagious COVID-19 disease from one infected individual to another.

Also, the lungs of a healthy person get safeguarded while surviving in a con-
taminated environment. It also protects the eyes of the healthy person from the
infections present in the contaminated zone. It further shields the skin against
infected materials that may come in contact with the human skin. Due to the use of
PPE, mental peace further provides enhanced efficiency in the quality of the
working area.

6 Disposing of Contaminated PPE

Though the PPE is the protection aid that is worn to avoid the risk of spreading
infection or disease during this pandemic, after completing a task, for example a
ward round, visiting infected patients, etc., the proper disposal of all single-use PPE
by using standard infection control precautions is very important. The solid waste
disposal of all PPEs including facemasks used gloves and other single-use cover-
ings should be ideally placed in dedicated bins or containers with proper lid or
covered receptacles. While discarding the PPEs, the major steps should be taken to
make sure that the confinements should not hurl in the region where they can infect
the wider population. There are certain steps to dispose of the PPEs which depend
mostly on the type of infection is participated. For exceedingly threatening mate-
rials, a “hazmat” (abbreviated for hazardous materials) team should take care of the
PPE and undergo a procedure for tailoring of the correct material. For quality
impurities such as lead, the PPE has to be thoroughly washed so that the heavy
metals will be discarded. After getting a proper wash, it will be discarded properly
to get rid of the danger from the groundwater infection. The most effective way to
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discard these wastes labelled as infectious PPEs is to burn them as high-temperature
destroys the viruses. Other types of used PPE can be land filled or burnt in
non-hazardous facilities or recycled. Even the PPE waste handlers should be
specifically informed of personal infection control practices including the use of
disposable gloves, facemasks, and eye protection to collect the disposed of solid
wastes or presumptive SARS-CoV-2 contaminated waste from the specified con-
tainers. Containers should be gathered and tightly sealed for transport in a
raised-edge or a deep-sided and wheeled cart to prevent leaks and spills during
transportation [12].

Each situation and country will have a different set of standards or protocols,
which is why it is important for safety managers to keep up to date with the latest
Occupational Safety and Health Administration (OSHA) standards in this area. The
quarantine centres/wards should be cleaned every two hours, and the waste should
be disposed of immediately [44].

Sterilizing, Disinfecting, and Cleaning of PPE

Hydrogen peroxide—In the novel COVID-19 situation, the FDA accepted mech-
anization progressed by scientific research non-profit Battelle Memorial Institute for
the utilization of intensive vapour stage hydrogen peroxide in particular apparatus
to disinfect the used N95 respirator masks, as well as different PPE, was worn out
by the medical personal. Ethylene oxide is also used to disinfect the personalized
protective equipment and different hospitality apparatus which are used by the
healthcare workers. Hydrogen peroxide is vigorous in opposition to a broad scope
of pathogens which includes the entire microorganism. Economically convenient
3% of hydrogen peroxide solution is strong and productive for plane/surface san-
itizing [45]. About 3–6% solution of hydrogen peroxide can sanitize respirators,
endoscopes, and polymers. Hydrogen peroxide has been too mentioned in the
Environmental Protection Agency’s list of sterilizers in opposition to coronavirus.

• Household Cleaners
Household and trading solutions of bleach may help to sanitize the planes which
include renewable apparatus in health centre, pharmaceutical laboratory,
physician’s workroom from the prevention by the contagious diseases While
water and soap are not in stock, the US Centres for Disease Control and
Prevention approved the use of hand disinfectants with a congregation of no less
than 60% ethanol or 70% isopropyl alcohol to deactivate viruses with the same
characteristic features as coronavirus.

• Environmental Protection Agency (EPA) permitted List of Sanitizers
The American Chemistry Council’s Centre for Biocide Chemistries arise
recorded outcomes recommended by the Environmental Protection Act (EPA) to
use in the opposition to viruses like the SARS-CoV-2, the source of the pan-
demic COVID-19. EPA’s records for list of anti-microbial outcomes which can
be used for COVID-19 can be identified [46].
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7 Annual Procurement (Demand) for PPE
Through UNICEF of PPE

As the COVID-19 has spread globally, the requirement for PPEs has reached
extraordinary high and thus the governments have sought to prepare and make
available the same to the people. Further, the importance and value of PPE can be
accessed from the data available by UNICEF wherein they claimed to supply
following PPE items, namely

• Face shield, smog-repellent, face cover
• Goggles, shielding, divergent air blower
• Masking, non-returnable, citizen’s use
• High sieving masks, N95/FFP2, FFP2/N95, no nozzle, aseptic
• Mask, resectional, rope belt, non-returnable, type IIR,
• Cap, resectional, puffy, non-fabricated
• Slacks, resectional, fabricated
• Robe, resectional, fabricated
• Robe, resectional, aseptic, non-fabricated
• Overall, shielding, flexible, non-returnable
• Overall, shielding, flexible, recyclable
• Overall, shielding, type 6b, Cat III
• Gloves, non-returnable, w/o granulate, nitrile
• Gloves, dreadful, nitrile/latex
• Gloves, non-returnable, nitrile, w/o granulate
• Boots, recyclable, PVC/latex, pair
• Boot sheath, slip-resistant, stretchable.

During the last four months, i.e., February–May, the supply of PPE kits were
increased as depicted in Fig. 8. In the month of April, maximum PPE kits have
been supplied contracted through UNICEF [47].

The yearly acquisition (ultimatum) for Personal Protective Equipment via
UNICEF from 2017 to 2020 has been shown in figure.

According to Figs. 8 and 9, it is understood that the basic need for humans is to use
the face mask, as per the pandemic guidelines, and it became mandatory to use the
mask if a person is outside or exposed directly to the environment. The demand and
supply for the face mask were very high in the month of April due to the increasing
COVID-19 cases. As per the current situation, still, the demand for the face mask is
much more as compared to the other PPEs, and hence, the supply for the respective
is high.
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Fig. 8 Supply contracted through UNICEF. Source January–May 2020 https://www.unicef.org/
supply/stories/covid-19-impact-assessment-and-outlook-personal-protective-equipment

Fig. 9 Annual procurement (demand) for PPE through UNICEF between 2017 and 2020 year to
date. Source YTD https://www.unicef.org/supply/stories/covid-19-impact-assessment-and-
outlook-personal-protective-equipment
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8 Indian Scenario of Personal Protective Equipment’s
(PPE)

In India, there was no domestic manufacturing of even a single PPE kit earlier and
all were imported from countries like China, Russia, and Spain, etc. About 2.75
lakhs of PPE kits were obtainable in the country in the month of January, that too
was imported, but after the coronavirus pandemic, India produces somewhat 2.6
lakhs of personal protective equipment (PPE kits). Now, within a short span after
the coronavirus outbreak, India had now achieved an unfeasible aim of daily
production over 4.5 lakh PPE suits. Now, as per today’s scenario, around 15.96
lakhs of PPE kits are in buffer stock. Presently, there are over 600 certified com-
panies that are producing kits nationwide. Some of the companies producing PPE
kits in India include Aditya Birla, Alok Industries, JCT Phagwara, and Gokaldas
Exports. Earlier in China, now India has a wide manufacturing unit for PPE cov-
eralls during the novel coronavirus situation. The government has taken the action
to ensure that only certified industries covering the whole allowance chain are
sanctioned for the production of PPEs [48, 49].

In India, Bangalore is the PPE hub as it serves 50% of the daily PPE kit
production in the nation. Apart from Bangalore, Tamil Nadu, Gujarat, Punjab,
Maharashtra, Rajasthan, Kolkata, Delhi, Noida, and Gurugram are the places where
PPE kits are being manufactured. The Ministry of Health and Family Welfare
(MoHFW) approved production units located in Coimbatore (Tamil Nadu),
Tirupur (Chennai), and these two units are the only approved places in south India.
Other manufacturing units are Vadodara and Ahmedabad in Gujarat, Bhiwandi and
Kusumnagar in Maharashtra, Phagwara and Ludhiana in Punjab, and Dungarpur in
Rajasthan (Fig. 10).

Manufacturing of personal protective equipment is demonstrating to become an
economically feasible result grouping, and a saviour for this duration of emergency
accordingly profitable unpredictability appears big unpaid to the consequence of the
national isolation. At present, the mammoth national manufacturing growth of
personal protective equipment in India is presently fixed around 4.5 lakh PPE kits
every day, has been reached due to the national producers who stood to the instance
and assisted India to accomplish abundant position in PPE making. According to a
report, a national order for personal protective equipment credited for rupees
10,000 crores for the upcoming 1 year and globally and by the year 2025, it will be
a $60 billion trade, while, India made up to only $260 million in the previous year
(Fig. 11).

The graphical representation of the PPE production in India gives an overview of
the daily stock of the PPE which was highly essential up to the month of May. The
graph shows the rapid increase in the production of PPE kits. As the month of May
was the peak point for the coronavirus cases, there was an instant need for the PPEs
which gives a shielding effect regarding the pandemic disease. As the graph sug-
gests, there was no production of PPE kits in the month of March as these kits were
being imported from the other countries. But depending on the increased cases, the
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government took a decision to manufacture the PPE kits in the nation. Approx.
4 lakhs of PPE kits were manufactured in the month of March depending upon a
daily basis. And this is how India became the second-largest country in the world
for the manufacturing of the PPE kits.

9 World Scenario of Personal Protective Equipment
(PPE)

Due to the rapid increase in the coronavirus infections, the Asia-Pacific region has
gone through an unpredicted inclination in the conditions for PPE kits. This region
reports the wide-reaching contamination because of which PPE kits have gained
more importance, value, and use especially for battle line labourers, and employees
operating in different companies. Besides, gush request, partly fixed with dread
purchase, stockpile, and misapply of personal protective equipment (PPE), has

Fig. 10 Major manufacturers/clusters of PPE in India. Source https://www.investindia.gov.in/
siru/personal-protective-equipment-india-INR-7000-cr-industry-in-the-making [10]
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disturbed the world contribution and threat existence covering the global status. As
per the rough estimation of the WHO, 89 mil masks, 76 mil testing gloves, and 1.6
mil medical gloves are essential to avoid infection/contamination from coronavirus.
World Health Organization also calculated that all the companies which are making
PPEs have to improve production by 40% and longing governments to take action
rapidly to uplift stores and are anticipating charging the PPE stock in a small time
span. The PPE kits are also globally utilized by the establishment of employees due
to the dangerous places and atmosphere. China is an important vendor for the
personal protective equipment stock owing to the broad enlargement of its railways.
Furthermore, the Chinese expenditure on railways is awaited to increase by about
6% every year to USD 125 billion in 2020 for the establishment of a fast-moving
rail web [50].

10 Future Perspective and Key Market Trends
of Personal Protective Equipment (PPE)

The PPE market is looking forward to increasing at a compound annual growth rate
(CAGR) of 7.8% above the augur duration 2020–2025. The growing figures of
coronavirus sufferers, besides, the increase in the commercial consciousness of
worker conservation at the organizational level, are the crucial elements that operate
the wide scope utilization of various PPE. In addition, the enlargement of the
greater and upgraded status of medicines in laboratories has inclined the specifi-
cation of PPE in the medical section.

Fig. 11 Graph showing the per day production of PPE in India. Source https://www.investindia.
gov.in/siru/personal-protective-equipment-india-INR-7000-cr-industry-in-the-making [10]
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Growing expenditure in experimentation and expansion of immunization in
opposition to contagious or global diseases is awaited to power the stipulation for
the market. Moreover, it saves the medical workers from infectious disease vul-
nerability in the organization, such as operation theatres and ICUs, research labo-
ratories, which is awaited to occur in the future. Further, the Occupational Safety
and Health Administration (OSHA) also emanates the statute for the organization of
welfare and health of the caretakers by disclosing to mycobacterium tuberculosis
and blood-borne microorganisms. Nevertheless, by Occupational Safety and Health
Administration’s General Duty article, personal protective equipment is needed for
some potent communicable illness disclosure. Workers should be provided with
suitable PPE and make sure that PPE should be disposed of or, if durable, it should
be properly repaired, cleaned, and then only it should be reused. Increasing cases of
coronavirus have rapidly inclined the orders for PPE mainly face shields, preventive
gowns, medical masks, disposable gloves, and preventive goggles, worldwide. It
has led to a scarcity in the supply and is dangerous for both patients and caretakers.
China is the wide distributor of the essentials needed to fight with the virus and had
marketed personal protective equipment that many of it came out to be damaged. In
case, Spain had given back 50,000 personal protective equipment to China after
finding that they were defective. Also, from China, India imported 170,000 PPE
kits that broke down the standard trials as per Indian Standards and was also given
back. The USA has also bought the medical contribution, as well as PPE and
ventilators, from Russia. Both the countries did not expose the figure of therapeutic
contributions that were delivered to the USA. Besides conceding the importance of
PPE outside patient care by usual natives to protect oneself from the novel coro-
navirus, collaborators in the providing links are purchasing present chances to
increase the ruthless cost of their results. To embellish out the contribution, the
ministry is raising its manufacturing abilities. Mentioning the case of April 2020,
US President Donald J. Trump had supplicated the Defence Production Act
(DPA) and provided an administrative instruct to General Motors to provide N95
respirator masks and ventilators for the confederate government [50, 51].

The worldwide personal protection equipment was estimated at $52.7 billion in
2019 and is awaited to extend till $92.5 billion by 2025, increasing up to a CAGR
of 8.7% in the years 2020–2025 (Fig. 12).

11 COVID-19 Pandemic Market Impact in USA

North America is undergoing industrialization at a widening speed which gives rise
to the figure of production protocols and course of action with the small parts owing
to which personal protective equipment industries are concentrating on scheming
distinctive preservative outfits to make sure best security for employees. As the
production section complicated some main and additional procedures for con-
necting and metal production, employees are often revealed to the atmosphere that
can result in project coincidence. As per the Bureau of Labour Statistics (BLS), it
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described 5147 organizations casualties in the USA in 2017. Between these casu-
alties, 887 owing to deadly falls, which is the peak stage described in the 26-year
history of the Census of Mortal Work Injuries. Furthermore, by June 2020, USA
has the excessive figure of coronavirus sufferers owing to which there is a prong in
order for personal protective equipment for caretaker’s solicitation in the USA has
fascinated many expenditures in the vend. In May 2020, the Department of
Defence, coordinated with Department of Health and Human Services and
approved a USD 126 million agreement granted by 3M for the elevated manu-
facturing of 26 million N95 surgical class masks each month in opposition to
pandemic situations. Furthermore, during January 2020, the industries so far uphold
the manufacturing of respirators and enlarged the world production up to 1.1 billion
every year, as well as 35 million N95 masks every month in USA in additionally, in
Canada, The Ontario government has spent CAD 200 million in obtaining
healthcare products, which includes four million face shields, 100 million surgical
masks, and 20 million gowns [51].

12 Future Perspective of Personal Protective Equipment
(PPE) Market

• COVID-19 Pandemic Market Impact in USA
See Fig. 13.

• COVID-19 Pandemic Market Impact in World

See Fig. 14.

Fig. 12 Global PPE market. Source https://www.investindia.gov.in/siru/personal-protective-
equipment-india-INR-7000-cr-industry-in-the-making [10]
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13 Summary

The present review reveals the importance and value of PPEs as radiation shielding
material against the pandemic coronavirus. It focused on the use and importance of
PPEs which helps in reducing the transmission of COVID-19 infection and thus
protects the end-users from getting infected. Also, the purpose and role of PPE are
non-replaceable and most important in this global crucial era of COVID-19,

Fig. 13 Healthcare personal protective equipment market size in USA. Source Healthcare per-
sonal protective equipment market size, share and trends analysis report by product (respiratory
protection, hand protection), by end use, by region, and segment forecasts, 2020–2027 [11]

Fig. 14 Global personal protective equipment market size, by product, 2016–2027. Source
Healthcare personal protective equipment market size, share and trends analysis report by product
(respiratory protection, hand protection), by end use, by region, and segment forecasts, 2020–2027
[51]
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wherein it helps to decrease infection transference from sufferers to other people
and thus helping in breaking the chain of spreading the virus. Also, the PPE should
be properly preserved and used to reduce its shortage crisis. There are different
methods to manufacture water-repellent, airflow, and disinfectant polymers for
surgical gowns [52].

For a specified method, the basic necessities should be considered as follows:

1. The physical and chemical effects of the desired polymer, which includes
broadness, outlet, and wet repulsive ability

2. The structure, measurements, and various features of microbes like framework,
movability, and modifications to the atmospheric conditions

3. The important feature (magnitude, thickness, and surface tension) of the fluid
transporter of microbes

4. The outside elements which make the atmosphere of medical workers, the most
relevant are physical, chemical, and thermal stress.

PPE is used to be an important part for safety purposes for everyone. It helps in
protecting from the direct exposure of the contaminant. Prior to use, the PPE kits
must be checked whether it is defective or not. It is also mandatory to dispose or
clean it after every use so that the person will be protected from the infection [39].
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Chapter 4
Exploration of Inorganic Materials
with Antiviral Properties

Sushree Pattnaik, Balamati Chaudhury, and Mamata Mohapatra

1 Introduction

The recent pandemic has led to worldwide requirement for efficient detection and
therapies reducing its effect. There is availability of materials which are reported to
be efficient because of their physicochemical properties flexible chemical func-
tionalization offering multiple ways to handle the urgent crisis. It has been reported
using multidisciplinary perception around various fields like virology, medicine,
biology etc. We sketch out the use of various procedures or approaches viable to
fight against recent outbreak, also including future pandemics and infectious dis-
eases. As per the studies done to identify the life cycle of virus, researchers can
foresee the procedures where using nanotechnology they can combat the disease.
Figure 1 shows the process of infection of host cell by virus. The nanoparticles
propose substitutes for the existing disinfection protocols and their inherent anti-
pathogenic properties and having potential in inactivation of viruses, bacteria, fungi
etc. via photo thermal process or by generation of reactive halogen, oxygen and
nitrogen species. The drugs designed using nanotechnology reported to have
potential to inactivate SARS-CoV-2 virus in patients. They could also be utilized
for drug delivery to pulmonary system for restricting the interactions between ACE
2 receptors and viral S protein. The concept of “Nano-immunity by design” will be
utilized for designing drugs for immune modulation via their stimulation or sup-
pression of responses and will be helpful for vaccine development. Nanotechnology
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helps in developing simple and cheaper assays and biomarkers to monitor
SARS-CoV-2. Nanotechnology is quite important in fighting against COVID-19
and future pandemic outbreaks. The progress of antiviral treatments usually need
years before they are made extensively available [1] as there are a variety of
regulatory stages needed for establishment of their safety and efficiency [2]. Due to
the mutation of SARS-CoV-2, the target specific viral drugs might change which
leads to resisting the therapy and medication which has already been observed,
whilst treating other viral diseases. Reportedly, there has been an increasing
demand for novel and all-purpose antiviral compounds which are less resisting and
could be utilized for a variety of viruses which includes newly originated viruses
[3–5]. Such kinds of therapies are recommended till more refined, and target
specific drugs and vaccines are available for new viruses. Nanotechnology has been
reported to propose a number of procedures for combating viruses outside and
inside the host and many of them are successful in preclinical studies for countering
the viral pathogens like HIV, human papilloma virus, herpes simplex and respi-
ratory viruses [3–6].

The approaches are mainly focused on developing the inhibitors [7, 8]. An
extremely preserved part of viruses is the attachment ligand (VAL). In case of the
respiratory viruses, [9] VAL has been reported to target heparan sulphate proteo-
glycans (HSPG) [10] or sialic acids (SA) [11]. HSPG and SA mimics have been
reported to show in vitro skills to attach to viruses, restricting their contact with the
cell membranes [12–14]. The perspective of nano medicine has led to the progress
of the nanomaterials which ranges from polymers [15] to dendrimers, [16] oligo-
mers, NPs, [17] liposomes, [18] and small molecules [19]. Clinical translation has
been reported to be hindered when diluted and they tend to lose their efficiency
when the virus compound complex dissociates letting the virus free to replicate
again. Lately, it has been reported that the limitations could be eradicated by
preparing NPs which after binding, restricts the viral infection by destructing the
virion, which leads to all-purpose antiviral drugs [20]. The focus is mainly on a
specific drug for SARS-CoV-2, which would be a good entry inhibitor capable of

Fig. 1 This figure illustrates infection process of the host cells by virus
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blocking the S spike protein relation with that of cellular ACE2 receptor [21–24].
Apart from the specific approach, it is vital that novel, efficient antivirals are
reported to be based on compounds which show very little or almost negligible
toxicity profiles, as the patients would be administered those drugs for extended
time period and it leads to weakening of body. Due to these reasons, the clearance
mechanisms are considered thoroughly, whilst designing these antiviral drugs. An
illustration of the procedure is the new redesign of wide utilization antiviral NPs
into evenly efficient customized cyclodextrins [25].

2 Inorganic Materials with Antiviral Properties

2.1 Nanoparticles as Potential Antiviral Candidates

Its evolution due to which viruses have different molecular mechanisms to enter
into a cell, helping them in survival for longer period, activation, or replication at
various levels [26]. They are reported to have the ability of transferring genes
efficiently which led to developing viral vectors that are not infectious for gene
therapy [27–29]. Trials are being made for enhancing the safety of the viral vectors.
More studies are reportedly being carried out by the researchers in nano medicine
for making systems capable of replicating the gene transfer and the high infectivity
of those vectors. Elucidating the molecular mechanisms behind these reported
vectors, researchers are preparing delivery systems for treatment in various fields
including therapies and medicines [30, 31]. Nanotechnology is reportedly using
virology to develop as well as combat the viruses. One of the main causes of
mortality these days worldwide has been viral infections and also the reason for loss
of economy [32, 33]. The treatment procedures include vaccination and therapies
which are only reported to target the life cycle of virus. Figure 2 shows the
interacting stages of nanoparticles with viruses. Viruses, have believed to evolve
under pressures, have become more resistant towards drugs due to which there is
the need of new drugs. Nano medicine is one of the budding areas of nanotech-
nology with broad range of utilizations in pharma and diagnosis [34, 35]. As per
reports, metal nanoparticles are regarded as potential drug transport agents for
specific targets in body, these materials could be optimized as drug delivery systems
[36]. Since primeval time noble metals are reported to be therapeutic agents in the
field of medicine. Predominantly, Ag, Au and Pt nanoparticles are reported to have
the stability to withstand in an intracellular [37, 38]. Small-sized stable nanopar-
ticles have been reported to show advantage that easily relates with the
bio-molecules present at surface and inside the cells playing an important part in the
biomedical applications of diagnosis and treatments.

Silver is reported to have antibacterial properties [39] and recently studies show
the use of its antiviral and immune-modulatory properties as nanoparticles [40, 41].
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Morris and co-worker [42] have reported the in vivo antiviral activity of Ag NPs
(RSV) infection.

Nanoparticles of noble metals are reported as potential candidates with both the
antiviral and antibacterial properties as drug delivery agent to target and reducing
the side effects. It has been reported that quantum and classical atomistic molecular
dynamics computational way to reveal adsorption properties of hydroxychloroquine
on the noble metal nanoparticles. Adsorption energy reported for hydroxychloro-
quine is less than 30 kcal mol−1 and its (non) perturbative properties on the plas-
monic absorption spectra of silver and gold nanoparticles characterized with
time-dependent density functional theory. The reports of size effects and compo-
sitions of nanoparticles have been obtained for hydroxychloroquine and chloro-
quine stated as candidates for drug delivery. The modelling so reported helped
researchers for competent and secure therapeutics.

2.1.1 Metal-Based Nanomaterials as Antiviral Materials

The metal-based nanoparticles were reported to possess distinctive physicochemical
properties attributed to their small size and surface area that allowed them to interact
with viruses. A range of metal and metal oxide NPs has been reported as antiviral
agents [40]. Figure 3 depicts some of the metal-based NPs utilized due to their
antiviral properties.

Fig. 2 This figure illustrates interacting stages of nanoparticles
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Silver-Based Antiviral Nanoparticles

It has been reported silver metal, and its derivative have anti-microbial properties
and also have notable anti-pathogen activity. Ag NPs are reported to interact with
the viruses inhibiting their attachment and penetration to the host cells. The average
particle size of Ag NPs is an important factor that affects its antiviral ability. Ag
NPs with particle size 33 nm has been reported to be synthesized using chemical
reduction procedure controls herpes (HSV-2) infection in mice efficiently by
restricting the bond of virus with the host [43]. These are reported not to show any
toxicity and pro-inflammatory cases. The comparison of various types of AgNPs
based on their preparation and utilization is given in Table 1.

Fig. 3 This figure illustrates some metal-based nanoparticles with antiviral properties

Table 1 Comparison of various types of Ag NPs

S.
No.

Types Particle size
(nm)

Preparation Applications References

1 Ag NPs 33 Chemical reduction Effective against
HSV-2

[43]

2 Ag NPs 7.1 Electrochemical
method

Cell survival rate 98% [44]

3 Ag@OTV 3 OTV acts as surface
modifier

Effective against
H1N1 virus
Cell survival rate 90%

[47]

4 Ag2S NPs 5 Prepared using
glutathione

Inhibits PEDV more
than 99%

[48]
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Ag NPs with smaller particle size has been reported to be synthesized using
electrochemical method with an average size of 7.1 nm [44], the cultural studies
performed reports cell survival rate to be 98% with 100 ppm Ag NPs with cell
viability of only 2% in control samples. For Ag NPs, its antiviral function is
reported to be easily related to the fact that these NPs can easily interact with the
polioviruses to destruct the protein molecules, preventing them to bond with the
host cells. Surfactant addition has reported to control the particle size of the Ag NPs
improving its anti-infection function [42, 45, 46]. Antiviral activity can be
improved by the use of therapeutic agents as the surface ligands like Oseltamivir
(OTV) an agent for antiviral activities. OTV has been reported to be used as a
surface modifier to synthesize Ag@OTV NPs with particle size of 3 nm [47]. It has
been reported to be used to culture cells with H1N1 virus and the survival rate was
found to be 90% which was high than that of bare AGMPs (65%).

The improvement has been reported due to synergistic anti-infection effect of Ag
NPs and OTV ligands. Other reported therapeutic agents are amantadine [49],
zanamivir [50], and aminoadamantane [51] utilized along with Ag NPs to boost its
antiviral properties.

There are many more compounds of Ag with reported antiviral properties. Ag2S
nanoparticles (Ag2S NCs) have been reported to have particle size of 5 nm prepared
using glutathione which was the capping agent [52]. It has been reported to be used
to inhibit porcine epidemic diarrhoea virus (PEDV) more than 99%, and it affects
other viruses as well. Other reported silver compounds are silver bis (citrato) ger-
minate [53], AgNO3 [54] and silver acesulfame [55] are efficient anti-virus materials.
Ag NPs have been reported to have potential antiviral properties and are efficient
against variety of viruses like HIV-1, monkey pox virus, [56] bacteriophages UZ1
and MS2, [57, 58] murine norovirus MNV1, [57, 58] HSV, [59] HBV, [60] and
recently, in porcine epidemic diarrhoea virus (PEDV) [48]. Ag NPs antiviral
properties have been reported to take place via three different kinds of mechanisms.
As per studies first, Ag(0) NPs dissolves and leads to release of some noxious Ag(I)
which also includes Ag+ ions capable of antiviral activity. Ag being a soft metal has
quite a strong affinity towards sulphur and therefore has interactions with the thiols
in the active sites of enzymes. Ag(I) may interact with surface proteins of viruses or
accumulate in host cells and further interact with thiol containing enzymes that are
involved in virus replication, thus hampering their functions. The cells when
exposed to Ag+ ions at similar concentration has been reported of not inhibiting the
virus replication, due to which researchers concluded that antiviral property of Ag
NCs (nanoclusters) was independent of the release of Ag(I) [48]. The mechanisms of
Ag+ ions and Ag NCs entrance into cells are reported to be different; therefore, their
circulation and handling inside cells would be different. The difference so mentioned
results into various forms of toxic actions for Ag ions and Ag NCs towards the
viruses infecting the cells. For example, Ag NCs are reported to aggregate in the
intracellular areas where important stages of the virus cycle are reported to be
performed. Second, it has been reported that the antiviral competence of Ag NPs has
been derived from the interaction of Ag NPs with the surface of viruses, which
obstructs the docking on host cells thereby limiting their infectivity. Elechiguerra
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et al. have reported that the most favourable size of Ag NPs is around 10 nm, with
somewhat larger or smaller NP sizes weaker physical interaction with the virus takes
place. Orlowski et al. have reported that larger the NP, more efficiently it restricts the
attachment of virus to host cell. It has been reported that docking of Ag NPs on virus
surface has been related with the discharge of ROS from the surface destroying the
virus membrane. Loaded Ag NPs on filters has reported to show efficient antiviral
activity against bacteriophage MS2 [61].

Silver NPs Interaction with HCQ (CQ)

The active sites available in the compounds HCQ and CQ reports the charge
distribution and their interaction with the noble metals like Ag and Au nanoparti-
cles. The preliminary structure of the complex so formed by introducing a tiny
cluster of Ag near the sites with abundant electrons has been reported. The electron
rich sites are supposed to provide the electron density through their available lone
pairs to 4d and 5s orbitals of Ag atom [62, 63]. In the compounds of CQ and HCQ,
it has been reported that the Nitrogen present in the pyridine ring and the Oxygen of
the hydroxyl group have got more attraction to interact with the clusters of noble
metals. The optimized structure of HCQ and CQ on bilayer reports the attraction of
the drug compounds for surface of Pt, the transfer and accumulation of charge on its
surface have been confirmed via charge density difference. A stable icosahedral
structure of Ag 147 and Au 147 NPs complexed with HCQ has been reported. It has
been reported the non-covalent partially negative charge with viral receptors.
Particle sizes of these NPs are groups which play important part in determining the
potential of nanoparticle to catch HCQ (CQ). The binding energy of HCQ reported
with Au NP is more favourable than AgNP. Electron affinity of Au is more in
comparison to Ag [64], has been reported to enhance the interaction energy of Au
atoms with the lone pairs of HCQ confirmed by the density difference and accu-
mulation of negative charges on surface of Au. The adsorption energy of Pt is
reported to be 40% more than surface of Au.

