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Abstract

Epidemics of infectious diseases have always been a threat to humanity
and have contributed to increased mortality in the affected areas. This also
applies to a new species of coronavirus identified in 2019, SARS-CoV-2,
which is responsible for the COVID-19 pandemic. Despite preventive
measures implemented all over the world to minimise the spread of the
pathogen as well as the development of vaccines, which have been approved
for emergency use, the situation is still worrying. Moreover, the problem
is exacerbated by the lack of targeted treatments for COVID-19 patients.
One possible solution is the using preparations based on natural raw
materials, including chitosan. This biopolymer is of great interest due to
a number of unique biological properties, among which its antiviral effect
is a key feature. Hence, this paper presents the application possibilities of
chitosan-based solutions in the prevention and treatment of viral diseases,
with particular emphasis on COVID-19.
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1. Introduction

Infectious diseases, caused mainly by viruses, bacteria, fungi, protozoa, prions
or parasites, have accompanied humans and other living organisms since the dawn of time.
They spread through various routes of transmission: direct contact with an infected person
(via food, inhalation transmission, inoculation through damaged skin, sexual contact),
contact with wild or domestic animals, from mother to foetus during pregnancy or childbirth
(vertical infections), through indirect contact (infected objects) and also via carrier insects.
The infectious diseases that can cause an epidemic, and often even a pandemic, include
HIV/AIDS; herpes simplex; influenza; measles; chicken pox; shingles; hepatitis A, B and
C; and viral haemorrhagic fever [1-3].

Currently, from a medical point of view, infectious diseases caused by coronaviruses
are also a problem, although they have been outside of mainstream research in virology
and epidemiology for many years. This has been due to the widespread belief that
coronaviruses induce symptoms of a mild cold that do not require medical intervention.
This view was exacerbated by the lack of specialised diagnostic methods and targeted
therapy. At that time, the main techniques for identifying pathogens were multiplication
on cell lines and antigenic differentiation using the electron microscope [4-6]. This state
of knowledge was maintained until 2003, when, along with the development of laboratory
techniques enabling the detection of microorganisms, the highly pathogenic HCoV-SARS
virus was identified, and in 2012, HCoV-MERS was found [7, 8].

Numerous studies from recent years indicate that there is a huge group of animal
viruses that pose a potential threat to humans due to the possibility of crossing the species
barrier. It was, therefore, no great surprise that in December 2019, in the Chinese city
of Wuhan, another zoonotic coronavirus appeared — severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) — causing a respiratory disease called COVID-19 (‘Co’,
corona; ‘vi’, virus; and ‘d’, disease) [9, 10].

Despite the use of experimental therapies with vitamins and antiviral drugs as well as
vaccines, the COVID-19 pandemic continues, and in some countries, such as India, the
situation is very worrying. Therefore, researchers around the world are still looking for
optimal therapeutic solutions to mitigate the course of SARS-CoV-2 infection. Due to
a number of unique biological properties, chitosan has also recently become extremely
popular.

This article aims to characterise the Coronavirinae subfamily, focusing on the
SARS-CoV-2 virus and the course of the infection, symptoms and treatment methods.
In addition, the potential application possibilities of chitosan in the prevention of
SARS-CoV-2 infection and the treatment of COVID-19 were reviewed.

2. Characteristics of Coronaviruses
2.1. Taxonomy
Coronaviruses are a large group of viruses belonging to the Nidovirales order, the
Coronaviridae family and the Coronavirinae subfamily, among which we distinguish four
genera (Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus)
and many species capable of infecting animals and humans (HCoVs) (Figure 1) [11].
The type of receptors used during cell penetration and the genetic differences of species
have been the basis for distinguishing subgenera (lines) A, B, C and D within each type.
Alpha- and betacoronaviruses infect various species of mammals, including humans, and
their main natural reservoir is bats. In humans, the disease usually takes the form of infections
of the respiratory tract; in animals, the infection mainly manifests as gastrointestinal
inflammation, for example, infection with the transmissible gastroenteritis coronavirus
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Figure 1. Classification of coronaviruses (yellow font indicates human pathogens).
This figure has been adapted from previous studies [6, 12-14]

(TGEV). On the other hand, wild birds are the reservoir of pathogens of the gamma and
delta genera. As a result of breaking the species barrier, these viruses have been transferred
to domestic birds and to some species of mammals, such as marine mammals [15-17].

For this reason, the problem of coronavirus transmission from one host to another is
particularly important in terms of the emergence of new species that are highly pathogenic
for humans, as has been the case with HCoV-SARS, HCoV-MERS and SARS-CoV-2
viruses. Currently, it is believed that the above species of microbes come from the bat, but
other wild or domestic animals have acted as an intermediate host and have allowed the
virus to be transmitted to humans. The most likely route of HCoV-SARS transmission is
a palm civet (Paguma larvata), in the case of HCoV-MERS the role of the carrier is played
by dromedary camels and for SARS-CoV-2 the intermediate host is probably the Malayan
pangolin (Manis javanica) [18-20].

2.2. Molecular Structure and Genome Organisation

Coronaviruses have been classified as enveloped viruses whose helical genome
is composed of non-segmented, single-stranded, positive-sense RNA (+ssRNA). Due to
the virion size (80-220 nm) and genome length (26-32 kb), they are among the largest
known RNA viruses so far [6, 21].

These pathogens owe their name, first proposed in 1968, to the appearance of a virion,
which is a single complete viral particle. The shape of the virion resembles a crown (Figure
2) made of surface protrusions, which are formed by the spike protein (S) responsible for
interaction with the receptor on the cell surface. The spikes have the S-1 glycoprotein
in their upper parts, which, by binding to the angiotensin-converting enzyme 2 (ACE2)
receptor, allows the pathogen to bind to the surface of the host cells. In turn, the type II
transmembrane serine protease (TMPRSS2) and the S-2 glycoprotein (located in the lower
parts of the spines) allow the virus to enter these cells. In this way, the coronaviruses can
attack various cells that contain ACE2 receptors, causing damage to, for example, tissue
lining blood vessels and organs such as lungs, heart, kidneys or testes [6, 22].
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Figure 2. Electron microscopy image of HCoV-229E (Authors: Dr Fred Murphy
and Sylvia Whitfield. This photo comes from the Centers for Disease Control and
Prevention; Public Health Image Library (PHIL), identification number 10270) [23]
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Figure 3. Structure of the coronavirus virion (adapted from [26])

In addition to the S protein, the virion capsid consists of two additional structural
proteins: the envelope (E) protein and the membrane (M) protein, as shown in Figure 3.

The E protein is responsible, among others, for the formation of virions, while the
M protein is the basic viral matrix protein. In the case of some coronaviruses, the capsid
also includes haemagglutinin-acetylesterase (HE) glycoprotein, which, according to
the literature, was introduced into the genome of coronavirus ancestors as a result of
recombination with the messenger RNA encoding HE of influenza C. The HE protein
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Figure 4. Schematic organisation of the coronavirus genome (adapted from [6])

exhibits haemagglutinin properties, binds sialic acid on the cell surface and shows
acetylesterase activity, thanks to which the virus more easily penetrates and spreads on
mucous membranes. In addition, the coronavirus genome, together with the nucleocapsid
(N) protein, forms a ribonucleoprotein folded into a tight helix [6, 24, 25].

All coronaviruses have a similar genome organisation (Figure 4) with at least six open
reading frames (ORFs).

At the 5’ end there is a methylated cap and at the 3’ end there is a polyadenylated tail
(polyA). The main part of the viral RNA (~ 20 kb) is occupied by two frames: ORFla
and ORF1b, translated into two large polyproteins (ppla, pplab), which, as a result of
autoproteolysis, are broken down into 15-16 non-structural proteins that are the essence
of the replication process. These proteins also play an important role in suppressing host
proteins, blocking the immune response and stabilising RNA. The remaining one third of
the RNA length (~ 10 kb) is the coding area of the so-called structural proteins (S, E, M
and N). Moreover, in some coronavirus species, in addition to the four major structural
proteins in the genome, there are sequences encoding additional proteins, such as the HE
protein, the 3a/b protein and the 4a/b protein [6, 27, 28].

2.3. Coronavirus Species Capable of Infecting Humans

The first records of human coronavirus infections date back to the beginning of the
1960s. In 1965, scientists identified the HCoV-B814 virus, which was isolated from a child
showing symptoms of a mild infection of the upper respiratory tract. Unfortunately, due to
the loss of the sample and the lack of specialised research methods, the species affiliation
of the isolate was not determined [29].

