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Preface

The Washington Post of 2016 stirred an intense discussion between the public, sci-
entific communities, and health authorities. How many diseases are precisely known 
to humankind? At the moment, scientist estimates the presence of more than 10,000 
human diseases and only fewer available treatments that too for major diseases1.

In 2022, the scenario is not far different considering the deliberate speed of aca-
demic/industry research, economic up-downs, tougher regulatory policies, complex 
clinical trial setups, the impact of the Covid-19 pandemic in slowing processes, 
businesses, and changing world political dynamics and policies. The same question 
on “availability of effective treatment” is valid now and maybe even for the next 2–3 
decades.

Diseases can be genetic or caused by environmental factors (mainly known as 
infectious diseases). Human infectious diseases are typically classified according to 
the source of infection as anthroponoses (human–human transmission), zoonoses 
(animal–human transmission), and sapronoses (abiotic decaying substrate—
human). These infectious diseases contribute to the enormous financial burden on 
the country’s economy. By 2001, around 1415 species of organisms had been 
recorded known to be pathogenic to humans, mainly comprised of bacteria, viruses/
prions, fungi, protozoa, and helminths.

This book is a trivial attempt to compile all possible and available information on 
etiology, pathology, current therapy options available for a wide spectrum of dis-
eases, the role of drug delivery sciences, advances in new techniques, diagnostic 
tools, and new drug research of various infectious diseases.

Total four volumes are compiled to accommodate vast available information.

Volume 1 — Malarial drug delivery systems (MDDS)
Volume 2 — Tubercular drug delivery systems (TDDS)
Volume 3 — Viral drug delivery systems (VDDS)
Volume 4 — Infectious disease drug delivery systems (IDDDS)

1 Are there really 10,000 diseases and just 500 ‘cures’?  – The Washington Post. https://www.
orpha.net/

https://www.orpha.net/
https://www.orpha.net/
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Volume 1: MDDS

Malaria is a disease caused by the parasite Plasmodium. The parasite spread to 
humans through the bites of infected mosquitoes causing high fever, nausea, vomit-
ing, diarrhea, body pain, rapid heart rate, and shaking chills. Each year millions of 
people get infected by malaria, and many hundred-thousand people die. Some of the 
most significant risk areas include Sub-Saharan Africa, South and Southeast Asia, 
Pacific Islands, Central America, and Northern South America. The treatment of 
malaria mainly comprises the most common antimalarial drugs like chloroquine, 
primaquine, etc. In the case of drug resistance, artemisinin-based combination ther-
apies (ACTs) are preferred. ACT is an amalgamation of two or more drugs that 
work against the malaria parasite using a different mechanism of action.

Volume 2: TDDS

Tuberculosis (TB) is a potentially severe infectious disease that affects the lungs 
and, in some cases, the kidney, spine, and brain. Mycobacterium causes tuberculosis 
via air route. As a result, two TB-related scenarios are possible: latent TB infection 
(LTBI) and TB disease. If not treated properly, TB disease can be fatal. TB bacteria 
usually grow in the lungs (pulmonary TB). The typical test used to diagnose TB is 
the Mantoux tuberculin skin test (TST). The medications used to treat latent TB 
infection include Isoniazid, Rifapentine, and Rifampin. Classically, the patient may 
undergo several treatment regimens (1st/2nd /3rd line) recommended as per disease 
condition and health policy of that specific country. TB treatment can take 4, 6, or 9 
months depending on the regimen.

Volume 3: VDDS

Viruses are very tiny infectious germs, which cause infectious diseases such as the 
common cold, flu, and wart to severe illnesses such as HIV/AIDS, Ebola, and 
Covid-19 (which caused the recent pandemic where millions of people lost life). 
They invade living, normal cells and use those cells as host. Depending upon the 
type of virus, the target body cells are different. Virus infections and diseases are 
categorized under ten other groups, i.e., contagious, respiratory, gastrointestinal, 
exanthematous, hepatic, transmission, cutaneous, hemorrhagic, neurologic, and rest 
of the viruses not in these categories. All viruses have a protein coat and a core of 
genetic material, either RNA or DNA; unlike bacteria, viruses can’t survive without 
a host. The diagnosis of viral diseases/infections can be performed by viral culture, 
serological tests, virus antigen detection, and viral nucleic acid or antibody detec-
tion. The treatment of viral diseases/infections depends on the type of viral 
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infection. Antibiotics do not work for viral infections. FDA has already approved 
several antiviral medicines for the treatment of certain illnesses.

Volume 4: IDDDS

Each infectious disease has its specific signs and symptoms. Diagnosis of infectious 
diseases needs lab testing. Samples of body fluids, e.g., blood, urine, saliva, etc., can 
reveal evidence of the particular microbe that is causing the illness. While imaging, 
scans using X-rays, computerized tomography, and magnetic resonance imaging 
can help pinpoint disease states. Often, local tissue biopsies provide helpful infor-
mation on the state of infection and adverse observations of disease (if any). This 
volume is focused on diagnosis, detection, disease models, the link between two or 
multiple infectious diseases, and vaccine development for the treatment of infec-
tious diseases

This book series compiles all the new treatment avenues that have been explored 
to treat malaria, tuberculosis, viral infections, and other infectious diseases like 
Ebola and hepatitis. This series covers various aspects of drug delivery advances for 
disease targeting, new drug molecules, analysis of currently ongoing clinical trials, 
vaccine development, and availability of disease models to evaluate drug perfor-
mance. Dedicated chapters are included on herbal treatment opportunities for each 
disease. In addition, readers can refer to information on global disease health sce-
narios, cellular pathophysiology, and drug resistance, full coverage on polymeric 
nanoparticles, solid lipid nanoparticles, dendrimers, liposome, and micro/nano-
emulsions as drug delivery carriers.

Experts from all over the world have shared their knowledge to generate this one-
stop resource. This book series is destined to fill the knowledge gap through infor-
mation sharing and organized research compilation between the diverse area of 
pharma, medicine, clinical, chemist, and academics to fulfill following specific 
objectives:

• To discuss opportunities and challenges in the treatment of infectious diseases
• To enlist current efforts by researchers and experts
• To facilitate the insight and knowledge sharing
• To highlight innovative, cutting-edge micro and nanotechnology research
• To establish collaborations between academic scientists, industrial, and clinical 

researchers

In summary, we are sure this book series will provide you great insights into drug 
delivery sciences (conventional, micro-nanomedicines, upcoming drug delivery 
trends) along with updates on clinical and chemical drug research for the treatment 
of infectious diseases.

Tübingen, Germany Ranjita Shegokar
Tampa, FL, USA Yashwant Pathak
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Global Health and Viral Diseases: Past, 
Present, and Future

Sarika Chauhan, Surya Sankineni, Ranjita Shegokar, and Yashwant Pathak

Abstract Viral diseases are one of the most common and rapidly contagious ways 
to impair one’s health. Hence, finding new ways to combat the spread and treat the 
viruses can be beneficial to global health overall. Some of these common and dan-
gerous viral diseases include influenza, HIV/AIDS, HPV, and measles, mumps, and 
rubella (MMR). Prior to modern medicine, thousands faced death at the hand of 
these diseases; however, today, we can develop interventions and technology that 
could save most from their devastating effects. Although most of these diseases are 
highly preventable either via vaccines or preemptive safe practices, their access 
globally is highly limited by a nation’s finances, resources, and initiatives. In order 
to accomplish the task of eliminating and reducing the spread of viral diseases, the 
HPV and MMR vaccines must be widely distributed to target populations, perhaps 
even made a requirement for school admission. Supplementary immunization activ-
ities (SAIs) are also recommended to maintain and enforce immunization strategies. 
For viruses that result in sexually transmitted diseases (STIs), educational resources 
as well as screening opportunities are needed to aid in the accurate recording of 
transmission and to execute preventative measures. Viral diseases prove fatal for 
many all around the world. By initiating plans for intervention and treatment of viral 
diseases that affect those around the world, we can significantly improve global 
health access and quality.
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1  Introduction

Understanding viral diseases, their risk factors, and available treatment options is 
essential to improving health outcomes at the global level. These infectious agents 
pose such a threat to human health because they are inert and as such can use the 
biology of a host cell to replicate nearly indefinitely [1]. Through initiatives like the 
World Health Organization’s (WHO) Global Influenza Programme, Cervical Cancer 
Elimination Initiative, and UNAIDS, public health officials around the world have 
come together to address the spread of some of the most common—and most fatal—
viral diseases.

2  Types of Viral Diseases

The first of these viral diseases is the influenza virus, which has the ability to infest 
many vertebrates. In humans, the virus invades the respiratory epithelium. There are 
four variants of the virus that differ depending on their source and effects: Influenza 
A virus (IAV), Influenza B virus (IBV), Influenza C virus (ICV), and Influenza D 
virus (IDV). The first three types of the influenza virus are extremely transmissible 
human respiratory pathogens, which eventually allow the reproduction of the viral 
genome within the host’s nucleus. One of the most severe viruses is HIV, or human 
immunodeficiency virus, which results in acquired immunodeficiency syndrome 
(AIDS). It is a sexually transmitted infection (STI), meaning it is transferred perina-
tally and via bodily fluids. The HIV is a Lentivirus of the retrovirus family, meaning 
that the virus is characterized by long incubation periods and leads to long-term 
expression. Since the syndrome decreases an individual’s immunity drastically, it 
may render them unable or not as fit to fight other illnesses [2].

Another viral disease that is categorized as a STI is the human papillomavirus, 
HPV. Like HIV, HPV can be spread via sexual contact even though there may be no 
symptoms present. HPV is most notable for causing cervical cancer as well as sev-
eral others [3]. Measles, mumps, and rubella (MMR) can be both prevented via the 
MMR vaccine; it is often given within the first few years of birth to prevent the 
spread of the viral diseases. Measles is common throughout the world but highly 
contained in some countries like the United States with the use of the vaccine. 
However, global control of the diseases is insufficient as vaccine coverage needs to 
be more widespread [4]. Rubella and mumps were also a very common viral disease 
before the introduction of the vaccine. One thing to note for rubella is prevention of 
contracting congenital rubella during pregnancy as it can result in severe defects. 
Mumps can seldom but notably result in sterility in older males due to the inflam-
mation it causes on the testes; it also results in the inflammation of the ovaries, 
pancreas, and spinal cord [5].

S. Chauhan et al.
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3  Viral Diseases Across the World

3.1  Influenza

H1N1, more commonly known as influenza, is classified as an acute respiratory ill-
ness and has again and again proven to be in a class of its own in terms of genetic 
adaptability. Influenza has been a world health concern since the first identifiable 
description of an outbreak recorded between 1173 and 1174  in Europe [6]. The 
official discovery of swine influenza virus occurred in 1933 by Dr. Richard Shope 
of the Rockefeller Institute in Iowa who had been investigating hog cholera [7]. 
Following his discovery scientists, Wilson Smith, Christopher Andrews, and Patrick 
Laidlaw followed Shope’s isolation methods to isolate this elusive virus in humans. 
Three of the most impactful influenza pandemics presented themselves in the twen-
tieth century alone, beginning with the Spanish flu (H1N1) in 1918, followed by the 
Asian flu (H1N2) in 1957 and Hong Kong flu (H3N2) in 1968. The Spanish flu took 
approximately 675,000 lives in the United States alone and approximately 50 mil-
lion worldwide. Influenza has yet to halt genetic evolution, exemplified with the 
emergence of the new extremely transmissible strain of avian flu (H7N9) in 2019 
[8]. Nearly every year, new genetic variations of influenza continue to present them-
selves. Influenza B is generally a less virulent form of virus, while influenza C is 
even less harmful, resulting in mild illness at its worst [9].

3.1.1  Prevalence Worldwide/Rate of Infection

The 2020–2021 influenza season resulted in approximately 1675 tested cases of 
influenza recorded in the United States by the Centers for Disease Control and 
Prevention (CDC) [10]. This rate of prevalence is a historical record low for influ-
enza in the United States and can be largely attributed to the general increase in 
personal health safety due to the COVID-19 pandemic.