It has been reported that the adsorption property of these nanoparticles of noble
metals and their coating with HCQ/CQ as a potential candidate for COVID-19. The
charge transfer interaction with N- and O-group of drugs that are reported to increase
by replacing the type of metal nanoparticles element (Pt NP > Au NP > Au Ag
NP > Ag NP) have been studied. These noble nanoparticles with low toxicity and
antiviral activity are efficient for using HCQ/CQ and decrease side effects.

Gold-Based Antiviral Nanoparticles

Au NPs are reported to show efficient antiviral applications [65]. The inhibition by
Au NPs reported to include restricting the virus particles thereby restricting their
attachment to the cell and controlling its spread. Au NPs of particle size 10 nm are
reported to be prepared using plant extracts as reducing agents via chemical
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reduction method [66]. These Au NPs reported to lessen the viral infections. The
effect of Au NPs on the virus was reported because of their interaction important in
determining their antiviral properties. The cell survival rate was reported to be high
about 60% when the Au NPs of size 14 nm applied in culture medium with cells
having influenza viruses. Table 2 gives the comparison of various AuNPs based on
their synthesis procedure and applications.

The multivalent effect makes the large Au NPs a stronger binding force with the
molecules of protein on virus surface. It has been reported for sizes controlling many
surfactants were used in the medium of synthesis and their size dependent antiviral
activities and compared [71, 72]. The specificity of Au NPS was reported to be
improved using DNA-Au NPs conjugated network [68]. They show antiviral activ-
ities against respiratory syncytial virus (RSV). The cell survival rate was reported to
be about 99% when both DNA-Au NPs and RSV virus were cultured together. The
layer formed by DNA-Au NPs restricts the viral infections. Au NPs with different
morphological structure show different mechanisms for antiviral activities. Antiviral
mechanisms were reported for (45 nm � 10 nm) used against RSV [69]. The sur-
vival rate of cells using Au nanorods were reported to be 82% in 2.5 lg/mL. The
toxicity of Au has been reported to be reduced which enhances its abilities. Au NPs/
LDHs are reported to show efficient antiviral properties at lower concentrations and
the survival rate of cell after hepatitis B virus (HBV) infection was about 90% [70].
The Au released interacts with virus to trap them in cell and restrict their transmission.
Due to their high cost, their utilizations are reported to be limited.

Table 2 Comparison of various types of Au NPs

S. No. Types Synthesis methods Applications References

1 Au NPs
Particle
size = 10 nm

Prepared using plant
extracts as reducing
agent

Lessens viral infections [66]

2 Au NPs
Particle
size = 2 and
14 nm

Using sialic acid
terminated glycerol
dendrite as ligand

For 14 nm cell survival
rate = 60%
Effective against influenza
virus

[67]

3 DNA-Au NPs DNA-Au NPs
conjugated network

Cell survival rate = 99%
Effective against respiratory
syncytial virus (RSV)

[68]

4 Au nanorods – Cell survival rate = 82%
Effective against respiratory
syncytial virus (RSV)

[69]

5 Au NPs/LDH – Cell survival rate = 90%
Effective against Hepatitis B
virus (HSV)

[70]
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Inactivation of Virus Using Gold NPs

It has been reported Au NPs when capped with mercapto ethane sulfonate are
efficient to inhibit HSV type 1 infection are potential to bind the virus. The NPs
whose size has been reported to be equal or larger than virus are efficient in
inhibiting the binding of virus to host cell, like polyvalent sulphated AuNPs [73].
Papp et al. reported Au NPs when coated with SA are efficient in inhibiting the
binding of the influenza virus to that of target cells [67]. Cagno et al. have reported
the antiviral NPs like Au and iron oxide core having these long and more flexible
linker’s effectively binding and inactivating viruses [20]. All these reported studies
provide strong proof that these NPs are potent to be effective as antivirals.

Copper-Based Antiviral Nanoparticles

Few studies have been reported which states the antiviral properties of CuO NPs. It
has been stated that the metal oxide has the potential of destructing the virus along
with its genome. CuO NPs have been reported to show potential anti-HSV-1 virus
efficiency when they are cultured together with the virus survival rate of cell
reported to be 83.3% and non-toxic concentration 100 lg/mL [74].

The production of reactive oxygen species has been reported to be catalyzed by
the release of Cu ions having the potential to disintegrate HSV degrading its
genome. CuO NPs are reported to be applied in protective antiviral face mask [75].
The NPs has been reported to kill the virions in mask. Cu2O NPs are also reported
to be used for antiviral applications. Its antiviral potential has been studied against
hepatitis C virus (HCV) [76]. HCV when treated with Cu2O NPs infection rate
reported to be reduced by 90%. Cu2O NPs restricts the attachment and entry of
HCV to host cells. Table 3 is the comparison of various CuNPs based on their
applications.

Multiphase CuxOy has been reported to be prepared by heating at various tem-
peratures [78]. According to the zeta potential measurements, Cu2O has been
reported to have isoelectronic point of 11.0, and therefore, it is more effective to
react with the viruses [79]. CuI nanoparticles of size 160 nm antiviral properties
have also been reported [77]. They exhibit antiviral ability against HIN1influenza A
virus. CuI has been reported to produce hydroxyl radicals which have potential to
inactivate the virus. Cu2S and CuCl have also been reported to be effective against
infections [80].

2.2 Metal Oxides as Antiviral Nanoparticles

Various metal oxide NPs are reported to be having antiviral properties and are
utilized as the antiviral agents. Figure 4 illustrates some of the metal oxide NPs with
antiviral properties. The entry of HSV-1 into the target has been reported to be due
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to the interactions between glycoproteins which are wrapped by positive charged
viral envelop and surface of the heparan sulphate which is negatively charged. The
transmission into the cell has been designated as the first step which has been
reported to be assisted by the introduction of HS-rich filopodia-like structures on
the cell surface. The HSV-1 pathogenesis has been reported to be targeted using the
ZnOMNSs (zinc oxide micro-nano structures) attached with nanoscopic spikes. The
reported MNSs attack the virus to fight for its attachment to HS via their vacant
oxygen sites present on the nanoscopic spikes affecting their infection and spread.
According to the studies reported, the ZnO–MNSs which are partially negative are
potential to capture the virions using the virostatic mechanism inactivating them to
enter into the corneal fibroblasts. It has been reported that upon UV-light illumi-
nation extra vacancies of oxygen improving their ability against HSV-1. So the zinc
oxide NP which is negatively charged has been reported to trap the herpes virus and

Table 3 Comparison of various types of Cu NPs

S. No. Types Applications References

1 CuO NPs Effective against HSV-1
Cell survival rate 83.3%

[74]

2 Cu2O NPs Effective against HCV [hepatitis C virus]
Cell survival rate 98%

[76]

3 CuI Effective against H1N1 influenza A virus [77]

Fig. 4 The figure illustrates some of the metal oxide NPs with antiviral properties
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restrict its interaction with the host cells [81]. The synthesized zinc oxide and silica
nanoparticles are reported to be effective against Tobacco mosaic virus
(TMV) infection in vitro and in vivo. According to the studies reported, TMV
shows considerable aggregation and rupture in vitro after treatment with NPs. The
cell survival rate reported to increase by 50% when ZnO was cultured with viruses.
ZnO NPs inhibition ability on HSV-1 has been reported [82, 83]. TiO2 NPs samples
were reported to be prepared with tetragonal orientation and particle size of 8 nm
via Sonochemical procedure [84]. It is reported to show good antiviral activity
against new castle disease virus (NDV). Inhibition mechanism includes destroying
the membrane of lipid and restricting the attachment of virus. Other metal oxides
like SnO2 nanowires are reported to be a potential inhibitor of entry to virus and its
spread. SnO2 concentrations used are reported to be below cytotoxic levels. A 75%
reduction in the entry to cell has been reported with about 77% of clusters of
infected cells and 99% of cell-to-cell fusion. These are reported to be effective
anti-HSV agents and prophylactic agent [85]. The procedure of attaching gallium in
glucan particles for its delivery into the immune cells has been reported in the
studies. The evaluation for the anti-HIV infection properties of gallium has been
studied. The GP-Ga2 (CO3)3 reported to restrict inhibition of HIV growth up to 95%
more than free Ga2 (CO3)3 nanoparticles. They are reported to be potential delivery
system for blocking the HIV infection of macrophages [86].

The researchers report developing iron oxide nanoparticles (IO-NPs) having a
particle size of 10–15 nm which is effective to combat influenza strain A/H1N1/
Eastern India/66/PR8-H1N1. They have studied its cell viability along with its
anti-influenza properties and its restricting ability towards plaque. They report a cell
feasibility of 50% at 4.25 pg ± 0.2 pg of iron oxide nanoparticles. As investigated,
it has been reported about 08-fold reduction in the viral infection within 24 h when
treated with iron oxide nanoparticles which is a new breakthrough for the use of
IP-NPs against viral infections [87]. For the iron oxide NPs, its antiviral ability has
been reported to be measured from the reduced ratio of the viral suspensions after
the treatment. Because of its small size, it easily interacts with the virus and shows
higher inhibition at low dosages. The interaction leads to restricting the virus from
infecting the host cells [88].

As reported from the findings, the relationship between antiviral activity and the
concentration of NPs implies the interaction between virion and composites.
Molecular mechanism has been reported to be assumed a reaction between iron
oxide and eSH group of proteins present in the cell leading to the inactivation of
proteins [89]. Pure and single phase CeO2 NPs (*14 nm) were reported to be
synthesized from fruit extracts of Hyphaene thebaica, and its properties have been
reported. These NPs are reported to have wide anti-microbial, antiviral as well as
antioxidant properties. They are reported to be effective against poliovirus. Its
potential against virus has been reported to be determined via cell feasibility of RD
cells infected with the polio virus and its treatment with CeO2 NPs [90].

CuO NPs have been reported to be synthesized using fruit extract of Syzygium
alternifolium which shows antiviral properties against newcastle disease virus
(NDV). It has been reported to show growth inhibitory effect on the virus [91]. Iron
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oxide NPs which are loaded on fibre glass has been reported to show antiviral
activities against model virus, MS2 phage. It has been reported that the inactivation
rate of Ag-modified Fe2O3 impregnated fibreglass (FG-Fe2O3/Ag) system was
comparable to previously reported Ag nanoparticle impregnated fibreglass [92].

A docking study has been reported exploring the interaction of IONPs (Fe2O3

and Fe3O4) with the spike protein receptor required by virus for infecting the host
cells. The analysis was reported to be done with hepatitis C virus
(HCV) glycoproteins E1 and E2. According to the observation reported both Fe2O3

and Fe3O4 found efficient with the SARS-CoV-2 S1-RBD and to HCV glycopro-
teins, E1 and E2. Fe3O4 have been reported to form a more stable complex with
S1-RBD and Fe2O3 favoured HCV E1 and E2. The interaction of IONPs has been
expected to inactivate virus [93].

2.3 Photo Sensitizers as Antiviral Candidates

Photo sensitizers are reported as hydrophobic and in aqueous medium are reported
to which affects their photochemical and photo biological characteristics [94, 95].
Figure 5 shows some of the photosensitising materials. Lim et al. reported a pos-
sible mechanism using NPs for photodynamic inactivation of viruses, preparation of
NaYF4 up conversion NPs (UCNs) along with zinc phthalocyanine photo sensi-
tizers on their surface. The UCNs are reported to be coated with polyethylenimine
making them hydrophilic and more flexible to manipulate. The UCNs are reported
to show antiviral properties against dengue virus stereotype 2 and adenovirus type 5
[96]. MXenes [97, 98] are reported to be 2D transition metals of carbides, nitrides
and carbon nitrides [99, 100] showing absorption maxima in the IR range and
promising performance in the photodynamic and theranostic applications [101].

The carbon allotropes like fullerene and graphene are also reported to be
potential candidates for inactivating virus via PDT [102]. So, exploring such types
of nanomaterials based on photodynamic protocols could be helpful to inactivate
SARS-CoV-2.

2.4 Halogen, Oxygen and Nitrogen Species as Potential
Antiviral Candidates

Various important biological species like reactive Halogens, Nitrogen and Oxygen
species have been reported to be vital and play physiological roles in living beings
from plants to humans. It has been reported to include the superoxide dismutases
(SOD); the catalytic enzymes for the formation of H2O2 which are necessary for
protection of ROS induced injury in cell metabolism. The amount of ROS/RNS
obtained by the ionizing radiation clinically at applicable doses has been reported to

64 S. Pattnaik et al.



be *1000 folds lesser than endogenous ROS/RNS level normally produced in a
cell and RHS is reported to be vital in phagocytosis for immune defence. They have
reported a reasonable strengthening mechanism for immune defence. It has been
reported that H2O2 acts as a protective signalling molecule for the defence system in
our body and its dysfunction leads to diseases like autoimmune disorders, ageing
and cancer. A series of potential drug candidates are reported to be identified for
treating pathogens like HIV and SARS-CoV-2 (COVID-19), cancer with mecha-
nism of the drug activity. MOA of drugs have been reported, drug candidates like
FMDs increases and does not restrict the endogenous pathogen killing effect present
in human immune system. The halogenated aromatic drugs are reported to be
utilized for experimental treatment of COVID-19. According to studies, there has
been a constant production of the species like superoxide (O2

�−), (H2O2) and (OH
�−)

in aerobic metabolism of cell where hydroxyl radical is reported to be efficient, but
non-selective oxidant, superoxide and hydrogen peroxide are less reactive in
comparison. As per studies peroxide has been reported to be an important signalling
molecule in various biological processes [103–107]. Peroxide is also reported to be
signalling molecule of plant’s defence mechanism against the pathogens [108]. The
studies so reported states the vital role of superoxide dismutases (SOD) in humans
and mammals, and these are the enzymes reported to convert superoxide to
hydrogen peroxide [109]. The fast release of reactive species from cells like
myeloid cells is reported as respiratory burst mostly used for immunological
defence mechanisms. It has been stated that engulfed pathogens are destroyed when

Fig. 5 This figure illustrates some of the photosensitizing materials
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exposed to ROS (reactive oxygen species), RHS (reactive halogen species) or RNS
(reactive nitrogen species) [110]. The process reported to be used by cell to engulf a
pathogen forming phagosome. It plays a vital role in the immune defence efficiently
killing pathogens. The mechanism reports phagosome moving to centrosome of
phagocyte and fusing with the lysosomes leading to formation of phagolysosome
degrading the pathogens. Phagocytosis has been mentioned to be efficient in killing
microorganisms, with immune defence by lymphocytes importantly for infections
from viruses. Phagocytosis is important as it kills various intracellular or cyto-
plasmic viruses, Ebola and HIV [56, 96, 111–114] via direct protection against the
viruses or using antibody cellular phagocytosis for virus clearance [115–117]. It has
been reported that ROS regulated RHS by phagocytes shows effective viricidal
effect on HIV-1 [111, 112]. The bats are reported to be involved in the evolution of
human SARS-CoV-2 leading to COVID-19 has been studied and similar with the
genome of bat coronavirus. It has been reported that a higher quantity of ROS in
bats has been found with negative effect on the activities of coronavirus RNA
polymerases, and it has been assumed that infection in bats is asymptomatic due to
high level of ROS present which control the viral replication [118]. Depending on
the production of the ROS, RHS and RNS the oxygen depended degradation in
phagocytosis reported to take place. Figure 6 represents the production of the
reactive species utilized in pathogen degradation.

Firstly, it has been reported that NADPH oxidase which is embedded in the
phagolysosome membrane activates to form O2

�− by O2 captivating an electron
from the cytosolic NADPH. H2O2 has been reported to be obtained from O2

�− using
superoxide dismutases (SOD) or haem peroxides (MPO, EPO and LPO). The
species OH. have been reported to be generated through Haber—Weiss reaction.
H2O2 has been reported to activate the halogen system via haem peroxides gen-
erating hypochlorous acid (HOCl) which helps in killing the pathogens [119–124].
All the ROS, RHS and RNS are reported to be strong oxidants capable of degrading
the DNA/RNA, lipids, proteins and have got anti-pathogen effects [119–126].
HOCl has been reported to be used as disinfectant, whereas HOBr and HOI are
identified in stimulated immune cells at lower levels [119–123]. Since, the mac-
rophages are reported to have weaker antiviral properties than those of neutrophils.
So, using respiratory burst these are activated which regulates inflammatory
responses by synthesis of cytokines for redox signalling. When people affected by
SARS-CoV-2 start to show symptoms and do not receive the treatments timely then
they reported to develop symptoms of severe respiratory burst. In the case of
respiratory burst, the halogen cyclic killing reactions reports to lead to disorders of
related cell organelles and destroys the host cells and tissues. Due to enhanced RHS
reactions, the excess toxicity caused leads to mutations of cell components and also
affects signal pathway of H2O2 and NO�. The damages in the cell organelles affect
organs and even lead to fatality. The treatment must be in preliminary stage.
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3 Non-Metal Nanomaterials as Antiviral Materials

3.1 Carbon-Based Antiviral Materials

The atoms of carbon are reported to link with each other in various ways amongst
each other resulting in different allotropes like carbon dots, carbon nanotubes and
graphene oxide. These carbon allotropes have been reported to be studied in terms
of their anti-microbial properties along with their physical and chemical properties.
The anti-infection potential of these carbon compounds has been reported because
of their geometry. Investigations regarding the antiviral activity of these compounds
have also been reported. The effect of carbon dots on pseudorabies virus (PRV) also
on porcine reproductive and respiratory syndrome virus (PRRSV) [127]. When the
infected cells are treated with carbon dots, it has been reported the infection was
reduced to 80%. It has been reported that carbon dots restrict the multiplication of
the PRV and PRRSV. The surface properties of the carbon dots are reported to be
the factor affecting its safety and biocompatibility. There has been reports of
preparation of a core shell carbon dot sample via dry heat treatment of curcumin
and its antiviral activity has been studied against enterovirus 71 (EV71) [128]. The
inhibition rate against the infection of virus was reported to exceed 99%. Due to

Fig. 6 This figure illustrates the production of reactive species for pathogen degradation, adapted
and modified from Ref. [133]
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high cytotoxicity of carbon nanotubes, their application as antiviral materials are
not clear [129]. The two-dimensional allotrope of carbon, graphene oxide has been
reported to be anti-pathogen. The antiviral activity of GO has been reported against
pseudorabies virus [PRV], a DNA virus and porcine epidemic diarrhoea virus
[PEDV], an RNA virus [130]. Due to their unique single layer and surface negative
charges, they are reported to show antiviral activities. The mechanism of antiviral
activities of GO still remains unclear. It has been reported GO restricts the infec-
tions of herpes simplex virus type-1.

4 Other Inorganic Antiviral Nanoparticles

The antiviral properties of selenium-adamantine hybrid (Se@ AM) NP were
reported against H1N1 influenza virus [131]. They are reported to have uniformly
distributed spherical form with particle size 100 nm. The infection rate of this virus
has been reported to be reduced by 79%. SeNPs are reported to show better per-
formance than bare Se NPs and evaluation has been carried out based on H1N1
influenza virus. The biocompatibility and antiviral properties of silica nanoparticles
have been reported [132]. The studies show their antiviral ability against enveloped
virus and also killing of other harmful microorganisms.

5 Conclusion

COVID-19 outbreak has reportedly been declared as a global pandemic and people
worldwide are facing many unparalleled challenges. The current situation needs
communal thinking which would be helpful for unified and inter-reliant actions.
The challenge can be addressed with the cooperation of the researchers worldwide
with their expertise. It is an incredible prospect in terms of scientific contexts,
methods involving various disciplines leading to exchange of knowledge increasing
diversity to achieve the solutions. Till date, there are no competent antiviral drugs
or vaccines available for treating COVID-19. The optimistic result is all the pos-
sible areas are explored counting antiviral drugs that are exists for other viral
diseases are subjected to clinical assessment.
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Chapter 5
Perspective of Organic-Based
Antimicrobial Coating Materials:
Implication Toward COVID-19

Benjamin Raj, Arun Kumar Padhy, Suddhasatwa Basu,
and Mamata Mohapatra

1 Introduction

Recently incipient infectious ailments caused by virus has established the forefront
of global health concerns. Nowadays the entire world is suffering the eruption of
typical pneumonia caused by novel coronavirus SAR-CoV-2 (2019-nCoV). In
December 2019 a novel coronavirus was reported in the Wuhan city of China
including thousands of deaths led to a pandemic for the respiratory system. On
March 11, 2020, the WHO declared the COVID-19 outbreak a pandemic [1]. Now
it has been spread almost all over the world with millions of infections and lacs of
death. It also devastated the economy and took a toll healthcare worldwide. From
the report, it is concluded that the structure of this virus is spherical with some
pleomorphism having diameter 60–140 nm and the surface covered with some of
the spike like morphology with an average range of 9–13 nm [2]. The main
symptoms of COVID-19 are fever, cough, headache, loss of appetite, sore throat,
vomiting diarrhea, abdominal pain, and fatigue. The brutality of disease not only
depends on the COVID-19 virus but also depends on the comorbidities such as high
blood pressure, sugar (diabetes), kidney-related problems, and coronary heart dis-
ease, respectively [3]. The incubation period reported for the patients is in between
5 and 14 days before disease started. Recently, reported data indicate that patients
who is suffering from COVID-19 also exhibits damages of kidney, liver, heart, and
nervous system a brain (encephalitis). Almost entire world is now suffering from
this pandemic. Till date there are few therapeutic and no vaccine has been invented
to control this pandemic. The rapid diagnosis, tracking/surveillance, and case
isolation/quarantine are some of the primarily preventive measures to stop the
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spread of this novel coronavirus. These viruses transmit from one infected person to
another by inhalation or emission of body fluid during the sneezing, or aerosol
particle comprising virus which subsequently attached to the surface and gets
attached with the receiver person. Aerosolized pathogens are the principal source
for the respiratory infections and their body-to-body transmissions cycle. It also
plays an important role in spreading of viruses in the air. There are several safety
measures to control the communal transmission like sanitizing hand with sanitizer,
washing hand regularly for at least 22 s, keeping social distancing of minimum 1 m
in the enclosed or public places, hand gloves, and face mask. However, most of the
face mask is not authenticated or enough to control the effect of coronaviruses
spread. The antimicrobial textiles have attracted a great attention to the researcher
with the goals of reducing the transmission of microbes from one person to another
and improving the life quality of human beings. The airborne transmission inter-
twines system and respiratory protection against the novel coronaviruses and is
presented in Fig. 1.

Fig. 1 Respiratory protection and airborne transmission intertwine system. Reproduced with
permission [2]
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In this chapter, we will discuss about mode of spreading, problems, and pre-
ventive measures to control the spread of coronaviruses. Meanwhile we also briefly
reviewed the recent research progress toward the antiviral coating materials
including organic precursors as antiviral coating agent on textile that have been
used as face mask. Lastly, we also focussed on challenges and future perspectives
of the applications of advanced organic material for antiviral coating agent.

2 Modes of Spreading of Virus

Various factors responsible for the spread of coronavirus are identified in the lit-
erature that affects and dominates air droplet transportation are listed as: size of the
droplet, humidity, temperature, and human gathering/clustering. As per the reported
data high temperature and humidity diminish the fortuitous of transmission of
COVID-19 [4]. There is direct relation between the speed of airflow and the
propagation of pathogenic aerosol droplets when the people breathe, talk, coughing
and sneezing, etc. The dispersion of aerosol at molecular level depends upon
various mechanical and air-surface that provide energy for bond breaking between
droplet and host cellular surface. The kinetics of transmission of viruses depends
upon the size of droplets and speed respectively. The higher the speed, longer the
distances and the longer travel time. If the size of the droplet will be bigger it will
easily settle down whereas if size of droplet will be small it will evaporate faster
than they settle. The infectious disease can also spread through many other ways
such as person-to-person spread (needle injection, cloth, furniture, utensils
(fomites), sexual transmission, etc.), common vehicles, food-borne, water-borne
blood products, etc. The most common transmission of the viruses occurs through
the fomites which are responsible for spreading and also acts as reservoirs for the
growth of microbes [5]. When the person come in contact with infected person,
these notorious viruses can easily transferred to healthy one. The pathogenic
microbes were deposited over the surface of day-to-day life objects like doors,
knobs, calling bell, telephones, and toys, when an infected person touched all above
leading to the perpetual spreading of infections. The various human activities like
coughing in public places, sneezing, breathing, even talking which produces
aerosolized moisture droplets containing bacteria. Anyone who is within 6 ft. of
that infected person can have breathed it and gets contamination. The coronavirus
exists in the air upon 3 h which can easily be transferred to the lungs of healthy
person.

The coronaviruses most oftenly transmitted/spread through a person who has
some symptoms as shown in Fig. 2. Some time people who don’t know they have
infected from novel coronaviruses can also bear a carrier for the transmission of this
deadly diseases which is called asymptomatic spread. From the report, it is expected
that asymptomatic types of spread are dangerous and are a major drivers for the
growth of COVID-19 pandemic [6]. And a person who is transmitting these viruses
before any symptoms is called presymptomatic spread. Whereas some people can
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trace how they can get the virus because they know that they have been in contact
with someone who is sick called community spread.

3 Challenges to Control the Transmission of COVID-19

A number of challenges have been considered to prevent the spread of COVID-19.
The lack of medical appliances supplies (shortages of mask, safety goggles) and
advanced laboratory facilities to test for effectively and widely. One of the major
challenges for the doctors and scientific community is to identify the asymptomatic
patients having no any symptoms. As it transmits from one person to another with
direct contact, therefore, it is the major challenge to avoid the public gathering,
unnecessary movement, departures of busses and trains. The whole world is now
facing the shortage of medical equipment, medicine, vaccine, and economical crisis
as well, especially the availability of N-95 mask. Therefore, it is prime necessities to
develop the effective devices (masks, PPE kit, and hand gloves) or medical
appliances in cost-effective manner.

Fig. 2 The path for transmission of COVID-19. Reproduced with permission [7]
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4 Preventive Measures

The suspected and confirmed patients of COVID should take treatment in selected
hospitals where there is an effective isolation ward and proper protective measures.
The suspected patients should be kept in isolation room and persons who are
suffering severely should be kept in intensive care unit as soon as possible. The
general or preliminary treatment includes best rest, regular monitoring of heart rate,
pulse, blood pressure, respiratory rate, oxygen saturation, etc. In the current
development, personal protective measures like wearing masks and protective
non-woven cloth are used to filter the particles in air to block the droplets, blood,
body fluids, secretion, etc. The medical masks were typically made up of from the
non-woven layer consisting of functional wet resistant layer, melt-blown
non-woven layer, and skin-friendly spun-bonded non-woven layer. The level of
filtration of ordinary materials or masks can reach up to 85% so to certify hundred
percent filtration performance of medicated mask electrets treatment is necessary
[8]. The percentage efficiency of filtration can be reached upto 95% after the
effective electrets treatment. The trapped objects like bacteria, viruses, and aerosols
are negatively charged which will be blocked by creating electrical field carried out
by airflow through positively charge fibers [9]. The effectiveness of mask depends
on proper usage and handling, improper usages and touch could increase the
probability of transmission of pathogens [10]. By keeping this in mind researchers
and R&D department should functionalized the filtration system by adding some of
the effective nanomaterials or organic precursor and producing the reusable and
recyclable viruses inactivating devices. As a result, it can mitigate the effect of risk
being infected by direct and secondary vectors.

There were variety of new ideas, methods, and development in the area of
advanced active material that serves as disinfect materials and surface interest.
Currently, the advancement of nanotechnology provides an effective pathway for
controlling the transmission of contaminated viruses through the proper uses of
mask coated with the nanomaterials. Recently variety of nanomaterial has been
used for the coating purpose on fibers and non-woven fabrics used for making the
mask which is typically applied for face protective measures. For the embedding
and coating of fibers and fabrics various inorganic material, organic material and
composite materials can be used as advanced functional material. Metal oxide
nanoparticles play an important role in the effective coating agent because of its
unique physicochemical properties like small particles size, large specific surface
area which acts as barriers in between the surface and microorganism. Because of
this property a variety of metal oxide nanoparticles like silver (Ag), copper (Cu),
titanium (Ti), gold (Au), and zinc (Zn) have been introduced as antiviral agents. The
infections of viruses travel mainly via four mechanism, i.e., attachment, penetration,
replication, and budding. Whereas, nanoparticle contains three interactive stages
(1) linking of connecting to the virus and constraining the attachment of virus in to
the cell, (2) production of highly active oxygen which have capabilities of adhering
into the wall and destroy the function of proteins and nucleic acid, and (3) inhibiting
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the budding and spreading of viruses [2]. The schematic representation of antiviral
mechanism and metal oxide is shown in Fig. 3.