Over the next 2 years, new isolates were obtained: HCoV-229E (1966) and
HCoV-0C43 (1967); they were assigned to alpha- and betacoronaviruses, respectively. To
determine the picture of infection with human coronaviruses, studies were carried out on
a group of healthy volunteers who were knowingly infected with pathogens. As a result
of the observation, only symptoms of a mild cold lasting up to 7 days were noted. In
the case of HCoV-229E infection, the most common symptoms are runny nose, mucosal
congestion, sore throat, a feeling of weakness and, occasionally, cough, and about 30%
of infections are asymptomatic. A similar clinical picture is observed in HCoV-OC43
infections, with cough being more common. However, in children, the elderly and
people with reduced immunity, these pathogens can often lead to an exacerbated disease
manifested by bronchitis, subglottic laryngitis, and even pneumonia [5, 6, 29].

Human low-pathogenic coronaviruses that have been identified so far also include
HCoV-NL63 (alphacoronavirus) and HCoV-HKU1 (betacoronavirus). HCoV-NL63 was
first isolated in Amsterdam from a 7-month-old girl with respiratory symptoms, while the
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second pathogen was from a 71-year-old male with symptoms of pneumonia who had
returned from China (Shenzhen). As a result of many years of observation, it was found
that HCoV-NL63 infection is usually mild, with symptoms such as fever, cough, sore throat
and rhinitis, and mainly affects children up to 5 years of age and immunocompromised
people. Additionally, in over 70% of cases the infection occurs as a co-infection with
other pathogens, such as human rhinovirus, enterovirus and parainfluenza viruses. In the
case of HCoV-HKUI1 infection, similar symptoms are observed, with approximately 50%
of patients additionally experiencing febrile seizures [29-32].

The above-mentioned four species of coronaviruses (HCoV-229E, HCoV-OC43,
HCoV-NL63 and HCoV-HKU1) are endemic all over the world, although in the temperate
climate in the autumn-winter season there is an increase in infections caused by these
pathogens. Moreover, in some regions — for example, Hong Kong — the peak incidence
falls during the spring-summer period [15].

In addition to the presence of low-pathogenic coronaviruses, scientists have also
identified microbes of an epidemic nature, including HCoV-SARS. The first case of infection
with this virus was recorded on 16 November 2002, in a man from Foshan (Guangdong
Province, China) who presented with respiratory symptoms and fever. Transmission of
the virus was very rapid and during the epidemic (2002-2003), the pathogen made 8,422
people sick in 32 countries and regions, and 919 people died (mortality rate ~10%). The
course of virus infection was characterised by two stages. The first phase of the disease
comprised increased body temperature, chills, muscle pain, weakness and diarrhoea,
which are typical flu-like symptoms. In the second stage, pneumonia and hypoxemia
developed [5, 7, 15].

In June 2012, a new species of coronavirus — HCoV-MERS — was detected, and the
first reported case was of a man from Saudi Arabia [33]. This time there was no worldwide
epidemic, but the threat has not passed — the number of infections and deaths is increasing
year by year. By September 2019, according to data from the World Health Organization
(WHO), 2,468 cases of infection were recorded (of which 2,077 were in Saudi Arabia),
including 851 deaths (mortality rate is ~35%). The clinical picture of the infection
is heterogencous. The disecase may be asymptomatic or lead to rapidly progressive
pneumonia, and in people with comorbidities (diabetes, obesity, end-stage renal disease)
it may even lead to death [15, 34, 35].

The current global problem is SARS-CoV-2.

3. The Latest Threat: SARS-CoV-2

SARS-CoV-2, which causes the disease called COVID-19, is the newest among the
seven species of coronavirus identified so far; it is highly pathogenic for humans. The first
SARS-CoV-2 virus infection was identified in Wuhan (Hubei Province, China) on
8 December 2019, but the WHO was not notified until 31 December 2019. However, there
are reports of dating the first cases of infection with the virus as 17 November 2019 [36, 37].

SARS-CoV-2 has turned out to be a highly contagious virus, and its transmission could
have been favoured by resistance to environmental factors and increased migration of
people at that time due to the celebration of the New Year in China and travels to this part
of'the world. For this reason, the further spread of the virus beyond China’s borders became
only a matter of time, leading to the outbreak of the pandemic, which was announced on
11 March 2020 by the WHO [37].

Initially, outside of China, the most dangerous situation from an epidemic point of
view occurred in Italy and Spain, which constituted two of the main sources of the spread
of the virus in Europe and in the United States. In Poland, the occurrence of the first
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infection is dated to 4 March 2020, and subsequent cases of the disecase were observed
in many places simultaneously, which indicates an independent transfer of the virus from
several countries. According to WHO data, as of 18 June 2021 there were 176,945,596
cases of SARS-CoV-2 infection, including 3,836,828 deaths [38].

3.1. Structure and the SARS-CoV-2 Receptor

The SARS-CoV-2 virus belongs to betacoronaviruses and shows similarity to the
previously identified highly pathogenic human virus species HCoV-SARS (79.5%) and
HCoV-MERS (55%), yet it has the highest (96%) nucleotide sequence identity with the
RaTG13 bat coronavirus [39]. The organisation of the SARS-CoV-2 genome corresponds
to the general structure of the coronaviruses presented in sub-chapter 2.2. However, based
on comparative modelling studies, the genome of the new pathogen has 17 proteins,
including 13 non-structural proteins of wORFlab (wNspl, wNsp3, wNsp4, wNsp3,
wNsp7, wNsp8, wNsp9, wNspl0, wNspl2, wNspl4, wNspl5 and wNspl6), three
structural proteins (WE, wN and wS) and one ORF (wWORF7a) [40]. Moreover, in the case
of this virus, the presence of the haemagglutinin-esterase gene, which is characteristic
mainly of the A-line of betacoronaviruses, has not been identified [39].

Since the SARS-CoV-2 virus was identified, a continuous analysis of its genome has
been carried out around the world to track the evolution of the virus and determine how it
spreads across continents. At the time of writing this article, four variants are of the greatest
concern among the SARS-CoV-2 mutations studied: B.1.1.7 (Alpha), B.1.351 (Beta),
P.1 (Gamma) and B.1.617.2 (Delta) [41]. Regardless of the variant of the SARS-CoV-2
virus, the S fusion protein (spike protein) plays a key role in the process of its penetration
into a sensitive host cell, and the cell membrane receptor is ACE2. The literature data
show that a potential cause of a different clinical picture of virus infection in humans may
be genetic variation in the ACE2 gene and the degree of its expression in individuals and
ethnic groups [37]. Nevertheless, it was found that men are more likely to be infected
with the virus and have a more severe course of COVID-19 than women due to the higher
concentration of ACE2 in their blood [42].

3.2. Virus Transmission

The SARS-CoV-2 virus is transmitted mainly by droplets and the most common
infection occurs through direct contact with its host. As a result of many months
of observation, it was found that the greatest risk of virus transmission is in the early
stage of the disease. The incubation period of the pathogen ranges from 2 to 14 days
before the onset of symptoms, but patients may remain contagious for up to 2 weeks
after the symptoms have cleared; hence, the WHO has recommended a period of 14 days
of isolation [43, 44].

In addition, infection with the virus is possible through contact with surfaces or objects
on which the pathogen is present and its subsequent transfer with the hands to the mouth,
nose or eyes. It turns out that the virus can remain stable for a long time on many surfaces,
such as copper (4 h), cardboard (24 h), stainless steel (48 h) and plastic (72 h) [45].

It should also be mentioned that there are reports on the possibility of transmitting
SARS-CoV-2 via the faecal-oral route, which may be confirmed by the presence of genetic
material of the virus in the stool in some people with COVID-19 and gastrointestinal
symptoms (nausea, vomiting, diarrhoea) [46, 47].

To minimise the risk of contracting the coronavirus, the generally accepted sanitary
and hygiene rules should be followed. It is, therefore, important to wash one’s hands
frequently with soap or disinfect them with an alcohol-based hand rub, and avoid touching
one’s nose, mouth and eyes with unwashed hands. The mouth and nose should be covered
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with a mask, especially in crowded places; it is essential to keep social distance (at least
2 m), ventilate rooms frequently and limit travel to regions with an unregulated epidemic
situation. In the case of contact with people who have been confirmed with COVID-19,
one should immediately undergo quarantine and monitor one’s health (body temperature
and blood saturation levels) [15, 37].