3.1.2  Treatments over Time

Since the isolation of the influenza virus, scientists have been diligently working to 
uncover various methods of treatment. Historically, herbal medications have recur-
rently been used to treat infections and flu-like ailments [11]. Maoto, an herbal 
mixture synthesized from four different plants is used in Japan as a regular method 
of treatment for standard influenza infection [12]. Alike Maoto, numerous herbal 
remedies exist for the treatment of influenza; however, one of the more common 
modern treatments can be found in the form of the neuraminidase inhibitor oselta-
mivir. Since it received Food and Drug Administration approval in 1999, oseltami-
vir has been surrounded in controversy with numerous studies pointing out that the 
risks weigh heavier than the paltry benefits [13]. Even still, oseltamivir was largely 
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at the forefront of influenza treatment between 1999 and the early twenty-first cen-
tury. Before oseltamivir, the first neuraminidase inhibitor that was approved for use 
in the treatment of influenza had been zanamivir [14]. Numerous studies were con-
ducted of the efficacy of zanamivir. An overarching review directed by Professor 
Carl James Heneghan in 2014 covered a total of 54 clinical trials and concluded that 
zanamivir is an effective treatment method for adults. However, the results of the 
review displayed insignificant results in the treatment of influenza for children. The 
herbal treatment using Maoto was compared to the effectiveness of oseltamivir or 
zanamivir through random trials in 2012 conducted by Shigeki Nabeshima [12]. 
These trials resulted in a surprising conclusion showing nearly equal results between 
both herbal and clinical methods.

3.1.3  Vaccine Landscape

Not only did 2021 record a low in infection rates but also a record high in immuni-
zations. In 2021 alone, the CDC approximately distributed 198 million doses of the 
influenza vaccine, which was a record high, and as of February 25, 2022, another 
total of 174 million doses of the flu vaccine have been distributed by the CDC [10]. 
Currently, the World Health Organization recommends the use of quadrivalent vac-
cines. The recommendation includes egg-based or cell culture/recombinant-based 
vaccinations containing H1N1-like viruses, H3N2-like viruses, a Victoria lineage- 
type virus, and a Yamagata lineage-type virus [15].

 

Source: World Health Organization (WHO); UNICEF.  OurWorldInData.org/vaccination • CC 
BY. Note: Haemophilus influenza type B is a bacteria responsible for severe pneumonia, meningi-
tis and other invasive diseases almost exclusively in children younger than 5 years

S. Chauhan et al.
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3.2  HIV/AIDS

HIV is a species of immune-attacking retrovirus characterized by long incubation 
periods in humans and mammals [16]. The virus primarily occurs as two types—
HIV-1 and HIV-2—which differ in rates of progression and degrees of transmissi-
bility [16]. Left untreated, however, both subtypes can cause AIDS, a condition 
marked specifically by a CD4 T lymphocyte count of less than 200 cells/mm3 [17]. 
Because CD4 cells are the primary mechanisms behind cell-mediated immunity, a 
patient whose HIV infection has progressed to the AIDS stage becomes danger-
ously susceptible to fatal opportunistic infections, certain cancers, and even com-
mon diseases that an otherwise healthy individual can fight [18]. Left untreated, a 
person with HIV usually progresses through three stages: stage 1, acute HIV infec-
tion (mild influenza-like symptoms and high rates of transmission); stage 2, chronic 
HIV infection (asymptomatic for at least a decade until viral load increases and 
CD4 count decreases beyond repair); and stage 3, AIDS diagnosis [19]. It is critical 
to diagnose HIV in the early stages, before the viral load further impedes the 
immune system’s ability to produce CD4 cells.

Early diagnosis and thereby efficient treatment of HIV is initially done with the 
availability of both at-home self-tests and rapid tests that produce same-day results 
in the lab. Following these tests, confirmatory testing at a healthcare center is neces-
sary. These confirmatory tests measure levels of HIV antibodies in a patient’s blood, 
which typically develop “within 28 days of infection”. Due to the severity of this 
viral disease and its available treatments, the World Health Organization recom-
mends people be retested prior to enrolling in treatment [18].

HIV is transmitted through bodily fluids such as blood, semen, and rectal or vagi-
nal fluids. As such, it is most often contracted through unprotected anal or vaginal 
intercourse and sharing drug injection equipment such as syringes and needles [20]. 
The virus can also be passed perinatally from mother to baby during birth or breast-
feeding [20]. Rarer forms of transmission include biting, oral sex, and transmission 
through pre-chewed food; usually, these modes involve a cut or abrasion in the 
mouth through which the virus can enter the bloodstream. Risk factors that increase 
an individual’s likelihood of contracting HIV include having unprotected sex, 
receiving or performing unsafe injections, sharing contaminated needles, and acci-
dental stick injuries in the healthcare setting [21].

3.2.1  Prevalence Worldwide/Rate of Infection

HIV is a major global health issue, having claimed over 36 million lives since the 
identification of the first case in 1981. At the end of 2020, there were “an estimated 
37.7 million people” living with HIV [18]. Of these, 36 million were adults, and 
53% were women and girls [22]; 25.4 million lived in the WHO African Region 
[18]. Since 2010, incident HIV rates have declined by 31%, thanks to increased 
access to treatment and educational resources worldwide [22]. In 2020, 1.5 million 
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people became infected globally, and 680,000 died from AIDS-related complica-
tions [23]. This is a marked (52%) decrease in incidence since the peak in 1997, 
when three million people were diagnosed in that year alone [23]. As the figures 
below indicate, sub-Saharan Africa is home to just 10% of the world’s population 
but comprises nearly two-thirds of the world’s HIV prevalence. In this region, HIV 
has become a generalized epidemic, meaning that it spreads through the population 
at large rather than just through at-risk groups such as sex workers and users of 
injectable drugs [24, 25].

 

S. Chauhan et al.
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Source: Institute for Health Metrics and Evaluation, Global Burden of Disease (2019). 
OurWorldInData.org/hiv-aids • CC BY

In terms of AIDS, mortality rates have declined by 53% among women and girls 
[26] and by 41% among men and boys since 2010 [23]. Since the AIDS peak in 
2004, mortality has reduced by 64% [23]. Still, the epidemic is not over, and its 
effects continue to be compounded by the prevalence of other viruses—most 
recently, COVID-19. Studies from several countries (South Africa, the United 
Kingdom) have found that the risk of mortality from a COVID-19 infection was 
doubled in those with HIV/AIDS compared to the general population [23]. Despite 
this statistic, the regions with highest rates of infection—regions in sub-Saharan 
Africa, namely, Mozambique and Zimbabwe—have had least access to COVID-19 
vaccines [27].

3.2.2  Treatments over Time

Although there is currently no cure for HIV/AIDS, there are effective treatment 
options that enable patients to live healthy long lives with the virus as a manageable 
chronic health condition rather than a life-defining fatality. The current treatment 
regimen for HIV includes “three HIV medications from a minimum of two drug 
classes” [28]. Different drugs from different classes must be used because the life 
cycle of the virus is complex and multistage; targeting the virus at each stage of its 
life cycle thus decreases the likelihood of viral replication throughout the host [29]. 
This multistage treatment regimen is known as antiretroviral therapy (ART) and 
must be followed daily for life to be fully effective [30]. Common FDA-approved 
drug combinations for HIV include two nucleoside reverse transcriptase inhibitors 
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and one non-nucleoside reverse transcriptase inhibitor, a protease inhibitor (PI), or 
integrase inhibitor (II) [28].

The first antiretroviral drug to reach FDA approval, in 1987, was zidovudine, a 
nucleoside reverse transcriptase inhibitor; in 1996, clinical studies found that com-
bining zidovudine with other classes of medicines increased inhibition efficiency 
[28]. Since then, further research has shown that three-drug ART has led to an 
approximate 60% to 80% decrease in the rates of AIDs, hospitalization, and death 
[28]. In the United States specifically, the CDC plans to implement a 90-90-90 plan 
by 2030, wherein 90% of cases are HIV-diagnosed, 90% are on ART, and 90% have 
nearly fully suppressed the virus [28].

HIV prevention options have also become widely available. PrEP, or pre- 
exposure prophylaxis, is a medicine that at-risk individuals can take to prevent get-
ting HIV through unprotected sex or use of contaminated needles [31]. There are 
currently two approved PrEP medications, Truvada and Descovy, the latter of which 
is not approved for those assigned female at birth [31]. Daily PrEP use can reduce 
the risk of sexually contracting HIV by 90% and the risk of contracting HIV through 
needles by 70% [32].

3.2.3  Vaccine Landscape

Research for an effective HIV vaccine is currently underway and has been for sev-
eral decades. The difficulty scientists have faced in creating an effective HIV vac-
cine is the virus’ rapid mutation rate and ability to evade the immune response. Yet 
as of March 2022, the National Institute of Allergy and Infectious Diseases launched 
a phase I clinical trial examining a potential mRNA vaccine for HIV, citing the 
effectiveness of the mRNA COVID-19 vaccine as support for the research [33].

3.3  HPV

Human papillomavirus, commonly known as HPV, is a common sexually transmit-
ted disease that is associated with numerous cancers—cervical cancer, head and 
neck squamous cell carcinoma, and anal cancer [34]. There are over 200 types of the 
virus that exist. HPV infections can be categorized as low-risk infections and high- 
risk infections. Low-risk infections consist of causing genital warts, whereas high- 
risk infections may cause cervical and other types of cancers [35].

The biological structure of papillomaviruses can be described as “small, non- 
enveloped, epitheliotropic, double-stranded DNA viruses” [36]. Human papilloma-
viruses result in mucosal and cutaneous epithelial lesions and cancers [37]. Risk 
factors for HPV include having “multiple sex partners, sex at an early age, a history 
of sexually transmitted infections, and smoking” [35].

S. Chauhan et al.
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3.3.1  Worldwide Prevalence/Rate of Infection

Worldwide, HPV is found in 11–12% of women without cervical abnormalities 
[38]. Sub-Saharan Africa had the highest HPV prevalence of 24% [39] in cytologi-
cally healthy women. However, the highest prevalence of HPV infection in all 
women was in Asia; specifically, a large number of Eastern and Central and Southern 
Asian women were carriers [39]. Additionally, there appears to be a trend of higher 
HPV infection rates in developing regions rather than in developed regions [39]. In 
the United States, HPV is considered the “most commonly sexually transmitted 
infection” and has been associated with increased risk of cervical cancer and genital 
warts [40]. Adolescent girls and women under 25 are the most infected with HPV 
[39]. There is a peak prevalence of HPV in women around their early 20s [35]. Up 
to 79% of sexually active women are likely to acquire an HPV infection at some 
point during their lifetime [35]. On the other hand, genital warts is only prevalent in 
about 1% of sexually active Americans [37].

With more than 100 types of HPV strains, the HPV infection is categorized based 
as non-genital, mucosal or anogenital, and epidermodysplasia verruciformis [37]. 
Of these strains, HPV 6 and 11 are responsible for “approximately 90% of” genital 
warts, and HPV 16 and 18 are associated with “approximately 70% of cervical can-
cers” [40]. HPV 16 and 18 are considered the most prevalent strains of HPV [38]. 
HPV is transmitted when in contact with infected genital skin or mucosa [35]. Other 
possible routes of infection are orally or perinatally. While oral infection of HPV is 
possible, there is a low risk of transmission [35]. Similarly, perinatal transmission 
of HPV is rare [35].

3.3.2  Treatments over Time

Preventative care for HPV infection consists of two FDA-approved HPV vaccines. 
Gardasil is the quadrivalent recombinant HPV vaccine that was approved in 2006 
and protects girls and women from ages 9 to 26 from HPV types 6, 11, 16, and 18 
[35]. The second vaccine, Cervarix, was approved for girls and women from ages 10 
to 25 and protects against HPV types 16 and 18 [35].

3.4  MMR

MMR, also known as measles, mumps, and rubella, are a group of single-stranded 
RNA viruses. Measles and mumps are negative sense paramyxoviruses, and rubella 
is a positive sense togavirus. This group of viruses has high transmissibility, with 
measles having a R0 of 12–18. This R0, also known as basic reproductive number, 
means that during the course of an infection, a person is likely to spread measles to 
12–18 others. These specific viruses have had a spotlight in the public eye as of late, 
due to a now-defunct study linking the vaccine to autism. This negative press has 
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resulted in many choosing to not vaccinate their children, thus leading to out-
breaks [41].

Measles virus, also known as morbillivirus, replicates in the cytoplasm of host 
cells and is spread primarily through respiratory droplets. It is known for its viral 
prodrome of cough, coryza, conjunctivitis, and Koplik spots, as well as its charac-
teristic cephalocaudal spreading maculopapular rash. Virulence factors include 
hemagglutinin and fusion protein, which aid in infectivity. Finally, measles has late- 
stage complications such as pneumonia and subacute sclerosing panencephalitis 
[42]. Mumps virus also replicates in the cytoplasm of host cells. It has the virulence 
factors of hemagglutinin, fusion protein, and neuraminidase. Mumps infection can 
be hinted at on physical exam because of its characteristic reproduction within sali-
vary glands. It is known to also cause orchitis in males, which can lead to infertility. 
An additional known complication of mumps is meningitis [43].