In spite of metal oxide nanoparticle the organic precursor can also play a vital
role for the antiviral coating over the surface of fibers and fabric materials. The
organic materials not only kill the pathogen by reaction on the surface proteins or
nucleic acid, but it also destroys the further growth of pathogens. On the basis
antimicrobial function organic material can be classified into antiviral and photo-
dynamic antiviral materials. Many synthetic and natural organic compounds have
intrinsic antiviral properties which lead to virus inactivation due to their chemical
structure. Textiles materials provide suitable pathways for the transfer and rapid
growth of microbes which causes several deadly diseases, unpleasant odors, dec-
laration and reduces the life span of textile. To protect the transmission of patho-
gens from textiles to human host, much research has been focussed on the
development of new organic material. Various types of chemicals, including qua-
ternary ammonium salts [11], chitosan [12], N-halamine, etc., [13] have been
developed to produce antibacterial textiles. N-halamine is well-established synthetic
organic materials well known for its antibacterial activity enabling its deployment
for antibacterial fiber modification [14]. N-halamine derivatives compound contain
multiple nitrogen–halogen covalent polar bonds (NdX), acting as a medium to
inactivate microbes rapidly by means of oxidative halogen. On the basis of

Fig. 3 Schematic representation of antiviral mechanism and metal oxide nanoparticles. Reprint
with permission [2]
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chemical formula or structure N-halamine are classified into three types i.e., (amine
N-halamine, amide N-halamine, and imide N-halamine), respectively, as shown in
Fig. 4. Due to the existence of the electron/withdrawing donating and electron-
withdrawing groups in the chemical groups, their thermal stabilities and antibac-
terial actions are different which can be predicted by opposite factors [14]. NdX
bond can be reduced to NdH, and vice-versa during the course microbe removal
which is also a reversible phenomenon. The N-halamine containing the reactive
agents can attach onto fibers through covalent linkages which confer the durable
antibacterial activity on textiles. A series of cyclic N-halamine epoxides was suc-
cessfully synthesized and coated over the surface of fibers (cotton and polyester
fabrics) by using pad-dry-cure techniques shown in Fig. 5a, b. Sun and co-workers
[15] introduced s-triazine-based N-halamine, 2-amino-4-chloro-6-hydroxy-s-
triazine (Fig. 5c) has been regarded as a vital reactive agent having the ability to
bind with several chemicals containing hydroxyl and amine group which can
decrease the damage to physical and mechanical properties of fabrics caused by
high temperature during the curing process. Ren et al. [14] demonstrated a
non-woven N-halamine coated stable and non-volatile fabrics with extremely high
antibacterial activity which reduces seven times infection rate by killing the viruses
in shorter period of time, disrupting its genetic and replication capabilities.
Hydrophilicity of surfaces also plays a crucial role for antiviral activity which
restricts the effectiveness of coating. Organic materials are also used for the
transforming hydrophilicity surface to the hydrophobic by coating with suitable
organic materials. In order to obtain hydrophobic surfaces, the organic chemists or
researcher has developed a number of organic materials. In view of this Jayanta
et al. [16] synthesized linear or branched hydrophobic N,N-dodecyl methyl
polyethylenimines (PEIs) and tested its antiviral activity hostile to influenza virus
which kills the influenza viruses, Escherichia coli, and aureus with 100% efficiency
within few minutes. The organic materials are also used for the assembling of virus
mimic which can easily interact with the receptor and inhibits the attacks of virus to
the host cells.

Fig. 4 Chemical structure of different N-halamine
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A variety of N-halamine containing vinyl group were synthesized and grafted
over textile in presence of inhibitors. These chemical compounds are classified into
two categories: cyclic and acyclic halamines based on their chemical structure.
Majority of cyclic N-halamines owe their origin to 5,5-dimethylhydantoin or
2,2,6,6-tetramethyl-4-piperidino reacting with vinyl group such as allyl bromide,
acryloyl chloride, methacrylic chloride, and 4-vinylbenzyl chloride. The
N-halamine monomer 3-(4′-vinylbenzyl)-5,5-dimethylhydantoin was implemented
on the surface of polyester fibers as thin films via surface polymerization with the
help of cetylmethylammonium bromide cationic surfactant. In a similar work cotton
fabrics impregnated with 2,2,6,6-Tetramethylpiperidinyl acrylate through electron
beam radiation was found to be more efficient than conventional techniques without
involvement of additional initiators. In line with the development of Kevlar fabric
and cellulose via impregnation of acyclic N-halamines, acrylamide (AM), and
methacrylamide using free radical polymerization yielding comparable biocidal and
durable outputs similar to cyclic halamines. However, acyclic halamine are inferior
in terms of storage stability and undergo easy hydrolysis compared to bare cyclic
counterparts.

In addition to above-synthesized compounds with specific structure, there are
numerous of natural compounds with prominent antiviral activity. Among all nat-
ural compounds, chitosan has drawn an immense attention because of its unique
physicochemical properties, biodegradable, and cost-effectiveness. Chitosan is a
linear polysaccharide derived from chitin composed of arbitrarily organized
b-(1-4)-linked D-glucosamine (deacetylated) and N-acetyl-D-glucosamine (acety-
lated) shown in Fig. 6a, b. Chitin is the structural element in the outer skeleton of
shellfish, including crab, lobster, and shrimp and cell walls of fungi [17] also the
second most found polysaccharide following cellulose. The end applications of
chitosan depend upon their characteristics like polymer turbidity of polymeric
solution, deacetylation degree, and molecular weight [18, 19]. The deacetylation
degree is determined by various physical and chemical techniques, i.e., infrared
spectroscopy (FTIR), potentiometric titration, along with cutting-edge methods like

Fig. 5 a, b Chemical structures of substituted cyclic N-halamine epoxides and c chemical
structure of 2-amino-4-chloro-6-hydroxy-s-triazine
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1H liquid state and solid state 13C-NMR. The steric exclusion chromatography
employing viscometer along with light scattering detector is used to calculate the
average molar weight of chitosan [20]. Previously, the complexity in their chemical
structure, difficulty in extraction, and insolubility in aqueous solution restrict its
application. But nowadays enormous research has been done with chitosan to their
practical application in the field of agriculture to fight against fungal infection,
pharmaceutical industry, paint industries, biosensor, and energy storage devices,
etc. the quality of chitosan depends upon the source of origination of chitin and its
method of isolation. The chemical structure of chitosan is presented in Fig. 6a, b.

In spite of all the above application, it has been also used as antiviral coating
agent. Md. Ibrahim et al. [21] have studied the antiviral activities of chitosan @ aloe
vera modified cotton woven fabric using citric acid cross-linking agent while using
the pad-dry-cute method. The existence of the composite over the surface of cotton
fabric has been confirmed by the FTIR and SEM techniques. The results of 2 g/l
chitosan and 2 g/l aloe vera combinations (composite materials) on cotton fabric
have noteworthy antimicrobial inhabitance against staphylococcus aureus
gram-positive bacteria. Bacteria were reduced by 81% when it is treated with
composite material which is greater than the 6 g/l individually treated result. He
et al. [22] also demonstrated the antiviral activities of chitosan materials by syn-
thesizing synthesized 6-deoxy-6-bromo-N-phthaloyl chitosan. They have addi-
tionally reported that chitosan and its derivatives show an excellent antiviral
activity. An optimum derivative concentration developed electrospun nanofibrous
chitosan to investigate the capability to kill pathogens which reflected a broad
spectrum of highly efficient antiviral ability. Pyrazole-based organic compound
show a great attention toward the pharmacological assets such as antiviral, anti-
cancer, antimicrobial, antiinflammatory, anti-prostate cancer, herbicidal, and
insecticidal properties. Based on the above-said properties Ahmed Nada and

Fig. 6 1D and 3D chemical structure of chitosan
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co-workers [23] synthesized pyrazole-based compounds and were encapsulated into
liposomal chitosan emulsion for textile finishing. The cotton fabrics employed citric
acid cross-linker along with treatment in solution-based depolymerized chitosan.
The chemical modification of cotton was investigated by infrared spectroscopy
analysis. The mechanical strength and retention properties of fabric were investi-
gated by reporting the tensile strength values. The antimicrobial activity of treated
cotton fabrics was tested hostile to bacterial strains E. coli ATCC 8379 and
S. aureus ATCC. The chemical structure of pyrazole derivatives and images of
untreated and treated fabrics are enlisted in Fig. 7a–h.

The quaternary ammonium salts (QAS) are the ionic compound containing
quaternary nitrogen, four alkyl or aryl groups and one anionic ion such as chloride
or bromide. The amphiphilicity of polymer is found to be an important factor
affecting their antimicrobial performances and hemolytic activity. Among all alkyl
groups, one should be of long chain having at least eight hydrocarbon chains which
can be treated as hydrophobic group [24]. The chemical structure of various QAS is
shown in Fig. 8a, b. Because of the presence of hydrophobic group in the qua-
ternary ammonium salts, it has been explored as a potential source for the
antimicrobial function. The risk factor of transmission of infectious diseases in
hospital can be reduced by the use of ideal antimicrobial textile which inhibits the
growth of microorganism and killing the pathogens. Marini et al. [25] synthesized
antimicrobial hybrid coating (organic–inorganic) containing ammonium quaternary
salts using tetraethoxysilane and triethoxysilane terminated poly(ethylene glycol)-
block-poly(ethylene) followed by sol–gel techniques They have tested

Fig. 7 a, b, e and f 1D and 3D structure of pyrazole derivatives, c and d SEM magnification
images of untreated fabrics and g and h for the treated fabrics. Reprint with permission [23]
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antimicrobial activity of the coated films against both ram negative and
gram-positive bacteria. After 48 h of contact the viable count of bacteria decreases
of 96.4% and 99.1% of E. coli and S. aureus. The stability of the antibacterial
activity of coated films was confirmed through repeated washing with saline
solution at 37 °C.

5 Photodynamic Antiviral Materials

Photodynamic antiviral materials are generally used for killing the selective
pathogens by producing the reactive oxygen species in presence of light. The
photodynamic antiviral activity of materials is eco-friendly and safe for the envi-
ronment by accomplish efficient broad spectrum and long-acting killing of patho-
gens. On the basis of all said properties it has been widely in the preparation of
biological protection materials. Richard et al. [26] demonstrated anti-infective
benefits of bulk thermoplastic polymer films containing *1 wt% zinc-tetra(4-N-
methylpyridyl) porphine (ZnTMPyP4

+), having antimicrobial activities by creating
the singlet oxygen in presence of visible light as shown in Fig. 9. This polymer is
having ability to incapacitating both bacteria and viruses with rates of 99.89 and
99.95%, within the exposure of light for 60 min. The use of photodynamic mate-
rials in the fibers acts as life-time photosensitizer to killing microorganism by
producing reactive oxygen species. They have reported their materials and method
are safer and sustainable due to the reliance on visible light and oxygen availability
only. Mosinger et al. [27] prepared a stable photoactive polystyrene nanoparticle

Fig. 8 a Chemical structure of various QAS and b 3D structure
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Fig. 9 a Chemical structure of the photosensitizer Zinc-tetra(4-methylpyridyl) porphine
(ZnTMPyP4+) and b schematic representation of Pt-OEP [26, 29]

Fig. 10 a Chemical structure of BA-RNM, BD-RNM, CA-RNM, and BDCA-RNM.
b Microscopic architecture of various RNM samples. c Optical photograph of the BDCA-RNM
sample. d Schematic demonstration of the biocidal functions of RNMs by releasing ROS.
e Jablonski diagrams representing the singlet excitation and following ISC to triplet. f Proposed
mechanism for the photoactive and photo-storable biocidal cycles. Reprint with permission [28]
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from sulfonated electrospun polystyrene nanofibers membrane with encapsulated
5,10,15,20-tetraphenylporphyrin (TPP) or platinum octaethylporphyrin (Pt-OEP).
The nanoparticle and TPP are strongly antibacterial activities and can be employed
for photooxidation of external substrate grounded on photogenerated single oxygen.
The polyethylene nanofibers membrane was synthesized using electrospun method
for encapsulating the photosensitizer. The nanofibers membrane constrained the
growth of bacteria and viruses with an high efficiency of more than 99% when
exposed to visible light, additionally a simultaneous bacterial inhibition in both
light and dark condition instantly was observed. This necessitates an apt solution to
address the efficiency in dyssophotic environment. Sun et al. [28] prepared nano-
fibers membrane endowing superior antiviral activities guided by day-light via
electrospun method as shown in Fig. 10. Based on ROS yield the membrane show
excellent killing both for virus and bacterias. Additionally, the membrane was also
successful in retaining their biological activities in presence of sunlight. The ability
of the membrane was further tested in bioprotective equipment to test their effec-
tiveness on killing pathogens and aerosols. The results confirm a killing efficiency
of 100% establishing their potential as filtration membrane even efficient than the
commercial ones.

6 Conclusion

The main objective of this chapter is to highlight the recent developed or progress in
the field of therapeutic applications. A broad range of properties exhibited by
organic materials including chitosan and its composite, N-halamine, and quaternary
ammonium salts which have application prospects in the therapeutic need as the
preventive measures to fight against novel coronaviruses. Currently, available
antiviral personal protective devices like sanitizer, hand wash, gloves, and face
mask. Especially, face mask has drawn a great attention for the scientific com-
munity and academician for the development of new and advanced mask. The
maximum masks available in market are unable to protect sufficiently the filter of
tiny aerogels containing viruses. The microbes get involved to be filtering materials
which penetrate via the moist mask increases the risk of infections. This chapter
deals with current advances in antiviral agents, and recently developed method used
for the preparation of protective materials results in improving the antiviral coating.
The advanced organic materials are introduced to the surface of masks lead to
increase efficiency of antiviral capabilities of masks which reduces the risk of
cross-infection at the course of handling. A variety of organic materials have been
incorporated and explored which are the integrable into the face masks. The
mechanistic approach and the physical and chemical properties of fabrics are also
incorporated after introduction of organic material. Here we have also discussed
their percentage of effectiveness compared to the bare cloth or fabrics. As
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concluding remarks, chapter focusses on current shortcoming in personal protective
kit running to the lack of enough comfort high efficiency, safety, and intelligence.
The serious drawbacks can solve by developing a new engineered material adapted
with the face mask, skin, and body which control the unwanted affects and make it
ease for continuous use.
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Chapter 6
Material Aspects for Detection
and Monitoring

Priyanka Mukherjee and Mamata Mohapatra

1 Introduction

The widespread pandemic caused due to novel coronavirus is not the first of its kind
in this millennium. Early 2003 has witnessed the outbreak of SARS-COVID in
parts of China. With a fatality rate of 10% and more than 8000 registered cases,
societies and economies were severely impacted, and within a few months, the
epidemic was unparalleled to the last outbreak. The spread of the virus was
restricted to a small perimeter along with a high-alert warning to limit the con-
sumption of proteins from exotic and endangered animals [1–5]. The epidemic
caused by the coronavirus resurfaced in December 2019 in Wuhan city of China.

Since individuals of all ages are at risk for infection and the virus is several
communicable, it was proclaimed to be a Public Health Emergency of International
Concern by the WHO on 30 January 2020 [6, 7]. Figure 1 depicts the countries
having highest number of COVID-19 tests across the world. With the increasing
number cases with clear symptoms, asymptomatic cases are also increasing rapidly.
On surveying the number of diagnostic tests conducted globally as of August 2020
India ranked first worldwide followed by the UK and South Africa. Rapid economic
growth in various parts of China led to massive upsurge in demand of animal
proteins. Lack of proper bio-safety measures with overloaded cages and jammed
wet markets led to limping of the virus from animals to humans.

The extent of transmission by such cases remains unknown, and hence, they
contribute substantially to community transfers. Figure 2 shows the modes of
transmission of the virus to human colonial zones. As on 28 August 2020, 24.5
million active cases of the coronavirus were confirmed in 213 countries globally
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along with a death toll of 832,000 [8–10]. One of the many reasons for transmission
of SARS-CoV-2 globally is the lack of public awareness about a safe perimeter.
Community transfers occurred when a healthy person being unaware of the fact,
crossed paths with a virus infected person. The major challenge in controlling
COVID-19 is the massive percentage of infected people. However, early detection,
precise diagnosis and management of severely infected cases are the key points in
combating the current situation.

For highly accurate assessment of the cases, a better understanding of the test
probability of serology, qRT-PCR and radiological testing and the efficiency of
available treatment options are required. Literatures report that a major fraction of
people infected by the corona virus had fever at the time of diagnosis whereas the
other fraction had common symptoms like cough, fatigue and breathlessness [11–17].
Many of these symptoms being similar to other respiratory infections. Thus, diag-
nostic tests specific to this infection are urgently required to confirm suspected cases,
screen patients and conduct virus surveillance. Herein, the authors focus on the
various available diagnostic techniques and their material aspects that make these test
platforms highly selective and specific to the detection of SARS-COVID-19.

2 Types of Viable Detection Techniques

Structural elucidation of the virus and critical analysis of the composition are the
keys to accurate diagnosis and detection. Although the protein and genetic coding
of SARS-CoV- 2 have been identified so far, its response to the host cell continues
to be under trials. Figure 3 shows the various types of sensors for preliminary
diagnosis of SARS-COVID-19. Preliminary diagnosis and screening of COVID-19
have been carried out by CT scans and nucleic acid testing. Various types of sensors
like electrochemical biosensors, optical biosensors, thermal biosensors and piezo-
electric biosensors have been widely explored to diagnose viral genomes.

Nanotechnology has advanced treatment and therapeutic procedures of medical
science by several folds. Different strategies based on nanotechnology have been
developed to detect and diagnose COVID-19 by methods like POC, RT-PCR,
RT-LAMP, NTS and such others. It has helped to create effective treatment
methods by improvement in areas ranging from targeted drug delivery to the
production of inexpensive and scalable detection methods. Nanosensors have been
reported to detect ultra-low viral load in patients which implies that accurate and
rapid diagnosis is possible even before the symptoms appear substantially. DNA
sequencing methods such as Oxford nanopore sequencing method and Illumina
method have been applied to nearly 104 isolated SARS-CoV-2 viral strains [18–
21]. The best weapon to combat COVID-19 pandemic is continuous R&D in
nanotechnology to diagnose, treat the virus with advanced and modified instru-
ments and in areas of medical sciences to develop vaccines and antibodies that
would engulf and destroy the virus [22–27]. The currently developed techniques for
detection and diagnosis of COVID-19 have been discussed Table 1.
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Table 1 Types of viable detection techniques based on nanotechnology

S. No. Detection methods Advantage Limitation References

1 ID NOW Specificity of the
assay is 100%

Lack in sensitivity
while diagnosing
weakly positive
samples

Stephanie
et al. [28]

2 Xpert Xpress
point-of-care assay
(Cepheid GeneXpert
systems) for targeting
SARS-CoV-2 E-gene
and N2-gene in three
medical laboratories
in the Netherlands

The assay can
detect
SARS-CoV-2
with a LOD of
8.26 copies/mL
in all three
laboratories

Femke
et al. [29]

3 Xpert Xpress test for
targeting
SARS-CoV-2 E-gene
and N2-gene

LOD of 100
copies/mL

Lowest LOD (100
copies/mL)

Wei et al.
[30]

(continued)
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Table 1 (continued)

S. No. Detection methods Advantage Limitation References

4 Amplicon sequencing Cost-effective,
highly sensitive
suitable for
samples with
low viral load

Ultra-modern
instrumentation with
skilled man power
disability to sequence
highly diverse or
recombinant viruses

Xiao et al.
[31]

5 One-step nested
real-time RT-PCR
(OSN-qRT-PCR)
assay for targeting
SARS-CoV-2
ORF1ab and N genes

The sensitivity
of the assay was
1 copy/test and
tenfold higher
than that of
commercial
qRT-PCR assay

Laboratory
cross-contamination,
which may lead to
false positive results

Ji et al.
[32]

6 ddPCR for
SARS-CoV-2 RNA
detection

Highly increased
sensitivity and
accuracy. Nearly
a 40% increase
in precision and
47% for
RT-PCR to 94%
and 95% for
ddPCR

Expensive than
qRT-PCR and
requires dedicated
instruments and
consumables

Suo et al.
[33]

7 LAMP primers
targeting the 5′ region
of the ORF1a and N
genes of
SARS-CoV-2 and
detected by a visual,
colorimetric
RT-LAMP

The colorimetric
RT-LAMP
analysis was
100% consistent
with RT-PCR
results across a
range of Cq
values, and
matches
RT-PCR on-
field and
point-of-care
tests

Zhang
et al. [34]

8 Colorimetric test
based on gold
nanoparticles
(AuNPs) with
thiol-modified
antisense
oligonucleotides
(ASOs) targeting the
SARS-CoV-2 N-gene

The limit of
detection
(LOD) was
found to be
0.18 ng/lL of
SARS-CoV-2
viral load

Complex
pre-treatment steps,
costlier than
qRT-PCR techniques

Parikshit
et al. [35]

9 QIAstat-Dx
Respiratory
SARS-CoV-2 Panel
for SARS-CoV-2
detection

More sensitivity
to RT-PCR with
a LOD at 1000
copies/mL

Benoit
et al. [36]
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3 Material Approach of Various Diagnostic Methods

3.1 Point-Of-Care Tests

Diagnostic methods based on application of nanomaterials have been proven
suitable for rapid and accurate detection of SARS-CoV-2. Diagnostic tests that are
performed at the site of infected patients are called point-of-care test. In these
techniques, the test samples are not required to be sent to any laboratory and are
simple to use methods. The advantages of POC tests are speed of diagnosis, sim-
plified user interface like membrane strips, push buttons, cost-effectiveness and ease
of availability. Different types of POC tests can be classified into following groups
as nucleic acid amplification (molecular) tests, antigen tests and serological tests.
Out of many POC-based diagnostic methods where detection for SARS-CoV-2 is
being carried out, the lateral flow method is a very popular technique based on
antibody/antigen techniques [37–42]. It is a care point test where a paper like
membrane strip is used which contains two flow channels coated on the strip. One
of the channels contains Au NPs antibodies and the other captures the antibody.
Figure 4 depicts the working of strip-based antibody/antigen detection technique.
Test samples, generally being patient’s urine or blood, are collected on the mem-
brane and under the capillary action the protein starts moving across the channels.
When the first line moves, the nanoparticle-antibody gold conjugate traps the
antigens, and the complex flows across the membrane. On entering the second line,
the trapped antibody immobilizes the complex where the red or blue side is visible.
Bare Au NPs are red, and the coupled Plasmon causes the solution containing the
coupled Au NPs to turn blue.

Another outstanding development in the POC tests is combination of the test
with mobile phones. Yang T et al. reported integration of cellular phone with a
strip-based PoC testing device along with PCR and LAMP assays. In this tech-
nique, a patient can easily test himself by collecting nasal swab samples and the
result will be shared by mobile app to the concerned people. Trieu Nguyen also
reported 7 integration of a mobile phone app with LAMP assay on a paper-based
PoC device where instead of heat denaturation of the nuclei acid, the strands were
displaced. The colorimetric reaction is detected on the mobile app specially
designed to detect colorimetric changes on paper and the result is shared with the
patient a well as medical authorities. These techniques can increase the accessibility
of self-quarantined people to avail the tests easily, and due to the combination of
PCR and LAMP assays, the chances of false negative tests have also been
minimized.

Focusing on the commercially approved devices, an excellent example of widely
available mobile molecular POC device for SARS-CoV-2 is Abbott ID NOW.
Another example of a larger facility-based POC platforms for SARS-CoV-2 is the
Cepheid GeneXpert® Xpress. Both these techniques yield return results in less than
an hour's time; however, based on their mechanism of action, these techniques may
not detect all active infections. Thus, a positive or a negative test must be confirmed
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further by a PCR test. Hence, in order for accurate and precise detection of
SARS-COVID-2 possible, molecular tests are more reliable to diagnose the pres-
ence of SARS-CoV-2 infections.

3.2 RT-PCR

The next method that has gained gigantic importance in detection of COVID-19 is
the quantitative reverse transcription polymerase chain reaction (qRT-PCR) test.
This is a method which is highly specific to analysis of swabs from nasopharynx for
the presence of virial nucleic acids. Because of the high precision and accuracy in
detection results of SARS-CoV-2, for PCR tests, swab samples are collected from
nasopharynx and throat where the probable density of the virus is highest.
The RNA is then extracted from the swab by treating it with chemical agents so that
the fats and protein layers’ dissolve from the RNA. After reverse transcription of
the RNA using a specific enzyme into DNA, small fragments of complementary

Fig. 4 Mechanism for detection of lateral flow antigen method
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DNA are added to specific parts of the viral DNA so that they attach themselves to
parts of the transcribed DNA if the virus is present. Parts of these fragments are
used to build DNA strands for amplification and the rest is used as marker labels.
The samples are then placed in RT-PCR machine where cycles are run to produce
identical copies of the viral DNA and the marker labels attach themselves releasing
a fluorescent dye which is presented as real time on the display monitor. Ji et al.
reported one-step nested real-time RT-PCR (OSN-qRT-PCR) for SARS-CoV-2
ORF1ab and N genes. The sensitivity of test was found to be 1 copy/test and nearly
ten times higher than a commercial qRT-PCR assay. Suo et al. reported a ddPCR
for SARS-CoV-2 RNA detection. The sensitivity and accuracy were increased from
40 and 47% for RT-PCR to 94% and 95% for ddPCR. Out of all the tests, the
qRT-PCR test assay has been approved by the (WHO) and the US Centres for
Disease Control and Prevention (CDC) [43–45]. Figure 5 depicts the efficiencies of
the popular detection methods. RT-PCR tests the only ones validated by the World
Health Organization. They are the gold standard in diagnosing COVID-19, and
thus, a case can be affirmed by this test. According to recent reports, the highest
number of tests in India has been conducted by the states of Maharashtra, Tamil
Nadu and Rajasthan. More than 1 lacs–2 lacs testes have been registered by these
states as on date. However, densely populated states like Uttar Pradesh, Delhi,
Andhra Pradesh and Karnataka need to ramp their testing rate. RT-PCR tests are
made available in 310 government laboratories and 111 privates set up across the
country.
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Fig. 5 Efficiencies of majorly applied detection methods
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The ICMR has emphasized that the confirmatory test for diagnosis of COVID-19
infection is RT-PCR test of the throat and/or nasal swab, which detects virus at an
early stage; hence, RT-PCR tests must be continued vigorously as the principal
diagnostic tests. However, with the rapid spread of the pandemic, the test falls
behind lacking the required screening capacity and suffers some major limitations
like lengthy hours for analysis of test data, use of complex instrumentation,
availability of space and requirement of highly skilled and trained personnel’s [46].

3.3 Reverse Transcription Loop-Mediated Isothermal
Amplification

Despite the rapid diagnosis and accuracy of detection in the above methods, the
drawbacks are requirement of highly skilled manpower and the efficacy of detection
over larger intervals. Thus, the next method to be discussed in the following section
is reverse transcription loop-mediated isothermal amplification (RT-LAMP) assay.
It is a single-step process with minimum limitations than QRT-PCR, NTS and other
POCs and marches ahead with advantages of being rapid, viable for a wide range of
sample types and the use of easily available chemicals that and can be stored at
ambient conditions. Yang et al. initially reported an RT-LAMP assay dating back to
2003 for successful detection of SARS-CoV-2 [47–49], and it has been further
developed since for highly accurate and speedy diagnosis of COVID-19.
The LAMP assay comprises of two sets of inner and outer primer that identify the
targeted DNA strand. The components of forward the inner primer are the F2 region
and a (F1c) region, which is the complementary of F1 region and the components of
the backward inner primer are the B2 region and a (B1c) region. Similarly, the
forward outer primer contains (F3) and backward outer primer (B3) has the
sequences that are complementary to the sequences of the F3c and B3c regions,
respectively. At first, FIP forms complex with targeted DNA at F2 region to form
double stranded complex at an optimum temperature of 65 which is then followed
by the initiation of DNA synthesis. The F3 primer on binding with F3c displaces
FIP complementary strand, and FIP now forms a loop on one end of the DNA
which serve as a target to the BIP. The resultant dumbbell-like structure serves as
DNA amplification template. In RT-LAMP, reverse transcriptase is added for
conversion of RNA to complementary DNA which is then amplified. Nearly
30 min is the estimated time for amplification at a constant 60–65 °C using dif-
ferent primers to detect the N, E and ORF1ab genes, and the results are macro-
scopically visible by the colour change. In order to enhance the sensitivity further,
nanomaterials have been combined with LAMP techniques. Their excellent
opto-electronic properties combined with the receptors which are basically bio-
molecules are highly selective to particular analysts. Recently, LAMP assay has
been combined with nanobiosensors (NBS), nanoparticle aided laminar flow
(LFB) and such other nano-based platforms for even better detection results. Lamb
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et al. reported rapid screening LAMP test for COVID-19 sequence in less than
30 min with an LOD of 1.02 fg/reaction using simulated samples. Yu et al. reported
iLACO assay for COVID-19 to target on ORF1ab gene, the LOD was about 10
copies of the ORF1ab gene. Wang et al. reported an RT-LAMP assay for
COVID-19 where two different one-pot assays, namely a one-pot real-time assay
RT-LAMP and one-pot visual RT-LAMP, were tested at an optimized temperature
of 59° C, the LOD was 6 copies of nucleic acid. Mohammed et al. reported the
method of Penn-RAMP Recombinase polymerase amplification (RPA). This test
results in an LOD of 70 copies/reaction. J.P brought et al. reported an integrated
RT-LAMP with CRISPR–Cas12 DETECTR technology where the N genes tar-
geted by DETECTR. Assay only detects the SARS-CoV-2 virus, while the E
gene-targeted assay detected SARS-CoV-2, SARS-CoV and bat-SL-CoVZC45
viruses. The LOD was 10 copies/ L to 15,000 and 500 copies per L, respectively.
The recent development in the RT-LAMP processes has been grouped in Table 2.