3.3. Symptoms and Course of Infection

The clinical picture of SARS-CoV-2 infection can vary widely, ranging from
asymptomatic infection to severe pneumonia, which may result in the patient’s death.
Common symptoms of the disease include fever > 38°C, weakness, malaise, headache,
muscle pain, shortness of breath and dry cough. In addition, unusual symptoms such as
loss of taste or sense of smell may appear. Some patients are also diagnosed with nausea,
vomiting or diarrhoea. In serious cases, acute respiratory distress syndrome (ARDS) may
develop, leading to death.

Children are less likely to be infected than adults, and the course of infection is usually
asymptomatic. The SARS-CoV-2 virus is especially dangerous for the elderly and people
with comorbidities (diabetes, obesity, hypertension, cardiovascular diseases, cancer,
chronic obstructive pulmonary disease, chronic kidney disease, hepatitis B), whose risk
of death is greatest.

Based on many months of observations of people infected with the SARS-CoV-2 virus,
it has been determined that about 80% of all infections are mild and similar to influenza, and
about 6% of patients are in a severe state (respiratory failure and septic shock) [15, 37, 48].

4. Characteristics of Chitosan

Chitosan, an N-deacetylated chitin derivative, is made of b-glucosamine and N-acetyl-
D-glucosamine molecules linearly linked by B-1,4-glycosidic bonds [49]. The deacetylation
process is usually carried out with the use of hydrated alkali, mainly sodium hydroxide
(NaOH) (Figure 5.). As a result of the hydrolysis reaction, acetyl groups are replaced with

CHs CHs
O=< OH O=<
NH o) NH Chitin
o%ﬁ OWO
NH
OH o=< OH
CHs

l 120°C; 40% NaOH

CHs
OH 0=<
NH, NH )
..--0 0 HO 0} 0
NH,
OH OH

Figure 5. Scheme for obtaining chitosan from chitin
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amino groups. The deacetylation degree of chitosan can be regulated by modifying the
base concentration, temperature, reaction time and the parameters of the initial polymer
(chitin) [50, 517.

Treatment in 40% NaOH at 120°C for 1-3 h yields a product with a deacetylation
degree of about 70%. Increasing the reaction time to 48 h makes it possible to achieve
a deacetylation degree of even 100%, yet it comes at the cost of a significant decrease in the
viscosity of the solution, which is related to the degradation of the polymer chain [52, 53].

An alternative to the above process may be to treat chitin with agents containing
concentrated NaOH solutions in the presence of an organic solvent such as 2-propanol,
2-methyl-2-propanol or acetone. However, this method is characterised by low deacetylation
efficiency (low deacetylation degree and higher chitosan molecular weight) [53].

As shown in Figure 5, the presence of amino groups in the structure of chitosan results
in better solubility than chitin and, therefore, the possibility of wider application in, for
example, cosmetology, pharmacology, implantology or biomedical engineering. Due to
its acid-base properties, chitosan is soluble in dilute organic acids, such as formic, acetic,
citric and lactic acids, and in dilute inorganic acids, such as hydrochloric, perchloric or
nitric acids [54].

In terms of biomedical applications, the biological properties of the polymer deserve
special attention. Chitosan is primarily characterised by non-toxicity, biodegradability,
mucoadhesiveness and bioactivity (acting on living organisms by inhibiting or activating
their life processes). The most important of these features is biological activity, including
binding pathogenic bacteria or substances necessary for bacterial growth, biocompatibility
with living cells, lowering serum cholesterol content and agglutination of red blood cells.
Moreover, chitosan has antifungal properties and does not cause allergies or skin irritations
[55, 56].

4.1. Antiviral Activity

In addition to the above-mentioned properties of chitosan, its antiviral effect is also
important, especially in the context of its use in the prevention and treatment of viral
diseases in humans. The antimicrobial effectiveness of the polymer is affected by many
factors, including: the source of chitin, the conditions of the deacetylation process (base
concentration, temperature and reaction time), the degree of chitosan deacetylation,
molecular weight and deproteinisation [57-59]. Additionally, the effectiveness of chitosan
can be increased by modifying it, involving the substitution of, for example, a sulpho
group in the C-2 (NH, group), C-3 (OH group) or C-6 (CH,OH group) position, which
leads to obtaining anionic polymer derivatives [60].

Many years of research conducted in foreign research centres have confirmed the ability
of chitosan to induce plant resistance to viral infections, prevent the development of phage
infection in infected microbial cultures and inhibit viral infections in animal cells.

It has been shown that the antiviral effect of the polymer in plants is based on inhibiting
the spread of viruses and viroids in them and enhancing the immune response to infection.
The studies have concerned many species of viruses, including alfalfa mosaic virus
(AMYV), bean goldish mosaic virus (BGMYV), peanut stunt virus (PSV), tobacco necrosis
virus (TNV), tobacco mosaic virus (TMV), potato virus X (PVX) and potato spindle tuber
viroid (PSTV) [61-63].

On the other hand, in the context of the antiviral effectiveness of chitosan against phage
infections, scientists have proved that the activity of a polymer is primarily influenced by
the degree of its polymerisation, concentration in nutrient medium and molecular structure.
Moreover, the presence of positive charges on the compound molecule influences the
antiphage activity to a greater extent than the use of anionic polymer derivatives such as
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6-0O-sulphate or N-succinate-6-O-sulphate. Overall, research studies suggest that chitosan
may limit bacteriophage replication through various mechanisms: reducing the viability of
bacterial cells, neutralising the infectivity of mature phage particles in the inoculum and
daughter phage particles or blocking replication of the virulent phage [62, 64, 65].

Research on the use of chitosan and its derivatives in combating viral infections in
animals is also important. The conducted experiments have concerned several species
of animal viruses such as murine norovirus 1 (MNV-1), feline calicivirus F-9 (FCV-F9),
foot-and-mouth disease virus (FMDV) and porcine epidemic diarrhoea virus (PEDV).
Based on the obtained results, chitosan mainly enhances the functional activity
of macrophages and granulocytes, helper cells of the immune system [62, 66-68].
However, the most important aspect from the human point of view is the possibility of
using the polymer in the prevention and treatment of human viral infections caused by
a wide range of pathogens: DNA viruses (HBV, HPV, HSV), RNA viruses (HCV, RSV,
influenza viruses) and retroviruses (HIV).

In 2010, Prego et al. [69] were one of the first groups to develop chitosan-based
nanoparticles, using the ionic gelation method, to increase resistance to hepatitis B
virus (HBV) infection. These systems were used to deliver virus-like particle antigens
(rHBsAg). Based on the research, the authors concluded that the nanoparticles allowed for
an efficient association of large amounts of antigen (> 60%), which was then released in an
active and permanent manner. This solution made it possible to induce several times higher
levels of anti-rHBsAg IgG than conventional vaccines, which demonstrates the possibility
of using chitosan-based nanoparticles as a potential adjuvant for the administration of
subunit antigens to vaccines.

AbdelAllah et al. [70] also investigated the possibility of using chitosan-based systems as
adjuvants for hepatitis B vaccines. The scientists used several alternative solutions: chitosan
(Ch), a system based on chitosan (Ch) and sodium alginate (S) and a composite with alum (Al).
The three-component (AIChS) composite showed the strongest effect on the immune response,
which was determined based on cytokine levels, rate of seroconversion and anti-HBsAg.

On the other hand, Gao ef al. [71] attempted to evaluate an antiviral anionic chitosan
derivative — 3,6-O-sulphated chitosan (36S) — against human papillomavirus (HPV)
infection, which plays a key role in the development of cervical cancer. Based on the
conducted research, the scientists showed that the system they developed effectively
inhibited multiple genital HPV genotypes by targeting the viral capsid protein and the
PI3K/Akt/mTOR cell pathway. This proves the possibility of using a chitosan derivative
as a next-generation antiviral solution.