Rubella, also known as German measles, can sometimes be mistaken for measles 
because of its maculopapular rash’s similar cephalocaudal spread [44]. It is gener-
ally a disease of childhood and has different symptoms depending on the type of 
infection, congenital or acquired. Congenital rubella crosses the placenta and causes 
a myriad of symptoms. The most common presentation for congenital rubella is the 
triad of congenital cataracts, sensorineural deafness, and patent ductus arteriosus. 
Additional signs of congenital rubella are the “blueberry muffin rash,” jaundice, 
microcephaly, and pulmonic stenosis [45]. Acquired childhood rubella signs include 
the cephalocaudal rash and posterior auricular and occipital lymphadenopathy. 
Rubella has been linked with arthritis. Rubella is also spread primarily through 
respiratory droplets.

3.4.1  Worldwide Prevalence/Rate of Infection

Measles is an extremely contagious disease and thus can have high rates of spread. 
It is estimated that there is a 90% chance of infection, if exposed to the virus [46]. 
Despite the high levels of contagion, the prevalence remains low due to the exis-
tence of MMR vaccine. The highest rates for measles can be seen in Africa and 
India; however, there are also large rates in Brazil. In 2019, there were an estimated 
11,371 confirmed measles cases in Brazil. The primary age group that was affected 
by measles was from ages 15 to 29, which comprised 45% of the cases in Brazil. 
Somali was reported as having the greatest number of cases, nearing around 6000 
cases as of 2022.

Mumps also has a high rate of transfer and is generally caused by the paramyxo-
virus. Since the introduction of the mumps vaccine, the rates dropped; however, 
recently, there has been a surge in the number of outbreaks and cases. The country 
most afflicted is China. The number of cases in China has reached around 130,000 
by 2020 and has been increasingly seen in vaccinated patients. The number of cases 
of mumps in the United States has dropped greatly from 150,000 in 1967 to 2251 
cases in 2018 (Lau, Roger, and Michael Turner) [47].
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Rubella is an acute contagious disease that previously had a high prevalence but 
decreased by more than 95% from the vaccine. India has only recently seen a decline 
in the prevalence due to only launching the vaccine in 2017 [48]. Despite the intro-
duction of the vaccine, there are still thousands of cases in India. Globally, however, 
the rates are extremely low, and it is only found in around 14 countries.

3.4.2  Treatments over Time

Measles virus, as it is known today, was first documented in the ninth century by a 
Persian doctor named Rhazes. Measles treatment has had some changes over the 
course of time, but much of its treatment remains the same. Historically, measles 
was treated supportively with antipyretics and hydration [49]. Today, treatment for 
measles is still largely supportive. Aimed at reducing complications, measles treat-
ment largely consists of supportive fluids and analgesia. However, studies have 
demonstrated efficacy in vitamin A treatment. Vitamin A reduces mortality in mea-
sles patients less than 2 years old. This has now become a standard of care in this 
group. Vitamin A is efficacious due to its function as an immunomodulator, which 
increases antibody response against the virus. Post-exposure prophylaxis includes 
one dose of the MMR vaccine and immunoglobulin if the exposure was within 
72 hours [50].

Mumps and rubella currently do not have any specific medications or drugs that 
can be taken as treatment; however, there are practices that can reduce the symp-
toms. Most symptoms should go away after 1–2 weeks, especially through the addi-
tion of hydration of fluids. There are some drugs, such as acetaminophen or 
ibuprofen, that can be taken to alleviate fever symptoms. Decreasing inflammation 
of the glands can be alleviated by utilizing heating or ice packs on the areas of 
inflammation [51].

3.4.3  Vaccine Landscape

Measles, mumps, and rubella vaccine is given in two doses. The first is given to 
children at 12–15 months of age, and the second is given from 4 to 6 years of age. 
The vaccine itself contains strains from each of the three viruses and has an 
extremely high efficacy rate, above 95%. The vaccine is slightly less effective for 
mumps but still results in an efficacy rate above 85%. Measles is currently labeled 
as eliminated in the United States due to the vaccine in 2016. However, low-income 
countries still have these diseases due to the lack of distribution of the vaccine. 
There have been speculations about autism being linked to the MMR vaccine; how-
ever, there is no evidence that can support this (Table 1).
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Table 1 Viral diseases with their year of emergence and whether they have a treatment or vaccine 
available for use

Viral disease Year emerged
Treatment 
available

Vaccine 
available

Chickenpox [52] 1691 Yes Yes
Flu (influenza) [53] 1918 Yes Yes
Herpes [54] 1.6 million years 

ago
Yes No

HIV/AIDS [55] 1981 Yes No
HPV [56] 500,000 years ago Noa Yes
Infectious mononucleosis [57] 1880s No No
MMR [58] Ninth century No Yes
Shingles [59] 1888b Yes Yes
Viral gastroenteritis (stomach flu) 
[60]

1972 Yes Yes

Viral hepatitis [61] 100,000 years agoc Yes Yes
Viral meningitis [62] 1805 Yes No
Viral pneumonia [63, 64] 1938d Noe Yes

aAssociated genital warts can be treated
bAlthough not distinguishable from smallpox, the emergence dates back to the fifteenth century
cHBV specifically has been estimated to originate between 3000 and 100,000 years ago
dViral pneumonia has been common throughout human history along with most of the diseases in 
the table
eMost viruses responsible for pneumonia are not treatable (they resolve on their own), but there are 
some exceptions

 

“Immunization, Measles (% of Children Ages 12–23  Months).” The World Bank, https://data.
worldbank.org/indicator/SH.IMM.MEAS?end=2020&start=1980&view=chart
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4  Conclusion

Global initiatives taken by organizations like the UNICEF and the World Health 
Organization have not been effectively implemented in several countries due to the 
dearth of the country’s ownership and limited will, which is seen by their insuffi-
cient resources [65]. For the effect expansion of MMR treatment, there needs to be 
greater political support as well as a dependency on supplementary immunization 
activities (SIAs). A measles eradication plan should include the assurance of two 
measles-containing vaccine doses along with the SIAs. Using the MMR vaccine as 
a school entry requirement could also contribute to increasing the immunity withing 
target populations. Accurate reporting of cases on at least a weekly basis in affected 
countries could indicate areas that are spiking and need immediate containment or 
intervention. The strengthening of global immunization programs is crucial to 
achieving the eradication goals for measles, mumps, and rubella.

For all the aforementioned viral diseases including HPV and HIV, there must be 
adequate human, financial, and technical resources to investigate outbreaks and 
their causes. Since HPV presents major concerns for cervical cancer, routine screen-
ing for women with HPV must also be taken into consideration in target countries 
along with preventative transmission efforts (HPV vaccine) [41]. For both HPV and 
HIV, a national push toward breaking the stigma on STIs as well as providing edu-
cational programs in schools would prove beneficial as more people can recognize 
the symptoms and speak on the subject. Affordable STI screenings for those that are 
sexually active should also be highlighted as a global effort to further bring light to 
the diseases (and those affected) and help eliminate its transmission. There are 
affordable ways to prevent these viral diseases; however, they must be implemented 
and initiated at a global, national, and regional level in order to decrease or elimi-
nate transmission.
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Drug Resistance in Antiviral Therapy

Seth Kwabena Amponsah and Benjamin Tagoe

Abstract Drug resistance in antiviral therapy is a major public health challenge. 
This resistance can occur among immunocompromised patients where persistent 
viral replication and protracted drug exposure result in selection of resistant strains. 
Consequences of drug resistance range from toxicity inherent in the use of second- 
line antiviral agents, severe disease, and even death (from progressive viral infection 
when no effective alternative treatment is available). Although scientific technology 
has identified a number of these proximal mechanisms of antiviral resistance, bigger 
evolutionary trends of the viruses remain obscure. New metrics for evaluating muta-
tions, recombination rates, demographic histories of transmission, and selective 
forces during viral adaptation to antiviral drug treatment have been developed. 
Understanding levels of resistance and cross-resistance conferred by diverse muta-
tions is required for accurate interpretation of genotypic assays. Identification of 
viral resistance to drug therapy is possible by linking distinctive viral alterations 
(phenotypic resistance) to a number of antiviral drugs. To reduce antiviral resis-
tance, there is the need to optimize drug administration, select alternate therapy 
based on knowledge of resistance mechanisms, and develop novel antivirals. 
Experimental drugs with various viral targets are being investigated, and these 
agents may offer better treatment options. In this chapter, we delve into the mecha-
nisms of viral resistance, manifestation of antiviral resistance, detection of antiviral 
resistance, and clinical implications of drug resistance in viruses.

Keywords DNA polymerase · Famciclovir · Hepatitis B virus · Lamivudine · 
Resistance · Varicella-zoster virus

S. K. Amponsah (*) 
Department of Medical Pharmacology, University of Ghana Medical School, Accra, Ghana 

B. Tagoe 
Fulfilment Operations and Academy, Zipline Ghana, Accra, Ghana

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023
R. Shegokar, Y. Pathak (eds.), Viral Drug Delivery Systems, 
https://doi.org/10.1007/978-3-031-20537-8_2

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-20537-8_2&domain=pdf
https://doi.org/10.1007/978-3-031-20537-8_2


18

1  Resistance as an Evolutionary Process

Just like most cell-based organisms, viruses undergo evolution and natural selec-
tion. Currently, monitoring of viral evolutionary processes has become more stream-
lined due to availability of molecular data on strength of selection and nucleotide 
diversity [1, 2].

Over the last few decades, drugs that target mechanisms of viral replication have 
been widely used to treat viral infections. Generally, viral genomes are not likely to 
replicate if treatment is robust [3]. A less effective therapeutic regimen may result in 
successful replication of some viral genomes, which may ultimately lead to rapid 
adaptation towards resistance. Resistance to antiviral drugs is further worsened by 
high rates of mutations within viruses. Pharmaceutical companies and research 
laboratories have been forced to remain innovative in the process of drug discovery 
and development.

2  Clinical Definition of Antiviral Drug Resistance

Antiviral drug resistance occurs when viruses become less susceptibility to antiviral 
agents. This is usually confirmed by in vitro testing, with confirmation via genetic 
and biochemical analysis. In chronic hepatitis B, for example, definitions for first- 
line (main) and secondary antiviral drug failure exist [4]. First-line antiviral failure 
(sometimes referred to as non-responsiveness) occurs when there is the inability of 
an antiviral drug to decrease hepatitis B virus (HBV) deoxyribonucleic acid (DNA) 
viral load beyond 1.0 log10 IU/ml within the first 3 months of treatment. This is 
frequently caused by problems with efficacy of pharmacological or antiviral agents 
[5]. Second-line antiviral treatment failure occurs when there is an increase in viral 
load from nadir of at least 1.0 log10 IU/ml following two blood samples that are 
taken within 1 month. There is the possibility that patients who show efficacy to 
antiviral therapy may experience this second-line antiviral treatment failure some-
time later. It is, thus, recommended that viral load is estimated at the beginning of 
therapy. In order to identify viral rebounds that may occur with antiviral resistance, 
an assay that is specific and sensitive (1000 IU/ml) to HBV DNA viral load is rec-
ommended. A recent international summit recommended that HBV DNA viral load 
testing be undertaken every 2–3 months, if health resources permit [4]. Patients on 
antiviral drugs should be monitored on a regular basis. This is especially important 
in individuals with advanced disease, since it is necessary to maintain viral suppres-
sion for an extended period.

This book chapter seeks to discuss variations in antiviral resistance mechanisms, 
resistance to common antiviral drugs, and identification of resistance. Additionally, 
information on infections caused by hepatitis B and C viruses, herpesvirus, human 
cytomegalovirus, varicella-zoster virus, and human immunodeficiency virus is 
reviewed.
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3  Antiviral Drug Resistance

3.1  Variation in Viral Resistance Mechanisms

Due to differences in replication among viruses, development of antiviral drugs in 
modern times has primarily focused on targeting different stages of viral life cycle. 
This approach is relevant in reducing evolution of viruses toward resistance. 
Understanding the different mechanisms of viral resistance is key in antiviral drug 
development.

The mutation rate of hepatitis C virus (HCV) is relatively high, and this is further 
aided by repeated replication and poor censoring of encoded ribonucleic acid (RNA) 
polymerase [6]. Replication of HCV is close to the allowed maximum error rate 
before the loss of genomic integrity. Antiviral drugs that inhibit activity of protease 
or polymerase are usually used to treat HCV infections. A few mutations in HCV 
genome could result in resistance toward protease or polymerase inhibitors. It is 
likely resistant strains of HCV already exist in the population, considering its high 
mutation rate. Regardless, the HCV appears to be susceptible to new antiviral drug 
combinations such as ledipasvir and sofosbuvir. Research has shown that there is 
little to no cross-resistance between the two drugs; hence, these two agents could 
have promise in the future [7].