4 Role of Nanomaterials in Diagnosis

Viewing the enormous consumption of time in the prevailing conventional diag-
nostic techniques, there huge urgency to design and fabricate rapid and highly
accurate nanosensor for detecting SARS-CoV-2.

Biosensors aided with nanoparticles have emerged as highly attractive and
promising detection tools for pathogenic and viral diseases among individuals. In
view of the persistent demerits of the conventional detection methods like false
negative rates, lack of specificity when compared to other viruses, high time con-
sumption and lower sensitivity, nanomaterials like the quantum dots have been
successfully reported and reviewed for their vital therapeutic and diagnostic aspects.
On the contrast, such reliable and accurate techniques for the detection of
COVID-19 are yet to be developed. Figure 6 depicts the route of action of nano-
materials in supressing the virus.

Nanotechnology has emerged as a breakthrough in advanced detection by
including device integration, improved sensing unit, packaging and sensing results
of the point-of-care testes which have enhanced the diagnostics via disease man-
agement in a personalized manner and the catered to the requirement of the patient.
Thus, the need of the hour is to design easy-to-use, fast and more simplistic
detection techniques for COVID-19. Magnetic nanoparticles have been reported
earlier for their high efficiency in sensory systems. Recently, Zhao et al. reported an
alternative route by the use of poly (amino ester) and carboxyl groups (PC)-coated
magnetic nanoparticles (pcMNPs) [57]. The synthesized pcMNPs were directly
introduced into a RT-PCR reaction initiated resulting in a single step which was the
combination of the lysis and binding step. Within 20 min, this technique separates
viral RNA from multiple samples and produces 10-copy sensitivity with strong
linear correlation between 10 and 105 copies of SARS-CoV-2 pseudovirus particles.
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This technique was successful in reducing the operational requirements. Table 3
shows various detection technique aided by nanoparticles. Table 3 lists various
detection technique aided by nanoparticles.

5 Nanopore Target Sequencing (NTS)

Targeted gene sequencing techniques have become very popular in diagnosis of
genetic mutation. These are highly precise, accurate and can detect multiple
pathogens. The nanopore target sequence is an advanced version of the existing
technique with a capacity to detect nearly 10 different pulmonary viruses in addition
to diagnosis of SARS-CoV-2. Targeted gene sequencing techniques have become
very popular in the diagnosis of genetic mutation. These are highly precise, accurate
and can detect multiple pathogens. The nanopore target sequence is an advanced
version of the existing technique with a capacity to detect nearly ten different
pulmonary viruses in addition to the diagnosis of SARS-CoV-2. With the aid of

Protection of host 
cell

Nano based 
labelling

Nanoparticle-Virus composite

Fig. 6 Route of action of nanomaterials in supressing the virus
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NTS, long nucleic acid fragments have been sliced within fraction of time along
with real-time processing of the output results is possible. In this technique, there is
an internal panel where the amplification of SARS-CoV-2 unique genetic fragments
occur and then the amplified fragments are sequenced with the help of an advanced
nanopore platform [64]. The sequencing test is carried out on a MinION chip, and
with the help of an indigenous bioinformatics station, the results are analysed

Table 3 Various detection technique aided by nanoparticles

S. No. Method NP used LOD References

1 CRISPR-Chip
coupled with a
graphene-based Field
Effect Transistor
(FET)

Graphene-based 1.7 fM quantity of
nucleic acid without
the need for
amplification within
a short span of
15 min

Hajian
et al. [58]

2 Graphene-based
biosensing device
functionalized with
SARS-CoV-2 spike
antibody (COVID-19
FET sensor)

Graphene-based device
fabricated through
1-pyrenebutyric acid
N-hydroxysuccinimide
ester (PBASE)

Limit of detection
(LOD) of 1 fg/mL

Seo et al.
[59]

3 In-house built
biosensor device
(eCovSens)

Fluorine Doped Tin
Oxide (FTO) electrode
together with (AuNPs)
and nCOVID-19
antibody

Could detect the
nCOVID-19 antigen,
ranging from 1 fM to
1 µM concentrations
within 30–40 s

Mahari
et al. [60]

4 Dual-functional,
plasmonic biosensor
Plasmonic
Photothermal
(PPT) and LSPR
were also explored

2D gold nano-islands
(AuNIs) functionalized
with complementary
DNA (cDNA) receptors
and combining PPT
effect and LSPR
sensing technique

A high sensitivity
towards the selected
SARS-CoV-2
sequences, with a
detection limit up to
0.22 pM conc

Qiu et al.
[61]

5 Ploy amino ester
carboxyl coated
pcMNPs-based viral
RNA extraction
method for the
sensitive detection of
COVID-19

pcMNPs-RNA
complexes directly
introduced into
Subsequent RT-PCR
reactions and within
20 min identifying two
different regions
(ORFlab and N gene)

10-copy sensitivity
and linear correlation
between 10 and 105

Copies of
SARS-CoV-2
pseudovirus particles

Zhao et al.
[62]

6 Surface
functionalised zinc
ferrite NP’s were
fabricated
successfully

Surface functionalised
zinc ferrite NP’s
assisted potential RNA
extraction protocol for
active detection of
COVID-19

Due to simple and
cost-effective nature
of this technique, it
may provide a
capable substitute for
conventional
techniques

Somvanshi
et al. [63
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continuously [65, 66]. Laboratories ranging from large to small scattered ones are
using Oxford nanopore sequencing in order to sustain the sharing of
genetic-sequencing data of coronavirus. Wang et al. reported simultaneous detec-
tion of SARS-CoV-2 along with other respiratory viruses via NTS method.

In a time span of 0–6 h, nearly 61 nucleic acid samples have been confirmed
from potential suspected patients. NTS is a method which amplifies11
virulence-related and specific gene slices (orf1ab) of SARS-CoV-2 using a primer
panel, and then the amplified fragments are sequenced on a nanopore platform
followed [67]. Recently, IgG-IgM hybrid antibody colloidal Gold Method Tests
reports have also been reported which claim rapid detection of recent COVID-19
infections [67]. In the global scenario, the highest use of MinION sequence
NTS-based testes has been extended to highly affected countries around the world
like USA, UK, France, New Zealand, Australia, Germany, Netherland, Spain and
Korea. Figure 7 depicts highest number of NTS-based testes conducted globally for
COVID-19 infected people.

Fig. 7 Highest number of NTS-based testes conducted globally for COVID-19 infected people
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6 Conclusion

In this book chapter, various diagnostic measures for COVID-19 with and without the
aid of nanoparticles have been discussed. With the day-to-day surge in the affected
number of people, it has become utterly important to detect the virus at an early stage.
This chapter vividly describes various detection techniques like the POCs (Point of
Care Tests), LAMP techniques, RTPCR methods with their detection mechanism and
the current state of art. Detection platforms relies on sensitive diagnostic methods and
tools for detection the novel coronavirus however it strongly relies on complex
apparatus, skilled personnel, continuous power supply and hours of time. In addition,
remote areas do not have equipped rRT-PCR diagnostic services. Hopefully, the
further advancements in the detection field of the virus will focus on minimal time
consuming and cheap or rather free of cost easy and accurate diagnostic method-
ologies; however, it strongly relies on complex apparatus, skilled personnel and a
continuous power supply and hours of time. In addition, remote areas do not have
equipped rRT-PCR diagnostic services. Thus, the need of the hour is to design
easy-to-use, fast and more simplistic detection techniques for COVID-19.
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Chapter 7
Recent Developments Focusing
Disinfectant Systems for Effective
Inactivation of Coronaviruses

Arya Das, Mamata Mohapatra, and Suddhasatwa Basu

1 Introduction

The Covid-19 pandemic has been identified as a global public health emergency
that has spread exponentially, affecting as many as 23 million people and with more
than 8 lakh confirmed deaths up to August 26, 2020, leaving a colossal impact
across 216 countries. The highly contagious coronavirus (also named SARS-CoV-2
by the International Committee on the Taxonomy of Viruses [ICTV]) is a matter of
emergency global concern, with increasing fatalities and an absence of any estab-
lished antiviral treatment or drug worsening the situation to a greater extent. With
the foremost priority being the creation of a vaccine or antiviral drug the need of the
hour focusses on proper practices of preventive measures and effective disinfection
of public and private premises for limiting the transmission of the coronavirus. The
SARS-CoV-2 infection is characterized by symptoms such as fever, cough, loss of
taste and smell, respiratory disorders, etc., and can easily be transmitted from one
person to another through aerosols, human contact, and surface contact. The World
Health Organization (WHO) has already predicted a continuing lifespan for the
coronavirus, recommending general day-to-day practices and anticipatory care as
the only evidence-based means for the time being to restrict its spread. The slow
resumption of different official and public activities requires the need for quick
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disinfection at various public transport venues, commercial outlets, office spaces,
and high-risk areas where the chances of transmission are high.

Many studies have focussed on the disinfection of coronaviruses for possible
inactivation of the virus from both inanimate and animate surfaces. This chapter
will provide a brief summary of the various disinfectants being used to combat
Covid-19, further evaluating the efficacy of the different available disinfectants for
possible intervention against the coronavirus.

1.1 Transmission and Longevity of Airborne Coronavirus

There have been concrete reports of pathogen transmission though aerosols con-
tributing to the rapid airborne spread of respiratory transmission of the coronavirus,
[1] such as fierce expiratory actions like sneezing and coughing [2]. The closest
known virus strain SARS-CoV-1 was also reported to show transmission of
virus-encapsulated aerosols from infected human carriers which could possibly
result in high transmission among other persons [3]. There has not been any con-
firmatory report or sufficient evidence confirming the airborne transmission of
Covid-19. The rapid spread of the coronavirus in the initial stages of virus confir-
mation urged researchers around the world to look into the possibility of airborne
transmission. There have been diverse opinions: while some claim the transmission
is limited to droplets within a short range of coughing and sneezing, there are
assumptions predicting the rapid spread of the virus though minute particles
(aerosols) from exhaled air to significant distances. Ordinary speech along with
breathing is found to aerosolize a substantial number of respiratory particles, with
louder vocals producing aerosols in higher magnitudes, ascertaining the risk of rapid
transmission of the virus [4, 5]. Thus, there is an urgent need of proper investigation
of the potency of aerosols to infect and transmit Covid-19 and there have already
been some studies directed towards it. Lan et al. in a study collected air samples from
multiple locations in Wuhan during the peak of the Covid-19 pandemic. The results
reported infected aerosols from SARS-CoV-2 RNA found in and around Covid-19
hospitals and crowded departmental store entrances. Though the potential of aero-
sols to infect cells was not ascertained, the possibility exists that SARS-CoV-2
transmission may occur during breathing or talking, and could infect people up to
considerable distances [6]. In contrast, a similar study by Ong et al. at Singapore did
not find any infected SARS-CoV-2 aerosols in air samples of isolation centers
treating Covid-19 patients, thus ruling out airborne transmission through aerosols,
and instead designating the respiratory droplets of shorter range responsible for the
same [7]. Another study by Santarpia et al. opposing Ong and group revealed viral
RNA infection in two-third of air samples collected from an isolation facility treating
critical Covid-19 patients in Nebraska [8]. A recent study by researchers using a
nebulizer to produce artificial aerosols established the persistence time of the
Covid-19 virus in aerosols to be up to three hours [9]. However, the WHO in its
scientific brief has ruled out the possibility of airborne transmission based on lack of
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sufficient evidence. Responding to the research advancements carried out the WHO
questions the uncertainty of virus transmission by its mere presence and the mini-
mum dosage required to start the infection still remains unknown. The WHO also
pointed out the study by van Doremalen and group to be highly artificial and lacking
resemblance with normal human aerosol release conditions.

The definitions are confusing and the studies are scarce but the high risk of
transmissibility still hovers around. The possible assumptions still remain adequate
to take proper precautionary measures. One of the most common measures to follow
is the mandatory wearing of face masks to contain the spread. Morawska et al.
recommended adequate indoor ventilation with regular recirculation of air as one of
the measures to reduce the risk of transmission in closed spaces [10]. Careful and
proper circulation of air flow under negative pressure can be a measure for possible
inhibition of the virus. The possibility of virus inhibition was presented in a study by
Liu et al. that negative pressure ventilation and adequate air transfer levels within
hospital rooms were effective in reducing infected SARS-CoV-2 aerosols [6, 11].

The likely transmission pathways and possible preventive measures have been
elucidated figuratively in Fig. 1.

1.2 Transmission and Longevity of Coronavirus
on Surfaces

SARS-CoV-2 can easily persist on infected surfaces through respiratory exhalations
and can be transmitted to other people through surface contact. The persistence of
the virus on various surfaces for considerable periods of time increases the risk of
transmission to a greater extent. The coronavirus can be sustained on steel and
copper surfaces from about four hours to four days, which can be extended up to
nine days on plastic surfaces [12, 13]. Recent studies have established the longevity
of the virus on different surfaces [12–15] and have been put together in a schematic

Fig. 1 Airborne transmission and preventive measures against SARS-CoV-2 airborne
transmission
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view in Fig. 2. In a study Kampf et al. stated that the survival of human coron-
aviruses on plastic surfaces can be nine days, while veterinary coronavirus can
persist for as long as 28 days. The report also inferred the lifetime of coronaviruses
to be temperature dependent, with temperatures of around 30 degrees leading to
shorter persistence of coronaviruses [13]. In another study Rajiv et al. studied the
infection capability of coronavirus on various most-used day-to-day material sur-
faces, i.e., plastic, copper, stainless steel, and cardboard and revealed the high viral
load capability of coronaviruses on these surfaces. The high infection capability
was assisted with rapid linear decay of infection capability with time [16].

Although the dose of coronavirus on any surface and their potential to infect still
stands unknown, the longevity of coronavirus on these surfaces can help in the
rapid transmission of the virus. In this regard it very necessary to follow some basic
human practices and preventive measures to reduce transmission, including fre-
quent hand washing, avoiding contact with unknown surfaces, avoid touching the
facial area, and handshakes.

Apart from the mandatory human practices mentioned above, the WHO also
recommends frequent disinfection and local environment cleaning on a regular
basis in appropriate ways. Repeated disinfection measures ensure the decrease in
the viral load of the virus across surfaces and aerosols for infection and transmis-
sion. Effective and appropriate regular disinfection procedures should be imple-
mented, especially in hospitals, isolation centers, and areas where the risk of
infection stands high. Many technologies and methods for disinfection fully com-
plying with regulations fixed by the Centers for Disease Control are currently in
use. This chapter will discuss and present the various types of disinfectant and
disinfectant systems discovered, developed, and implemented as appropriate dis-
infectant systems for the possible de-activation of coronaviruses.

Fig. 2 The lifespan of coronaviruses on surfaces and preventive measures against surface
exposure
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2 Disinfectants Against Coronaviruses

Disinfection directs the use of chemicals to virtually decimate all acknowledged
pathogenic microorganisms except those such as bacterial spores. Sterilization, on
the other hand, kills all possible microorganism traits by deploying harsh physical
and chemical conditions [17]. Cleaning, which usually refers to removing all the
visible dust from the surface of animate and inanimate objects, when it is coupled
with disinfection is termed sanitization. Cleaning is just a process of removing
germs without killing them. Sanitizers, however, inactivate the microorganism load
just like disinfectants, but disinfectants have broader kill claims. Disinfectants are
mostly used for healthcare and household facilities, whereas sanitizers are mostly
engaged in human disinfection use [18, 19]. A clear distinction has been provided
in a schematic form in Fig. 3.

A disinfectant treats the microbes by terminating the cell structure, destroying
their metabolism, and in turn inactivating them. A variety of disinfectants are
already in use following the safety standards as recommended by the Centers for
Disease Control and Prevention (CDC) and registered under the Food and Drug
Administration agency (FDA) [20]. Disinfectants can broadly be categorized as
physical or chemical disinfectants depending upon the technique of disinfection
(Fig. 4).

SARS-CoV-2 being a large-enveloped virus (50–100 nm) can be disinfected
easily compared to non-enveloped small viruses (<50 nm) [21]. However, among
all the disinfectants that can be effectively used for the inactivation of Covid-19, no
ideal disinfectant has yet been identified. It is also to be noted that unlike for
chemical disinfectants, the Environmental Protection Agency (EPA) does not
consistently review the safety or efficiency of physical disinfectants, thus does not
endorse their efficiency against SARS-CoV-2. Accordingly, the EPA list consists
only of surface disinfectants and not physical disinfecting devices. Disinfectants

Fig. 3 The categorization of cleaner, sanitizer, and disinfectant for their appropriate employment
for disinfection
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have not only played a pivotal role for inactivating the coronavirus on different
surfaces to stop their transmission, but have also largely contributed to the possible
reuse of medical equipment and protective clothing, thus avoiding shortages in
these items for frontline healthcare workers in this deadly pandemic. A brief dis-
cussion of the different disinfectants and their efficacy, along with their recom-
mended safe use follows.

3 Physical Disinfectants

3.1 Dry Heating

The current global Covid-19 pandemic has resulted in the necessity of finding ways
to address the possible shortages of hospital equipment and protective clothing and
to develop procedures for their limited reuse. The efficiency of virus inactivation
though thermal decontamination is seen in studies from the prior knowledge of their
inactivation on different coronaviruses. From about 10–15 studies on coronaviruses,
it was established that a thermal treatment of thermal disinfection at 60 °C for
30 min, 65 °C for 15 min and 80 °C for 1 min can efficiently inactivate the
coronavirus by at least 4 log 10 [22–25]. The effect of heat leads to thermal
aggregation which can completely denature the virus membrane in 10 min at 55 °C
for SARS-CoV-1 [26]. Several recently published reports have also shown
promising efficacy against SARS-CoV-2 [27,28]. Very recently Pastorino et al.
inferred the optimum protocol for inactivating SARS-CoV-2 to be 56 °C for
30 min and 60 °C for 60 min, and stands similar to other enveloped RNA viruses in
blood specimens [29]. However, the different protocols of decontamination and the
parameter standards for reuse is another major concern. Though in one study dry
heat was found to be more effective than chemical techniques considering the
quality outcome of filtering face piece respirators (FFRs), temperatures above 100 °C

Fig. 4 The categorisation of physical and chemical disinfectants
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have shown to degrade its performance [30,31]. Microwave heating has also found
to degrade the overall usage quality, with their instant heat degrading the FFRs and
making them unfit for reuse [32]. Thus, despite many optimistic results of different
studies with other coronaviruses, the effective validation of the same for
SARS-CoV-2 is still looked for in terms of standard protocols of usage, and adding
to the reusable quality output considering the different types and qualities com-
mercially available for large scale deployment.

3.2 Microwave-Generated Steaming

Microwave-generated steaming inactivation is an effective user-friendly mechanism
employing microwaves to heat water sources, thus releasing steam to inactivate the
pathogens across the surface by passing the released steam through it [33]. It is a
realistic approach considering the easy availability and low cost of microwave
ovens; it is, however, constrained by the absence of moisture [34]. Nevertheless,
many studies have been carried out to prove the efficacy of microwave-based
steaming systems and have pointed to some hopeful results. Heimbuch et al.
established the inactivation by considerable 5-log of H1N1 influenza virus inocu-
lated on FFRs within 2 min at 1250 watts without any significant mask degradation
[34]. In another study Fisher et al. evaluated modified steam bags for decontami-
nation of FFRs with encouraging results of >3 log inactivation within 90 s at 1100
watts without any effect on the filtration efficiency of FFRs even after three cycles
[35]. Lore et al. similarly observed extra dose removal of A/H5N1 virus by >4 log
without any significant effect on the filtering performance of FFRs [33].

All these studies seem to be encouraging, however there have been no real
studies on SARS-CoV-2 until now. Additionally, the homogeneity of steam pen-
etration for uniform decontamination and the limitation of moisture absence along
with the scale of decontamination still needs to be addressed for benchmarking the
process.

3.3 Ozone

Activated oxygen—also known as ozone—is a powerful oxidizing agent that is
proposed to be an effective safe and efficient inactivating agent, without tampering
the surfaces, given that they operate at room temperatures, unlike techniques which
use harmful UV rays, severe chemicals, or heat. Ozone gas, which has a higher
density than air, is already reported to be effective against various types of viruses
suspended in air, on surfaces, or in water [36, 37]. Ozone was reported to be highly
effective with wide deployment for environment purification during the
SARS-Cov-1 pandemic. Studies revealed the inactivation potential of ozone against
enveloped viruses by destroying the outer lipid membrane of viral RNA via
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oxidation. There are no studies on its efficacy against SARS-CoV-2, however, a
very recent study by Lee et al. on HCoV-229E human virus (considered to be the
surrogate of SARS-CoV-2), established the ability of ozone to inactivate
HCoV-229E within 1 min of ozone exposure. The ozone gas produced by a plasma
generator showed null degradation in the structural properties of the face masks
investigated even after excessive repeated ozone gas exposures [38].

Though the efficacy of ozone against SARS-CoV-2 is too immature to assume,
given its easy and inexpensive production and rapid inactivation potential ozone
gas can go a long way in the fight against the Covid-19 pandemic.

3.4 Hydrogen Peroxide Vaporization

Vaporized hydrogen peroxide is a well-established decontamination technique
widely adapted in hospitals owing to its high efficacy against surface pathogens.
The vaporization of the hydrogen peroxide oxidizing agent is considered to be a
practical and cost-effective contamination method employing vapors to denature
viruses [39, 40]. The decontamination is carried out with varying H2O2 concen-
trations depending upon the method: 30–35% for vapor; and 5–6% for
aerosol-based decontamination [41]. Tuladhar et al. proved the efficacy of vapor-
ized hydrogen peroxide against respiratory viruses across different surfaces with
results of >4 log reduction for poliovirus on stainless steel and wood panels,
whereas >3 and >3.5 log reduction was achieved for the influenza virus on steel
surfaces and wood panels respectively [42].

Apart from being employed as an effective decontamination technology in
hospitals for surface and room sterilization, the H2O2 vaporization technique has
also gained ample attention as an effective option for mask decontamination for
their possible reuse. The Dutch National Institute for Public Health and
Environment (RIVM) reported successful quality retrieval of FFP2 face masks
earlier subjected to inactivation after two cycles of low pressure 3 M H2O2

decontamination [43]. Swatch et al. reported decontamination of 100 N95 masks
with 6 log reduction (Geobacillus stearothermophilus spores indiactor) using 35%
H2O2 with a 45 min standard operation time of one cycle. The functional and
structural stability were commendable even after 50 cycles; a reuse cycle of 30
times was recommended [44]. Similar decontamination efficacy was also corrob-
orated by another study in Battelle Memorial Institute, Ohio. The Battelle
Decontamination System was developed that reflected parallel efficiency and
nominal structural misfits even after 50 cycles when FFRs were subjected to a
gassing time of 20 min in a dwell time of 150 min [45]. There are presently no
concrete studies or conclusive evidence on the efficacy of H2O2 on decontamination
of SARS-CoV-2. One recent study, however, denies that there is sufficient proof,
and recommends additional treatment with ethanol till further tangible evidence is
available [46].
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Hydrogen peroxide vaporization can serve as a safe and environmentally
friendly practice for being accepted as a sustainable future decontamination tech-
nique. However, some major concerns on the lack of evidence for effective use of
H2O2 against SARS-CoV-2, the toxicity of residual H2O2, and off-gassing from the
inner layers of respirators all still need to be addressed.

3.5 Ultraviolet Germicidal Irradiation

Radiation inactivation has long been known as an effective decontamination
technique having the potential for a wide range of disinfections upon surfaces,
liquids, and air [47]. Among all the spectral ranges of UV, UV-C with a wavelength
around 254 nm, closest to the bacterial killing wavelength of 264 nm has been
employed widely to inactivate viral load across surfaces [48–50].

The germicidal efficacy of UV-C corresponds to damage of DNA and RNA via
absorbing photons of higher energy, resulting in pyrimidine by-products, which
constrains the microbes to replicate, thus inactivating them [51]. Mercury lamps
that were often employed for UV-C generation and widely used in air and water
purifiers were recently banned by the United Nations for export and import, and
replaced with LED lamps owing to the concern of mercury pollution [52]. The
mercury lamps further emitted an ozone that was toxic to humans as a by-product,
though the emitted ozone was considered to be an efficacy enhancer owing to its
self-inactivating properties [53]. However, the UV-LED lamp sources have also
delivered equivalent results [54].

Ultraviolet Germicidal Irradiation (UVGI) technology has been well established
and employed for public health interventions, due to its efficiency against all
bacteria and viruses. Lin et al. in one study elucidated the efficacy of UV-C to be
higher than its counterparts UV-A and ethanol [55]. UV-C inactivation has also
been highly efficient in combating SARS-CoV-1 and MERS-CoV [56]. The most
essential parameter of UV disinfection lies in the dosage of UV-C used. In one
study an UV dose of 1 J cm−2 for 60–70 s led to >3 log reduction of H1N1
infected FFRs. The dosage was also supported by subsequent studies, and it was
reported that a dosage higher than J cm−2 led to a decrease in efficacy of inacti-
vation [57, 58]. The optimum dosage of inactivation is found to be a variable of the
surface posture along with the susceptible species involved. To support the claim in
one study Tseng et al. claimed the UV dosage for double-stranded DNA and viruses
was doubled compared to single-stranded DNA and viruses to achieve 90% inac-
tivation. The dosage is also found to vary with moisture content, provided the
moisture content alters the efficacy of dosage inactivation making it more resistant
to UV [59, 60].

The prevailing pandemic has led to a rapid development of various UV-based
technologies for possible inactivation of coronaviruses. In one such development
Orbit from Michigan have developed a mask sanitizer-based UV device [61].
A group at Binghamton University assembled large UV bulbs for the possible
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sterilization of coronaviruses. The station assembled worked on a computational
model based on previous dosage information of UV against SARS and other
coronaviruses [62]. Similarly, researchers at Nebraska Medicine used UV towers
diagonally placed to possibly inactivate SARS-CoV-2 infection of N95 masks
placed between them [63]. ACRI of India successfully developed UV disinfection
trolleys that were operational with a speed of 5ft/minute, and that can cover rooms
as large as 400 sq. ft. with an efficacy of 99% inactivation in 30 min [64].

The established potential of highly efficient inactivation through UV, however,
should mandatorily be assisted by validated dosimetry. The inappropriate dosage of
inadequate inactivation may possess a serious threat to health workers. The UV
inactivation should assess the proper reach to the shadowed areas of different
surfaces. Furthermore, UV is also reported to degrade polymers [61], which also
mandates the consideration of the treated FFRs for reuse subject to degradation. The
adverse effect of human health upon exposure to UV should also be deliberated, to
recommend standard protocols of use.

A graphic representation of all the physical disinfectants with their appropriate
usage and efficacy has been presented in Fig. 5.

4 Chemical Disinfectants

A large number of chemical disinfectants have been introduced into the healthcare
setting which include chlorine and chlorine compounds (bleach), alcohols, glu-
taraldehyde, formaldehyde, hydrogen peroxide, phenolics, peracetic acid, iodo-
phors, and quaternary ammonium compounds (Quats). Commercialized products in
markets using these chemical compounds for COVID-19 are considered to be
unique, and should have prior registration with the Environmental Protection

Fig. 5 The different physical disinfectants with their appropriate usage and efficacy
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Agency (EPA), or should have been cleared by the Food and Drug Administration
agency (FDA) [65]. Several viruses have been recognized in their ranking for
tolerance to chemical disinfectants by Centers for Disease Control and prevention
(CDCs). On this basis, viruses are categorized as enveloped viruses, large
non-enveloped viruses (in the range of 50–100 nm), and small non-enveloped
viruses (<50 nm). Wherein, the order of inactivation was found to be:
enveloped > large-enveloped > small-enveloped. Hence rhinovirus, which is a
small-enveloped virus, is hard to inactivate in comparison to enveloped viruses, i.e.,
SARS-CoV-2, which can be easily inactivated with the use of the aforementioned
disinfectants [21]. There are a wide range of disinfectants introduced by the EPA
but there is no ideal disinfectant at present. The entire range of chemical disin-
fectants is composed of manmade or natural surfactants, oil, and soap. The majority
of market products used as disinfectants contain quaternary ammonium as an active
ingredients (Quats). Some other market products may include mixtures of ethanol,
isopropanol, triethylene glycol, peroxyacetic acid, glycolic acid, octanoic acid,
hydrogen peroxide, sodium hypochlorite, and L-lactic acid [66]. Below are listed
the most frequently used disinfectants with their effects on microbes, bacteria, and
viruses.

4.1 Chlorine and its Derivatives

Generally, free chlorine is used as a disinfectant due to its ability to immediately
penetrate the lipid membrane of microbes to react with the proteins present in the
polymerase complex and nucleocapsid [67]. Whereas in the case of the Covid-19
enveloped virus, free chlorine leads to the loss of its ability to bind with the host
receptor. First, free chlorine damages the viral capsids allowing free chlorine to
interact with viral RNA and then further to damage its viral genomes which causes
loss of binding [68]. Use of chlorine can be carried out in gas form (chlorine
dioxide—ClO2) or liquid form (hypochlorite). Chlorine dioxide is a more powerful
oxidant than hypochlorite.