Studies on the use of chitosan-based solutions showing antiviral activity against the
herpes simplex virus type 1 (HSV 1) have been carried out by Choi et al. [72] and Donalisio
et al. [73]. In 2016, Choi et al. [72] tried to create a system composed of chitosan and
a heat-inactivated green fluorescent protein expressing HSV (G-HSV). Based on in vivo
experiments carried out in a mouse model, they found that the use of the polymer in infected
animals increased the incidence of T cells, dendritic cells (DC) and natural killer (NK) cells
in relation to the control group. These findings indicate that chitosan is a good immune
stimulator. On the other hand, Donalisio et al. [73] developed chitosan nanospheres (NS)
obtained using the nano-emulsion template method, which were loaded with acyclovir, an
antiviral drug from the group of nucleoside analogues used primarily in the treatment of
herpes simplex virus infections. Based on the biological research carried out on the Vero cell
line infected with HSV-1 and HSV-2 strains, the scientists proved that the obtained acyclovir-
NS complex showed higher antiviral activity than the use of the pharmaceutical alone. About
30% of this preparation was delivered after 6 h, which indicates that the developed system
could be used for the local treatment of HSV infections.
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Another important issue is the possibility of using chitosan and its derivatives in the
treatment of the infectious disease caused by the hepatitis C virus (HCV). Loutfy ef al.
[74] presented the results of research on curcumin-chitosan (CuCs) nanocomposite as
a promising anti-HCV-4a factor in human hepatoma cells Huh7. The developed system
ensured 100% inhibition of viral entry and replication, which was confirmed by the HCV
core protein expression. The results of the research proved that it is possible to use CuCs
as a therapeutic agent in the treatment of hepatitis C.

Not without significance are also studies devoted to the use of the polymer in the
prevention and treatment of infections caused by respiratory viruses: respiratory syncytial
virus (RSV) and influenza viruses. Iqubal et al. [75] attempted to develop an alternative
to traditional RSV vaccines. Scientists investigated the possibility of delivering plasmid
DNA formulated with chitosan through the nasal mucosa, which they used in infected
mice. As a result of the observations, a significant reduction (p < 0.001) of the viral load in
the lungs of the immunised animals was noted compared to the control group. Mori et al.
[76] analysed the antiviral effect of composites made of silver nanoparticles (AgNPs) and
chitosan (Ch), which they obtained in the form of floc-like powders as a result of synthesis
in an aqueous environment. Based on the research carried out to determine the effectiveness
of the developed systems in fighting the influenza A HIN1 virus, the scientists found that
the antiviral effect of the composite depends mainly on the concentration of AgNPs and
their size. In turn, Mann ef al. [77] investigated the effectiveness of intranasal vaccines
with two types of adjuvants: chitosan glutamate (CSN) and N,N,N-trimethylated chitosan
(TM-CSN) against the HSN1 avian influenza virus strain. The studies were carried out
using a ferret model, which showed the beneficial effects of both types of preparations
used. These solutions induced high levels of antibodies, prevented the animals from dying
and reduced virus replication. Particularly satisfactory results have been reported for the
TM-CSN vaccine, which induced protective immunity against intratracheal challenge,
and no pathogen was found in the respiratory tract and brain in ferrets. This proves the
feasibility of using chitosan-based vaccines to prevent influenza virus infection.

Zheng et al. [78] examined the possibility of using intranasal vaccines. Based on in
vivo experiments carried out in a mouse model, the scientists found that the use of chitosan
in infected animals protects them against infection with the H7N9 virus (highly pathogenic
for humans), as well as the HIN1 and HON2 viruses. They observed increased infiltration
of leucocytes in the bronchoalveolar lavage and elevated levels of proinflammatory
cytokines in bronchial and lung tissues, which was caused by the activation of the mucosal
immune response by the polymer used in the vaccines. These findings specify that the
proposed preparations constitute an interesting prophylactic solution in the prevention of
infections caused by various strains of the influenza virus.

Retroviruses are an extremely dangerous family of RNA viruses that cause many
diseases, including AIDS and some cancers. In 2019, Mobarakeh et al. [79] published their
research on the use of chitosan nanoparticles in combination with polyethylenimine (PEI)
and carboxymethyl dextran (CMD) to introduce anti-HIV siRNA. Based on the conducted
biological experiments, the authors proved that nanoparticles significantly reduced the
RNA and protein expression of HIV-1 tat. These findings indicate the possibility of using
this solution in gene therapy, especially against HIV infection.

5. Application Potential of Chitosan in the Prevention and Treatment
of COVID-19

The results of the scientific studies discussed in the previous chapter, which confirm
the high antiviral activity of chitosan and its derivatives against a wide range of viruses,
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including pathogens causing respiratory system infections in humans, constitute the
starting point for considering the possibility of using the polymer in the fight against
infections caused by SARS-CoV-2. The lack of targeted COVID-19 treatment methods
that have been validated by multicentre clinical trials is an additional incentive to conduct
more research in this area. It should be emphasised that the advantages of using natural
preparations, which include chitosan, are the fewer side effects of the therapy and its high
safety.

Overthe last year, there have been several publications indicating the possibility of using
chitosan in the prevention and treatment of infections caused by the latest betacoronavirus.
Chandrasekar et al. [80] attempted to evaluate the efficacy of a submucosal, two-dose,
heterologous vaccine against the SARS-CoV-2 virus. The preparation was developed
with the use of quil-A-loaded chitosan (QAC) nanoparticles as an adjuvant. Based on
the research carried out in a mouse model, the researchers showed that the solution led to
the development of the neutralising antibody response in the serum and bronchoalveolar
lavage of mice. In addition, there were T cells against the virus, with the simultaneous
absence of side effects (signs of the respiratory system or lack of appetite). These data
underscored the possibility of using the developed preparation as a new generation of
protective vaccine.

The application potential of chitosan-based systems as constituent in vaccines against
the novel coronavirus has also been investigated by Tatlow et al. [81] and Srivastava et al.
[82]. Tatlow et al. [81] developed an inhaled chitosan plasmid DNA vaccine containing
the coronavirus S protein DNA sequence for the treatment of COVID-19 patients and
for vaccination. The findings showed that the preparation creates a kind of antagonistic
environment for the virus, disrupting its ability to bind to the ACE2 receptor on the host
cell. Srivastava et al. [82] determined the immunogenicity of the receptor binding domain
(RBD) of the S glycoprotein of SARS-CoV-2 based on studies performed in a mouse model.
The experiments used recombinant RBD antigen and three types of adjuvants: Zn-chitosan
(CHT), Alhydrogel — aluminium hydroxide (ALH) and Adju-Phos — aluminium phosphate
(ADP). Based on 5 months of observations, the authors noted the best neutralising activity
for the preparation containing CHT (after the first immunisation, 80% neutralisation titre
[NT80] was ~270, and after the second immunisation it was over 2,400).

Not without significance is also the work of Pyr¢ et al. [83] concerning the use of
an antiviral nasal spray preparation based on a chitosan derivative — N-palmitoyl-N-
-monomethyl-N,N-dimethyl-N,N,N-trimethyl-6-O-glycolchitosan (GCPQ). Based on
biological studies, the scientists determined that this substance prevents the virus from
penetrating the nasal epithelial cells, has a long residence time in the nostrils and may be
one of the promising ways to reduce the spread of COVID-19. The mechanism of action
of the preparation is most likely related to the electrostatic bonding of GCPQ and the
pathogen.

Another preventive solution limiting further transmission of the coronavirus was
presented by Farzin et al. [84]. The authors developed a voltametric genosensor for
COVID-19 detection by determining the RNA-dependent RNA polymerase (RdRP)
sequence. In this device, silver ions (Ag") in the hexathia-18-crown-6 (HT18C6) were
used as a redox probe, while a carbon electrode was modified by using quantum dots
covered with chitosan and dendrimer. The findings showed that the proposed genosensor
has a large detection range and good selectivity, which indicates the potential of this
solution in determining the SARS-CoV-2 RdRP sequence in sputum samples.

Considering the antiviral properties of the polymer in question, Mathout et al. [85]
discussed the validity of the potential use of positively charged chitosan nanofibres obtained
by electrospinning as an additive to protective clothing (for example, gowns or masks) for
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medical facility employees. Having a positive zeta potential, this solution could allow for
electrostatic repulsion of virus particles and consequently reduce its transmission.

In turn, Kalathiya et al. [86] identified the presence of a homotrimer cavity formed
by three subunits that could affect binding of the viral S protein to the ACE2 receptor
(‘bouncing spring’). Based on their observations, the authors formulated a hypothesis that
the cavity may act as an acceptor for chitosan or macrolides. This discovery is the starting
point for the development of a new category of targeted drugs against SARS-CoV2.