Herpesvirus (HSV) is known to have low diversity, partly due to its low rate of 
recombination [8]. HSV may occasionally have latent periods and also viral shed-
ding while preserving its transmissibility even in asymptomatic individuals. 
Nucleoside inhibitors such as acyclovir are commonly used to manage HSV infec-
tions in immunocompromised patients. Therapy with acyclovir for systemic viral 
infections either target DNA polymerase or a thymidine kinase required for prodrug 
activation [9]. Infections caused by human cytomegalovirus (HCMV), which are 
HSV, could start in saliva (occupying a one compartment) before moving to other 
compartments. HCMV infections are generally asymptomatic; however, there is 
cause for concern among congenitally infected infants and immunocompromised 
hosts. Differentiation persists after compartmentalization to the point where viruses 
found in different compartments within a host may be very diverse [10].

The HCMV has polymorphism levels comparable to RNA viruses, despite the 
fact that usually DNA polymerases have high fidelity compared to RNA polymer-
ases [11, 12]. Positive selection signatures can be found in a low percent (5%) of 
open reading frames of HCMV. Due to the fact that envelopes of HCMV assist to 
escape host immune defense, loci that are associated with envelope proteins appear 
to have elevated ratio of non-synonymous to synonymous substitutions (dN/dS). 
However, loci associated with replicative proteins are usually conserved. During 
treatment of HCMV infections, antivirals that act as nucleoside analogs, such as 
ganciclovir and cidofovir, are usually used. Resistance can occur in the viral kinase 
that is needed for the phosphorylation of prodrugs [13].

Neuraminidase (NA) and hemagglutinin (HA) are the virion-surface proteins 
found in Influenza A virus (IAV). These virion-surface proteins are encoded in the 
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short genome of IAV. In IAV, HA and NA are used to bind and detach from the cell 
membrane of a host. The dN/dS ratio of HA and NA are substantially larger than 
those of the other viral proteins because they are surface antigens under diversifying 
selection [14, 15]. NA inhibitors, which have the tendency to disrupt viral envelope 
detachment from host cell membrane, are the most utilized antivirals in the treat-
ment of IAV. IAV that have H274Y NA enzymes are known to be resistant to osel-
tamivir [16, 17]. It is possible that the difficulty of administering zanamivir, another 
NA inhibitor, has led to relatively few resistant viral strains [18]. As a recently 
synthesized antiviral agent, favipiravir is expected to induce mutagenesis in the IAV 
genome. So far, there has been little to no reports of viral resistance to favipiravir 
[19, 20].

Human immunodeficiency virus (HIV) is a retrovirus with an RNA genome. 
Once HIV infects a host, there is duplication of genome by reverse transcription that 
leads to the formation of a double-stranded DNA. This DNA is inserted into genome 
of the host and then reverted to RNA. During drug treatment, the process of reverse 
transcription is highly error-prone, and this can lead to a number of mutations and 
increased population diversity [21]. In fact, it is expected that at the start of pharma-
cotherapy, there exist mutations in the genome of HIV that are present in at least one 
infected cell [22, 23]. Multi-drug regimen is the most appropriate approach in HIV 
treatment today, where antivirals from varied classes, and without known cross- 
resistance mutations, are used [24]. A regimen like this decreases the likelihood for 
resistance to occur. Combinations with the various antiretroviral agents (integrase 
strand transfer inhibitors, non-nucleoside reverse transcriptase inhibitors, protease 
inhibitors, etc.) are recommended.

HBV is a DNA virus and replicates (by transcription) into intermediates of 
RNA. HBV then undergoes reverse transcription back to DNA. HBV is assumed to 
live as a quasi-species despite its DNA genome. In HBV, there is high level of popu-
lation variation, which occurs due to lack of proofreading during the process of 
reverse transcription. Hence, there is often HBV with mutations that can lead to 
resistance to antiviral therapy [25, 26]. Lamivudine, a reverse transcriptase inhibi-
tor, is typically used to treat HBV infections. However, a number of lamivudine- 
resistant HBV have been identified, often with low genetic barriers. As a result of 
the aforementioned, an additional reverse transcriptase inhibitor is frequently added 
[26]. Care must be taken when drug switching is done, especially if it is within same 
drug class because there is the likelihood of HBV-resistant mutations occurring. 
Although a few clinical trials have combination therapy in the treatment of HBV 
infections, this is often not the standard treatment [4, 26, 27].

3.2  Resistance to Common Antiviral Agents

Most drugs currently indicated for HSV infection treatment inhibit DNA poly-
merase in the virus. Nucleoside analogs such as ganciclovir and acyclovir are usu-
ally used to treat infections caused by HSV. Despite possessing weak activity against 
HCMV, famciclovir, valacyclovir, and acyclovir are used to manage other viral 
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Table 1 Mechanism of viral resistance to widely used drugs

Antiviral agent Resistance mechanism References

Cidofovir Altered DNA polymerase [33]
Famciclovir Altered DNA polymerase or viral thymidine 

kinase
[34]

Acyclovir Altered DNA polymerase or deficient viral 
thymidine kinase

[34]

Valacyclovir Altered DNA polymerase or deficient viral 
thymidine kinase

[34]

Ganciclovir Diminished drug phosphorylation or altered 
DNA polymerase

[33]

Vidarabine Altered DNA polymerase [35]
Foscarnet Altered DNA polymerase [33]
Zidovudine Altered viral reverse transcriptase [34]
Lamivudine Altered viral reverse transcriptase [36]
Didanosine Altered viral reverse transcriptase [36]
Indinavir Altered viral protease [36]
Nevirapine Altered viral reverse transcriptase [34]
Ritonavir Altered viral protease [36]
Saquinavir Altered viral protease [36]

infections such as varicella-zoster virus (VZV) infections. Other drugs like valgan-
ciclovir and ganciclovir are approved for HCMV infection. These drugs also pos-
sess in vitro activity against VZV and HSV [28–30]. The metabolism of acyclovir 
involves phosphorylation by viral thymidine kinase and subsequent conversion by 
host kinases to acyclovir triphosphate, which is the active form of the drug. Acyclovir 
triphosphate then inhibits viral (HSV and VZV) replication by chain termination. 
Ganciclovir is phosphorylated only once by viral kinases, and this makes the drug 
active against viruses [13, 28, 31].

Forscanet, a pyrophosphate analog, selectively binds to DNA polymerase of 
viruses. Eventually, DNA chain elongation is inhibited. Cidofovir, a nucleotide ana-
log, requires phosphorylation by cellular enzymes. The activated form of cidofovir 
inhibits DNA polymerase of viruses. Second- and third-line HSV antiviral drugs, 
foscarnet and cidofovir, can be used when there is dose-limiting toxicities or sus-
pected resistance to first-line drugs [32]. A summary of resistance mechanisms to 
the aforementioned antiviral drugs is outlined in Table 1.

4  Identification of Antiviral Drug Resistance

In order to discover drug resistance in viruses, mutations in their genome must be 
detected. These mutations should be validated via in vitro phenotypic assays, as 
being specifically related to drug resistance. A number of assays available in identi-
fying resistance mutations include real-time polymerase chain reaction (PCR), 
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allele-specific PCR, hybridization methods, and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF-MS) [27]. These highly 
sensitive tests can detect virus encoding the resistance mutations, which are present 
in only a small proportion of the overall viral quasi-species. A MALDI-TOF-MS- 
based technique may detect mutations that account for less than 1% of the viral 
quasi-species. On the contrary, direct PCR sequencing allows for the identification 
of all mutations, including any extra potential compensatory mutations, as well as 
new mutations that may have occurred [34, 35].

5  Factors Associated with Antiviral Drug Resistance

Depending on the antiviral drug target and/or class, the number and kind of substitu-
tions required to confer resistance in viruses vary considerably; and this is known as 
the genetic barrier to resistance [21]. Usually, old antiviral classes have low genetic 
barriers, with viruses typically requiring few changes to achieve resistance [24]. 
The rate at which resistance mutations appear is influenced by genetic barriers. If 
resistance takes only one substitution while another requires many, the former is 
more likely to lead to resistance.

Data suggests that mutations that occur via transition are more prevalent than 
those requiring transversion; for example, genetic barriers should include not only 
the quantity of substitutions but also the kind of substitution [36]. In HCV, for 
example, mutations can occur that may lead to resistance; some require only a sin-
gle nucleotide change [21]. With Fisher’s geometric model, these mutations can be 
thought of as an adaptive mechanism [37, 38]. The distance to the ideal phenotype 
rises as the environment changes. In instances of new mutations, the viruses may 
have phenotypes that are closer to the optimal mutation and also keeping a distance 
between the phenotype and the ideal constant [39, 40].

Attempts to prevent drug resistance, however worthwhile, are not always suc-
cessful. A different strategy is to target mutation rather than replicative processes, 
more precisely when population mutation rates increase and if most new mutations 
are detrimental to the virus. In non-recombining viruses, Muller’s Ratchet is pre-
dicted to operate, lowering fitness over time [41]. Hill-Robertson interference (the 
process through which beneficial mutations are maintained and detrimental muta-
tions often lost) will become stronger. The aforementioned can lead to population 
extinction [42].

Numerous RNA viruses replicate at or near the error threshold. New drugs 
exploit this by increasing the rate of base mutations in populations to the point 
where they exceed this threshold [43]. It is noteworthy, that, the exact mechanism of 
action of favipiravir is unknown. However, it is believed to work on RNA poly-
merase to reduce nucleoside incorporation fidelity. This would result in an increased 
production rate of mutant virion. Although resistance to other mutagenic drugs 
occurs as a result of mutations to restore polymerase fidelity, this has been observed 
less frequently with favipiravir [44]. Therefore, resistance to mutagenic therapy is 
not ruled out in the future.
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6  Clinical Implications of Resistance in Viruses

6.1  Human Cytomegalovirus (HCMV)

As is the case with untreated HCMV infection, the clinical manifestations of drug- 
resistant HCMV infection can vary from asymptomatic to severe. There have been 
reports where there is asymptomatic infection with drug-resistant HCMV [45, 46]. 
Additionally, severe or fatal disease has been reported with drug-resistant 
HCMV. Data shows that host factors that predispose an individual to serious HCMV 
are almost same factors that aid in antiviral resistance. In suspected cases of antivi-
ral drug resistance, laboratory-based tests should be conducted and immunosup-
pressive drugs avoided as much as possible. In the absence of acute, life-threatening, 
or blinding HCMV infection, antiviral drug selection should be guided by genotypic 
characterization. The extent of phenotypic resistance known to occur with certain 
gene mutations has major consequences for treatment selection. In non-life- 
threatening or vision-threatening illness, low-grade ganciclovir resistance may be 
addressed with higher intravenous doses [47, 48].

Furthermore, foscarnet is the best treatment option for ganciclovir-resistant 
viruses. Nephrotoxicity frequently complicates foscarnet use, and its long-term use 
can cause adverse effects. Cidofovir is an option for ganciclovir-resistant HCMV 
infections. Based on few in vitro data and case series, a combination of foscarnet 
and ganciclovir has been recommended for drug-resistant HCMV infections [32].

6.2  Varicella-Zoster Virus (VZV)

Drug-resistant VZV also has clinical consequences: direct impact of viral replica-
tion and adverse effects associated with alternative antiviral drugs. In immunocom-
promised hosts, a persistent verrucous variant of VZV can lead to drug resistance. 
Certain VZV DNA polymerase mutants selected in cell culture with foscarnet 
exhibited a sluggish growth phenotype, possibly indicating reduced virulence, 
although this has not been clinically verified [49].

Foscarnet is commonly used to treat suspected or confirmed acyclovir-resistant 
VZV infections. Resistance to foscarnet was identified in a small number of patients 
receiving treatment for acyclovir-resistant VZV infections and was related to muta-
tion in viral DNA polymerase. Although there is paucity of data on cidofovir ther-
apy for drug-resistant VZV, it is believed that cidofovir will preserve effectiveness 
against acyclovir-resistant VZV [49].
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6.3  Hepatitis B Virus (HBV)

Drug-resistant HBV infection could lead to deteriorating liver histology, serum 
transaminase flares, and hepatic decompensation, among others. In drug resistance, 
there is a virologic breakthrough, where there is an increase in HBV DNA in serum, 
with a minimum of 1.0 log10 (tenfold) above nadir. There could also be a situation 
where there may be HBV reinfection with previously undetectable HBV DNA on at 
least two occasions (at least 1 month apart during treatment). Finally, a biochemical 
breakthrough occurs, as characterized by an increase in hepatic transaminase 
levels [4].