Chlorine dioxide was found to be a powerful disinfectant with strong inhibitory
effects on parasites and microbes. Even in vitro usage, chlorine dioxide has shown a
capability to potently supress porcine reproductive and respiratory syndrome [69].
It has also been employed in irrigation water to prevent the formation of organ
halogens as by-products [70]. The other chlorinated disinfectant is NaOCl (sodium
hypochlorite) which has an effective antimicrobial activity with a broad range of
microbe killing. Moreover, treating water containing levels of amino acids or
peptides with chlorinated disinfectants can pose risks to human health. Organic
nitrogen compounds present in water can react with chlorine to form organo-
chloramines which are toxic by nature. Further, if chlorine reacts with peptides,
then chlorinated compounds of peptides are relatively more stable than chlorinated
amine compounds [71].

7 Recent Developments Focusing Disinfectant Systems … 121



4.2 Alcohols

Several alcohols can be used as disinfectants, such as ethanol and isopropyl alcohol
both at a concentration of 70%. Ethanol is generally used in hand-hygiene products
in the form of hand rubs, foam, or gels, and the WHO has also recommended
ethanol in the 80% (v/v) range as an essential medicine categorized in
alcohol-based hand rubs. Ethanol was found to be useful in dealing with the
transmissible gastroenteritis virus (TGEV), which was reduced in the suspension
test of 5 min with the use of 4.5 log 10 ethanol [72]. Coronaviruses such as the
Middle East Respiratory Syndrome (MERS) and Severe Acute Respiratory
Syndrome (SARS) can become inactivated with the usage of 70% ethanol and 1%
NaOCl. Similarly, it is believed that Covid-19 will be affected likewise [13].

4.3 Quaternary Ammonium (Quats)

One other type of disinfectant are quaternary ammonium (Quats) cations, which
have antimicrobial and spermicidal activity, and can inactivate the encapsulated
viruses or enveloped viruses having long alkyl chains [73]. Quaternary ammonium
has showed the potential of inactivating avian influenza from plastic and steel
carriers after exposure of just 60 min [74]. Some of the examples of quaternary
ammonium are methylbenzethonium chloride, benzalkonium chloride, benzetho-
nium chloride, cetylpyridinium chloride, cetrimonium, cetrimide, tetraethylammo-
nium bromide, cetalconium chloride, didecyldimethylammonium chloride, and
domiphene bromide. Quats are positively charged ions, and if the surfaces are not
thoroughly rinsed before the application of quaternary ammonium and anions are
not totally removed, then the Quats may electrically neutralize with the anions and
its antimicrobial action can be totally inactivated in that case. Moreover, residue of
complex detergent Quats can easily provide the nutrients for the growth of microbes
and bacteria. If they are left uncleaned, then they may colonize and form biofilm.
These biofilms thrive in environmental conditions that have moisture and soil in
contact with the surfaces, particularly for locker rooms, food service areas,
restrooms, and similar places [66].

4.4 Oxidizing Agents

Peroxide-based oxidizing agents such as hydrogen peroxide and peroxyacetic acid
have found to be highly efficient disinfectants for microbe inactivation. Both
compounds release hydroxyl radicals oxidizing thiol and disulphide bonds of the
outer lipid membranes to denature them [75–77]. The virucidal efficiency of
hydrogen peroxide is well established by its potency in the de-activation of
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SARS-CoV-1 within one minute at very low concentrations of <3% [78].
Peroxyacetic acid, on the other hand, is reported to be more effective against a
broad range of pathogens at even lower concentrations than peroxide, thus being
widely used to disinfect hospital spaces and medical devices [75, 79].

4.5 Formaldehyde and Glutaraldehyde

Formaldehyde and glutaraldehyde can readily disinfect susceptible targets by
alkylating the outer membrane and rupturing the lipid membrane to denature them
and rendering them inactivated for possible replication. Both the aldehydes have
already proved effective against coronaviruses at concentrations as low as 0.3–3%
within 2 min [80, 81]. However, formaldehyde is constrained in its usage, as it is a
carcinogenic aldehyde assisted with strong odour and fumes [75, 79].

4.6 Serious Health Risks with Frequent Use of Disinfectants

As Covid-19 increases rapidly around the globe, it gives rise to anxiety and panic in
every individual in terms of catching the infection. This allows for the frequent and
increased use of chemical disinfectants which might lead to secondary disasters in
our ecosystems and human health. Extensive research has been carried out on the
effects of frequent exposure to chemical disinfectants. Frequently used disinfectants
such as chlorine and chlorine derivative, Quats, and alcohols are linked to increased
risk of COPD (Chronic Obstructive Pulmonary Disease), eye irritation, and asthma
when used very frequently [66, 82]. The residue of chemicals on the surfaces can be
inhaled and airborne-transmitted, which can lead to poor air quality and allergic or
asthmatic reactions in sensitive people. These chemical disinfectant residues can
cause impairment of the central nervous system, eye and skin irritation, oxidative
damage, reproductive disorders, respiratory issues including occupational asthma,
cancer, and other human health risks [83]. Moreover, Quats can possibly cause
fertility problems in the female and male reproduction processes. Due to the cir-
culation of some misleading information on social media for Covid-19, individuals
can get panicky, anxious, and fearful, which leads to extreme actions. It has been
reported that people have even washed fruits and vegetables with disinfectants,
applied them to skin, and also ingested them [84]. These actions could be very
dangerous and could cause human health risks in terms of permanent damage to the
nervous system, coma, seizures, blindness, or death. Further, bleach solutions like
NaOCl can be very harsh on the skin and can result in irritation in several parts of
body including the eyes and skin [85]. Moreover, bleach ingestion can give rise to
hyperchloremia, lung injury, ARDS, hypernatremia, and hyperchloremia. In addi-
tion, chlorine bleach exposure can result in gastrointestinal irritation, asthma
symptoms, ear, nose, and throat lesions and mucosal erosions [86]. Some of the
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cleaning products which contain caustic materials can, if accidentally ingested,
cause gastrointestinal toxicity [87].

A schematic of all the adopted chemical disinfectants, their dosage along with
accompanying health hazards has been presented in Fig. 6.

5 Conclusion

The ongoing Covid-19 pandemic has become an urgent public health concern with
an exponential rise in the number of cases and fatality rates, without any possibility
of a vaccine in the near future. Meanwhile, although there are many disinfectants
available for possible interventions against SARS-CoV-2, nevertheless, the efficacy
of individual disinfectants within each system with their appropriate usage is highly
recommended. Human exposure to various disinfectants should be minimized, with
appropriate dosages and methods of operation carried out, to avoid any additional
possible human health hazards. All the recommended preventive measures such as
social distancing, wearing face masks, regular hand hygiene, and respiratory
practices should be strictly followed, coupled with regular disinfection of potential
susceptible risk areas. Practicing individual hygiene measures, along with proper
disinfection methods, still shines as a ray of hope against combating Covid-19 until
any drug or vaccine arrives.

Fig. 6 The different available chemical disinfectants with their dosage and kill time along with
possible health hazards accompanying inappropriate use
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Chapter 8
Study on the ANN Forecasting
of Epidemical Diseases

Nihar Kanta Sahoo

1 Introduction

The widespread of a disease in a community at a particular period is called an
epidemic. It becomes necessary to take effective preventions. This precision of
prevention originates from the statistical solutions especially used for forecasting
problems. Forecasting the outbreak of epidemics is the leading topic of the research.
It delivers information about awareness before taking actions on the influence of an
epidemic. The forecasting models use past information from a different angle of
studies such as demographic, immunological or geographical data of outbreaks [1].
Usually, epidemic forecast models estimate the growth, peak time, and duration of
the epidemics. There are several types of ANN models adopted for forecasting [2].
These models necessitate past epidemiological data set to achieve either short- or
long-term forecast. Every model purposes of achieving a generalization mode in
forecasting. However, there are significant differences found in high-precision
forecast models [3] based on the using of right tools and methodologies. Selection
of right tool as well as methods is a challenging task for analysing of epidemic
growth. Some models used nonlinearity to find the presence of epidemical
dynamics with an exact forecast [4]. Therefore, having the insight to study the
forecasting models will be helpful of selecting epidemic forecast method. This
chapter delivers a summary on the function of stand-alone ANN and hybrid ANN
[5, 6] on epidemical forecasting model. It explains the effect of modelling, per-
formance, accuracy, and limitation of models based on infectious disease outbreaks,
which would be fruitful for the analysts.

In year of 2020, the most epidemical disease is COVID-19. Currently, more than
200 countries have been affected by COVID-19. Developing countries like India
suffer extremely from the problem of an infectious disease due to the combined
effects of existing ecological, social, financial, and demographic factors.
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To implement these measures, data from various sectors need to be analysed, for
example, local/government hospital records, climatic, demographic, and environ-
mental factors, social media content, Web search queries, etc., for getting the
current medical scenario along with the past data about the disease and the disease
information like its symptoms, its spread (duration and carriers), etc., for forming
the knowledge base of the diseases. There are different types of network structures.
Based on that, MLPFFNN [7] is one of the best-suited methods. This chapter
proposes an optimized network architecture using stand-alone MLPFFNN (9–20-1)
model to predict the new arrival cases of COVID-19 in the month of July 2020.

2 Basics of ANN

An ANN [7] is a massive parallel-distributed structure formed by a set of neurons. It
has a natural ability to forecast obtaining knowledge of past information. It can be
used to achieve a task several times faster than the advanced system. The network has
some parameters such as weights, bias, transfer functions, learning algorithms, and
neurons. The architecture of network depends on the number of layers forming by
number of neurons. All neurons are interconnected through weight values and bias
inputs. Then, the training algorithm is used to train the network by changing weight
values in an orderly manner based on transfer functions to attain the objective. Proper
training of the network leads to generalized mode, which provides reasonable outputs
beyond the training. Although a neural network cannot produce the solution inde-
pendently, preferably, it needs to be combined with an engineering approach. In the
epidemic forecast, the neural network is capable to work individually if the data are
available in social source. ANN offers useful properties such as nonlinearity, input–
output mapping, evidential response, contextual information, fault tolerance, VLSI
implementation, and neurobiological analogy [8]. It can be easily adjustable to
problems and data characteristics. Especially, neural networks are implemented for
optimization process, cost-effectiveness, nonlinear mapping for large data sets, etc.

3 Overview of Epidemiology Using ANN

Epidemiology is a branch of medicine, which deals with factors of disease and its
possible control [9]. It includes quantitative and analytical techniques, principles
based on logical inquiry and procedures for disease management. It determines the
allocation and managing of healthcare resources. It also evaluates intervention
strategies and the effect of medical services. Mathematical modelling for epi-
demiology is provided in [10], which helps to develop a model in epidemic situ-
ations. The information related to epidemics is crucial for precaution and control,
which necessitates developing a model. Forecasting model should be selected based
on faster training, accuracy, and efficiency. Among them, ANN is a best-suited
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method, adaptability to higher-degree nonlinearity, and faster using less computa-
tional burden.

This section describes epidemical classifications and ANN models. In [11], a
survey explained about diagnostic approaches in medicine based on the application
of ANN. It includes image analysis, drug design, biochemical analysis, etc.
Dybowski and Gant [12] investigated clinical experiments of diseases using ANN
modelling. In [13], deterministic model is developed based on disease control using
ANN. Susceptible–infected–recovered (SIR) [14] model evaluates the epidemical
transmission rate using ANN. However, neural network is implemented to cate-
gorize and define the harshness of diseases in a population [15]. Raja Lakshmi and
Mala [16] proposed a radial basis function-based neural network (RBFNN) to
diagnose diseases.

Epidemical classification is based on spreading manner that deals with several
groups. A group indicates a known pattern, each of which has further refined
characteristics to specify the infectious disease correctly. ANN has significant
realizations in this epidemic classifications [15]. It also becomes a significant tool
for data mining of medical records that can be used for classification and prediction
purposes [17]. ANN was implemented for classifying diseases such as dengue fever
[18], heart diseases [19], West Nile virus diseases [20], tuberculosis [21], gesta-
tional diabetes mellitus [22], swine flu [23], and pancreatic cancer [24]. The fore-
casting of epidemic models includes the use of ANN, time series analysis, hybrid
algorithm data mining [2], and so on. However, ANN epidemic models are
extensively accepted for exploration on the risk factors and outbreak size of dis-
eases [25]. The recurrent neural network (RNN) models are usually implemented as
a forecasting model against the non-recurrent models. These works based on ANN
were helpful for diagnosis and control of epidemics.

4 Complications in ANN-Based Epidemic Model

The development of ANN epidemical model focuses on forecasting using suitable
methods. In this forecasting, modelling of ANN depends on data pre-processing,
network architecture, inputs, hidden layers, training algorithms, transfer functions,
epochs, and performance factors. There should be an optimum balance between all
these parameters to get accurate performance.

4.1 Data Pre-processing

In practical, the data are usually incomplete, imbalanced, high-dimensional, and
limited. Therefore, data pre-processing is one of the primary processes to
pre-process the data for finding the converging performance of the network. It
contains transformation, scaling, and normalization. Scaling removes the outliers,
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transformation transforms into a proper scale, whereas the normalization scales the
data in a uniform range (0, 1) or (−1, 1). Binary and linear transformations are used
in epidemical classification. The normalization techniques such as z-score, mini-
max, and sigmoid or soft normalization [7] are applied in this processing. The
minimax method is implemented in dengue growth [27]. Sometimes, epidemics
have severe impacts within a short duration; continuous data accumulation becomes
harmed by under- or over-reporting. Short epidemics data set become insufficient
for training and testing. Therefore, random noise can be included to produce new
data set. Pasini [26] proposed an equivalent ANN model for the epidemical fore-
casting with a smaller data set.

4.2 Network Architecture

The architecture of the network contains input nodes, hidden layers, and output
nodes, which is the primary factor to determine the network performance. The
architecture can be defined based on the mutual information between input and
output variables [7]. Too many input nodes or fewer input nodes can directly affect
the performance of the network. Therefore, the number of inputs depends on
transmission and controlling parameters of disease. Input parameters can be the
effect of climate, demographic factors, growth rate, intervention, risk factors,
symptoms, and control measures. These data sets are used as input in the fore-
casting model.

The number of nodes in the hidden layers is likely to simplify the nonlinearity in
the epidemic model. The output node of the model predicts incidence, recovery,
death rates, and new arrival cases. These outputs depend on the data set needed to
exercise the network. Sometimes, infective cases can be the target data of the
network, which needs infection incidence data, while death or recovered cases will
require mortality or control data.

4.3 Activation Function

The transfer function is also called an activation function. The nonlinearity of the
problem with multiple factors and complex relationships used nonlinear activation
functions. Formulation of training algorithm changes according to the activation
function. The performance of the neural network [8, 28] depends on the function,
which provides a degree of nonlinearity. These activation functions are used to
perform epidemical forecasting, optimization, classification, pattern recognition,
image compression, and so on [29]. There is no thumb rule for the selection of these
functions [8]. Therefore, Sibi [30] provided a parametric study on a specific acti-
vation function for a specific forecasting model. Sometimes, it has been that more
than one functions are used in the same or different layers, which becomes an
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approach to provide faster training. According to [29], the nonlinear nonnegative
functions should be used for the prediction of growth parameters of the diseases,
whereas the most commonly used function is the sigmoid (logistic) function for
epidemic forecasting model. This function is bounded and differentiable.

4.4 Training Algorithms

Apart from the activation functions and network architecture, the training algorithm
is another factor, which can directly affect the performance of the neural network.
Few popular algorithms are such as backpropagation, Levenberg–Marquardt, quick
propagation, conjugate gradient, competitive learning, and quasi-Newton [7]. The
rate of convergence, robustness, and local optima are performance factors of these
training algorithms. Backpropagation and LM algorithm [32] are the most popularly
used training algorithms. Backpropagation is a gradient descent technique, which
has a slow convergence rate but efficient [8, 33] for epidemic forecasting model. On
the other hand, the LM algorithm is a comparatively less efficient but faster rate of
convergence.

The training process also depends on the number of hidden neurons, learning rate,
momentum factor, epochs, and size of data set. These factors can directly affect [31]
the training. Correct specification of training parameter is convergence, training
time, and generalization. Therefore, hybrid training algorithms are more efficient for
improving the performance of the network. The genetic algorithm implementa-
tion optimizes the weight values for the faster learning of the neural network
which increases the performance of ANN in forecasting [34]. Thereafter, training
algorithm minimizes the overall squared error between actual and desired values.

4.5 Under-fitting and Overfitting

Sometimes, under- or overfitting problem arises which can affect the generalize
mode of the network. An under-trained model because of insufficient data set
produces a higher sum of squared error (SSE). Similarly, overtrained happens when
the network fits for training and produces poor result beyond the training.
Therefore, the researcher’s suggestion is to alternate the algorithm and architecture
or pre-process the data set. Some researchers used the following mathematical
expression [35] to estimate the under-fitting.

e1 ¼ SSEk � SSEk�1
SSEk

� e�1 ð1Þ

The calculation of MSE is for both training MSETð Þ and validation MSEVð Þ data
set and then uses the following equation to avoid the overfitting [36]
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e2 ¼ MSET �MSEV

MSET
� e�2 ð2Þ

The precision of e1 and e2 is problem-dependent. The cross-validation technique
is also implemented for solving overfitting. Several techniques are there for
cross-validation such as leave-one-out, leave-p-out, k-fold, hold-out, and Monte
Carlo. K-fold converts randomly the data set into k-partitions. The kth subset is
used as a test set, and the model is trained using other partitions. Normally, tenfold
cross-validation is used.

4.6 Hybrid ANN Epidemic Forecast Model

Epidemic model based on ANN helps to observe the spreading disease [37]. Zhang
et al. [8] provided a model based on heuristics and simulations. However, ANN
requires a larger database for its proper training. The intension of hybridization is
for the advantage over traditional methods and heuristics. The hybrid concept deals
with a combination of two different algorithms to achieve better performance.
Infectious and non-infectious illnesses have been determined to adopt hybrid ANN
in obtaining good accuracy. Basheer et al. [31] recommended that ANN can be
hybridized. For the pandemic forecast, the other models or statistical methods can
be integrated with ANN. Algorithm hybrid executes the learning method further
effective across standard algorithms, and data hybrid is imperative for the hetero-
geneous data structure. Technology hybrid with ANN produces more reliable
platform and makes more accelerated pandemic forecasting and analysis. It solves
puzzles of the machine in fact of both software and hardware. Cloud-based tech-
nology [38] realizes the ANN model to investigate medical data for assessing and
grading epidemics. Therefore, the hybridization of ANN is justified.

Moreover, hybrid ANN model carries other nonlinear forecasting models like
fuzzy logic, ARIMA, and logistics regression. Generally, these methods are cou-
pled with ANN for high-precision forecasting. The hybrid method overwhelms the
deficiency of stand-alone methods by reducing overall error and converging time.
Hybrid ANN model challenges other algorithms such as weight fixing algorithms,
training algorithms, error minimization techniques, and time-dependent functions.
The application of evolutionary algorithms [39], genetic algorithms (GA) [40],
evolutionary programming, particle swarm optimization [35], ant colony opti-
mization, bird mating optimizer (BMO) [41], and bat algorithm [42] enhances the
ANN training in the epidemic forecasting model.

Arifianto et al. [43] developed a model by combining the group method data
handling (GMDH) with the neural network to forecast malaria outbreaks in South
East Asia. Belciuf and Gorunescu [44] have attended a similar approach. They
realized GA weight training for an MLPNN to forecast the detection and recurrence
of breast cancer. Gan et al. [45] used the combination of grey model (GM) and
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backpropagation algorithm to determine the germination of hepatitis B. The per-
formance of this combination has an advantage over the all-conventional approach
of GM.

The combinational performance of autoregressive integrated moving average
(ARIMA) method and nonlinear autoregressive recurrent neural network (NARNN)
is highly acceptable. This combined method performs better than individual models
in forecasting schistosomiasis. Yan et al. [46] proposed a combination of seasonal
ARIMA and with generalized regression neural network to predict bacillary
dysentery. The similar hybrid algorithm is also used for the prediction of tuber-
culosis. The limitations of stand-alone forecast methods are almost overwhelmed by
hybridization. An analogous approach can be enhanced by hybridizing more
techniques such as data, algorithm, and technology in an epidemic forecasting
model. This model can reach accuracy.

4.7 Overall Comparison of ANN on Epidemical Model

ANNs have substantial advantages over conventional statistical approaches. The
advantages are based on the type of problem and data, training time, requirement of
resources, parameterization, and adaptivity. In [47, 48], a few points have been
declared on the performance of the neural network. The deterministic nature of the
data series, sampling variability, and hybridization of methods tends to be quite
accurate and outperforms the individual methods. A comparison of ANN alterna-
tives with SARIMA forecast technique is provided [49]. It is proved that RBFNN,
ERNN, and BPNN exceed SARIMA in terms of short memory series. Further, the
performance of ANN outperforms the nonlinear regression models in forecasting
dengue outbreak [27]. On the pandemic study of malaria [50] and infectious
diarrhoea in China [51], the ANN outperforms the support vector regression (SVR),
random forest regression (RFR), and multivariate linear regression (MLR) methods.

4.8 Coronavirus Disease 2019 (COVID-19)

A novel virus was found at the end of 2019 in China. World Health Organization
(WHO) officially announced this virus as COVID-19. COVID-19 is a
double-stranded RNA (ribonucleic Acid) virus that depends on other organisms.
This virus is transmitted through droplet infections or FECO/oral route. It can enter
the body of the human through the nasal cavity, eye, and mouth. The virus goes into
the respiratory tract by the mucus membrane. This virus receives the nutrients from
the normal cells of the body that weakens the immune system. It affects the res-
piratory organs, alters the normal process of lungs, and shows symptoms such as
fever, dry cough, sore throat, shortness of breath, lethargy, respiratory malfunction,
severe headache, head riling, malaise, and loss of test and smell. It also affects other
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vital organs like brain, heart, kidney, and lever by the help of bloodstream.
Aetiology deals with the cause of the disease. The disease spreads by an affected
person to others. Aetiology includes travel history. Initially, it stays under the
people who came only from affected countries. Nowadays due to higher spreading
rate, it includes inter-country, interstate, inter-district, as well as inter-village
communications. Secondly, aetiology deals with those persons who are contacted
with suspected cases.

Growth rate depends on the risk factors. Risk factors deal with low immune
system categories such as child, pregnant women, old age people, low immune
system human, health personal, police, fourth-grade workers and people living in red
zone area. Thereafter, its diagnostic and evaluation are under consideration. History
collections and physical examinations (head to toe) come under the diagnostic pro-
cess, and evaluation starts with high-grade fever, increases respiratory rate, and alters
BP and heart rate. Then, clinical diagnostic comes for the testing process of the virus.
Clinical diagnostic prefers the swab test, especially the nasal swab test.

There are three steps of medical treatment: (i) COVID care centre, (ii) designated
COVID care centre, and (iii) designated COVID hospital and three stages for
COVID patients such as mild (asymptomatic or little symptom), moderate (patients
required oxygen during their treatment stage), and severe (required ICU). The
three-step treatment deals with each state of patients. In a survey, it has been known
that 84% are in mild condition, 11% are moderate, and only 5% are severed in
condition.

4.9 Detection of COVID-19 Using ANN

The first patient from China was hospitalized on 12 December 2019. There has been
around more than 150 countries affected by this virus by the end of June. Initially,
the proper control parameters and precautions have been unknown which causes
severe spreading over the world.

There is an insufficient amount of COVID-19 test kits provided to the hospitals. It
is essential to develop an automatic detection system as a quick alternative diagnosis
option. Z. Pamuk et al. [52] suggested the use of three convolutional neural
network-based models such as ResNet50, InceptionV3, and Inception-ResNetV2.
These models can recognize the coronavirus pneumonia-infected patient using chest
X-ray radiographs. The performance of pre-trained ResNet50 is about the 98%
accuracy based on classification, whereas InceptionV3 and Inception-ResNetV2 are
having 97% and 87%, respectively. A similar approach has been proposed by the
Alexander Wong et al. [53] using convolutional deep neural network. Jun Xia et al.
[54] suggested COVID-19 detection neural network (COVNET). This model
extracts visual features from volumetric chest CT examinations for the detection of
COVID-19.
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5 Proposed Model for COVID-19 Case Prediction

This chapter works on a neural network model to forecast the arrival of the new
case of COVID-19 in the forthcoming days [55]. The proposed model is a multi-
layer perceptron (MLP) neural network with error backpropagation algorithm. It
contains one hidden layer and an output layer. The sigmoid transfer function and
linear transfer function are used in the hidden layer and output layer, respectively.
The training of the network uses the parameters mentioned in Table 1. The input
parameters are a number of days, average low temperature, average humidity,
hygiene index, stringency index, percentage of migrant workers displaced, number
of test per thousand, percentage of the middle-age population (age between 20 and
45), and percentage of old age population (age after 65). The target of the network
is new case arrival per day from 1 March 2020 to 25 July.

This COVID-19 spreading becomes more powerful in its proper weather con-
dition. Therefore, average low temperature and humidity are the climatic factors
taken as the input of the network. Hygiene index is taken as an input parameter,
which depends on the per capita income, cleanliness, sanitization facilities, and
awareness. The percentage of age categories is an important factor in growth rate
due to low or high immune system. Nation-wise lockdown became a major pre-
caution to weaken the spreading rate of COVID-19, which depends on the strin-
gency index. This index indicates that India had toughest lockdown measures in the
world at a 100 score since 22 March. It observes containment policies such as
school and workplace closings, public events and transport, and stay at home
policies. A higher index value means a higher level of stringency. The growth rate
of COVID-19 in few states becomes higher due to a larger number of migrant
workers displaced. As a conservative number, at least 500 million migrant workers
displaced by road, rail, and airways from their places since March onwards. The
percentage of migrant worker displaced is taken as an input for network training.

6 MLPFFNN

Figure 1 shows the network architecture of the proposed model. Here, f is a
mapping function ( tanh) used by the proposed model that maps the inputs
I1 nð Þ; . . .; Ik nð Þ to the new arrival cases Y nð Þ in each day n and k is the number of
inputs. The model output is

Y nð Þ ¼ uo nð Þ ð3Þ

uo nð Þ ¼
Xh

j¼1
wjzj nð Þ
� �þ b ð4Þ
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zj nð Þ ¼ f uj nð Þ
� � ð5Þ

uj nð Þ ¼
Xk

i¼0
wijIk nð Þþ bj ð6Þ

In the above equations, uj nð Þ is the input to the jth hidden neuron, zj nð Þ is the
output of the jth hidden neuron, uo nð Þ is the output of the network, wij is the weight
from the ith input to jth hidden neuron, wj is the weight from jth hidden neuron to
the output, bj is the hidden bias, b is the output bias, and h is the number of hidden
neurons. f is a sigmoid transfer function at each hidden neuron.

The performance of the model is measured by mean square error (MSE):

MSE ¼ 1
M

XM

n¼1
Ŷ nð Þ � Y nð Þ� �2 ð7Þ

where Ŷ nð Þ and Y nð Þ are the desired and network output values, respectively, for
the nth sample and M is the number of data samples. The network performance is
adjusted through backpropagation learning rule. The weight is adjusted using the
following formulations.

w wþDw

Dwij nð Þ ¼ gdj nð ÞY nð Þ ð8Þ

For a neuron j located at the output layer, the local gradient is

Fig. 1 Proposed MLPFFNN model for new arrival case prediction
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dj nð Þ ¼ b
a

Ŷ nð Þ � uo nð Þ a� uo nð Þ½ �� ½aþ uo nð Þ� � ð9Þ

For a neuron j at the hidden layer, then the local gradient is

dj nð Þ ¼ b
a

a� zj nð Þ
� �

aþ zj nð Þ
� �X

k

dj nð Þwj nð Þ ð10Þ

7 Result Discussion

The proposed network contains 9 inputs, 20 hidden neurons, and 1 target.
A parametric study has been done on the performance based on number of data and
hidden neurons. A close approximation has been found using the network archi-
tecture 9–20-1. The proposed model uses cases of the first 104 days for training and
testing. Then, the trained network forecasts new arrival cases of the next 43 days.
The training covers 70%, whereas testing covers 30%. Figure 2 shows the training
plot of the 9–20-1 proposed network for prediction of the new cases of COVID-19.
MSE drops below 10–2 within 500 epochs.

Figure 3 shows a comparison of new arrival cases from 13 June 2020 to 25 July
2020. There is a significant deviation of 10,000 to 5000 cases between the predicted
curve and the original curve from 13 June to 3 July, whereas the matching becomes
closer after 3 July up to 25 July of less than 3000 cases which indicates that the
performance network is under the tolerable limit. The input data have been col-
lected from so many anonymous sources, which might be the cause of deviation
between predicted and original curves.

The similar network is used by taking the input values from 1 March 2020 to 30
June 2020 (122 days). The data of 122 days are used to train the same network
which is used then to forecast new arrival cases of the next 25 days. Figure 4 shows
a close approximation of the maximum deviation of 1500 from 5 July to 20 July

Fig. 2 Training curve of
proposed MLPFFNN model
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2020 (15 days), whereas a deviation of fewer than 5000 cases is seen first and last
five days. Due to the more training data, the approximation is closer than Fig. 3.

8 Conclusion

The forecasting is essential in deciding intervention and control strategies.
Therefore, the detailed survey on different model characteristics will assist the
selection of a suitable model. This chapter presented a brief summary of the
application as well as hybridization of ANN in the epidemic forecast. Several
predictions are performed by different models on the nature of pandemic diseases
using ANN and other statistical approaches. The use of ANN is not limited to
prediction, but it includes classification, optimization, parameter estimation, and
optimal disease control in epidemic management. The use of ANN is being
essential for quicker and advanced detection that can reduce the chance of infection.
The proposed MLPFFNN model forecasts new cases with some deviation limit.