Milewska et al. [87] presented interesting research on the use of a chitosan derivative
— N-(2-hydroxypropyl)-3-trimethylammonium chitosan chloride (HTCC) — as a virus
inhibitor. Based on the studies conducted on in vitro and ex vivo models of human airway
epithelia, the scientists showed that their proposed solution effectively blocks infection
with both SARS-CoV-2 and HCoV-MERS coronaviruses and shows great potential for
use as a targeted antiviral drug.

On the other hand, Alitongbieke et al. [88] analysed the ability of B-chitosan
(a crystalline polymorphic form) to block the binding interaction between SARS-CoV-2
S-RBD and ACE2 and examined the impact of the polymer on pathogen-induced
inflammation. They showed that the proposed compound performed a function similar to
antibodies, enabling the neutralisation of SARS-CoV-2 S-RBD and the prevention of its
binding with the ACE2 receptor.

Anothernoteworthydevelopmentisthetechnologydevelopedin2020byBioavanta-Bosti
based on chitosan nanoparticles (Novochizol™) for encapsulating active
pharmaceutical ingredients that could be delivered to a specific place in the body and
then gradually released. Based on preliminary studies, scientists proved that the use
of Novochizol™ aerosol preparations would allow for the delivery of a therapeutic dose
for up to 3 h [89].

As previously mentioned, the S protein of coronaviruses, including SARS-CoV-2,
plays a key role in pathogen penetration into host cells, with the S-1 glycoprotein binding
to the ACE2 receptor, which is most abundant in the lungs on type II pneumocytes. This
may explain damage to these organs in COVID-19 patients. However, Mironova et al. [90]
highlighted an additional aspect of the action of the pathogen’s surface proteins, indicating
their binding to the haemoglobin molecules contained in erythrocytes. This degrades haem
(an iron-containing porphyrin), a component of haemoglobin, and releases harmful iron
ions to the bloodstream, which in turn induces the production of reactive oxygen species.
The consequence of this process may be the development of oxidative stress, contributing
to damage to the lungs and other organs. The authors emphasised the potential role of two
substances in the treatment of COVID-19 patients, namely dihydroquercetin (one of the
strongest antioxidants) and uridine (pyrimidine nucleoside), which preserves the structure
of pulmonary alveoli and the air-blood barrier of the lungs in the event of hypoxia.

Based on these findings, we have initiated a discussion of the possibility of using
chitosan hydrogels containing uridine 5’-monophosphate disodium salt, which are the
subject of our research [91-93], in the treatment of COVID-19. We suggest that the
SARS-CoV-2 surface proteins may bind to chitosan, preventing or limiting the destruction
of haemoglobin. As a good adsorbent, this polymer can also bind the released iron ions,
reducing oxidative stress, and the use of uridine monophosphate would simultaneously
protect the pulmonary alveoli.

6. Conclusions and Future Outlook
Coronaviruses, which cause a significant percentage of respiratory tract infections in
humans, mainly of mild and self-resolving course, were not the leading subject of research
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until the end of the 20th century. It was only the outbreak of the HCoV-SARS epidemic
that has prompted scientists to take a closer look at the Coronaviridae family.

From medical, social and economic points of view, the current problem is the new
betacoronavirus — SARS-CoV-2. Despite the COVID-19 pandemic lasting more than
a year and the emergence of many scientific reports on the origin of the virus, its evolution,
description of the clinical picture of infection and diagnosis of the disease as well as the
introduction of vaccines, the epidemic situation is still worrying. The seriousness of the
threat is also exacerbated by the lack of targeted antiviral therapy that has been validated
by multicentre clinical trials.

One of the solutions considered by researchers in the field of medicine is the possibility
of using chitosan and its derivatives for the prevention and treatment of COVID-19. These
polymers are interesting raw materials that can be used for the preparation of, for example,
protective vaccines, genosensors as well as self-contained pharmaceutical preparations or
drug carriers. Nevertheless, the potential application of the above solutions in common
clinical practice requires long-term biological studies to assess their cytotoxic and
genotoxic effects on the human body. It should be remembered that the possible toxicity
and the ability of the systems proposed in the literature to cross the blood-brain barrier
may be one of the main reasons limiting their use in medicine. In addition, it is especially
important to monitor the epidemiological situation constantly, bearing in mind that
coronaviruses have already proved three times that they pose a serious threat to human
health and life, and it can be assumed that SARS-CoV-2 is not the last highly pathogenic
representative of the Coronaviridae family.

7. References

[1] Kumar S.V,, Damodar G., Ravikanth S., Vijayakumar G.; (2012) An Overview on
Infectious Disease. Indian Journal of Pharmaceutical Science & Research, 2 (2), 63-74.

[2] Mukesh M., Swapnil P., Barupal T., Sharma K.; (2019) A Review on Infectious
Pathogens and Mode of Transmission. Journal of Plant Pathology & Microbiology,
10 (1) 472. DOI: 10.4172/2157-7471.1000472.

[3] Abdallah M.S.; (2018) Review on Emerging and Reemerging Infectious Diseases
and Their Origins. Microbiology Research Journal International, 26 (1), 1-5.
DOI:10.9734/MRJ1/2018/39953.

[4] Vijaykrishna D., Smith G.J.D., Zhang J.X., Peiris J.S.M., Chen H., Guan Y.; (2007)
Evolutionary Insights into the Ecology of Coronaviruses. Journal of Virology, 81
(8), 4012—4020. DOI: 10.1128/JV1.02605-06.

[5] Pyré K.; (2015) Ludzkie koronawirusy. Postep Nauk Medycznych, XXVIII (4B), 48-54.

[6] Abramczuk E., Pancer K., Gut W., Litwinska B.; (2017) Niepandemiczne
koronawirusy cztowieka — charakterystyka i diagnostyka. Postepy Mikrobiologii,
56 (2),205-213.

[71 Yang Y., Peng F., Wang R., Guan K., Jiang T., Xu G., Sun J., Chang C.; (2020)
The deadly coronaviruses: The 2003 SARS pandemic and the 2020 novel
coronavirus epidemic in China. Journal of Autoimmunity, 109. DOI: 10.1016/j.
jaut.2020.102434.

[8] Vijay R., Perlman S.; (2016) Middle East respiratory syndrome and severe
acute respiratory syndrome. Current Opinion in Virology, 16, 70—76. DOI:10.1016/j.
coviro.2016.01.011.

[91] LiX., Zail., Zhao Q., Nie Q., Li Y., Foley B.T., Chaillon A.; (2020) Evolutionary
history, potential intermediate animal host, and cross-species analyses of SARS-
CoV-2. Journal of Medicinal Virology, 92 (6), 602—611. DOI: 10.1002/jmv.25731.

54  Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXVI, 2021
https://doi.org/10.15259/PCACD.26.004



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[19]

[20]

[21]

[22]

[25]

[26]

[27]

SARS-COV-2 — THE LATEST GLOBAL THREAT AND THE PROSPECT OF COVID-19
THERAPY WITH THE USE OF CHITOSAN

Shereen M.A., Khan S., Kazmi A., Bashir N., Siddique R.; (2020) COVID-19
infection: Origin, transmission, and characteristics of human coronaviruses. Journal
of Advanced Research, 24, 91-98. DOI: 10.1016/j.jare.2020.03.005.

Cui J,, Li F,, Shi Z.L.; (2019) Origin and evolution of pathogenic coronaviruses.
Nature Reviews Microbiology, 17, 181-192. DOI: 10.1038/s41579-018-0118-9.
Jaiswal N.K., Saxena S.K.; (2020) Classical Coronaviruses. In: Saxena S. (eds)
Coronavirus Disease 2019 (COVID-19). Medical Virology: From Pathogenesis to
Disease Control. Springer, Singapore.

Ashour H.M., Elkhatib W.F., Rahman Md.M., Elshabrawy H.A.; (2020) Insights
into the Recent 2019 Novel Coronavirus (SARS-CoV-2) in Light of Past Human
Coronavirus Outbreaks. Pathogens, 9 (3) 186. DOI: 10.3390/pathogens9030186.
LiF.;(2016) Structure, Function,and Evolution of Coronavirus Spike Proteins. Annual
Review of Virology, 3, 237-261. DOI: 10.1146/annurev-virology-110615-042301.
Zawilinska B., Szostek S.; (2020) Koronawirusy o niskiej i wysokiej
patogennosci, zakazajace czlowieka. Zakazenia XXI wieku, 3 (1). DOI:10.31350/
zakazenia/2020/1/22020006.