When there is evidence of antiviral drug-resistant mutation(s), the most appro-
priate course of action is to switch to another treatment or combination therapy. 
Tenofovir, a highly active antiviral agent with high efficacy against lamivudine- 
resistant viruses, seems to be a better option than adefovir monotherapy for HBV 
infections. Given the reported emergence of resistance to lamivudine, entecavir may 
not be the best alternative for lamivudine-resistant HBV [5].

The management of adefovir-resistant HBV is determined by antiviral treatment 
history of patient and the type of HBV mutation(s). Lamivudine is effective in 
adefovir- resistant HBV infections. Additionally, in vitro findings indicate that telbi-
vudine might also be useful.

7  Conclusion

From a public health perspective, the unpredictability of viral evolution and drug 
resistance is a major concern to drug treatment in viral infections. Drugs that target 
mechanisms of viral (HBV, HCV, VZV, HCMV, HSV, and HIV) replication should 
be used to treat viral infections. Also, combinations with the various antiviral agents 
are recommended to reduce drug resistance. Where applicable, immune boosting 
agents should be used among patients with some form of drug-resistant viral infec-
tion. Furthermore, patients on antiviral drugs should be monitored (viral load test-
ing) on a regular basis. This is especially important in individuals with advanced 
disease, since it is necessary to maintain viral suppression for an extended period.
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Abstract Viral diseases occur when an organism is invaded by pathogenic viruses 
or infectious virions, infectious virus particles containing an outer capsid and inner 
nucleic acid of a ribonucleic acid (RNA) or a deoxyribonucleic acid (DNA) that 
attach and enter susceptible host cells. Viral diseases share similar features, genomic 
type, and virion shape, yet their pathogenesis is different from one another. Viral 
diseases are prevalent, especially in the height of the SARS-CoV-2 pandemic. This 
pandemic has highlighted and continues to highlight viral diseases that are identical 
or similar to SARS-CoV-2. These diseases can be divided into three categories: 
DNA viruses, RNA viruses, and retroviruses. While many different viruses are asso-
ciated with these three categories, three viral diseases were evaluated. The three 
prominently occurring viral diseases that are an ongoing public health threat world-
wide are herpes simplex keratitis (HSK), Middle East respiratory syndrome corona-
virus (MERS-CoV), and human immunodeficiency virus-1 (HIV-1). HSK is a 
double-stranded DNA virus (dsDNA) caused by the herpes simplex virus (HSV) 
infection of the cornea. HSK is one of the leading causes of blindness in the world. 
MERS is a single-stranded positive-sense RNA virus belonging to the Coronaviridae 
family, the most prominent family of RNA viruses. MERS-CoV can lead to symp-
toms ranging from upper respiratory infection, acute-to-severe lung infection, and 
multiorgan failure/death. HIV-1 is a retrovirus containing two single-stranded RNA 
molecules belonging to a family of heterogeneous lipid-enveloped RNA viruses. 
HIV-1 is the most widespread virus that severely damages the immune system, 
resulting in acquired immune deficiency syndrome (AIDS). The collective under-
standing of each pathogenesis and cellular comprehension is crucial to help identify 
the challenges and the opportunities to improve the current treatment for these 
viruses.
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1  Introduction

Communicable diseases, specifically infectious diseases, have been present since 
the beginning of life on Earth. Moreover, infectious diseases have been extraordi-
narily prominent since the advent of human civilization. Historiographical methods 
of tracking and confirming the presence of infectious diseases have allowed for 
further clarification of the specificity of a particular type of infectious disease. 
Identification of types of infectious diseases is important for society writ large, but 
for scientific elucidation.

Infectious diseases can be novel in nature but can also be the result of previously 
dormant viruses that have been reintroduced to society through a plethora of factors 
[1]: environmental changes, lack of public health measures, and lack of public 
health education. Therefore, scientific elucidation of the said infectious diseases is 
essential because of the implications they have on society and also for further and 
continual scientific scholarship on understanding their circulation within 
populations.

Infectious diseases can be an entirely nebulous and all-encompassing classifica-
tion of diseases that are predominant throughout the globe. There are an enumerable 
number of infectious diseases and various classifications of said diseases that could 
be described and expounded upon; however, the importance of this chapter is to 
uniquely highlight the prevalence of viral diseases and cellular understanding of the 
said viruses. Viral diseases significantly affect humans writ large and are singularly 
responsible for morbidity and mortality worldwide [2]. Therefore, comprehending 
viruses is crucial for intrinsically understanding the specific virus. However, for the 
hosts, particularly humans, for this chapter’s discernment, they inhabit, affect, and 
ultimately impact disease manifestation [3].

The category of infectious diseases is wide ranging; to that effect, even the 
grouping of viral diseases falls into this group. While a variety of viruses could be 
discussed, the emphasis of this chapter will be to focus on DNA, RNA, and retrovi-
ruses uniquely. These three types of viruses were chosen not only because of their 
different viral biology and structure but also because of the preeminence of viral 
diseases in human populations that stem from these particular types of viruses.

This chapter examines three prevalent viral diseases to better understand patho-
genesis, structure, biology, and relevant case studies. As mentioned, there are a vari-
ety of viruses that are based on DNA, RNA, and retroviruses. The three viral diseases 
that are further examined are herpes simplex keratitis (HSK), Middle East respira-
tory syndrome coronavirus (MERS-CoV), and human immunodeficiency virus-1 
(HIV-1). HSK is a double-stranded DNA virus (dsDNA) caused by the herpes sim-
plex virus (HSV), resulting in corneal infection. HSK is one of the world’s most 
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prominent causes of blindness. MERS is a single-stranded positive-sense RNA 
virus from the Coronaviridae family, an RNA virus family. MERS-CoV infection 
can cause various symptoms, such as upper respiratory infection, acute-to-severe 
lung infection, and multiorgan failure/death. Finally, HIV-1 is a retrovirus with two 
single-stranded RNA molecules that pertain to the lipid-enveloped RNA virus fam-
ily. HIV-1 is the most prevalent virus that infects severe immune system damage, 
resulting in acquired immune deficiency syndrome (AIDS).

The relevance and importance of discussing viral diseases are to understand each 
disease cellularly better. Understanding the pathogenesis and cellular comprehen-
sion will help identify significant challenges and opportunities to improve therapeu-
tics for these viruses. Through examining three distinct forms of viral diseases 
(DNA, RNA, and retrovirus), similarities and differences can be drawn between. 
Additionally, cellular understanding of viral diseases is constantly changing with 
time, and new findings are coming forth. Scientists are starting to understand dis-
ease processes that can help better understand and treat these diseases at a cellu-
lar level.

2  Background

Viruses are plentiful on Earth; it is estimated that there are 1031 unique viruses that 
are present [4]. Humans are primarily resistant to most of the present viruses; how-
ever, breakthroughs occur, and virus pathogenesis within humans can occur, as we 
have seen with COVID-19 [4]. While viruses are seemingly ubiquitous, one thing 
that should be kept in mind is that they are self-sustaining. While there is plenty of 
philosophical debate on whether viruses are living organisms, it remains scientifi-
cally steadfast, at the moment, that viruses are not living organisms [5]. In their 
essence, viruses are pathogens consisting of DNA or RNA as genetic material 
enclosed in a protein casing [6]. They are unique, infectious actors in terms of their 
lack of cellular and metabolic structures and their exclusivity in either having DNA 
or RNA as their primary genetic matter [6].

Although structurally and cellularly viruses are simplistic, the simplicity in their 
design is not a hindrance in their ability to be the ideal parasitic agent. Viruses, more 
specifically an individual pathogenic unit called a virion, begin their infection pro-
cess through a fusion process, which results in viral fusion proteins binding to mol-
ecules on a cell membrane of the host organism [7]; for this chapter’s purposes, 
assume a human host. Once encased in the cell membrane, viruses commandeer the 
cellular mechanisms of the host cell, allowing for the replication of viral genetic 
material [7]. Viruses repeat the process almost infinitely, producing many copies of 
their genetic material through its host’s own cellular material.

The definition of a virus has changed over the SARS-CoV-2 pandemic. Many 
scientists and researchers are reexamining the definition to better understand 
viruses. Viruses are difficult to define due to the nature of their reproductive cycle, 
the intercellular stage of producing the viral particles (virions) and the extracellular 
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stage of the virions escaping infected cells and reproducing in extracellular environ-
ments [8]. Viruses are the drivers of evolution and continuously adapt and grow to 
adjust to their environment. Viruses can be divided into three main categories, 
deoxyribonucleic acid (DNA), ribonucleic acid (RNA), and retroviruses (a combi-
nation of DNA and RNA). DNA, RNA, and retroviruses are similar yet have distinct 
cell cycles, replication, and expression strategies.

While this is a generalized and condensed account of viral functionality, viral 
machinations can differ depending on what type of virus is infecting a host cell. As 
mentioned, this chapter will examine the specificities in the viral design of DNA, 
RNA, and retroviruses (Table 1).

This table shows the similarities and differences of DNA, RNA, and retrovirus. 
Each was broken down to better understand the strand, size, sugar, replication, loca-
tion, polymer chain length, bases associated, the types of each, and the common 

Table 1 DNA, RNA and retrovirus background

Name
Deoxyribonucleic acid 
(DNA)

Ribonucleic acid 
(RNA) Retrovirus

Scientific 
name

Deoxyribonucleic acid Ribonucleic acid Retroviridae

Strand Double-stranded DNA 
(dsDNA)

Single-stranded RNA 
(ssRNA)

Two single-stranded RNA 
(ssRNA) enclosed in a lipid 
envelope

Size 0.6 nm 3000–7000 nt; capsid 
diameter 26–28 nm

7–12 kb

Sugar Deoxyribose Ribose Ribose
Replication Self-replicate Cannot self-replicate; 

synthesized from DNA 
when needed

Reverse transcription –
conversion of ssRNA 
genome copy to dsDNA

Location Nucleus; small amount in 
mitochondria

Cytoplasm, nucleolus; 
sometimes a nucleus

Cytoplasm

Polymer 
chain

Long Short Short

Bases Adenine, guanine, 
cytosine, thymine

Adenine, guanine, 
cytosine, uracil

Adenine, guanine, cytosine, 
thymine, uracil

Types Double-stranded DNA 
viruses, single-stranded 
DNA viruses, and 
pararetroviruses

3 types: messenger 
RNA (mRNA), 
ribosomal RNA 
(rRNA), transfer RNA 
(tRNA)

Oncoviruses, lentiviruses, 
and spumaviruses

Common 
viruses

Herpes simplex keratitis 
(HSK), hepatitis B virus, 
human papillomavirus, 
adenovirus, Epstein–Barr 
virus (HHV4)

Middle Eastern 
Respiratory Syndrome 
Coronavirus (MERS- 
CoV), hepatitis C virus, 
Severe Acute 
Respiratory Syndrome 
(SARS), West Nile 
fever

Human immunodeficiency 
virus 1 (HIV-1), human 
immunodeficiency virus 2 
(HIV-2), human 
T-lymphotropic virus-I 
(HTLV-I), HTLV-II, HTLV-V
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viruses that are associated with each. This allows for a better understanding and 
breakdown of the DNA, RNA, and retrovirus.

2.1  Deoxyribonucleic Acid (DNA)

DNA is a molecule that contains the genetic blueprint for an organism’s develop-
ment, functioning, and reproduction [9]. Nuclear DNA is found in the nucleus of a 
cell. A complete nuclear DNA set is referred to as a genome [10]. DNA is composed 
of nucleotides, which are organic molecules that contain a nucleoside, a nitrogen- 
containing base, and phosphate and form a long chain of nucleotides and polymers. 
During reproduction, DNA is passed down from generation to generation. 
Furthermore, some viruses have a DNA core that allows them to survive in the 
nucleus of the cell they are infecting by replicating their own DNA using the host’s 
biochemical makeup [11]. The virus DNA can be integrated with the DNA of the 
host cell. DNA viruses can be categorized into three categories of double-stranded, 
single-stranded, and pararetroviruses.

2.1.1  DNA Biology and Structure

As previously stated, DNA is a polymer composed of two distinct polynucleotide 
chains coiled around one another to form a double helix [12]. This polymer is made 
up of nucleotide repeats. The DNA structure is dynamic and can coil into tight loops 
like the helix or other shapes [13]. The two strands are coiled on the same axis and 
have the same pitch of 34 ångströms (Å) or 3.4 nm. Each of the pair chains contains 
a radius of 10 Å or 1.0 nm. An average DNA chain is measured to be 22–26 Å or 
2.2–2.6 nm wide, whereas one nucleotide unit is measured at 3.3 Å or 0.33 nm.