Fig. 3 Comparison of
MLPFFNN model prediction
and original cases

Fig. 4 Comparison of
MLPFFNN model prediction
and original cases
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Chapter 9
Simulation Studies Related
to COVID-19 Pandemic

E. V. Bhavya and Balamati Choudhury

1 Introduction

As per the latest report from WHO, more than 78 million people are infected and
1.7 million people lost their lives due to COVID-19 as on December 2020. The
latest findings across the world proves that this pandemic disease spreads through
the close contact of COVID-19 positive persons or by touching the contaminated
objects or surfaces. The COVID-19 contamination happens mainly through the
virus filled saliva or through respiratory secretions.

While there are a lot of research and works are happening today around the
world to invent medicine for curing this disease, the current ways to avoid con-
tracting COVID-19 are to keep social distancing, use effective masks or cloths to
cover mouth and nose and maintain personal hygiene by frequently washing hands.
When social distancing is difficult to implement in public places, office, etc.,
wearing masks as per required standard is an important measure to get protected
and to protect others.

While scientists and doctors are still in the mode of discovering new features of
this virus, the recent study shows, this disease is air born as well since it transmits
through aerosols. Aerosols are small droplets released while coughing or sneezing
and it has an ability to suspend in the air for extended periods of time. These aerosol
particles can be a potential course for COVID, if this particle reaches human body
during inhalation. As a result, it is critical that all health personnel doing these
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medical operations use specialized airborne safety measures, such as wearing
suitable personal protective equipment (PPE) and face masks.

COVID-19 is largely transmitted through virus loaded droplets and aerosols that
are produced inside the respiratory gland of an infected individual will be exorcized
from the mouth and nose during normal coughing as well as sneezing and also
while talking loudly. The fate of these droplets is determined by the rival effects of
inertia, gravity and evaporation. Droplets which are larger than the critical size
contaminate surrounding surfaces by settling faster than they evaporate. Droplets
minor than this critical size dissolve faster than they settle, hence already formed
droplet nuclei can stay in the air for hours and may become the primary cause for
the transmission over long distances.

From air–mucous interaction through liquid sheet fragmentation, turbulent jets,
droplet evaporation and deposition, to flow-induced particle dispersion and sedi-
mentation, each droplet experiences a multitude of complicated events. The rele-
vance of the transmission process, as well as the strategies, devices, and practices
used to prevent respiratory infections, are all based on fluid dynamics principles.
These include necessary precautions such as hand washing, personal hygiene and
wearing face masks, to fogging machines, proper ventilation and even practices
such as social distancing.

There are multiple outbreaks reported for COVID-19 in public spaces, including
restaurants [1], hospitals, nightclubs, holly spaces or office spaces where people
may get into close contacts. Recent study indicates that aerosol transmission cannot
be ruled out as cause of these outbreaks, mainly in overpopulated and poorly
ventilated indoor spaces where COVID contracted people come in contact with
non-infected people. While additional studies are carrying out to inspect such
occurrences and evaluate the significance of COVID-19 spread, we recommend
simulation studies to understand the COVID-19 transmission behaviours in dif-
ferent scenarios such as through air, risk of transmission with and without various
type masks, effectiveness of social distancing, design of negative pressure room and
ventilator design etc. A detailed literature review on some of the simulation studies
related to this field is given below.

2 Simulation of Ventilation System of Hospital Room

With no proven treatment/medicine and daily increase in percentage of healthcare
professional infected via transmission by novel coronavirus is putting an massive
stress on healthcare infrastructures around the world. As a result, there is an
immediate need for low-cost testing and isolation rooms in high-population-density
areas to prepare for a worst-case community spread scenario. To isolate the infected
person from others and to take the samples, negative pressure rooms and booths are
used in hospitals. A specially ventilated room is used as negative pressure room,
where the operating pressure is kept lower than in the surrounding area so that there
is no considerable escape of contaminated air. By using computational fluid
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dynamics (CFD) study one can understand the contamination dispersion charac-
teristics and also can be used to design a modular negative pressure room that is
also easy to manufacture. CFD analysis optimizes the airflow pattern and
temperature distribution to accomplish a better thermal control level. Engineers
devised and assessed many ventilation design concepts for this study in order to
determine the most effective for eliminating contaminated air from the isolation
room and the best choice for physical prototype. In this pandemic situation using
CFD analysis helps to better understand the COVID-19 dispersion characteristics as
well as helps in building easy to manufacture cost-effective ventilation systems for
hospital rooms.

During past years, numerous studies have concentrated on computational models
utilizing fluid dynamics to explore flow analysis and the associated transmission of
contamination in hospital space for various ventilation frameworks [1–5]. The
major consideration in these studies were the assessment of the impacts of venti-
lation and negative pressure rooms in spreading the infection. The HVAC design
will always aid to control negative pressure inside isolation rooms and to safeguard
hospital staff, patients and companions. The isolation room maintains negative
pressure to decrease the flee of aerosols, and the high air exchange rate can quickly
remove aerosols, thereby eliminating the spread of infectious aerosols to the
outdoors.

After SARS outbreak Li et al. [6] did a review on the effect of ventilation in the
construction environment on the spread of infectious agents in the air. They did a
vast study on the major literature databases between the time span of 1960 and
2005, and then based on the title, abstract and a set of other criteria finally selected
40 original studies. They established a review team consisting of medical and
engineering specialist in the fields of microbiology, medicine, epidemiology, indoor
air quality and building ventilation. Out of 40 the panel systematically assessed 10
selected studies with regard to the association between building ventilation and the
transmission of airborne infection. They found that there is sufficient and adequate
evidence to prove the relationship between building ventilation and air circulation
and the spread of infectious diseases such as measles, tuberculosis, chickenpox,
influenza, smallpox and SARS.

Kermani [7] analysed the airflow pattern and aerosol transmission in a single-bed
hospital room. Aerosol spread from the patient’s respiratory organs and the total
thermal comfort of the isolation room are discussed in his paper. The proposed
model includes a bed, a patient, a doctor, a wardrobe, a lamp, medical equipment
and an inlet and exhaust system. He considered forced and natural ventilation, and
the flow of bacterial trace produced by infected patients. The proposed room
geometry is shown in Fig. 1. According to the ASHRAE 170 standard, the venti-
lation rate of healthcare facilities is 6 ACH (air changes per hour). The air comes
through the ceiling diffuser (entrance) in room at a temperature of 20 °C and then
exits through a grill (exit) installed on the ceiling as shown in Fig. 1. The extension
area of the entrance and exit is small to rule out numerical uncertainty. A lamp is
considered as the heat source in the proposed model and is placed amongst the
entrance and exit, and the medical equipment was placed in the corner of the room.
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Moreover, a consistent heat flux will be there in the room produced by the doctor
and infected person.

He utilized turbulent flow and heat transfer calculations in COMSOL
Multiphysics software to get airflow owing to natural and induced convection in the
hospital room. These physics solve the air-coupled Navier–Stokes and continuity
equations and the thermal convection and diffusion equations. The turbulence is
solved by using the stable and stable k-x (k-x) turbulence model. Figure 2 shows
the temperature distribution and velocity vector near the doctor and patient. After
computing the temperature and velocity distribution particle tracing module in
simulation software is used to analyse the spreading of bacteria in the room due to
coughing. He used massless particle design for this study with a total of 250
bacterial particles. Through this research, he tried to estimate the fraction of bacteria
escaping the room through the ventilation system.

In his study, he concluded that less than 30 s after coughing, no bacteria left the
room where 8% of the bacteria remained in the room after 300 s, which in turn can
cause infection spread. Figure 3 shows the movement of bacteria at 30, 60, 180 and
230 s after coughing. Thirty seconds after coughing, most bacteria leave the room
through exhaust. Still, about 10% of them stayed in the room and shifted to the
bottom corner of the room in the next 30 s. Figure 3c indicates that, in the next
180 s, they are gradually travelling parallel to the floor and towards the patient
again. Approximately 2% of the remaining bacteria exit room 220 s after coughing.
The remaining 8% of the bacteria as shown in Fig. 3d may contaminate the whole
room and surge the risk of airborne contaminations.

Fig. 1 Hospital room layout
(reused from Alireza Kermani
2015)
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In another study Mahajan et al. [8] studied about the airflow simulation of an
isolation room using CFD technique. A three-dimensional model of an isolation
room of size 4 � 4 � 2.5 m3 comprises of stationary man and patient is modelled
in SolidWorks software. The isolation room is discretized hexahedrally using finite
volume approach with blocking methodology and is simulated using
ANSYS FLUENT tool. The flow physics of airflow is simulated around the sta-
tionary man and the patient using steady-state simulation and the velocity, pressure
and temperature behaviour were observed by plotting contours.

Balocco [9] did a hospital ventilation simulation to investigate possible con-
taminant exposure. He started with the hypothesis that patients could have a risk for
airborne disease in isolation rooms due to either poorly planned or wrongly func-
tioning ventilation system. The paper investigates the conditions that particles
discharged from patients during coughing can have an increased possibility of
interfering with the patient’s breathing and vice versa though Multiphysics
approaches along with critic review of literature results and experimental evidences.
Since there are various practical difficulties such as long lead time for legal
approvals, hospital technicians’ low cooperation, unable to do spot test to collect
the real experimental measurements, etc., leads to the importance of using
CFD-FEM simulation to validate the experimental evidences. In this study as model
was defined relating droplet dispersion due to cough and sneeze that can carry virus
and carried out CFD-FEM transient simulation based on Multiphysics approach.

In this article, Group considered 10 lm particle and are contagious up to 2-m
distances. As per the report from [10, 11], particle with above-mentioned dimension
stay in the air up to 491 s while moving with a trajectory of 1.5 m. Particles with
dimension greater than 50 lm cannot remain in air for a longer period of time hence
the chance of infection through inhalation is rare. Besides, particles of the size of
1.0 lm evaporate very quickly. In this proposed model team used Cunningham Slip
Correction (Cc) to predict the drag force between a fluid and a particle moving
through this fluid [12–14] because the fluid is no longer continuous when particle
diameters become small [12, 13, 15]. In this scenario, the drag coefficient on each

Fig. 2 Temperature distribution and velocity vector in the room. The colour legend corresponds
to the temperature (°C) (reused from Alireza Kermani 2015)
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particle must be divided by the Cunningham correction factor and the correction
factor is greater than 1, which means drag coefficient goes down for these effective
particles.

Using CAD database, 3D model of the isolation room was designed. Team used
SolidWorks 2009 commercial design software and solid-modelled the inlet high
induction air diffuser by progressively varying its shape considering tilt and
directionality of its fins. CFD-FEM simulations were carried out by using
COMSOL Multiphysics software (Fig. 4).

Fig. 3 Particle tracing showing the motion of bacteria particles at 30, 60, 180 and 230 s after
patient coughing. Particle colour corresponds to velocity (m/s) (reused from Alireza Kermani
2015)
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Simulation was conducted for two patients’ coughing and breathing processes
that lasts for 60 s to study airflow patterns and effectiveness of ventilation system
inside the room. From the simulation it has been observed that the particle density is
more in the breathing area (near source) at about 10 cm, and the velocity field
mainly rise to the ceiling due to the combined effect of the ventilation with the
temperature gradient (Fig. 5). The particle tracing results highlights the fact that the
position of the air return diffusers and central high induction air supply are not
successful in eliminating particles and viruses at the patient’s breathing area. Due to
coughing, the diffusion flux and concentration of particles highlight the position of
particles with a diameter of about 510-lm during the cough as shown in Fig. 5.
These trajectories in Fig. 5 state the initial momentary position of these particles
overlapping with the oral cavity surface of the coughing patient.

This study provides useful indications for infection control and effective design
and optimization of ventilation systems in the studied isolation room. This study
also helps to predict the best way to select type and position of the high inlet air
diffuser in order to reduce the mixing between supply air and the air in the room.
A mean velocity of 0.25 m/s is obtained at the patients’ bed which comes under the
recommended threshold value and can be used to predict the contagious zone in the
room. The result also predicts the exact location of air diffuser to be close to the
floor and among and behind the head of two patients. The residual bio-aerosol
concentration was also studied for the open-door condition and the result for both
open- and closed-door condition suggest the best safety distance between the beds
to control the transmission of infection in patients as well as in medical staff and
visitors.

This study mainly focusses on use of ventilation system in the isolation room
especially in the zone between two beds to improve efficiency of contamination
removal, though the current ventilation system is not adequate to control the con-
tamination due to coughing and sneezing. Result highlights the deficiency of

Fig. 4 The 3D geometry of
the isolation room with the air
inlet (A) and air return (B, C,
D) diffusers (reused from
Balocco2011)
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Fig. 5 Particle concentration and diffusive flux, model_3, at X a 30 s and b 60 s of transient
simulation (reused from Balocco 2011)
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current ventilation system’s capability to control contamination through open door.
This paper also highlights this usage of cost-effective CFD-FEM simulation to
determine ventilation system’s efficiency by replicating real scenarios and
extending its application to evaluate efficiency in real scenarios as well. This
method also has multiple application in other private and public places.

Jacob et al. [16] in his research paper tried to optimize the ventilation plan
towards contaminant suppression in the isolation room. A CFD-FVM analysis is
done for an isolation room by using Navier–Stokes and energy equation with the
help of appropriate boundary conditions. During CFD simulation, patient body is
replaced with a semi-cylindrical shape with constant heat source. Using CFD sol-
ver, team simulated the bed position and air inlet position in the isolation room for
an infectious and immune-suppressed patient.

These two configurations were simulated to study the velocity and temperature
profiles of the isolation room. The study suggests the best position to place the
immune-suppressed patient and SARS infected patient to reduce the transmission of
the contamination, results suggest to place the infected patient near the exhaust to
flush out the droplet through the exhaust as soon as they generated and
immune-suppressed patient near the air supply to avoid getting infection through
the air.

“Safe ventilation rate” has been determined by Jiang et al. [17] to eliminate
hospital-based airborne virus infections and prevent cross-infection of severe acute
respiratory syndrome (SARS). They used a simulation method to reproduce three
actual cases, among them when SARS patients were hospitalized in a nearby room,
a group of hospital occupants reportedly infected or not. This work offers a method
for exploring the effective ventilation rate from an engineering perspective.

Computational fluid dynamics (CFD) and multi-zone model-based simulations
were carried out to understand the dilution level of SARS virus filled aerosols
during these three cases along with a series of measurements. A safe ventilation
rates (dilution level) for SARS infection and non-infection were determined based
on these scenarios and that for a SARS patient to eliminate the air bone viral
infection is to dilute the air emitted from the patient by 10,000 times with clean air.

According to the investigation, they concluded that keeping the SARS virus
constant above a certain level will lead to a higher probability of infection. The
study concluded that when the dilution relative to air is less than 1000 times and the
average exhaust volume is 0.3 m3/h per person, the risk of pollution is high, while
the dilution is higher than 10,000 times, resulting in a low risk of infection. At the
same time, since infection is a very complex process and involves many factors,
more research in this area is needed to establish a clear boundary between safe
dilution rate and dangerous dilution rate. Therefore, these results indicate that the
use of simulation tools to reproduce actual infected and non-infected cases is an
effective technique for determining safe ventilation rates to maintain a non-infected
building environment. In addition, it provides a way to study the necessary venti-
lation rate from an engineering perspective.
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3 Simulation Related to Social Distancing
and Respirator Mask

In order to get proof and gain visibility into the “social distancing” Feng et al. [18]
used a computational fluid-particle dynamics (CFPD) model for simulating the
instantaneous migration, condensation/evaporation and deposition of SARS-CoV-2
filled droplets released by coughing under diverse environmental wind speeds and
relative humidity (RHs). The initial droplet diameter ranges from 2 to 2000 lm, and
the wind speed ranges from 0 to 16 km/h, representing different wind forces from
stable air to moderate breeze, and considering the relative humidity of 40% and
99.5%. Feng et al. also investigated the effect of mask on minimizing spread of
droplets released during coughing. A closed rectangular parallelepiped space was
reconstructed, in which there were two human samples set up virtually and placed
at distance of 1.83 m and 3.05 m, respectively. Well-known Euler–Lagrange-based
multiphase flow model is applied to study the behaviours of virus filled droplets
produced by coughing. Key behaviours studied are droplet’s movement, variation
in size and deposition. The methodology they used in this work is listed below [18].

Methodology

1. 3D modelling and Meshing—a closed rectangular parallelepiped space was
reconstructed, in which there were two human samples set up virtually and
placed at distance of 1.83 m and 3.05 m, respectively.

2. Numerical modelling—Euler–Lagrange-based multiphase flow model is applied
to study the behaviours of virus filled droplets produced by coughing. Key
behaviours studied are droplet’s movement, variation in size and deposition.

3. Boundary and initial condition

• Transient cough-jet airflow waveform—modelled the waveform using the
experimental data drawn from study conducted on 25 subject’s cough
patterns

• Initial size distribution of cough droplet—the initial droplet diameter ranges
from 2 to 2000 lm

• Boundary conditions—when a droplet is deposited on the boundary or
escapes from the computational domain, the size and spatial position of the
droplet are recorded.

• Initial condition

– Wind speed—0 to 16 km/h
– Air inlet temperature—27 °C
– Humidity—RH = 40%, for ideal condition, and RH = 99.5% for upper

limit.
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4. Numerical calculation

To model the transient airborne propagation of cough droplets transported by
ambient airflow under condensation and/or evaporation, ANSYS Fluent 2019 is
utilized. The highest droplet time step is 1.0e−5 s, while the flow time step is
1.0e−3 s [18].

The ambient wind enhances the secondary flow through the recirculation in the
computational domain. Micro-droplets deposit on both human bodies and head
regions by following the airflow streamlines well even with the 3.05-m (10-feet)
separation distance and some of them travels a distance more than 3.05 m due to
wind triggering potential risk to nearby people. Relative humidity has an effect on
droplet dispersion as RH increases it will in turn increases the droplet size which
will result in deposition of these droplets on both humans and ground. This study
shows that the six-feet social distancing standard may not be sufficient to limit
interpersonal aerosol transmission, because suspended droplets are affected by
convective effects and can be removed from a person’s cough/sneeze in less than
5 s. The sneeze can also be transferred to another person, under complicated
environmental wind and relative humidity conditions. Also, it reports the behaviour
of virus filled droplet released during coughing and it includes the location and
particle size at different instances from t = 1.0 s to t = 15.0 s. When the ambient
wind velocity is zero, droplets can only receive momentum and energy from the
cough jet. Large droplets can be found to travel faster and remain more concen-
trated than small droplets. On the contrary, as the ratio of surface area to volume
increases, the small droplet loses its initial momentum and kinetic energy more
quickly due to the viscous dissipation effect of resistance.

Therefore, they disperse very quickly in static air. This study proves that under
the existing social distancing policy of 1.83 m (6 feet), droplets can still be
transmitted to the head area of the human model standing 6 feet from the trans-
mitter. Thus, even for ideal static air conditions, existing social distancing policies
may not be 100% safe. When wind velocity, Vin = 5.5 m/s, wind convection
dominates the small droplet trajectory. Specifically, the droplets are confined in an
area whose width is roughly equal to the width of the shoulder. Meanwhile, the
horizontal recirculation flows to the centre line between two people who are sep-
arated by six-feet distance. In addition, the main convection transfers additional
momentum and kinetic energy to the droplets and accelerates the droplets to move
quickly along the airflow streamline to the head of a healthy person standing 6 feet
away from the person who is coughing. Compared with static air, it has a recir-
culation effect in the vertical direction, and some droplets move backwards and stay
around the person who is coughing. Hence, the ambient wind will make the
transport dynamics of aerosols further complicated and may offer them with higher
kinetic energy and make them spread farther in the air.
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To explore the efficiency of mask, a N95 mask model was recreated and kept
adjacent to the virtual human model who coughs. To study the worst-case situation
of inappropriate mask usage the average gap between the profile and the edge of the
N95 mask was deliberately magnified by 1.8 cm. For the simulation with the N95
mask, the riskiest case of Lsd = 1.83 m (6 feet), Vin = 5.5 m/s and RH = 99.5%
was picked. The droplet transport dynamics are visualized at various time stations
for comparisons without N95 mask. While there are still cough droplets that the
mask cannot catch, the total number of cough droplets dispersed in the air is much
lower compared to the case without a face mask. With a mask, the droplets in the air
are moderately low. The initial time they enter the free air stream is somewhat
delayed. The mainstream airflow can still follow these tiny droplets and enter the
virtual individual on the right. Therefore, it can be concluded that wearing a mask
can essentially decrease the spread of cough droplets in the air even if it is not
properly sealed with the face. It is suggested that people wear face coverings to
minimize the gap between faces to maximize the effect. In order to slow down the
spread of the COVID-19 virus through the air, even though a “social distance”
policy of roughly 1.83 m (6 feet) is suggested, it still needs to be carefully studied.
By using the CFPD method to visualize the trajectory and fate of SARS-CoV-2
filled droplets under numerous environmental circumstances and to simulate the
condensation/evaporation effect between surrounding water vapour and droplets,
this study found that 1.83 m (6 feet). The social distancing policy is the “minimum
requirement”, and due to the complexity of the environmental wind conditions, it is
not enough to avoid exposure to SARS-CoV-2. These assumptions do not take into
account the sneezing droplet cloud, which may span approximately 8 m (27 feet).
Therefore, the height of safe social distance depends on different factors, so it is
strongly suggested that people wear masks and other face shields in public places.
The main inferences from the study are as follows: (1) coughing COVID-19 carriers
can release micron-sized virus droplets, which can still survive in the air, keeping
healthy people away from the source (6 feet) and far away (10 feet) in a static air
environment. (2) The influence of wind on the transport and deposition of droplets
is complicated and heavily reliant on the wake pattern and local secondary flow
strength between two virtual humans and the stability of the wind. To be sure, the
current six-foot social distancing policy is not enough to protect people from
SARS-CoV-2 exposure caused by coughing and surrounding wind. (3) A higher
RH = 99.5% results in a higher fraction of deposition on the human body and the
ground, which is not inherently correlated with a higher risk of exposure. A higher
RH = 99.5% can enhance the condensation effect, and the size of the cough droplet
will continue to grow during the propagation in the air until the partial pressure of
the droplet surface is equal to the saturation pressure of water vapour. Conversely,
RH = 40% triggers the evaporation of water in the cough droplet, which results in a
decrease in droplet size, which may result in a longer suspension in the air. Though
the cough droplet depositions on the human body can be reduced by longer social
distances, there are still SARS-CoV-2 laden droplets that can append or deposit on
the healthy human near the head area. The suspension of tiny droplets in the air can

158 E. V. Bhavya and B. Choudhury



be greatly decreased even when wearing facial masks in an unrealistically loose
state while coughing.

Lei et al. [19] used CFD simulation and infrared imaging technology to evaluate
the leakage of the face seal of the respirator. They used CFD simulation methods to
predict the leakage between the N95 filter mask respirator (FFR) and the head
mould, and used infrared camera (IRC) methods to verify the CFD method.
The CFD method is used to calculate the leak position and the “filter-end seal
leakage” (FTFL) ratio of 10 head moulds and 6 FFRs. The calculated geometry and
leakage gap are determined by analysing the contact simulation results between
each headform-N95 FFR combination. The volume grid is constructed using a mesh
generation method developed by the author. The breathing air passes through the
FFR filter media and the leakage gap. These leakage gaps are zones where no seal is
formed around the FFR. The effectiveness of the CFD method was verified by
comparing the facial temperature and leakage location measured by IRC with eight
subjects. Most leakage occurs in the nose (40%) and right (26%) and left cheek
(26%). The findings also suggest that when using N95 FFR (no exhalation valve),
the skin temperature in the area near the lips increases and can affect the thermal
comfort.

The breathing rate and viscous resistance coefficient of the FFR filter media
directly change the FTFL ratio, whereas the flow has no effect on the FTFL ratio. If
the limitation can be overcome, the recommended CFD method is a promising
alternative to studying FFR leakage. This research developed a method for studying
the internal flow in the volume formed between the FFR and the head mould
surface (FFR dead space) and the flow outside the FFR based on earlier work [20].
The CFD method is used to simulate the airflow and heat transfer on the face. An
algorithm for generating mesh flow field for CFD simulation is developed.
Calculated the facial temperature profile over time to determine the location of the
leak. The face temperature and leak location in the experiment and simulation were
compared for verification.

Ten FE head forms were reconstructed from the digital models of six-N95 FFRs
using the method developed by Lei et al. [21]. In every head form geometry, six
regions namely forehead, left cheek, right cheek, chin, neck and back of the head
were considered. Facial and jugular regions have multilayer structures in which the
skin layer is at the head form surface and the bone layer is at the innermost level of
the head form [20, 22]. The conditions under which almost all inhaled and inhaled
air pass through the filter media define a proper fit. If air leaks through the boundary
between the face and the surface of the respirator, a leak will occur. All through
exhalation, the breathing air will flow out of the nostrils and enter the dead corner
defined by the innermost surface of the respirator, where it partially touches the
face. During inhalation, dead space air enters the nostrils, creating a negative
pressure field, which makes the air to move from the exterior to the inside of the
mask. Therefore, the airflow field comprises three areas: between the head form and
the respirator, inside the filter media and outside the respirator. The CFD simulation
includes four parts: creating the meshed area of the airflow field, defining the
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mathematical model of flow and heat transfer, choosing the appropriate solver and
analysing the temperature, pressure and velocity fields.

Some of the assumptions they considered during the research were: (i) only nasal
breathing; (ii) for heat transfer issues, only conduction and convection are con-
sidered because radiation and water evaporation were ignored; (iii) breathing air-
flow was not hindered by ears or back of the head; (iii) there were no FER
variations and no head movement; and (iv) No deformation of the respirator during
the CFD simulation. Possible error that causes the difference between simulation
and experiment results include the contributions of the above-mentioned assump-
tions, the difference between the subject’s face and head morphological models,
numerical errors, and experimental errors. In this study, Lei et al. discovered that
majority of leaks occur in the nose and cheek regions. 40% leak appeared near nose
and 26% leak appeared near left and right cheek areas. The results also revealed that
when using N95 FFR without exhalation valves, there was an increase in skin
temperature near the lip, which could be related to thermal discomfort.

In a study, Oestenstad et al. [23] found that leakage from the nose, cheeks and
chin responsible for 53%, 14% and 34% of the total leakage, respectively. An
ongoing report presented that there is more leakage in the cheeks (40%), less
leakage in the nose (37%) and leakage in the chin (23%) [24]. These are not in line
with the trend of this research for CFD simulations or infrared images from the
human body. In the human body, the nose is usually the obvious leakage part, and
the chin is the least common leakage part. This may be because of different sub-
jects, respirators and methods of identifying the leak.

An article by Zhang et al. [25] proposed an improved filter mask respirator
(FFR) design to improve the wearer’s comfort during low-intensity work. The
improved FFR aims to reduce dead zone temperature and CO2 levels through active
ventilation fans. Reverse modelling is used to establish a 3D geometric model of the
FFR; then, computational fluid dynamics (CFD) simulation is introduced to study
the flow field. According to the simulation results, the improved FFR ventilation fan
can adapt to the flow field well when placed in the correct blowing direction. When
the fan blows inward, the streamlines are distributed in a cup shape, which perfectly
matches the shape of the FFR and the face.

The optimized flow field controls the CO2 volume percentage in the dead zone of
the enhanced FFR. Furthermore, an experimental prototype of the improved FFR
was tested to verify the simulation. The wireless temperature sensor detects tem-
perature changes within the prototype FFR. Compared with the ordinary FFR
without a fan, the dead zone temperature is reduced by 2 K. The infrared camera
(IRC) method is used to clarify the temperature distribution of the outer surface of
the prototype FFR and the wearer’s face, thereby significantly reducing the surface
temperature. The simulated internal and external temperature results are consistent
with the experimental results. Therefore, adding an inward blowing fan on the outer
surface of the N95 FFR is a feasible method to reduce the CO2 concentration in the
dead zone and improve the temperature comfort.

160 E. V. Bhavya and B. Choudhury



4 Antiviral Mask Simulation

4.1 Materials Used for Antiviral Property

Face masks have become part of our life in the fight against the coronavirus, to help
slow the spread of the deadly outbreak. Though commonly used masks are not
effective to stop viral infections, mask technology is relatively advanced to produce
mask with effective protection.

The nonwoven material in the mask filters the virus, but the lack of capability to
kill the virus makes the mask prone to cross-infection which in turn converts it to a
supplementary source of infection once after discarded. Hence an efficient and
effective protective mask should ideally have both filtering capability and antiviral
effect at the same time.

Medical masks and personal protective equipment are used to efficiently filter the
droplets, respiratory secretions and body fluids. The medical protective masks are
made considering the end user comfort, so these masks are created using multiple
nonwoven layers, including functional wet-resistant nonwoven layer, melt blown
nonwoven layer and skin-friendly nonwoven layer. Interception, inertial impact and
electrostatic deposition are the three main filtering mechanisms which are primarily
used. Filtration and particle characteristics are the parameters mainly used to
determine the protection effectiveness of the regular protective masks. Key filtration
characteristics includes thickness, packing density, fibre diameter and charge of
filed nonwoven layers and particle characteristics include diameter, density and
velocity.