Wille M., Holmes E.C.; (2020) Wild birds as reservoirs for diverse and abundant
gamma- and deltacoronaviruses. FEMS Microbiology Reviews, 44 (5), 631-644.
DOI:10.1093/femsre/fuaa026.

Bonilauri P., Rugna G.; (2021) Animal Coronaviruses and SARS-COV-2 in Animals,
What Do We Actually Know? Life, 11 (2) 123. DOI: 10.3390/1ife11020123.

Wang L.F., Eaton B.T.; (2007) Bats, Civets and the Emergence of SARS. In: Childs
J.E., Mackenzie J.S., Richt J.A. (eds) Wildlife and Emerging Zoonotic Diseases: The
Biology, Circumstances and Consequences of Cross-Species Transmission. Current
Topics in Microbiology and Immunology, 315. Springer, Berlin, Heidelberg.
Hemida M.G., Alhammadi M., Almathen F.; (2021) Lack of detection of the
Middle East respiratory syndrome coronavirus (MERS-CoV) nucleic acids in some
Hyalomma dromedarii infesting some Camelu dromedary naturally infected with
MERS-CoV. BMC Research Notes, 14, 96. DOI: 10.1186/s13104-021-05496-w.
Li L., Wang X., Hua Y., Liu P., Zhou J., Chen J., An F., Hou F., Huang W., Chen J.;
(2021) Epidemiological Study of Betacoronaviruses in Captive Malayan Pangolins.
Frontiers in Microbiology, 12, 657439. DOI: 0.3389/fmicb.2021.657439.

Park S.E.; (2020) Epidemiology, virology, and clinical features of severe acute
respiratory syndrome-coronavirus-2 (SARS-CoV-2; Coronavirus Disease-19).
Clinical and Experimental Pediatrics, 63 (4), 119-124. DOI: 10.3345/cep.2020.00493.
Stobnicka-Kupiec A., Gérny R.L., Gotofit-Szymczak M., Lawniczek-Walczyk
A., Cyprowski M.; (2020) Koronawirusy — niewidzialne zagrozenie o globalnym
zasiggu. Podstawy i Metody Oceny Srodowiska Pracy, 4 (106), 5-35.
DOI:10.5604/01.3001.0014.5828.

Centers for Disease Control and Prevention; Public Health Image Library (PHIL),
Available from: https://phil.cdc.gov/Details.aspx?pid=10270

Holmes K.V.; (2003) SARS-Associated Coronavirus. The New England Journal of
Medicine, 348, 1948-1951. DOI: 10.1056/NEJMp030078.

Schoeman D., Fielding B.C.; (2019) Coronavirus envelope protein: current
knowledge. Virology Journal, 16, 69. DOI: 10.1186/s12985-019-1182-0.
Santos-Sanchez N.F., Salas-Coronado R.; (2020) Origin, structural characteristics,
prevention measures, diagnosis and potential drugs to prevent and COVID-19.
Medwave, 20 (8), :8037. DOI: 10.5867/medwave.2020.08.8037.

Chen Y., Liu Q., Guo D.; (2020) Emerging coronaviruses: Genome structure,
replication, and pathogenesis. Journal of Medical Virology, 92 (10), 2249-2249.
DOI:10.1002/jmv.25681.

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXVI, 2021 55
https://doi.org/10.15259/PCACD.26.004



[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

K. Pieklarz, Z. Modrzejewska

Khrustalev V.V., Giri R., Khrustaleva T.A., Kapuganti S.K., Stojarov A.N., Poboinev
V.V.; (2020) Translation-Associated Mutational U-Pressure in the First ORF of
SARS-CoV-2 and Other Coronaviruses. Frontiers in Microbiology, 11, 559165.
DOI:10.3389/fmicb.2020.559165.

Liu D.X., Liang J.Q., Fung T.S.; (2021) Human Coronavirus-229E, -OC43, -NL63,
and -HKU1 (Coronaviridae). Encyclopedia of Virology, 428—440. DOI: 10.1016/
B978-0-12-809633-8.21501-X.

Abdul-Rasool S., Fielding B.C.; (2010) Understanding Human Coronavirus HCoV-
-NL63. The Open Virology Journal, 4, 76-84. DOI: 10.2174/1874357901004010076.
Woo P.C.Y., Lau S.K.P., Chu C.M., Chan K.H., Tsoi H.W., Huang Y., Wong B.H.L.,
Poon R.W.S., Cai J.J., Luk WK., Poon L.L., Wong S.S.Y., Guan Y., Peiris J.S.M.,
Yuen K.Y.; (2005) Characterization and Complete Genome Sequence of a Novel
Coronavirus, Coronavirus HKU1, from Patients with Pneumonia. Journal of
Virology, 79 (2), 884-895. DOI: 10.1128/JV1.79.2.884-895.2005.

Pyrc K., Berkhout B., van der Hoek L.; (2007) The novel human coronaviruses NL63
and HKUI. Journal of Virology, 81 (7), 3051-3057. DOI: 10.1128/JV1.01466-06.
Azhar E.I., Hui D.S.C., Memish Z.A., Drosten C., Zumla A.; (2019) The Middle
East Respiratory Syndrome (MERS). Infectious Disease Clinics of North America,
33 (4), 891-905. DOI: 10.1016/j.idc.2019.08.001.

Cunha C.B., Opal S.M.; (2014) Middle East respiratory syndrome (MERS).
Virulence 5 (6), 650-654. DOI: 10.4161/viru.32077.

World Health Organization, MERS Situation Update—September 2019, Available
from:  https://applications.emro.who.int/docs/EMROPub-MERS-SEP-2019-EN.
pdf?ua=1&ua= 1.

Wu Z., McGoogan J.M.; (2020) Characteristics of and Important Lessons From the
Coronavirus Disease 2019 (COVID-19) Outbreak in China: Summary of a Report
of 72 314 Cases From the Chinese Center for Disease Control and Prevention.
JAMA, 323 (13), 1239-1242. DOI:10.1001/jama.2020.2648.

Adil M.T., Rahman R., Whitelaw D., Jain V., Al-Taan O., Rashid F., Munasinghe A.,
Jambulingam P.; (2021) SARS-CoV-2 and the pandemic of COVID-19. Postgraduate
Medical Journal, 97 (1144), 110-116. DOI: 10.1136/postgradmed;j-2020-138386.
World Health Organization, WHO Coronavirus (COVID-19) Dashboard, Available
from: https://covid19.who.int/

Mittal A., Manjunath K., Ranjan R.K., Kaushik S., Kumar S., Verma V.,
(2020) COVID-19 pandemic: Insights into structure, function, and hACE2 receptor
recognition by SARS-CoV-2. PLoS Pathogens, 16 (8), e1008762. DOI:10.1371/
journal.ppat.1008762.

Srinivasan S., Cui H., Gao Z., Liu M., Lu S., Mkandawire W., Narykov O., Sun
M., Korkin D.; (2020) Structural Genomics of SARS-CoV-2 Indicates Evolutionary
Conserved Functional Regions of Viral Proteins. Viruses, 12 (4), 360. DOI:10.3390/
v12040360.

European Centre for Disease Prevention and Control, SARS-CoV-2 variants of
concern as of 24 May 2021, Available from: https://www.ecdc.europa.cu/en/
covid-19/variants-concern

Sama L.E., Ravera A., Santema B.T., van Goor H., ter Maaten J.M., Cleland J.G.F,,
Rienstra M., Friedrich A.W., Samani N.J., Ng L.L., Dickstein K., Lang C.C,,
Filippatos G., Anker S.D., Ponikowski P., Metra M., van Veldhuisen D.J., Voors A.A.;
(2020) Circulating plasma concentrations of angiotensin-converting enzyme 2 in men
and women with heart failure and effects of renin—angiotensin—aldosterone inhibitors.
European Heart Journal, 41 (19), 1810-1817. DOI: 10.1093/eurheartj/ehaa373.