DNA contains the genetic information required for organisms and viruses to 
develop, function, and reproduce. The DNA strands, or polynucleotides, are made 
up of monomer units called nucleotides. These nucleotides are organic molecules 
with nucleoside and phosphate on one end. DNA is made up of four nitrogen- 
containing nucleobases: adenine (A), thymine (T), guanine (G), and cytosine (C). 
These bases are classified into two types: pyrimidines and purines. Pyrimidines are 
aromatic heterocyclic organic compounds with a one-carbon nitrogen ring. 
Pyrimidines are composed of a single hydrogen-carbon ring and two nitrogen 
atoms. Thymine and cytosine are the pyrimidines for DNA. Purines are heterocyclic 
aromatic organic compounds composed of two-carbon nitrogen rings linked by an 
imidazole ring. Purines have two hydrogen-carbon rings and four nitrogen atoms. 
Adenine and guanine are the purines for DNA. Purines and pyrimidines perform the 
same functions and are DNA building blocks. Each pyrimidine and purine have a 
complementary nucleotide base held together by hydrogen bonds, allowing the base 
pairings to be separated for replication and translation. Adenine pairs with thymine 
via two hydrogen bonds, and guanine pairs with cytosine via three hydrogen bonds 
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in DNA. To ensure complementary pairing between the bases, one strand of DNA 
will always be complementary to the second strand of DNA, as shown in Fig. 1.

In the process of compacting DNA molecules that are essential for gene regula-
tion in living systems, DNA is tightly and orderly packed. Eukaryotic DNA is found 
in the cell nucleus and, to a lesser extent, in the mitochondria and chloroplasts. 
Prokaryotic DNA is found in nucleoids along with the cytoplasm. The genetic infor-
mation in a genome is stored in the genes, and a complete set of genetic information 
within an organism is known as a genotype, which is sometimes referred to as 
alleles or carriers of a specific gene or genetic location [14]. This gene is a heredi-
tary unit that influences specific characteristics of an organism. These genes can be 
transcribed and used as promoters or enhancers in regulatory sequences. In many 
species, only a small portion of the total genome sequence encodes proteins. Protein- 
coding axons make up about 1.5% of the human genome. Non-coding repetitive 
sequences make up more than half of the DNA in humans. Non-coding DNA 
(ncDNA) refers to DNA components that do not participate in protein sequences. As 
previously stated, the gene sequence of DNA contains genetic information that can 
influence an organism’s phenotype. The messenger RNA sequence is defined by the 
bases in the DNA strand. Translation, the process by which ribosomes or the endo-
plasmic reticulum synthesize proteins in the nucleus of the cell, determines the rela-
tionship between the gene sequences and the amino acid sequences of the proteins. 
This is referred to as the genetic code or gene expression. This genetic code is made 
up of three-letter codons formed by three nucleotide sequences.

Additionally, transcription can occur when the codons of a gene are copied by 
RNA polymerase, an enzyme that synthesizes RNA using a DNA template into 
messenger RNA (mRNA) [12]. As aforementioned, the gene sequence of DNA con-
tains genetic information that can influence an organism’s phenotype. The mRNA 
sequence is defined by the bases in the DNA strand. Translation, the process by 
which ribosomes or the endoplasmic reticulum synthesize proteins in the nucleus of 

Fig. 1 (a) DNA helix—Structure of the DNA helix containing two polynucleotide chains coiled 
around each other to form a helix shape. (b) DNA ladder—base pairs connected within the DNA 
helix. The DNA helix contains four nitrogenous bases: adenine, thymine, guanine, and cytosine. 
These bases are crucial and only pair up with the counter base. Adenine will pair with thymine, and 
guanine will pair with cytosine
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the cell, determines the relationship between the gene sequences and the amino acid 
sequences of the proteins. This is referred to as the genetic code or gene expression. 
This genetic code is made up of three-letter codons formed by three nucleotide 
sequences. The specific enzyme creates a complementary strand of DNA through 
complementary base pairing from the original strand. The DNA polymerase extends 
DNA strands in a 5′ to 3′ direction, and the RNA polymerase will synthesize an 
RNA transcript complementary to move the template strand into a 3′ to 5′ direction. 
Using the DNA ligase, the 3′ of the DNA fragment will bind to the 5′ of the pre-
vious DNA.

2.2  Ribonucleic Acid (RNA) Viruses

RNA is a macromolecule found in all living cells that plays numerous biological 
roles [15]. In terms of structure, RNA is very similar to DNA, but the main differ-
ence is that RNA is single-stranded and has a backbone of alternating phosphate 
groups and a sugar ribose. RNA is responsible for converting genetic material from 
DNA into proteins. RNA is used in cellular protein synthesis via translation and 
carries genetic information that is translated into proteins by ribosomes. mRNA, 
ribosomal RNA (rRNA), and transfer RNA are three types of protein synthesis 
(tRNA). RNA viruses replicate their genomes, similarly to DNA, using RNA- 
dependent RNA polymerase (RdRp).

2.2.1  RNA Biology and Structure

RNA is a single-stranded polymeric molecule (ssRNA) that is required for gene 
coding, regulation, expression, and decoding [16]. RNA, like DNA, is a nucleic acid 
biopolymer that is required for life. Unlike DNA, which contains deoxyribose, RNA 
only contains one ribose sugar. The unique ribose backbone of RNA allows it to 
change at lower activation energy of hydrolysis than DNA. Each nucleotide in the 
RNA structure will have a ribose sugar with carbons labeled at 1′ to 5′ and a phos-
phate group attached at the 3′ position of the ribose and the 5′ position of the follow-
ing. Because each phosphate group has a negative charge, RNA is a polyanion. 
Unlike DNA, RNA contains a hydroxyl group at the 2′ position of the ribose.

Adenine (A), uracil (U), guanine (G), and cytosine (C) are the four nitrogen- 
containing nucleobases that make up RNA [17]. There are two kinds of bases: 
pyrimidines and purines. The pyrimidines for DNA are uracil and cytosine. The 
purines for DNA are adenine and guanine. Except for thymine and uracil, three of 
the four bases are identical to the DNA bases. Both are pyrimidines, but in RNA, 
thymine is replaced by uracil (an unmethylated form of thymine). Purines and 
pyrimidines are RNA building blocks that perform the same functions. Each pyrimi-
dine and purine has a complementary nucleotide base, which is held together by 
hydrogen bonds and allows the base pairings to be separated for replication and 
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translation. Adenine is paired with uracil, while guanine is paired with cytosine. To 
ensure complementary pairing between the bases, one strand of RNA will always be 
complementary to the second strand of RNA, as shown in Fig. 2.

The RNA polymerase enzyme is catalyzed to synthesize RNA by using a DNA 
template through transcription. The process begins with the enzymes binding the 
promotor sequence in DNA. The DNA helix unwinds through helicase activity from 
the enzyme along the template strand in the 3′ to 5′ direction. During this process, 
the synthesis of a complementary RNA molecule in the 5′ to 3′ direction occurs 
[18]. After this process, the primary transcript of RNA is produced, yielding mature 
RNAs such as mRNA, tRNA, and rRNA. The specific primary transcript is used in 
mRNAs, which are modified for translation. mRNA is used to carry crucial informa-
tion of protein sequences to the ribosomes [19]. This information is coded in codons 
that correspond to specific amino acids. The mRNA then moves from the nucleus to 
the cytoplasm where it is bound to ribosomes and translated with proteins into 
tRNA. The tRNA is a small chain of 80 nucleotides that transfer specific amino 
acids to a polypeptide chain when it is undergoing protein synthesis during transla-
tion. There the amino acid will attach, and the anticodon for the codon will bind 
through a specific sequence through hydrogen bonding. rRNA is the catalytic unit 
of the ribosome that hosts translation. The tRNA molecules are synthesized in the 
nucleolus. When out in the cytoplasm, the rRNA will combine with a protein to 
form a ribosome in which that ribosome may bind with an mRNA. In addition to the 
RNA polymerase enzyme, there are various RNA-dependent RNA polymerases 
(RdRp) that use the RNA as a template for the synthesis of a new RNA strand [20]. 
This enzyme uses an RNA template to catalyze a replication of a complementary 
RNA strand of the template. RdRP is a fundamental protein that is encoded in most 
RNA-containing genomes of viruses.

Fig. 2 (a) RNA helix—structure of the RNA that contains a single-stranded nucleotide. (b) RNA 
ladder—the four different nitrogenous bases of adenine, uracil, guanine, and cytosine. Similar to 
DNA, RNA has three of the same bases, adenine, guanine, and cytosine. The only difference is that 
the thymine from DNA is uracil in RNA. These bases are crucial and only pair up with the counter 
base. Adenine will pair with uracil, and guanine will pair with cytosine
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2.3  Retroviruses

Retroviruses, which are members of the enveloped RNA virus family (Retroviridae), 
are common infectious agents found in a wide range of eukaryotes [21]. A retrovi-
rus is a type of virus that uses and inserts a copy of the RNA genome into the DNA 
host cell that it infects, thereby altering the cell’s genome. The retrovirus can infect 
either somatic cells or germline cells. When endogenous retroviruses infect the 
germlines, they become inherited (ERVs). Retroviruses are classified into three 
families: oncoretroviruses, lentiviruses, and spumaviruses. Each of these three 
groups is responsible for viruses that infect and kill humans, mammals, and birds.

2.3.1  Retrovirus Biology and Structure

Retroviruses, as previously stated, insert a copy of the RNA genome into the DNA 
host cell and alter the overall genome of the cell that they infiltrate. Once in the 
cell’s cytoplasm, the retrovirus will use the reverse transcriptase (RT) enzyme to 
generate complementary DNA (cDNA) from an RNA template. The new DNA is 
integrated into the host cell genome via the integrase enzyme (IN), which forms 
covalent bonds between the host cell and the genetic information [22]. This occurs 
following the integration of double-stranded linear viral DNA from the RNA or 
DNA-dependent DNA polymerase reverse transcriptase. The IN’s primary function 
is to insert viral DNA into the host chromosome, which is required for virus replica-
tion. During the integration process, the cell becomes a permanent carrier of the 
viral genome, and virus gene expression begins. The host cell’s genome now con-
tains the viral DNA and treats it as its own. The viral DNA will begin transcription 
and translation alongside the cell’s genes. This process will begin to generate 
assembly proteins for virus copies (Fig. 3).

The average diameter of retrovirus virions is 80–100 nm. They have a lipid enve-
lope surrounding an internal protein core that contains the viral genomic RNA. The 
core structure is made up of structural proteins such as matrix (MA), capsid (CA), 
and nucleocapsid (NC), as well as RT, integrase (IN), and protease (PR) enzymes. 
The viral envelope is formed when the virus particle buds from the host cell plasma 
membrane, into which viral glycoproteins are inserted. The glycoproteins are made 
up of disulfide-bonded transmembrane (TM) and surface (SU) subunits.

The retroviral genome contains dimers of single-stranded, positive-sense, linear 
RNA molecules that are packaged as viral particles. The structure of the retrovirus 
is a virus that contains genetic material that contains two concentric outer circles in 
which the envelope protein complex is embedded with capsid proteins represented 
as a hexagon. The layout of retroviruses in the RNA genome is 5′–gag–pro–pol–
env–3′ [24]. Virions, independent particles of the retroviruses, are enveloped parti-
cles, ~100 nm in diameter. Virions contain two identical RNA molecules, ~7–10 
kilobases in length [25]. These RNA molecules are dimers, formed by base pairings 
and complementary sequences. The envelope, RNA, and proteins are the three main 
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Fig. 3 Retrovirus Virion Structure [23]

components of all virions. The envelope is made up of lipids and glycoproteins that 
are encoded by the env spike protein, which forms the envelope and allows the ret-
rovirus to target and attach to cells as well as infiltrate the cell membrane. The env 
spike protein is produced by the env gene, which also produces the surface protein 
(SU) and the transmembrane protein (TM). Both of these play an important role in 
the retrovirus’s ability to bind to its target host via specific cell-surface receptors. 
The RNA in the virion is a dimer RNA with a cap at the 5′ end and a polymer at the 
3′ end poly(A) tail. It contains noncoding terminal regions that are essential for 
replication and gene expression. The virion can contain five different proteins: 
group-specific antigen (gag), protease (pro), Pol proteins, Env proteins, and other 
RNA-associated proteins. Gag proteins are viral capsid components with two 
nucleic acid domains, the matrix (MA) and the nucleocapsid (NC) [26]. One of the 
most important functions of the Gag protein is to recognize, bind, and package ret-
roviral genomic RNA into virions. In all retroviruses, the Gag protein serves as the 
precursor to the internal structural protein. Pro proteases are related to single domain 
proteases. Proteolytic cleavages produce mature gag and pol proteins during virion 
maturation. To produce mature proteins, the pro protein is cleaved by enzymes. Pol 
proteins are in charge of both the synthesis of viral DNA and the integration of the 
viral DNA into the host DNA cell after infection [27]. As previously stated, the env 
protein is critical in the entry and association of virions within the host cell. 
Retroviruses can become infectious, thanks to this specific protein. Other 
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Table 2 Organs affected by each virus

Virus Primary organs affected

HSK Eyes
MERS-CoV Lungs and kidneys
HIV-1 Almost all bodily organs

retrovirus-dependent proteins can be found in virions. The NC protein, for example, 
coats the RNA (Table 2).