Current advancements in nanotechnology open a wide scope in antiviral mask
production by successfully evaluating antiviral nanomaterial and incorporating it in
to the mask technology to reduce the virus transmission. An antiviral mask can be
made by integrating the antiviral nanomaterial in the fibre or nonwoven fabric
material in the commonly used mask. Both organic and inorganic materials can be
used as the functional element for this purpose [26]. Antiviral personal protective
devices including face masks are gaining attention of both industrialists and aca-
demicians and various researches are in progress for this area. This section details
the recent studies and findings in antiviral agents and relevant results via simulation
with the mask. Improving antiviral capability can directly correlate the efficiency of
the mask and mitigate the risk of cross-infection or secondary infection while using
or managing the mask. Current study also indicates the grater applicability of
nanotechnology to transform the design and effectiveness these protection devices.

4.1.1 Silver-Based Antiviral Nanoparticles

Silver, an inorganic material which is known for its anti-pathogen behaviours and
also comes up with a great anti-microbial property, can be considered as antiviral
agent. When the virus comes in contact with a silver surface, the silver nanoparticle
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(Ag NPs) interacts with the outer layer of the virus thereby preventing it to pene-
trate into the host cell. The antiviral property of Ag NPs is mainly attributed to the
average particle size. A lot of studies are already conducted to understand the
antiviral property of silver nanoparticle. Orlowski et al. [27] reported the synthesis
of Ag NPs with a particle size of 33 nm, successfully manage the herpes simplex
virus type 2 (HSV-2) infection in mice by hindering the adhesion of the virus to
host cells. Average particle size of the nanoparticle effects the antiviral property
along with this to enhance the antiviral action, a few therapeutic agents can also be
used as the surface ligands for Ag NPs. Li et al. [28] synthesized Ag with
Oseltamivir (Ag@OTV) NPs with a typical size of 3 nm by using OTV as a surface
modifier. Ag@OTV solution was used to culture the cells infected with influenza
virus (H1N1), and the cell survival rate was 90%, it continued higher than that of
bare AG MPs (65%). Adding OTV ligands enhanced the anti-infection capability of
Ag NPs. Ag@OTV could successfully hinder H1N1 influenza by generating
virus-induced apoptosis of host cells. Likewise, other therapeutic agents (such as
amantadine [29], zanamivir [30], and aminoadamantane [31]) were also investi-
gated with Ag NPs to boost the antiviral activity.

Even other silver compounds apart from silver nanoparticles, act as effective
antiviral agents. While considering the antiviral capability of silver nanoparticle, yet
there is a genuine challenge in combination of silver NPs with fibres, and their
integration with personal protection equipment. Surface coating can be used as an
effective technology for this application. Tang et al. [32] tried to integrate the silver
nanoparticle on silk by using surface coating technology. As a result of Plasmon
resonance effect of Ag NP, Ag NP shows an exceptional pathogen destroying
capability and is visually recorded by a colour change. When the silk fibre deco-
rated with silver nanoparticles comes into contact with E. coli specimen, more than
99% of E. coli specimen were killed. When coated by Ag NPs, other fibre materials
(such as polyester [33], cotton [34] and chitosan [35]) can also significantly stim-
ulate antibacterial activity. However, so far, there are few research results and
evidence on the antiviral properties of fibres modified with silver nanoparticles, and
this still needs to be focussed in a broader arena.

4.1.2 Gold-Based Nanoparticles (Au NPs)

Au NPs have exceptional biocompatibility, stability and capability to bind to bio-
logical ligands (bioconjugation), that are all closely related to the application of
antiviral materials. It has been recognized that the mechanism of Au NP inhibiting
the virus is based on blocking the combination of virus particles and cells, thereby
inhibiting the attachment/entry of the virus and controlling the spread of the virus
between cells.

In another study, Li et al. [36] manufactured BNA conjugated networks of gold
nanoparticles (DNA-Au NPs) to enhance the specificity of gold-based antiviral
materials. This material exhibits excellent antiviral property in opposition to res-
piratory syncytial virus (RSV). Once the DNA-Au NPs network and RSV virus and
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cells are cultured together, the cell survival rate exceeds 90%. This DNA-Au NPs
network forms a protecting layer on the cell membrane to inhibit virus infection,
thus stopping the attachment and entry of the virus, budding and spreading between
cells. Diverse forms of gold nanoparticles have dissimilar antiviral characteristics
and mechanisms. Bawage et al. [37] proposed the antiviral mechanism of gold
nanorods (45 nm � 10 nm) against RSV. In the 2.5 lg/mL content of gold
nanorods, the survival rate of RSV-infected cells was 82%. Gold nanorods inhibit
viral infections mainly by inducing cellular immune responses.

To diminish the toxicity of Au NPs and enhance their performance, Carja et al.
proposed a new method [38]. By accumulating gold nanoparticles (3.5 nm) on
large-scale double hydroxide layers (LDHs, 150 nm), micro-nano-hybrid materials
(Au NPs/LDHs) were constructed. These hybrid materials show exceptional
antiviral ability at dilute state also, and the cell survival rate after hepatitis B virus
(HBV) infection exceeds 90%. The gold nanoparticle from the mixture directly
interacts with virus and traps the virus in the cells and prevents it from spreading
between cells. Nevertheless, they are not commonly used in personal protective
equipment because of their high cost.

4.1.3 Copper-Based Nanoparticles

Since copper oxide nanoparticles are a good candidate for antibacterial materials
because of their nominal price, great stability and broad antibacterial properties [39,
40], it has also been studied by researchers to evaluate its fitment as an antiviral
agent. The study shows copper oxide nanoparticle can use as a potential antiviral
agent because its capability to destroy and degrade virus’ genome. Borkow et al.
[41] stated the creation of antiviral respiratory protective face mask by impregna-
tion of copper oxide nanoparticles (CuO NPs) into an N95 mask so as to investigate
the relevance of copper oxide nanoparticle in respiratory mask. The selected N95
mask was composed of four layers in which the inner layer and outer layer were
composed of different fibre fineness. The presence of evenly distributed CuO NPs
in the masks destroy the virus which were remained in the mask. By coating the
copper oxide nanoparticle with N95 mask makes it more efficient and improves the
antiviral effect five orders of magnitude.

4.1.4 Carbon-Based Materials

Carbon atoms can take different forms to become various allotropes, such as 0D
carbon dots (CDs), 1D carbon nanotubes (CNTs), 2D graphene and 3D diamond.
Different studies were conducted to evaluate the anti-microbial effect of carbon
allotropes and turn out the unique antibacterial effect comes from their physical and
chemical properties.

From these allotropes two-dimensional graphene oxide (GO) has shown excel-
lent anti-pathogen characteristics compared to other allotropes. In one of the studies
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Ye et al. [42] investigated the broad-spectrum antiviral activity of GO against
pseudorabies virus [PRV, a DNA virus] and porcine epidemic diarrhoea virus
[PEDV, an RNA virus]. Go and rGO’s’ unique single-layer structure and surficial
negative charges give rise to their interesting antiviral properties. When GO con-
centration is adjusting to 6 lg/mL in medium, cell infection caused by PRV and
PEDV can be restricted to the magnitude of two orders. The negatively charged GO
electrostatically reacts with virus which leads to destruction of sharp edges and
single-layer structure of the virus. While there is controversy about GO’s antiviral
mechanism, Sametband et al. [43] stated that GO prevents herpes simplex virus
type1(HSV-1) infections. Furthermore, it is still an unsolved problem to use
carbon-based antiviral agent along with fibres without deviating from carbon
molecule’s physical and chemical properties.

5 Conclusion/Summary

Millions of lives across the world have been affected by the COVID-19 pandemic,
and everyone is still fighting to get through this stage of their lives together, and the
whole world is trying to find a cure against this virus. Every person from different
aspect of their life is trying to help the authority to tackle the infection. Doctors and
healthcare officials are in the forefront of treating the COVID-19 infected indi-
viduals and social workers are at the forefront of ensuring that everybody gets the
care and services they need, and researchers are trying to find a cure for this virus,
and engineers are trying to build cost-effective ventilator systems and material
researchers are trying to identify antiviral materials that can be used in masks and
personal protective equipment. So now the fight against COVID is multidisci-
plinary, and in their own ways, everybody is trying to help. This chapter tried to
summarize some of the simulation studies carried out to assess the efficacy of
ventilation systems and the correct use of masks to minimize COVID-19 infection
and also tried to integrate some of the studies already done in antiviral materials that
can be used in masks and personal protective equipment.
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Chapter 10
A Detailed Scientometric Review
of Coronavirus Research

A. K. Srivastava, Sarika Verma, Medha Mili, Samarendra Maji,
Arfat Anis, S. A. R. Hashmi, and Kunal Pal

1 Introduction

In late December 2019, an emergence (COVID-19) was first diagnosed in Wuhan,
China, occurring due to a novel coronavirus [1]. The coronavirus has now been
rapidly spread to almost all parts of the world [2]. The global outbreak of the novel
coronavirus disease or COVID-19 has been declared as a pandemic like Ebola,
Zika, and Nipah by the World Health Organization (WHO) on March 12, 2020 [2].
This is now considered to be of major international concern toward public health.
The coronavirus disease (COVID‐19) is triggered by 2019‐nCoV or most com-
monly known as severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
belonging to the b‐coronavirus cluster [3].

Earlier, the world has witnessed an endemic situation in Guangdong, China
(2002), due to a severe acute respiratory syndrome (SARS) outbreak that was
caused by SARS-CoV [4]. After a decade in the year 2012, an endemic occurred in
the Middle Eastern countries that were caused by Middle East respiratory syndrome
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coronavirus (MERS-CoV) [5]. Both the SARS-CoV and MERS-CoV belong to the
b-coronavirus subgroup.

According to the report of the World Health Organization (WHO), the COVID‐
19 epidemic has already affected millions of people across the globe. The data itself
is alarming, and the entire humanity is battling this era’s most gut-wrenching war.
However, till date, in the absence of specific therapeutic drugs or clinically
approved vaccines for COVID-19, intensive research is urgently needed on the
newly emerged SARS-CoV-2 to identify potential drug targets and for the eradi-
cation of the pathogenic mechanisms and epidemiological characteristics for the
development of effective strategies for its prevention and treatment.

Coronaviruses (CoVs) consist of a single-stranded positive-sense RNA genome
encapsulated within a membrane envelope [6, 7]. The coronaviruses consist of
glycoprotein spikes on its outer surface, which are responsible for the attachment
and entry of the virus to the host cells [8]. The receptor-binding domain (RBD) is
loosely attached among the virus, which allows the virus to infect multiple hosts
[9]. Their genomes contain 29,891 nucleotides that encode for 9860 amino acids
[10]. CoVs are classified into four genera: Alphacoronavirus (alphaCoV),
Betacoronavirus (betaCoV), Deltacoronavirus (deltaCoV), and Gammacoronavirus
(gammaCoV) [11]. The SARS-CoV-2 belongs to the betaCoVs category and has a
round, elliptic, or pleomorphic form, which has a diameter of 60–140 nm (approx.)
[12, 13]. Similar to the other CoVs, they are sensitive to ultraviolet rays and heat.
SARS-CoV-2 also possesses the typical coronavirus structure with spike protein
[2]. This spike protein consists of a 3-D structure in the RBD region, which
interacts with the host cells through the Van der Waals forces.

As reported in the literature, the SARS-CoV-2 also uses the same
angiotensin-converting enzyme 2 (ACE2) cell receptor and the mechanism, which
was previously used by the SARS-CoV for its entry into the host cell [7, 14].
SARS-CoV-2, similar to SARS-CoV and MERS-CoV, also attacks the lower res-
piratory system that causes viral pneumonia. Further, the virus also affects the
gastrointestinal system, liver, kidney, heart, and central nervous system that lead to
multiple organ failure [15].

According to recent information, SARS-CoV-2 is more transmissible/more
contagious than SARS-CoV [7, 16]. A published report has revealed that the
binding affinity of SARS-CoV-2 S protein to ACE2 is about 10−20 times higher
than that of SARS-CoV S protein, which is speculated to be the reason behind the
high transmissibility and contagiousness of SARS-CoV-2 as compared to
SARS-CoV [7]. At the onset of the COVID-19, the main symptoms include fever,
dry cough, fatigue, headache, and sore throat [17].

In severe cases, the patients may suffer from dyspnea and/or hypoxemia one
week after the onset of the disease. But sometimes patients with even no obvious
fever, mild fatigue, and no pneumonia, known as asymptomatic cases, can also
spread SARS-CoV-2 between humans. The spread of the deadly virus from
human-to-human is known to be transmitted via droplets or direct contact. Thus,
there has been an urgent need for coronavirus-based research for detailed analysis in
recent years. This will help in the availability of analyzed data under one common
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umbrella and thus will be helpful in future research work related to coronavirus.
Unfortunately, there is no such scientometric review of the coronavirus-based
research till now. A considerable amount of knowledge can be gained in a specific
domain by having a systematic literature review in a relatively short time [18]. One
of the quickest methods is the bibliometric analysis to perform literature review of a
specific area for a large number of publications [18]. The bibliometric analysis
supports us by providing the current trends in research of a specific field along with
detailed understanding of the various relationship of author citation and author
cooperation etc.

In view of the above discussions, we propose to introduce the bibliometric
analysis of research based on coronavirus so as to gain an insight of the influential
authors, institutions, and countries involved in the said research field, the most cited
research articles and journals, and lastly, the recent trends in the field of the study.
For the bibliometric analysis, the records of publications were retrieved from the
database of Web of Science.

2 Methodology

2.1 Data Source

Publication information was obtained using the search engine of Web of Science
(WOS) database, SCI-Expanded, which was deemed as the optimal database, was
analyzed via bibliometric analysis.

2.2 Search Strategy

All the publication information was extracted from the Web of Science, and the
database was collected on April 16, 2020. In our study, the research terms used for
searching the articles were as follows: The database search was conducted using the
parameters: TS = ((coronavirus) OR (coronavirus)). There was no restriction on the
timespan, which resulted in the fetching of the documents from the year 2000 to
2020.

2.3 Data Collection

The total number of documents obtained was 11,925. From the obtained pool of
publications, the document type was restricted to “Article,” which reduced the
count of publications to 9450. Further, the articles in “English” language were
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segregated. This process brought down the total number of documents to 9257.
Then, the “full records with references” data of these publications were downloaded
as.txt files with the Tab-delimited (Win, UTF-8) file format. The information on
citations, bibliography, abstract and keywords, funding details, and all other
information was exported as CSV files from the analyzed results of the Web of
Science search engine.

2.4 Bibliometric and Visualized Analysis

The bibliometric analysis was performed using the VOS viewer software, devel-
oped by Van Eck and Waltman [19]. The intrinsic function of Web of Science was
used to describe the essential features of the eligible desired publications network.
These networks commonly include global researchers, journals, or individual
publications and can be developed based on various factors like bibliographic
couplings, citations, co-citations, authorship or co-authorship relationships, funding
agencies, publication source, etc. The VOS viewer software creates a graphical
representation of the bibliometric data [19]. The distances between the nodes within
the graphical representation are related with the closeness between the nodes.
Different bibliometric maps were generated and analyzed [18, 19].

3 Results and Discussions

3.1 Yearly Distribution and Trend of Growth

Altogether, a total 9257 number of articles were published on the topic related to
coronavirus. This depicts that researchers and scientists had a great attraction and
interest in this research field. The total count of publications that are published on
year-on-year basis shows a good projection of the strength of research in a specific
field. The analysis of the trends in the number of publications per year may divulge
information on the research interest in the near future. A plot of the number of
publications versus cumulative publications on a year-on-year basis was used to
analyze the trend of research in the area of coronavirus in the past years (Fig. 1a).
The analysis of the plot suggested that the research in the related field could be
dated back to the year 2000. The highest number of publications (613 documents)
was published in the year 2004. But in the year 2020, until now, i.e., 16 April 2020,
381 articles already had been published. The year 2002 has witnessed a very less
number of publications (130 documents). Post-2002, there was an increase in the
publications, which reached the maximum in the year 2004. This can be accounted
for the fact that in late 2002, there was this SARS epidemic. Hence, there was a
sudden increase in the field of coronavirus. However, post-2004, there was a
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decrease in the annual publications of articles until the year 2012. In late 2012, there
was an outbreak of the Middle East respiratory syndrome (MERS). As a result of
that, there was again an increase in the research in the field of coronavirus. Since the
year 2014, the annual publications of the articles until the last year (2019) were
similar. From the previous trends, it is quite expected that the number of publica-
tions is bound to increase in the year 2020. As a matter of fact, within the first three
and a half months of the year 2020, nearly 400 articles on coronavirus have already
been published. For the analysis of the graph of cumulative publications, the time
period could be broadly divided into three main zones. The first zone of the period
is between the years 2000 and 2004, wherein the research on coronavirus was
increasing at a slow pace. Subsequently, during the period of 2004 to 2012, the
momentum on the coronavirus research initially picked up. However, post-2006,
the momentum was lost. In the third phase (2013–till date), there is a linear increase
in coronavirus research. It is expected that the year 2020 will bring another turning
point in coronavirus research across the globe.

The variation in the citations received by the publications during the 2000–2020
time periods has been summarized in Fig. 1b. During the period 2000 and 2002, the
citations of the publications on coronavirus received very fewer citations. Since the
year 2003, the number of citations had increased unexpectedly, and the increasing
trend continued until 2008. This was quite expected because the researchers across
the globe had started working on the coronavirus that was instigated by the SARS
outbreak. Thereafter, until the year 2012, there was a plateau phase in terms of
citations received by the publications on coronavirus. This suggested that the
research on

coronavirus reached a stagnant phase. Since 2013, the number of citations per
year showed an increasing trend even though the number of publications has
remained fairly constant. This observation can be explained by the fact that the
researchers were trying to gain insight on the coronavirus from the previously
published publications. The average citation per year is 12,437. Although the year

Fig. 1 Year-on-year publication information. a The number of publications and cumulative
publications and b the number of publications and citations
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2020 has witnessed only just over 8500 citations, it is important to note that we are
just within the first three and a half months of the year.

3.2 Country-Level Distribution of Publications

The 9257 number of documents was published from 126 countries, as tabulated in
Table 1. The highest number of publications (3197 documents, 34.53% of the total
documents) was reported from the United States of America (USA), followed by
2386 publications (25.77%) from Peoples R. China. Germany, the third rank holder,
published 602 publications (6.50%). England and Netherlands were in fourth and
fifth positions with 510 publications (5.50%) and 504 publications (5.44%),
respectively. Further, the trend was followed by Japan, Canada, and South Korea.
These countries had publications in the range of 406–470. Afterward, three coun-
tries that published documents were in the range of 329–366. Thereafter, five
countries that published documents were in the range of 212–298, followed by
another five countries that have published 115–189 documents. The analysis con-
firms the synergistic as well as a simultaneous approach between different countries
in the area of coronavirus research. In total, 34 countries in the past had already
published at least a hundred documents in the area of coronavirus. The statistics
view of these countries is provided in Table 1. From the table, it is quite evident that
19 countries out of 56 countries had a nominal GDP rank below 20 indicating that

Fig. 2 Country cooperation network on coronavirus (N.B: (1) Countries that published at least
more than ten documents were considered)
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Table 1 Top countries that published more than ten documents

# Country Documents % of
9257

Citations Average
citations per
documents

Nominal
GDP
ranka

Total
link
strength

1 USA 3184 34.536 110,117 34.58 1 1941

2 Peoples R
China

2382 25.775 65,472 27.49 2 1123

3 Germany 598 6.503 28,688 47.97 4 799

4 Netherlands 504 5.509 30,408 60.33 17 626

5 England 500 5.445 17,734 35.47 7 697

6 Japan 470 5.088 8794 18.71 3 196

7 Canada 461 5.002 17,417 37.78 10 407

8 South
Korea

406 4.407 6934 17.08 12 152

9 Taiwan 366 3.954 9715 26.54 22 111

10 France 352 3.824 11,987 34.05 6 534

11 Italy 329 3.554 7234 21.99 8 276

12 Saudi
Arabia

298 3.219 11,100 37.25 19 413

13 Singapore 277 3.003 10,557 38.11 38 229

14 Australia 274 2.982 9820 35.84 14 324

15 Spain 234 2.528 6979 29.82 13 226

16 Switzerland 212 2.301 9697 45.74 20 411

17 Brazil 189 2.042 1917 10.14 9 89

18 Sweden 133 1.437 4555 34.25 24 206

19 Belgium 122 1.329 2858 23.43 25 129

20 Egypt 117 1.264 2149 18.37 40 230

21 India 115 1.264 1637 14.23 5 84

22 Scotland 87 0.961 3710 42.64 – 166

23 Thailand 86 0.929 4016 46.70 23 90

24 Turkey 78 0.843 977 12.53 18 38

25 Poland 67 0.724 785 11.72 21 63

26 Austria 59 0.648 2550 43.22 28 96

27 Denmark 59 0.637 1408 23.86 39 107

28 Vietnam 59 0.637 2863 48.53 44 123

29 United
Arab
Emirates

54 0.583 1257 23.28 31 85

30 Finland 49 0.529 2626 53.59 45 55

31 South
Africa

48 0.519 1279 26.65 37 70

32 Russia 47 0.508 1381 29.38 11 74

33 Iran 42 0.465 278 6.62 27 15
(continued)
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the economically developed countries are carrying out research on coronavirus.
The USA has the most number of 110,117 citations from the 3184 documents,
followed by Peoples R. China, Netherlands, Germany, and England. The publica-
tions from these countries had received 65,472, 30,408, 28,688, and 17,734 cita-
tions, respectively. Interestingly, the average citation per documents of North
Ireland was in the first position (72.33) from 15 documents, followed by the
Netherlands with an average citation of 60.33 from a total of 604 documents.
Germany, England, Finland, and New Zealand, respectively, were subsequently in
order of the countries that had an average citation of 50 or higher. It is important to
note that India is ranked twenty-first, in terms of the published number of docu-
ments with an average citation per document of 14.23.

Table 1 (continued)

# Country Documents % of
9257

Citations Average
citations per
documents

Nominal
GDP
ranka

Total
link
strength

34 Hungary 41 0.443 872 21.27 – 49

35 Israel 35 0.378 810 23.14 32 29

36 Mexico 32 0.346 1127 35.22 15 49

37 Kenya 31 0.335 1060 34.19 – 76

38 Malaysia 31 0.335 278 8.97 36 27

39 Norway 31 0.335 781 25.19 30 24

40 Greece 29 0.313 413 14.24 – 56

41 Portugal 24 0.259 377 15.71 49 41

42 Argentina 23 0.259 491 21.35 29 19

43 Qatar 23 0.248 732 31.83 – 36

44 Jordan 22 0.248 568 25.82 – 36

45 Czech
Republic

18 0.216 628 34.89 – 29

46 Ireland 18 0.194 413 22.94 33 33

47 New
Zealand

18 0.194 917 50.94 – 13

48 Pakistan 18 0.194 310 17.22 48 32

49 North
Ireland

15 0.184 1085 72.33 – 29

50 Slovenia 15 0.162 297 19.80 – 21

51 Bangladesh 14 0.151 485 34.64 – 17

52 Tunisia 14 0.151 226 16.14 – 23

53 Ghana 13 0.14 608 46.77 – 33

54 Nigeria 13 0.14 418 32.15 26 34

55 Cambodia 12 0.13 210 17.50 – 45

56 Croatia 10 0.108 72 7.20 – 10
aNominal GDP Rank as per the International Monetary Fund (2020 estimates), World Economic
Outlook Database, February 2020
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According to the VOS viewer manual, each and every link is assigned a strength,
which is shown by a positive numerical value. The higher the value, the stronger is
the link. In other words, the link and the assigned strength are directly proportional
to each other. The TLS highlights the total number of publications with at least a
common two keywords in the documents. The TLS also gives information related
to the collaborative research in the common research area among different coun-
tries. The analysis of TLS, as shown in Table 1, suggested that USA, had TLS of
1941, was the most superior country by far in terms of collaborative research. USA
was the major contributor in the area of coronavirus research and globally played a
leading role. It was found that the USA had documents published in collaboration
with many countries like Argentina, Cambodia, Egypt, Israel, Jordan, Nigeria,
Pakistan, Qatar, Russia, Saudi Arabia, Tunisia, Turkey, and United Arab Emirates
(Fig. 2). China was in the second position, with a TLS of 1123, followed by
Germany in the third position with a TLS score of 799 in the collaborative research.
The TLS score along with the cooperation network map suggests a strong research
collaboration of many countries with USA and China. In the fourth and fifth
positions were England and Netherlands, with a TLS of 626 and 697, respectively.

3.3 The Co-Authorship and Organizations Relationship

Further, the co-authorship and organization relationship was studied with a mini-
mum number of documents of an organization and citations of an organization of
being 10 and 1000 in number, respectively. Accordingly, the data of 150 organi-
zations was obtained and is presented in Fig. 3 and Table 2. It shows that the
University of Hong Kong was in the first position with 417 documents and 56.62
average citations. The TLS of the University of Hong Kong was 384. After the
University of Hong Kong, the Chinese Academy of Science with 306 documents,
33.80 average citations, and 283 TLS was in the second position. The third position
was occupied by the “Center for Disease Control and Prevention,” which have 191
documents, 55.87 average citations per document, and TLS of 210. Univ Utrecht
and Chinese Academy Gramsci have 184 and 162 documents with 45.80 and 17.41
average citations and 170 and 45 TLS with other organizations.