56

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXVI, 2021
https://doi.org/10.15259/PCACD.26.004



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

SARS-COV-2 — THE LATEST GLOBAL THREAT AND THE PROSPECT OF COVID-19
THERAPY WITH THE USE OF CHITOSAN

Meyerowitz E.A., Richterman A., Gandhi R.T., Sax P.E.;(2021) Transmission
of SARS-CoV-2: A Review of Viral, Host, and Environmental Factors. Annals of
Internal Medicine, 174 (1), 69-79. DOI:10.7326/M20-5008.

World Health Organization, Transmission of SARS-CoV-2: implications for
infection prevention precautions, Available from: https://www.who.int/news-
room/commentaries/detail/transmission-of-sars-cov-2-implications-for-infection-
prevention-precautions

Van Doremalen N., Bushmaker T., Morris D.H., Holbrook M.G., Gamble A.,
Williamson B.N., Tamin A., Harcourt J.L., Thornburg N.J., Gerber S.I., Lloyd-
Smith J.O., de Wit E., Munster V.J.; (2020) Aerosol and Surface Stability of SARS-
CoV-2 as Compared with SARS-CoV-1. The New England Journal of Medicine,
382 (16), 1564-1567. DOI: 10.1056/NEJMc2004973.

Xiao F., Tang M., Zheng X., Liu Y., Li X., Shan H.; (2020) Evidence for
Gastrointestinal Infection of SARS-CoV-2. Gastroenterology, 158 (6), 1831-1833.
DOI:10.1053/j.gastro.2020.02.055.

Gu J., Han B., Wang J.; (2020) COVID-19: Gastrointestinal Manifestations
and Potential Fecal-Oral Transmission. Gastroenterology, 158 (6), 1518-1519.
DOI:10.1053/j.gastro.2020.02.054.

Utku A.C., Budak G., Karabay O., Giiglii E., Okan H.D., Vatan A.; (2020) Main
symptoms in patients presenting in the COVID-19 period. Scottish Medical Journal,
65 (4), 127-132. DOI: 10.1177/0036933020949253.

Elieh-Ali-Komi D., Hamblin M.R.; (2016) Chitin and Chitosan: Production
and Application of Versatile Biomedical Nanomaterials. International Journal
of Advanced Research (Indore), 4 (3), 411-427.

Younes I., Rinaudo M.; (2015) Chitin and Chitosan Preparation from Marine
Sources. Structure, Properties and Applications. Marine Drugs, 13 (3), 1133-1174.
DOI:10.3390/md13031133.

Yuan Y., Chesnutt B.M., Haggard W.0O., Bumgardner J.D.; (2014) Deacetylation
of Chitosan: Material Characterization and in vitro Evaluation via Albumin
Adsorption and Pre-Osteoblastic Cell Cultures. Materials, 4, 1399-1416. DOI:
10.3390/ma4081399.

Kurita K.; (2006) Chitin and Chitosan: Functional Biopolymers from Marine
Crustaceans. Marine Biotechnology, 8, 203. DOI: 10.1007/s10126-005-0097-5.
Piatkowski M.; (2008) Chemiczna modyfikacja chitozanu w polu promieniowania
mikrofalowego. Czasopismo Techniczne. Chemia, 105 (1-Ch), 101-113.

Periayah M.H., Halim A.S., Saad A.Z.; (2016) Chitosan: A Promising Marine
Polysaccharide for Biomedical Research. Pharmacognosy Review, 10 (19), 39—42.
DOI: 10.4103/0973-7847.176545.

Pieklarz K., Tylman M., Modrzejewska Z.; (2018) Applications of chitosan-
graphene oxide nanocomposites in medical science: A review. Progress on
Chemistry and Application of Chitin and its Derivatives, XXIII, 5-24. DOI:
10.15259/PCACD.23.01

Pieklarz K., Tylman M., Modrzejewska Z.; (2020) Current Progress in
Biomedical Applications of Chitosan-Carbon Nanotube Nanocomposites: A Review.
Mini-Reviews in Medicinal Chemistry, 20 (16), 1619-1632. DOI:10.2174/138955
7520666200513120407

No H.K., Park N.Y., Lee S.H., Meyers S.P.; (2002) Antibacterial activity
of chitosans and chitosan oligomers with different molecular weights.
International Journal of Food Microbiology, 74 (1-2), 65-72. DOI: 10.1016/
S0168-1605(01)00717-6.

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXVI, 2021 57
https://doi.org/10.15259/PCACD.26.004



[58]

[59]

[60]

[61]

[62]
[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

K. Pieklarz, Z. Modrzejewska

Hosseinnejad M., Jafari S.M.; (2016) Evaluation of different factors affecting
antimicrobial properties of chitosan. International Journal of Biological
Macromolecules, 85, 467—475. DOI: 10.1016/j.ijbiomac.2016.01.022.

Sahariah P., Masson M.; (2017) Antimicrobial Chitosan and Chitosan Derivatives:
A Review of the Structure—Activity Relationship. Biomacromolecules, 18 (11),
3846-3868. DOI: 10.1021/acs.biomac.7b01058.

Nishimura S.I., Kai H., Shinada K., Yoshida T., Tokura S., Kurita K., Nakashima H.,
Yamamoto N., Uryu T.; (1998) Regioselective syntheses of sulfated polysaccharides:
specific anti-HIV-1 activity of novel chitin sulfates. Carbohydrate Research, 306
(3), 427-433. DOI: 10.1016/S0008-6215(97)10081-7.

Pospieszny H., Chirkov S., Atabekov J.; (1991) Induction of antiviral resistance
in plants by chitosan. Plant Science, 79 (1), 63-68. DOI: 10.1016/0168-
9452(91)90070-0.

Chirkov S.N.; (2002) The Antiviral Activity of Chitosan (Review). Applied
Biochemistry and Microbiology, 38 (1), 1-8. DOI: 10.1023/A:1013206517442.

El Hadrami A., Adam L.R., El Hadrami 1., Daayf F.; (2010) Chitosan in plant
protection. Marine Drugs, 8 (4), 968-987. DOI: 10.3390/md8040968.

Kochkina Z.M., Chirkov S.N.; (2000) Influence of chitosan derivatives on the
development of phage infection in the Bacillus thuringiensis culture. Microbiology,
69, 217-219. DOI: 10.1007/BF02756202.

Abd El-Aziz M.H., Khalil M.S.; (2020) Antiviral and Antinematodal potentials
of chitosan: Review. Journal of Plant Science and Phytopatology, 4, 055-059.
DOI: 10.29328/journal.jpsp.1001051.

Su X., Zivanovic S., D’Souza D.H.; (2009) Effect of chitosan on the infectivity
of murine norovirus, feline calicivirus, and bacteriophage MS2. Journal of Food
Protection, 72 (12), 2623-2628. DOI: 10.4315/0362-028x-72.12.2623.
LiD.;(2010) Chitosan can stop or postpone the death of the suckling mice challenged
with foot-and-mouth disease virus. Virology Journal, 7, 125. DOI: 10.1186/1743-
422X-7-125.

Kim S.J., Nguyen V.G., Kim C.U., Park B.K., Huynh T.M.L., Shin S., Jung W.K.,
Park Y.H., Chung H.C.; (2021) Application of chitosan as a natural disinfectant
against porcine epidemic diarrhoea virus. Acta Veterinaria Hungarica.
DOI:10.1556/004.2021.00001.

Prego C., Paolicelli P., Diaz B., Vicente S., Sanchez A., Gonzalez-Fernandez A.,
Alonso M.J.; (2010) Chitosan-based nanoparticles for improving immunization
against hepatitis B infection. Vaccine, 28 (14), 2607-2614. DOIL: 10.1016/j.
vaccine.2010.01.011.

AbdelAllah N.H., Abdeltawab N.F., Boseila A.A., Amin M.A.; (2016) Chitosan
and Sodium Alginate Combinations Are Alternative, Efficient, and Safe Natural
Adjuvant Systems for Hepatitis B Vaccine in Mouse Model. Evidence-Based
Complementary and Alternative Medicine, 7659684. DOI: 10.1155/2016/7659684.
Gao Y., Liu W., Wang W., Zhang X., Zhao X.; (2018) The inhibitory effects and
mechanisms of 3,6-O-sulfated chitosan against human papillomavirus infection.
Carbohydrate Polymers, 198, 329-338. DOI: 10.1016/j.carbpol.2018.06.096.
Choi B., Jo D.H., Anower A.K., Islam S.M., Sohn S.; (2016) Chitosan as an
Immunomodulating Adjuvant on T-Cells and Antigen-Presenting Cells in
Herpes Simplex Virus Type 1 Infection. Mediators of Inflammation, 4374375.
DOI: 10.1155/2016/4374375.