This table demonstrates the various viruses and the primary organs that are 
affected when infection takes place.

3  DNA Viruses: Herpes Simplex Keratitis (HSK)

HSK is an infection of the herpes simplex virus type 1 (HSV-1) or human herpesvi-
rus type 1 (HHV-1) of the sensory ganglia, most commonly the trigeminal ganglion, 
and/or cornea – the transparent, protective outer layer of the eye covering the ante-
rior chamber, iris, pupil, and lens [28]. HSK is caused by a reactivation of dormant 
HSV-1 within the body that may have been previously infected most likely through 
skin contact. It is estimated that approximately 90% of the human population is 
exposed to HSV-1 in childhood [29]. HSK has been classified as the most explicit 
cause of corneal blindness in developed countries across the globe. Global estimates 
have quantified that there are 1.5 million new cases of HSK each year, with 40,000 
cases constituting extremely detrimental vision loss and/or blindness [30].

3.1  Virus Pathogenesis

As mentioned previously, HSV-1 typically occurs through close contact between 
persons. More specifically, HSV-1 penetrates the mucous membrane of the host, 
allowing for infection and replication to begin [31]. HSV-1 resulting in HSK can 
manifest itself through a variety of factors that are based on disease determinants of 
the particular host. Specifically, HSV-1 resulting in HSK can present itself in a host 
through re-activation of dormant HSV-1 that was previously active on a different 
bodily site on a host or simply through primary infection of HSK for the host that 
had no previous infection of HSV-1 [28]. For hosts that have been previously 
infected with HSV-1, the dormant virus has been shown through previous scientific 
studies and literature to lie in the mouth [28]. Moreover, the mouth has been identi-
fied as the primary site on hosts for the accumulation and spreading of HSV-1 [28]. 
For hosts where HSV-1 infection is novel and results in HSK, HSV-1 infection has 
been linked to droplet spread ocular entry via the tear film [28]. Through ocular 
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entry, the conjunctiva of the host has been demonstrated as the primary site of infec-
tion and replication of HSV-1 [28]. HSV-1 entry either through the mouth or ocu-
larly originates from the trigeminal ganglion, cornea, and brainstem. HSV-1, 
through neuronal axons, is carried via axonal retrograde transport and latent within 
nerve cell bodies at the sensory ganglia [28].

Once replication begins in nerve cell bodies, nascent parts of HSV-1 virions are 
transported anterogradely from the neuronal cell body to the periphery of the neu-
ron, accompanied by further anterograde axonal spread to the cornea [28]. This 
movement of HSV-1 virions has been speculated to be a result of microtubule 
motors [28]. However, this movement is entirely contingent upon viral-DNA repli-
cation of HSV-1, which then results in anterograde transport of HSV-1 virions to the 
axonal chamber [32]. If the virus is unable to replicate, there is no transport and 
delivery to the axonal chamber and subsequently to the cornea. As a result, substan-
tial infection of HSV-1 within the ganglion is vital for viral takeover.

In the cornea, HSV-1 primarily replicates within the epithelial sheaths [31]. 
While HSV-1 is anterogradely transported to and from axonal bodies resulting in 
HSK presenting itself within the cornea, HSV-1 can itself be present in the cornea 
via viral latency or novel infection. Thus, viral activation of HSV-1 within the cor-
nea can serve as an additional genesis of HSK antigens that result in infection. 
While transport from the neuronal cell body to the periphery of the neuron can 
result in HSV-1 virions being transported to sensory ganglia resulting in HSK infec-
tion has been established, it is more likely and commonly believed that viral latency 
of HSV-1 within the cornea is responsible for HSK infection [31].

As with any type of viral infection, there is a substantial immune response that is 
present. In the case of particular diseases of the cornea, such as HSK, a substantial 
amount of native immune cells such as polymorphonuclear leukocytes (PMN), 
macrophages, and natural killer (NK) cells are introduced into the stroma [28]. In 
the leadup to corneal lesions presenting itself as a part of the latter stages of HSK 
infection, an influx of PMN and viral peaks after 4–5 days of initial infection [33]. 
A second immune inrush is noticed 7–8 days after initial infection and reaches an 
immune response apogee at around 15–21 days post-initial infection [33]. This sec-
ond immune response can be uniquely contributed to the CD4+ T cells, particularly 
of the Th1 phenotype [33]. This secondary large immune response as a result of 
CD4+ T cells leads to a large inflammatory response, resulting in corneal lesions as 
a result of HSK manifestation [28].

3.2  Virus Biology and Structure

HSV-1 is a double-stranded DNA virus of significant size. HSV-1 has a genome of 
roughly 152 kb [34]. More specifically, HSV-1 is an alphaherpesvirus that is the first 
member of the human herpesvirus subset (HHV-1). An HSV-1 virion is approxi-
mately 120–300 nm and is constituted of a cloudy electron core that contains its 
viral genome [34]. The viral genome is encased in a 100  nm diameter capsid, 
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tegument, and viral envelope, in the case of HSV-1 acquired from the host cell, 
encasing the entirety of viral genomic material. A distinct feature of herpesvirus is 
its unique capsid structure. In particular, it is composed of 162 capsomers, which 
are arranged to form an icosahedral [35]. The tegument is another critical part of the 
virion as this shapeless apparatus borders the capsid. It contains vital mRNAs and 
proteins, in particular the virion host shut-off (VHS) protein that necessitates viral 
genomic transfer from virion to host cell [35]. The envelope that encases the capsid 
is a lipid bilayer that is composed of glycoproteins. Glycoproteins, specifically gB, 
gC, gD, gH, and gL, are important for viral infection as they work in tandem with 
host cell receptors to initiate the interactivity of virion and host cell, resulting in the 
piercing of the viral capsid through the plasma membrane of the host cell [35]. 
Interaction of glycoproteins gB and/or gC glycoproteins with heparan sulfate pre-
cipitates the attachment of the virus to host cells [35]. Subsequently, gD binding to 
3-OS heparan sulfate, herpes viral entry mediator (HVEM), or nectin-1 results in 
the viral capsid being transported to the cytoplasm of the host cell [35]. Moreover, 
it has been demonstrated that HSV-1 enters human host cells both through virion 
fusion with host cell surfaces and endocytosis [36]. Once the viral capsid is brought 
to the cytoplasm of the host cell, it is delivered to the host cell nucleus for viral 
replication via host cell DNA polymerase [35]. As viral replication takes place, new 
virions are released from that infected host cell, leading to further viral infection 
and subsequent replication [35]. In particular, the releasing of new virions is trig-
gered by the removal of heparan sulfate moieties, through heparanase of the host 
enzyme, on the infected host cell [35]. As mentioned previously, HSV-1 can con-
tinue viral replication resulting in HSK manifestation, or it can become latent/dor-
mant in the trigeminal ganglion via corneal nerves. Due to frequent oscillation from 
viral latency to viral activation, HSV-1 can be present within an infected host 
indefinitely.

3.3  Clinical Cases

HSV-1 infections, resulting in HSK, are the primary causes of corneal blindness in 
developed nations. For example, recent estimates have shown that 500,000 people 
within the United States have been infected with HSV-1, which subsequently results 
in HSK. Moreover, the prevalence of ocular HSV-1 infections is reflected in the 
costs spent on treatment. Estimates have also shown that the total costs of treat-
ments, in the United States, for these specific types of infections are tens of millions 
of dollars annually [37]. However, it must be noted this may be a function of the 
healthcare system in the United States, as treatment decisions based on costs of said 
treatments are adjudicated on a case-by-case basis [38].

HSV-1 infections of the eye are typically clinically presented as unilateral infec-
tions, meaning either the right or left eye is infected [37]. While rare and typically 
presented in young children, approximately 1.3–12% of people who are infected 
can have a bilateral infection, meaning both eyes are infected [37]. The rarity of 
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bilateral ocular HSV-1 infections is typically accompanied by the fact that such 
infections take place almost exclusively within patients who are immunocompro-
mised [37]. Regardless of unilateral or bilateral infection, HSV-1 within the eye 
typically infects the corneal epithelium; however, it is possible that infections can 
take place in the anterior and posterior segments of the eye. The corneal epithelium 
is composed of five to seven layers of cells, approximately 50 𝜇 in thickness, that 
serve as a protective barrier to the cornea [39]. As a barrier to the cornea, it prevents 
a variety of fluids, possibly resulting from tearing, and bacteria from penetrating  
the epithelium and corneal stroma. Ocular HSV-1 infections, known as HSK,  
which stands for herpes simplex keratitis or herpes stromal keratitis, typically pres-
ent clinically in three types: epithelial, stromal, and endothelial [37]. Clinically, it 
has been demonstrated that epithelial keratitis is the most common type of 
HSK. Table 3 virus and related organ and tissue affected sites e.g. HIV- spleed or 
 lympnodes, etc

Ophthalmologists through patient history and symptoms are able to initially pre-
sume, even before a slit-lamp examination, that an infection of HSK has taken 
place. HSK patients who are symptomatic typically report ocular irritation, redness, 
discharge, excessive tearing, light sensitivity, and/or pain. The diagnosis of HSK is 
then confirmed and completed by an ophthalmologist during their slit-lamp exami-
nation in order to rule out other ocular irritations such as allergic conjunctivitis or 
dry eye syndrome. The most prevalent form of HSK, epithelial keratitis, presents on 
the eye as rough, granulated spots that coalesce to form branching ocular lesions, 
classified as dendritic lesions [37]. The dendritic lesion may be initially difficult to 
detect via slit-lamp examination; therefore, an ophthalmologist will use fluorescein 
staining of the cornea to confirm the presence of dendritic lesions [37]. Stromal 
keratitis on the slit-lamp examination will show a cloudy, almost opaque, appear-
ance of the corneal stroma, the middle layer of the cornea [37]. Stromal keratitis 
may result in corneal edema and angiogenesis and like epithelial keratitis will pres-
ent itself through corneal lesions. Stromal keratitis has been associated with an 

Table 3 Drug treatment for viruses

Virus Preferred drug treatment

HSK Acyclovir, valacyclovir, and trifluridine
MERS- 
CoV

No targeted drug treatments available
Acetaminophen or nonsteroidal anti-inflammatory drug (NSAID) used to treat 
fevers and body fatigue

HIV-1 Antiretroviral therapy (ART) including at least two of the following drug classes:
   Nucleoside reverse transcriptase inhibitors
   Non-nucleoside reverse transcriptase inhibitors
   Protease inhibitors
   Fusion inhibitors
   CCR5 antagonists
   Integrase strand transfer inhibitor
   Attachment inhibitors
   Post-attachment inhibitors
   Pharmacokinetic enhancers
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immune response to HSV-1 infection and can result in subsets of this particular type 
of keratitis manifesting itself: disciform, necrotizing, and immune stroma [37]. 
These three subsets of stromal keratitis are a result of the various immune structures 
that are triggered by HSV-1 infection. Disciform keratitis will present itself on slit- 
lamp examination as a disciform lesion that is disk-shaped in the presence of cor-
neal stromal edema. There are typically accompanying Descemet membrane folds 
and a general decrease in corneal responsiveness as well. Additionally, while disci-
form keratitis is responsible for roughly 2% of HSK manifestations, there is signifi-
cant recurrent infectivity, 20–48% [37]. Necrotizing keratitis is confirmed via 
slit-lamp examination due to an opaque corneal stroma and the presence of necrosis 
and ulcer formation. Immune stromal keratitis is similar to stromal keratitis in its 
clinical presentation. Lastly, endothelial keratitis upon slit-lamp examination is dis-
cerned by the presence of fine keratic precipitates, inflammatory cellular deposits 
typically of a circular shape, stromal edema, and acute iritis.