3.4 Relationship of Authors and Co-Authors

The author and co-authorship network visualization map was created on the basis of
bibliographic data gathered from the core collection. The analysis helps in identi-
fying the major groups across the globe that is working in a research field related to
coronavirus. This is achieved easily by mapping the relationship of authors with the
co-author, as depicted in Table S2 and Fig. 4, respectively. Easy and visual rep-
resentation of the relationship is obtained using the mapping process, which makes
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the study of both the individual activity of an author as well its interconnectivity
with other research groups much easier. Figure 5 depicts five major groups (con-
sidering the presence of at least five authors in each group) that are working in the
field of coronavirus. The research group of the author named Yuen Kwok-yung was
the prominent group in the research field of coronavirus. Yuen Kwok-yung had the
highest number of documents (number of documents = 120) among all other
researchers, followed by Ralph S. Baric and Christian Drosten, with 111 and 109
total number of documents, respectively. The analysis of the TLS suggests that
there is a significant research collaboration work among many of the researchers.
However, some of the researchers are not involved in much research collaboration.
It is of understanding that research collaboration improves critical information and
knowledge flow among the different research groups all over the world. Extensive
research collaboration among all the authors will definitely help in enhancing the
improvement in the quality of the research on coronavirus. Further, Table 3 depicts
the details of the count of published documents by the authors and their citation
metrics, which helps to identify the most active researchers in this coronavirus
research field. As already mentioned, the authors Kwok-Yung Yuen, Ralph S.Baric,
and Christian Drosten had the highest number of published documents. However,

Fig. 3 Co-authorship—organizations of the researchers who are working in the area of
coronavirus research. (N.B.: (1) Authors who have published at least ten documents were
considered)
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Table 2 Co-authorship and organizations relationship

Id Organization Documents Citations Average citations
per document

TLS

1 Univ Hong Kong 417 23,612 56.62 384

2 Chinese Acad Sci 306 10,342 33.80 283

3 Ctr Dis Control and Prevent 191 10,672 55.87 210

4 Univ Utrecht 184 8427 45.80 170

5 Chinese Acad Agr Sci 162 2821 17.41 45

6 Chinese Univ Hong Kong 162 5209 32.15 124

7 Univ N Carolina 155 6759 43.61 153

8 Niaid 149 7380 49.53 181

9 Univ Iowa 140 4257 30.41 98

10 Univ Penn 132 4395 33.30 100

11 Leiden Univ 124 7179 57.90 119

12 Natl Inst Infect Dis 124 2413 19.46 21

13 Chinese Acad Med Sci 121 3760 31.07 212

14 Minist Hlth 115 5307 46.15 285

15 Natl Taiwan Univ 114 2698 23.67 86

16 Fudan Univ 109 2858 26.22 193

17 Seoul Natl Univ 109 2451 22.49 11

18 Univ Bonn 104 6108 58.73 165

19 Erasmus Mc 101 7146 70.75 105

20 Univ Calif Davis 100 2749 27.49 59

21 Ohio State Univ 98 2665 27.19 46

22 Univ Toronto 98 4641 47.36 208

23 Acad Sinica 97 2799 28.86 102

24 Natl Univ Singapore 92 3695 40.16 63

25 Vanderbilt Univ 92 4215 45.82 89

26 Univ Georgia 88 1895 21.53 51

27 Univ Minnesota 88 2343 26.63 101

28 Csic 87 2862 32.90 28

29 Peking Union Med Coll 85 2646 31.13 176

30 Univ Washington 83 3699 44.57 111

31 Peking Univ 81 2087 25.77 53

32 Cornell Univ 78 2430 31.15 51

33 Inst Pasteur 78 4386 56.23 111

34 Scripps Res Inst 78 3007 38.55 81

35 Johns Hopkins Univ 76 2374 31.24 58

36 Sun Yat Sen Univ 76 1286 16.92 61

37 Harvard Univ 75 5997 79.96 88

38 New York Blood Ctr 74 2591 35.01 155

39 Univ Oxford 74 2484 33.57 147
(continued)
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Table 2 (continued)

Id Organization Documents Citations Average citations
per document

TLS

40 Nanyang Technol Univ 71 1553 21.87 51

41 Wuhan Univ 69 1821 26.39 58

42 Univ Illinois 67 1700 25.37 57

43 Chinese Ctr Dis Control
and Prevent

66 1815 27.50 99

44 Univ Colorado 65 2109 32.45 50

45 Univ Maryland 65 2074 31.91 53

46 Univ Texas Med Branch 65 1702 26.18 86

47 Natl Yang Ming Univ 63 1336 21.21 40

48 Purdue Univ 62 1478 23.84 42

49 Univ So Calif 62 2329 37.56 25

50 Zhejiang Univ 62 1680 27.10 61

51 King Saud Univ 60 1233 20.55 114

52 Tsinghua Univ 59 1641 27.81 55

53 Acad Mil Med Sci 58 1116 19.24 55

54 Beijing Inst Microbiol and
Epidemiol

58 1768 30.48 122

55 Univ Tennessee 58 1311 22.60 31

56 Loyola Univ 56 2755 49.20 63

57 Univ Amsterdam 54 2398 44.41 43

58 Univ Zurich 54 2793 51.72 68

59 Inst Mol and Cell Biol 53 1493 28.17 40

60 Texas A & M Univ 53 1336 25.21 18

61 Univ Calif Irvine 51 1736 34.04 38

62 Iowa State Univ 50 1739 34.78 36

63 Univ Sydney 50 1322 26.44 41

64 Washington Univ 49 3176 64.82 68

65 Columbia Univ 48 2235 46.56 61

66 Nih 48 2922 60.88 92

67 Princess Margaret Hosp 48 3164 65.92 70

68 Alfaisal Univ 47 1516 32.26 163

69 Kansas State Univ 47 1010 21.49 42

70 Univ Calif San Francisco 46 5977 129.93 56

71 Shanghai Jiao Tong Univ 45 1261 28.02 49

72 Univ Florida 45 1087 24.16 55

73 Univ Texas 45 2472 54.93 22

74 Univ Wurzburg 44 4309 97.93 50

75 Univ Manitoba 42 2348 55.90 38

76 Singapore Gen Hosp 41 3392 82.73 50

77 Univ Bristol 41 1396 34.05 60
(continued)
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Table 2 (continued)

Id Organization Documents Citations Average citations
per document

TLS

78 Univ Quebec 41 1242 30.29 15

79 Emory Univ 40 1677 41.93 73

80 King Faisal Specialist Hosp
and Res Ctr

40 1548 38.70 105

81 Natl Hlth Res Inst 40 1167 29.18 46

82 Ucl 40 3497 87.43 131

83 Univ Edinburgh 40 2271 56.78 78

84 Who 40 3173 79.33 77

85 Natl Vet Inst 39 1390 35.64 17

86 Cnrs 36 1759 48.86 68

87 Colorado State Univ 36 1301 36.14 42

88 King Abdulaziz Univ 36 1531 42.53 70

89 Mt Sinai Hosp 36 2380 66.11 89

90 Univ British Columbia 36 3556 98.78 38

91 Ecohlth Alliance 34 1637 48.15 56

92 Indiana Univ Sch Med 34 1623 47.74 108

93 New York State Dept Hlth 34 1940 57.06 26

94 Tan Tock Seng Hosp 34 1127 33.15 42

95 Nci 33 1292 39.15 34

96 Robert Koch Inst 33 1563 47.36 47

97 Univ Med Ctr Utrecht 33 1686 51.09 35

98 Univ Reading 33 1292 39.15 41

99 Cleveland Clin 32 1420 44.38 47

100 Ctr Dis Control 32 4192 131.00 44

101 Univ Virginia 32 1099 34.34 92

102 Mcmaster Univ 31 1330 42.90 49

103 Bernhard Nocht Inst Trop
Med

30 5148 171.60 54

104 United Christian Hosp 30 2829 94.30 56

105 Univ Giessen 30 1389 46.30 41

106 Univ Leeds 30 1059 35.30 15

107 Univ London Imperial Coll
Sci Technol and Med

30 1556 51.87 40

108 Univ Helsinki 29 1099 37.90 23

109 Free Univ Berlin 28 1048 37.43 28

110 Inst Anim Hlth 28 1404 50.14 8

111 Karolinska Inst 28 1996 71.29 50

112 Yale Univ 28 1071 38.25 17

113 Usda Ars 27 1230 45.56 19

114 Queen Mary Hosp 26 3273 125.88 46
(continued)
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Table 2 (continued)

Id Organization Documents Citations Average citations
per document

TLS

115 Univ Queensland 26 1499 57.65 24

116 Beijing Inst Radiat Med 25 1240 49.60 22

117 Natl Inst Publ Hlth and
Environm

25 1539 61.56 35

118 Univ Hlth Network 23 1529 66.48 55

119 Univ Marburg 23 2934 127.57 27

120 Univ Massachusetts 23 1928 83.83 29

121 Pamela Youde Nethersole
Eastern Hosp

22 2468 112.18 30

122 Tsing Hua Univ 22 1014 46.09 24

123 Univ Hosp 22 1110 50.45 11

124 Al Faisal Univ 21 2377 113.19 77

125 Kantonal Hosp St Gallen 21 1730 82.38 51

126 King Abdul Aziz Med City 20 1006 50.30 60

127 Csiro Livestock Ind 19 1544 81.26 13

128 Gordon Life Sci Inst 19 1484 78.11 18

129 Prince Sultan Mil Med City 19 1406 74.00 97

130 Univ Freiburg 19 1638 86.21 36

131 Guangzhou Ctr Dis Control
and Prevent

18 1700 94.44 24

132 USA 18 1504 83.56 29

133 Dept Hlth 16 3069 191.81 36

134 Hosp Sick Children 16 1630 101.88 44

135 Univ Aix Marseille 1 16 1044 65.25 43

136 Univ Aix Marseille 2 16 1044 65.25 43

137 Goethe Univ Frankfurt 15 2999 199.93 18

138 Mt Sinai Sch Med 14 1383 98.79 20

139 Tufts Univ 14 1272 90.86 9

140 Hlth Protect Agcy 13 1096 84.31 20

141 Saudi Aramco Med Serv
Org

13 1804 138.77 60

142 St Michaels Hosp 13 1510 116.15 42

143 Karolinska Univ Hosp 12 1629 135.75 19

144 Queen Elizabeth Hosp 12 2285 190.42 27

145 Erasmus Univ 11 3557 323.36 15

146 Royal Childrens Hosp 11 1255 114.09 13

147 Wellcome Trust Sanger Inst 11 1300 118.18 50

148 Austrian Acad Sci 10 1228 122.80 23

149 Erasmus Med Ctr 10 1952 195.20 16

150 Toronto Med Labs 10 1118 111.80 33
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the highest number of citations is of Ky Yuen, followed by Khandyuen Chan and
Kwok-Yung Yuen, respectively, which indicated that these three authors are the
most cited researchers on coronavirus across the globe. However, the information
about the most impactful researchers can be provided by the average citations per
document. In other words, a good quality paper can be identified by calculating
average citations per document. It was found that W. Lim (documents: 14 citations:
411) followed by Lj Anderson (documents: 10 citations: 396), Adme Osterhaus
(documents: 16 citations: 344), Ron A. M. Fouchier (documents: 11, citations: 245)
and Theo M. Bestebroer (documents: 10, citations: 233) had the highest average
citations per document. This is suggestive of the fact that the documents of W. Lim,
Lj Anderson, Adme Osterhaus, Lj, Ron A. M. Fouchier and Theo M.Bestebroer
were more impactful as compared to the others.

Fig. 4 Authors and co-authors relationship of the researchers who are working in the area of
coronavirus research (N.B.: (1) Authors who have published at least twenty-five documents were
considered)
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Table 3 Top authors who published more than twenty-five documents

Id Author Documents Citations Average citations per
document

TLS

1 Yuen, Kwok-Yung 120 6176 51.47 420

2 Baric, Ralph S 111 3843 34.62 86

3 Drosten, Christian 104 5614 53.98 250

4 Perlman, Stanley 99 2790 28.18 86

5 Enjuanes, Luis 77 2251 29.23 51

6 Woo, Patrick C. Y 74 3935 53.18 325

7 Lau, Susanna K. P 72 3714 51.58 324

8 Jiang, Shibo 63 2002 31.78 125

9 Snijder, Eric J 63 3131 49.70 42

10 Memish, Ziad A 58 4198 72.38 118

11 Chan, Kwok-Hung 56 4269 76.23 253

12 Yuen, Ky 56 8074 144.18 255

13 Mueller, Marcel A 53 3297 62.21 160

14 Denison, Mark R 51 1663 32.61 36

15 Du, Lanying 51 1787 35.04 126

16 Thiel, Volker 51 2740 53.73 70

17 Haagmans, Bart L 50 3287 65.74 152

18 Chan, Kh 49 7149 145.90 242

19 Weiss, Susan R 49 1141 23.29 11

20 Peiris, Jsm 48 7789 162.27 200

21 Rottier, Peter J. M 47 2128 45.28 63

22 Zheng, Bo-Jian 45 2548 56.62 149

23 Saif, Linda J 41 1077 26.27 2

24 Wang, Lin-Fa 41 1499 36.56 18

25 Zhao, Jincun 41 1332 32.49 48

26 Baker, Susan C 40 1656 41.40 11

27 Chan, Pks 40 2208 55.20 51

28 Li, Fang 38 1136 29.89 49

29 Al-Tawfiq, Jaffar A 37 2516 68.00 72

30 Osterhaus, Albert D.
M. E

35 3788 108.23 92

31 Zhou, Yusen 35 1046 29.89 100

32 Gerber, Susan I 34 1049 30.85 11

33 Guan, Y 34 7414 218.06 152

34 Sung, Jjy 33 1561 47.30 45

35 Frieman, Matthew B 32 1306 40.81 17

36 Rottier, Pjm 32 2350 73.44 25

37 Graham, Rachel L 31 1130 36.45 43

38 De Haan,
Cornelis A. M

30 1052 35.07 35

(continued)
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3.5 Relationship of Distribution and Co-Citation

The relationship between sources and citations helps in concluding the interest of
authors in which journals they prefer to publish their research results. The research
articles that had published related to coronavirus in the important journals in the last
twenty years are depicted in Table 4 and Fig. 5, respectively. From Table 4, it can
be concluded that the most preferred and accepted choice is the “Journal of
Virology” of many authors to publish their coronavirus-related research work. In
the journal, till date 886 numbers of documents have been published with gathering
39,407 citations for the journal. The Journal “Virology” occupied the second
position where 285 numbers of documents have been published with 7759 citations
followed by the journal “PlOS One,” in the third position where 341 publications
were published and had received 4488 citations for these articles. The aforesaid
three journals had a good TLS, suggesting that these journals were highly cited.
This observation can also be confirmed from the source-citation relationship
map. The average citations per document provide an indication of the impactful
publications that are published in the journals. Taking into account the average
citations per documents, the top journals were The New England Journal of
Medicine and Science with 15 documents, each with 530.27 and 419.90 average
citations per document. Nature Medicine has 13 documents with 178.15 average
citations per document. Also, the journals proceedings of the National Academy of
Sciences of the United States of America have 111 documents but have105 average
citations per document. Similarly, The Lancet Infectious Diseases has only 36 and

Table 3 (continued)

Id Author Documents Citations Average citations per
document

TLS

39 Drexler, Jan Felix 30 1399 46.63 64

40 Gorbalenya,
Alexander E

30 1535 51.17 34

41 Poon, Llm 30 6923 230.77 138

42 Weiss, Sr 30 1040 34.67 14

43 Ziebuhr, John 30 1004 33.47 19

44 Enjuanes, L 29 1601 55.21 2

45 Raj, V. Stalin 29 2700 93.10 117

46 Bosch, Berend-Jan 28 1485 53.04 65

47 Dijkman, Ronald 28 1290 46.07 52

48 Tseng, Chien-Te K 27 1147 42.48 41

49 Cavanagh, D 26 1357 52.19 25

50 Katze, Michael G 26 1198 46.08 32

51 Dediego, Marta L 25 1034 41.36 37

52 Gao, George F 25 1320 52.80 11

53 Li, Y 25 2633 105.32 19
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Table 4 Top Journals where more than ten documents were published

Id Source Documents Citations Average
Citations
Per
Document

TLS

1 Journal Of Virology 886 39,407 44.48 21,327

2 Virology 285 7759 27.22 7231

3 Plos One 241 4488 18.62 3795

4 Emerging Infectious Diseases 203 9300 45.81 4559

5 Journal Of General Virology 188 5877 31.26 4567

6 Virus Research 175 3251 18.58 4782

7 Archives Of Virology 159 2693 16.94 2395

8 Journal Of Virological Methods 149 2783 18.68 1867

9 Veterinary Microbiology 146 2706 18.53 2145

10 Journal Of Medical Virology 131 4159 31.75 1754

11 Viruses-Basel 115 916 7.97 2357

12 Journal Of Clinical
Microbiology

112 5542 49.48 1947

13 Proceedings Of The National
Academy Of Sciences Of The
United States Of America

111 11,439 103.05 5364

14 Vaccine 99 2190 22.12 1926

15 Virology Journal 97 1611 16.61 1638

16 Antiviral Research 96 1709 17.80 1634

17 Journal Of Clinical Virology 93 2760 29.68 1357

18 Journal Of Infectious Diseases 93 4012 43.14 2185

19 Avian Diseases 92 1993 21.66 1016

20 Biochemical And Biophysical
Research Communications

92 3366 36.59 2089

21 Virus Genes 92 1849 20.10 1576

22 Nidoviruses: Toward Control
Of Sars And Other Nidovirus
Diseases

89 369 4.15 889

23 Plos Pathogens 85 4610 54.24 2742

24 Scientific Reports 81 876 10.81 1377

25 Journal Of Biological
Chemistry

79 4255 53.86 2520

26 Eurosurveillance 68 1975 29.04 1071

27 Clinical Infectious Diseases 64 4566 71.34 1235

28 Nidoviruses (Coronaviruses
And Arteriviruses)

63 282 4.48 200

29 Journal Of Feline Medicine
And Surgery

61 1018 16.69 584

30 Journal Of Veterinary
Diagnostic Investigation

60 1436 23.93 642
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Table 4 (continued)

Id Source Documents Citations Average
Citations
Per
Document

TLS

31 Mbio 57 2709 47.53 2104

32 Avian Pathology 56 1588 28.36 1109

33 BMC Infectious Diseases 56 1067 19.05 638

34 Journal Of Veterinary Medical
Science

56 525 9.38 448

35 Infection Genetics And
Evolution

55 847 15.40 1136

36 Journal Of Immunology 55 2526 45.93 1095

37 Emerging Microbes and
Infections

46 372 8.09 1027

38 Transboundary And Emerging
Diseases

45 541 12.02 646

39 BMC Veterinary Research 41 410 10.00 459

40 Pediatric Infectious Disease
Journal

41 1413 34.46 459

41 Febs Letters 40 1100 27.50 898

42 Journal Of Wildlife Diseases 39 654 16.77 108

43 Current Opinion In Virology 37 855 23.11 970

44 Influenza And Other
Respiratory Viruses

36 489 13.58 295

45 Lancet 36 8666 240.72 3005

46 Viral Immunology 35 360 10.29 444

47 International Journal Of
Infectious Diseases

34 877 25.79 501

48 Nucleic Acids Research 34 1360 40.00 403

49 Veterinary Record 32 711 22.22 288

50 Chinese Medical Journal 31 218 7.03 324

51 Research In Veterinary Science 31 312 10.06 326

52 Bioorganic and Medicinal
Chemistry

30 574 19.13 450

53 Bioorganic and Medicinal
Chemistry Letters

30 677 22.57 347

54 Veterinary Immunology And
Immunopathology

30 595 19.83 319

55 Journal Of Medicinal
Chemistry

29 1061 36.59 566

56 Journal Of Molecular Biology 29 1651 56.93 1229

57 Veterinary Journal 28 568 20.29 274

58 Biochemistry 27 794 29.41 744

59 Clinical And Vaccine
Immunology

27 287 10.63 345

(continued)
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Table 4 (continued)

Id Source Documents Citations Average
Citations
Per
Document

TLS

60 Epidemiology And Infection 27 199 7.37 255

61 Veterinary Research 26 264 10.15 433

62 Clinical And Diagnostic
Laboratory Immunology

25 528 21.12 443

63 Poultry Science 25 252 10.08 252

64 American Journal Of Infection
Control

23 210 9.13 156

65 Japanese Journal Of Infectious
Diseases

23 160 6.96 222

66 Preventive Veterinary Medicine 22 436 19.82 190

67 Journal Of Infection And Public
Health

21 128 6.10 203

68 Microbes And Infection 21 270 12.86 404

69 Acta Crystallographica
Section F-Structural Biology
Communications

20 65 3.25 219

70 Antiviral Therapy 20 417 20.85 249

71 Intervirology 19 130 6.84 270

72 Journal Of Infection 19 615 32.37 276

73 Journal Of Infection In
Developing Countries

19 94 4.95 180

74 Journal Of Korean Medical
Science

19 158 8.32 117

75 Nature 19 4823 253.84 1729

76 Pediatrics 19 1040 54.74 246

77 Zoonoses And Public Health 19 242 12.74 249

78 Frontiers In Microbiology 18 100 5.56 296

79 Journal Of Veterinary Internal
Medicine

18 303 16.83 151

80 Acta Veterinaria Hungarica 17 78 4.59 79

81 Antimicrobial Agents And
Chemotherapy

17 637 37.47 347

82 Chest 17 748 44.00 155

83 Clinical Microbiology And
Infection

17 493 29.00 218

84 Journal Of Comparative
Pathology

17 272 16.00 179

85 Acta Virologica 16 98 6.13 155

86 American Journal Of Pathology 16 629 39.31 314

87 American Journal Of Veterinary
Research

16 287 17.94 175
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Table 4 (continued)

Id Source Documents Citations Average
Citations
Per
Document

TLS

88 Journal Of Hospital Infection 16 333 20.81 189

89 Journal Of Neurovirology 16 206 12.88 144

90 Journal Of Theoretical Biology 16 676 42.25 80

91 Lancet Infectious Diseases 16 1897 118.56 934

92 Veterinary Pathology 16 304 19.00 215

93 Canadian Journal Of Veterinary
Research-Revue Canadienne
De Recherche Veterinaire

15 246 16.40 105

94 Chinese Science Bulletin 15 127 8.47 129

95 European Journal Of Clinical
Microbiology and Infectious
Diseases

15 166 11.07 167

96 European Journal Of Medicinal
Chemistry

15 334 22.27 134

97 Journal Of Neuroimmunology 15 141 9.40 106

98 Nature Communications 15 464 30.93 446

99 New England Journal Of
Medicine

15 7954 530.27 3591

100 Respirology 15 351 23.40 145

101 Science 15 6294 419.60 2992

102 Journal Of Microbiology And
Biotechnology

14 65 4.64 132

103 Virologica Sinica 14 107 7.64 276

104 Acta Crystallographica
Section D-Structural Biology

13 117 9.00 250

105 Diagnostic Microbiology And
Infectious Disease

13 177 13.62 146

106 Infection Control And Hospital
Epidemiology

13 165 12.69 83

107 Nature Medicine 13 2316 178.15 904

108 Australian Veterinary Journal 12 219 18.25 153

109 BMC Bioinformatics 12 256 21.33 100

110 BMC Genomics 12 238 19.83 140

111 Clinical Chemistry 12 472 39.33 261

112 DNA And Cell Biology 12 157 13.08 171

113 Immunology 12 283 23.58 132

114 Journal Of Biomedical Science 12 171 14.25 253

115 Microbiology And Immunology 12 79 6.58 233

116 Molecular And Cellular Probes 12 166 13.83 99
(continued)
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Table 4 (continued)

Id Source Documents Citations Average
Citations
Per
Document

TLS

117 Msphere 12 55 4.58 131

118 Protein Science 12 248 20.67 274

119 Proteomics 12 348 29.00 200

120 Tropical Animal Health And
Production

12 91 7.58 89

121 Vector-Borne And Zoonotic
Diseases

12 163 13.58 138

122 Acta Veterinaria Scandinavica 11 164 14.91 76

123 Applied Microbiology And
Biotechnology

11 105 9.55 111

124 Brazilian Journal Of
Microbiology

11 26 2.36 57

125 Cell Research 11 542 49.27 392

126 Cellular Microbiology 11 367 33.36 212

127 Comparative Medicine 11 137 12.45 41

128 Febs Journal 11 210 19.09 180

129 Infectious Disease Clinics Of
North America

11 158 14.36 294

130 Journal Of The Formosan
Medical Association

11 124 11.27 67

131 Journal Of Veterinary Medicine
Series B-Infectious Diseases
And Veterinary Public Health

11 516 46.91 92

132 Journal Of Veterinary Science 11 80 7.27 114

133 Journal Of Zoo And Wildlife
Medicine

11 150 13.64 33

134 Molecular Immunology 11 142 12.91 184

135 Revue Scientifique Et
Technique-Office International
Des Epizooties

11 44 4.00 155

136 Structure 11 738 67.09 282

137 Travel Medicine And Infectious
Disease

11 134 12.18 143

138 American Journal Of
Respiratory And Critical Care
Medicine

10 641 64.10 155

139 Biochemical Journal 10 244 24.40 158

140 Bioinformatics 10 183 18.30 43

141 Biomedical And Environmental
Sciences

10 90 9.00 76

(continued)
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Fig. 5 Source and citations relationship of the sources that published documents on coronavirus
research (N.B.: (1) Sources that have published at least ten documents were considered)

Table 4 (continued)

Id Source Documents Citations Average
Citations
Per
Document

TLS

142 Cell Host and Microbe 10 754 75.40 333

143 Ecohealth 10 167 16.70 106

144 Frontiers In Immunology 10 119 11.90 116

145 Human Vaccines and
Immunotherapeutics

10 95 9.50 198

146 Journal Of Dairy Science 10 282 28.20 51

147 Protein Expression And
Purification

10 124 12.40 110

148 Scandinavian Journal Of
Infectious Diseases

10 146 14.60 97

149 Thorax 10 610 61.00 146
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Table 5 Top documents that have been cited for at least 300 times

Id Document Citations Links References

1 Ksiazek (2003) 1891 23 [21]

2 Drosten (2003) 1802 18 [22]

3 Rota (2003) 1507 22 [23]

4 Peiris (2003a) 1472 18 [24]

5 Zaki (2012) 1353 13 [25]

6 Marra (2003) 1298 17 [26]

7 Allander (2005) 1037 5 [20]

8 Li (2003) 1009 11 [27]

9 Guan (2003) 918 10 [28]

10 Li (2005a) 877 9 [29]

11 Peiris (2003b) 852 7 [30]

12 Van Der Hoek (2004) 768 17 [31]

13 Snijder (2003) 686 15 [32]

14 Poutanen (2003) 678 9 [33]

15 Lau (2005) 658 15 [34]

16 Woo (2005) 658 15 [35]

17 Assiri (2013a) 562 7 [36]

18 Chen (2013) 549 2 [37]

19 Kuiken (2003) 499 8 [38]

20 Gaynor (2007) 496 5 [39]

21 Raj (2013) 492 8 [40]

22 Anand (2003) 473 6 [41]

23 Ruuskanen (2011) 461 1 [42]

24 Nicholls (2003) 412 3 [43]

25 Allander (2007) 397 4 [44]

26 Imai (2005) 390 5 [45]

27 Traggiai (2004) 389 4 [46]

28 Thiel (2003) 388 9 [47]

29 Chou (2015) 385 2 [48]

30 Bosch (2003) 380 5 [49]

31 Assiri (2013b) 378 2 [50]

32 Daffis (2010) 377 1 [51]

33 Fraser (2004) 377 2 [52]

34 Van Boheemen (2012) 371 12 [53]

35 Cinatl (2003) 362 1 [54]

36 Meyers (2005) 357 5 [55]

37 Reusken (2013) 353 3 [56]

38 Hota (2004) 349 0 [57]

39 Woo (2012) 338 10 [58]

40 Fouchier (2004) 338 16 [59]

41 Stevenson (2013) 336 1 [60]
(continued)
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Table 5 (continued)

Id Document Citations Links References

42 Song (2012) 335 2 [61]

43 Yang (2003) 335 5 [62]

44 Chou (2003) 329 1 [63]

45 Zuest (2011) 323 2 [64]

46 Yang (2004) 322 6 [65]

47 Li (2005b) 313 7 [66]

48 Van Elden (2001) 309 0 [67]

49 Wang (2003) 308 4 [68]

50 Ge (2013) 306 6 [69]

51 Simmons (2005) 306 3 [70]

52 Azhar (2014) 305 4 [71]

53 Knoops (2008) 303 2 [72]

Fig. 6 Documents and citations relationship of the publications that have been cited for at least
300 times
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16 documents but has 240.2 and 118.56 average citations per document. Also,
Nature Medicine has 13 documents with 178.15 average citations per document.
This indicates that these journals published high-quality research work irrespective
of the number of published documents.

3.6 Document and Citations Relationship

The information about the quality of the documents published can be provided by
studying the document and citation relationship. A higher quality of work is sym-
bolized by a higher citation metric and thus has been cited by various researchers
globally. As shown in Table 5 and Fig. 6, we have selected those documents having at
least 300 times citations, which allowed us to narrow down the number of documents
to 10 which in turn have been helpful in obtaining the highly cited documents related
to coronavirus research. While fetching the collaboration map, the document by
Allander et al. (2005) was not considered. The TLS of the publication was zero [20].
The top-cited document (1891 times) entitled “A novel coronavirus associated with
severe acute respiratory syndrome” was reported by Ksiazek et al. [21]. The second
most cited document described the “Identification of a novel coronavirus in patients
with severe acute respiratory syndrome” by Drosten et al. in the same year, 2003 [22].
While the third most cited document was “Characterization of a novel coronavirus
associated with severe acute respiratory syndrome” that was investigated by Rota
et al. [23], and the fourth document also was reported in the year 2003 by Peiris et al.
(2003) entitled “Coronavirus as a possible cause of the severe acute respiratory
syndrome” [24]. Thereafter, the publication by Zaki Ali Moh [25] received a good

Fig. 7 Density visualization map of the coronavirus, major coronavirus-related infections and
symptoms
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number of citations. The topic of the study was “Isolation of a Novel coronavirus
from a man with pneumonia in Saudi Arabia.” This means that these are the five
documents that are followed by other high-quality documents in the research area of
coronavirus.

Funding Agencies

Any funding agency plays a very important role by supporting and promoting
research and development work in any specific area. Funding is among the most
important pillars who is responsible for the growth of any subject area. Thus, we
have extracted in total the top twenty global funding agencies who have supported
funding in the area of coronavirus research as depicted in table S4. The United
States Department of Health and Human Services (HSS) acquires the first position
with the contribution of 17.58% of total research among 1628 documents related to
the coronavirus research. It was followed by the National Institutes of Health (NIH),
USA, being in the second position with 17.10% from 1583 documents. National
Council for Scientific and Technological Development (CNPq) is being in the 20th
position with 69 documents and 0.745%.

3.7 Identifying Coronavirus Infections and Health
Condition by Density Visualization Map

The density visualization map was created by co-occurrence and analysis of the
keywords (Fig. 7). Screenings of the keywords were done manually, such that only
coronavirus and associated clinical symptoms or disease terms are selected for the
density visualization map generation. The density visualization map analysis sug-
gested that the coronavirus-related diseases are associated with severe acute res-
piratory syndrome. This is suggestive of the fact that even though there is a
mutation in the coronavirus, which changes its characteristics, all of them precip-
itate severe acute respiratory syndrome.

4 Conclusion

In light of the results of the scientometric analysis of the research paper, in the area of
the coronavirus, there was a significant increase in various aspects, which includes
the number of author appearances, number of multi-authored articles, etc. In gist, the
information on 9257 number of documents related to the above-mentioned research
area was extracted from the Web of Science. The extracted information was then
used to perform a detailed scientometric analysis. It was observed that the research in
this field of study started as early at 2000, but the research in the said field started
receiving much attention post-2000. Since then from 2000 till 2020, research articles
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published reached a number of 9257. It was found that most of the economically
developed countries were involved in the research related to the coronavirus. Also,
the USA published the most number of documents followed by China. The USA had
a TLS of 1941 indicating that the country was involved in extensive collaborative
research. In terms of collaboration, China was in the second position. The University
of Hong Kong was in the first position and was the most influential and impactful
organization, having worked in the mentioned field of research with 417 documents
with 56.62 average citations and TLS of 384, followed by Chinese Academy of
Sciences with 306 documents, 33.80 citations, and 283 TLS. Other organizations
like the Centers for Disease Control and Prevention, Utrecht University, Chinese
Academy of Agricultural Sciences, The Chinese University of Hong Kong, and The
University of North Carolina also received good attention from the researchers. The
research groups of Yuen Kwok-Yung, followed by Ralph S. Baric and Christian
Drosten, had the highest number of documents of 6176, 3843 and 5614, respec-
tively. The scope for research collaboration across the globe is really very large,
which, in turn, would definitely help in improving the overall research quality on
coronavirus. The “Journal of Virology” has the highest number of 886 documents
that have been published till date, and the documents were able to gain 39,407
citations for the journal. The journal “Virology” occupied the second spot by pub-
lishing 285 numbers of documents with 7759 citations. The top-cited document
entitled “A novel coronavirus associated with severe acute respiratory syndrome”
was reported by Ksiazek et al. (2003), which was found to be the most impactful
documents in terms of average citations per documents. The document described as
“Identification of a novel coronavirus in patients with severe acute respiratory
syndrome” was cited as the second most by Drosten C et al. in the same year. United
States Department of Health and Human Services is the highest supporter funding
agency in coronavirus research among all other agencies globally.
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