Donalisio M., Leone F., Civra A., Spagnolo R., Ozer O., Lembo D., Cavalli R.;
(2018) Acyclovir-Loaded Chitosan Nanospheres from Nano-Emulsion Templating

58

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXVI, 2021
https://doi.org/10.15259/PCACD.26.004



[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

SARS-COV-2 — THE LATEST GLOBAL THREAT AND THE PROSPECT OF COVID-19
THERAPY WITH THE USE OF CHITOSAN

for the Topical Treatment of Herpesviruses Infections. Pharmaceutics, 10 (2), 46.
DOI:10.3390/pharmaceutics10020046.

Loutfy S.A., Elberry M.H., Farroh K.Y., Mohamed H.T., Mohamed A.A.,
Mohamed E.B., Faraag A .H.I., Mousa S.A.; (2020) Antiviral Activity of Chitosan
Nanoparticles Encapsulating Curcumin Against Hepatitis C Virus Genotype 4a
in Human Hepatoma Cell Lines. International Journal of Nanomedicine, 15,
2699-2715. DOIL:10.2147/1IN.S241702.

Igbal M., Lin W., Jabbal-Gill 1., Davis S.S., Steward M.W., Illum L.; (2003) Nasal
delivery of chitosan-DNA plasmid expressing epitopes of respiratory syncytial
virus (RSV) induces protective CTL responses in BALB/c mice. Vaccine, 21
(13-14), 1478-1485. DOI: 10.1016/s0264-410x(02)00662-x.

MoriY.., Ono T., Miyahira Y., Nguyen V.Q., Matsui T., Ishihara M.; (2013) Antiviral
activity of silver nanoparticle/chitosan composites against HIN1 influenza A virus.
Nanoscale Research Letters, 8, 93. DOI: 10.1186/1556-276X-8-93.

Mann A.J., Noulin N., Catchpole A., Stittelaar K.J. et al.; (2014) Intranasal HSN1
Vaccines, Adjuvanted with Chitosan Derivatives, Protect Ferrets against Highly
Pathogenic Influenza Intranasal and Intratracheal Challenge. PLos One, 9 (5),
€93761. DOI: 10.1371/journal.pone.0093761.

Zheng M., Qu D., Wang H., Sun Z., Liu X., Chen J., Li C., Li X., Chen Z.; (2016)
Intranasal Administration of Chitosan Against Influenza A (H7N9) Virus Infection
in a Mouse Model. Scientific Reports, 6, 28729. DOI: 10.1038/srep28729.
Mobarakeh V.I., Modarressi M.H., Rahami P., Bolhassani A., Arefian E., Atyabi
F., Vahabpour R.; (2019) Optimization of chitosan nanoparticles as an anti-HIV
siRNA delivery vehicle. International Journal of Biological Macromolecules, 129,
305-315. DOI: 10.1016/j.ijbiomac.2019.02.036.

Chandrasekar S.S., Phanse Y., Hildebrand R.E., Hanafy M., Wu C.W., Hansen
C.H., Osorio J.E., Suresh M., Talaat A.M.; (2021) Localized and Systemic Immune
Responses against SARS-CoV-2 Following Mucosal Immunization. Vaccines
(Basel), 9 (2), 132. DOI: 10.3390/vaccines9020132.

Tatlow D., Tatlow C., Tatlow S., Tatlow S.; (2020) A novel concept for treatment
and vaccination against Covid-19 with an inhaled chitosan-coated DNA vaccine
encoding a secreted spike protein portion. Clinical Experimental Pharmacology and
Physiology, 47 (11), 1874-1878. DOI: 10.1111/1440-1681.13393.

Srivastava V., Niu L., Phadke K.S., Bellaire B.H., Cho M.W.; (2021) Induction
of Potent and Durable Neutralizing Antibodies Against SARS-CoV-2 Using
a Receptor Binding Domain-Based Immunogen. Frontiers in Immunology, 12,
637982. DOI:10.3389/fimmu.2021.637982.

Pyré¢ K., Milewska A., Duran E.B., Botwina P., Lopes R., Arenas-Pinto A., Badr
M., Mellor R., Kalber T.L., Fernandes-Reyes D., Schitzlein A.G., Uchegbu
LF.; (2020) SARS-CoV-2 inhibition in human airway epithelial cells using
a mucoadhesive, amphiphilic chitosan that may serve as an anti-viral nasal spray.
DOI:10.1101/2020.12.10.413609 (Preprint).

Farzin L., Sadjadi S., Sheini A., Mohagheghpour E.; (2021) A nanoscale genosensor
for early detection of COVID-19 by voltammetric determination of RNA-dependent
RNA polymerase (RdRP) sequence of SARS-CoV-2 virus. Mikrochimica Acta, 188
(4), 121. DOI: 10.1007/s00604-021-04773-6.

Hathout R.M., Kassem D.H.; (2020) Positively Charged Electroceutical
Spun Chitosan Nanofibers Can Protect Health Care Providers From COVID-19
Infection: An Opinion. Frontiers in Bioengineering and Biotechnology, 8, 885.
DOI:10.3389/fbioe.2020.00885.

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXVI, 2021 59
https://doi.org/10.15259/PCACD.26.004



[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

K. Pieklarz, Z. Modrzejewska

Kalathiya U., Padariya M., Mayordomo M., Lisowska M., Nicholson J., Singh
A., Baginski M., Fahracus R., Cagher N., Ball K., Haas J., Daniels A., Hupp
T.R., Alfaro J.A.; (2020) Highly Conserved Homotrimer Cavity Formed by the
SARS-CoV-2 Spike Glycoprotein: ANovel Binding Site. Journal of Clinical Medicine,
9 (5), 1473. DOI:10.3390/jcm9051473.

Milewska A., Chi Y., Szczepanski A., Barreto-Duran E. et al.; (2021) HTCC as
a Polymeric Inhibitor of SARS-CoV-2 and MERS-CoV. Journal of Virology, 95 (4),
€01622-20. DOI: 10.1128/JVI1.01622-20.

Alitongbieke G., Li X.M., Wu Q.C., Lin Z.C. et al.; (2020) Effect of B-chitosan
on the binding interaction between SARS-CoV-2 S-RBD and ACE2.
DOI:10.1101/2020.07.31.229781 (Preprint).

Bioavanta-Bosti: Chitosan nanoparticles suitable for aerosol treatment of Covid-19
patients. Available from: https://www.swissbiotech.org/listing/bioavanta-bosti-
announces-immediate-availability-of-its-chitosan-nanoparticle-technology-to-
formulate-aerosol-anit-covid-19-drugs/

Mironova G.D., Belosludtseva N.V., Ananyan M.A.; (2020) Prospects for the
use of regulators of oxidative stress in the comprehensive treatment of the novel
Coronavirus Disease 2019 (COVID-19) and its complications. European Review
for Medical and Pharmacological Sciences, 24, 8585-8591. DOI: 10.26355/
eurrev_202008 22658.

Majsterek 1., Modrzejewska Z., Pieklarz K., Tylman M.; Method for producing
chitosan gels forming in the human body temperature, intended for injection
scaffolds for breeding of nerve cells. Lodz University of Technology, Lodz. Poland.
Patent application 235369. Publ. 29.06.2020 WUP.

Pieklarz K., Tylman M., Modrzejewska Z.; (2020) Preparation and characterization
of a new generation of chitosan hydrogels containing pyrimidine ribonucleotides.
Progress on Chemistry and Application of Chitin and its Derivatives, XXV,
192-200. DOI:10.15259/PCACD.25.015

Pieklarz K., Galita G., Tylman M., Maniukiewicz W., Kucharska E., Majsterek 1.,
Modrzejewska Z.; (2021) Physico-Chemical Properties and Biocompatibility of
Thermosensitive Chitosan Lactate and Chitosan Chloride Hydrogels Developed
for Tissue Engineering Application. Journal of Functional Biomaterials, 12 (2), 37.
DOI:10.3390/jf612020037

60

Progress on Chemistry and Application of Chitin and its Derivatives, Volume XXVI, 2021
https://doi.org/10.15259/PCACD.26.004