While HSK infections do not overtly compromise ocular function significantly, 
its latency and propensity for reactivation are why appropriate medications are of 
paramount concern to those who are infected. As a result, it is necessary that physi-
cians caring for patients that are infected with HSK aggressively treat this viral 
infection in its infancy to reduce viral proliferation, increase virus dormancy, and 
most importantly prevent consequential vision loss. There are currently a variety of 
treatments that ophthalmologists have at their disposal. Before the prevalence of 
antiviral therapies to treat HSK infection, an eclectic range of treatments from 
chemical cautery, antiseptics, radiotherapy, and even snake venom were used to 
treat viral infection. However, as medicine evolved and continues to do so, more 
widely proven agents are used to treat HSK. Given the nature of the three types of 
HSK infection, treatments, although mostly similar, are slightly modified given the 
particular type of HSK a person may be infected with.

Epithelial keratitis, being the most common type of HSK, has a variety of treat-
ments available. Typically, topical antiviral agents are the treatment of choice for 
these types of infections. More specifically, topical antiviral agents that are nucleo-
side analogues are chosen because of their ability to intersperse the production of 
viral DNA via the irrevocable binding of viral DNA polymerase within the host cell 
that has been infected [40]. Existing therapies included drugs whose main compo-
nents are composed of idoxuridine, iododeoxyuridine, vidarabine, and trifluridine 
[34, 40]. While clinical efficacy was shown, it was noted that these drugs had a 
propensity for deactivating DNA synthesis of both normal and viral cells and also 
exhibited low body solubility, which required patients to apply nine droplets of 
solution into the affected eye or eyes, every 2 hours [34]. This resulted in ocular 
complications such as epithelial keratitis, ulcer formation, and prolonged ocular 
lesions [34]. As a result, most of these therapies were discontinued. However, triflu-
ridine as a 1% solution remains a prevalent treatment, especially in the United 
States, for HSK despite its plentiful negative side effects [34, 40]. Current treatment 
of epithelial keratitis infections primarily surrounds the usage of acyclovir, ganci-
clovir, and valacyclovir [34, 40]. All three, derivations of one another, are also 
nucleoside analogs that are uniquely phosphorylated by the viral thymidine kinase, 
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resulting in the drug being used as a substrate for viral DNA; these drugs essentially 
inhibit viral DNA production while simultaneously not interacting with normal 
cells of the host [40]. While new viral DNA is not able to be produced, these drugs 
are not a panacea for already infected cells. Acyclovir and ganciclovir are formu-
lated as a 3% ointment or 400  mg tablets and 0.15% gel, respectively [34, 40]. 
However, their body solubilities within people are significantly low, acyclovir more 
than ganciclovir, resulting in higher dosages for those who are infected and increased 
side effects such as nausea, vomiting, diarrhea, other gastrointestinal disturbances, 
blurred vision, and general eye irritation [40]. Conversely, valacyclovir is taken 
orally and has shown an increased bio-solubility as compared to acyclovir and gan-
ciclovir [40]. However, like the two previously mentioned drugs, it possesses side 
effects that are similar, including possible renal disease. In general, these drugs in 
combination with trifluridine 1% solution constitute the current treatments for epi-
thelial keratitis. However, it must be noted the extended treatment for those who are 
infected, especially those who are immunocompromised, has not prevented newly 
formed viral cells from being eliminated.

Stromal keratitis is pathogenetically derived from an immune response to HSV-1 
infection. As a result of a large inflammatory response, the three drugs, acyclovir, 
ganciclovir, and valacyclovir, are used, not as a direct counter to the inflammation 
but to target and reduce viral load to decrease the size of inflammation that may be 
present [40]. To treat the inflammatory response that is present due to stromal kera-
titis, ophthalmologists prescribe topical corticosteroids, primarily prednisolone 
acetate 1% [41], in conjunction with antiviral drugs, to dramatically reduce the pro-
liferation of an inflammatory response seen in the corneal stroma. If stromal kerati-
tis is present within someone who is infected but does not present any corneal 
ulcers, the typical treatment that is prescribed is a prophylactic dose of whichever 
antiviral drug coupled with a topical corticosteroid, the latter being tapered over 
10 weeks or longer [40]. However, if corneal ulcers are present, a full treatment dose 
of an antiviral drug is given in conjunction with a topical corticosteroid, the latter 
still being tapered over 10 weeks or longer [40].

While a clinically present form of HSK, endothelial keratitis is not as commonly 
presented as compared to epithelial or stromal keratitis. However, clinical studies 
have demonstrated similar effectiveness in treatment style as was demonstrated with 
stromal keratitis that presents with corneal ulcers; a full treatment dose of an antivi-
ral drug is given in conjunction with a topical corticosteroid, the latter being tapered 
over 10 weeks or longer [40]. Specifically, when an oral antiviral agent was given in 
conjunction with a topical corticosteroid, it resulted in a much quicker resolution of 
symptoms pertaining to infection that results in endothelial keratitis. Due to endo-
thelial keratitis mainly having viral proliferation concentrated in the cornea posteri-
orly, therapeutics with the ability to permeate the anterior changer, such as the oral 
antiviral acyclovir, are able to also permeate the aqueous humor at full treatment 
levels. In a set of guidelines produced by The American Academy of Ophthalmology, 
prophylactic and full/therapeutic treatments for the various forms of HSK infection 
are explained in detail [42].
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4  RNA Viruses: Middle East Respiratory Syndrome 
Coronavirus (MERS-CoV)

Middle East Respiratory Syndrome (MERS) is a viral respiratory infection caused 
by Middle East Respiratory Syndrome coronavirus (MERS-CoV), a lethal zoonotic 
pathogen first identified in Jeddah, Saudi Arabia, in June 2012 [26]. MERS-CoV, 
similar to the severe acute respiratory syndrome coronavirus (SARS-CoV) outbreak 
that emerged in 2002 in China and spread globally through human-to-human trans-
mission and ended in 2004, was seen to induce a fatal severe lower respiratory 
infection. Despite the SARS-CoV outbreak between 2002 and 2004 (8906 cases, 
774 deaths; reported by the World Health Organization (WHO)), the MERS out-
break of 2012 occurred a decade later [43]. The WHO confirmed 837 confirmed 
cases and 291 fatalities [43]. Currently, there is no vaccine or specific treatments for 
MERS-CoV other than human polyclonal immunoglobulin G (IgG) antibody 
(SAB-301) as a therapeutic agent [44].

4.1  Virus Pathogenesis

As stated previously, MERS-CoV was identified as a zoonotic virus, through camel 
to human transmission, in June 2012. MERS-CoV is a highly pathogenic virus lead-
ing to high rates of mortality [45]. This virus belongs to the same family of severe 
acute respiratory syndrome coronavirus (SARS-CoV). MERS-CoV emergence was 
of interest after the SARS-CoV 2002 outbreak. Similar to other SARS-CoV like 
SARS-CoV-2, patients and healthcare personnel had contracted a respiratory infec-
tion in April 2012, but it was not until June 2012 when the patients came in with 
severe pneumonia-like symptoms and kidney failure that a form of coronavirus was 
detached from his sputum [46]. MERS-CoV was determined after a patient in Saudi 
Arabia came to a hospital that had respiratory and pneumonia-like symptoms and 
later died. Another patient in the Middle East was detected to have similar symp-
toms of a severe respiratory infection and was found to be infected with the same 
virus as the patient that had died. Upon analysis, the coronavirus was referred to as 
human coronavirus Erasmus Medical Center (hCoV-EMC), until it was later classi-
fied as MERS-CoV [47]. From the detection of the virus, the spread of the virus has 
occurred through the Middle East and Europe. Between 2012 and 2018, the WHO 
received a total of 2279 confirmed cases of MERS-CoV and 806 associated deaths, 
resulting in a fatality rate of approximately 35.36% [48]. MERS-CoV is considered 
a major challenge to global health due to its high mortality rate (36%) and pathoge-
nicity, as well as the lack of a vaccine or any other definite treatment, and presents 
a pressing need for research and development of definite therapeutic options and 
adequate management to prevent infection [49].

Virologists used a real-time reverse-transcription polymerase chain reaction 
(RT-qPCR) method to test the features of certain coronaviruses as well as screen for 
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RNA-dependent RNA polymerase (RdRp), a coronavirus gene that infects humans; 
MERS contains a positive RdRp [50]. Similarly to other coronaviruses, there was an 
inefficient spread between infected patients, suggesting a zoonotic transmission 
(transmitted between species from animals to humans or humans to animals). The 
origin is believed to come from Tylonycteris bat CoV HKU4 (Ty-BatCoV HKU4) 
and Pipistrellus bat CoV HKU5 (Pi-BatCoV HKU5), yet humans were infected by 
dromedary camels through direct or indirect contact [51, 52]. Transmission from 
humans to humans required close contact with the infected person.

MERS-CoV infection has an average incubation time of 5 days (2–14 days) [53]. 
During this time, the host exhibits no signs of infection. The disease’s clinical 
symptoms range from mild upper respiratory infection symptoms like cough, fever, 
and myalgia to severe forms like pneumonitis and respiratory failure [54]. In addi-
tion, patients may experience abdominal pain, loss of appetite, nausea, diarrhea, 
vomiting, and gastrointestinal symptoms. Hemoptysis and diarrhea without any 
fever are less common symptoms [54].

Positive-stranded RNA viruses called coronaviruses mostly infect animals, espe-
cially bats, but a small subset can also infect humans and cause diseases [55]. 
Human coronaviruses are broadly classified into two types: α- and β-coronavirus 
[56]. MERS-CoV belongs to the coronavirus family. It has four major surface pro-
teins that help the virus enter cells, envelope protein (E), spike protein (S), nucleo-
capsid protein (N), and membrane protein (M), as discussed in Sect. 4.2. The spike 
(S) protein is a transmembrane glycoprotein composed of two subunits.

SARS-CoV was deemed the most pathogenic coronavirus before MERS-CoV 
[57]. The higher pathogenicity of MERS-CoV was demonstrated by the greater 
number of deaths caused by this virus. MERS-CoV, like the SARS virus, infects and 
replicates in human airway epithelial cells and suppresses interferon production 
[58]. Unlike SARS-CoV, the MERS virus has a broad tissue tropism [59]. Compared 
to SARS-CoV, MERS-CoV can induce pro-inflammatory cytokines but not innate 
antiviral ones. MERS-CoV causes a delayed pro-inflammatory response and sup-
presses innate immunity, implying that it is more lethal than SARS-CoV [60]. After 
entering the respiratory tract, the MERS virus primarily interacts with the host 
DPP4 receptor via its spike (S) protein.

SDPP4 receptors can be found on the epithelial surface of many human organs, 
including the lungs, kidneys, liver, bone marrow, thymus, and intestines [61]. 
MERS-CoV infects macrophages, which are specialized cells that detect, phagocy-
tose, and destroy bacteria and other harmful organisms. After infection, macro-
phages release pro-inflammatory chemokines and cytokines such as IL-1β, IL-6, 
and IL-8 [62]. In MERS, these virus-infected macrophages play a significant role in 
developing disease symptoms [63]. Infection of human epithelial cells with MERS- 
CoV causes the release of pro-inflammatory chemokines and cytokines from 
monocyte- derived macrophages. These chemokines/cytokines are thought to cause 
inflammatory changes and tissue injury by infiltrating immune cells in the lower 
respiratory tract [63]. MERS virus infection causes slow but significant IFN type I 
and II responses in epithelial cells [64].
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4.2  Virus Biology and Structure

MERS-CoV is a single-stranded positive-sense RNA virus belonging to the 
Coronaviridae family. The Coronaviridae family members contain large, envel-
oped, single-stranded RNA viruses with genomes ranging 25–35 kb and virions of 
118–140 nm in diameter [65]. MERS is an enveloped nidovirus, a large group of 
envelope-positive-stranded viruses. This nidovirus is decorated with homotrimers 
of the S glycoprotein that allows and mediates entry within the host cell. The MERS- 
CoV contains numerous proteins such as Spike (S), Envelope (E), Membrane (M), 
and Nucleocapsid (N) and in addition contain various virions, accessory, and non-
structural proteins to allow for viral replication. As stated, MERS-CoV contains a 
Spike (S) protein, a type I transmembrane glycoprotein that is a crucial antigen 
located on the surface of the virus that can target and neutralize antibodies during 
the infection. The S protein comprises 1353 amino acids that are glycosylated and 
contain a large extracellular domain and short cytoplasmic terminal. The S protein 
virus binding, fusion, and entry can be divided into S1 and S2. These proteins are 
arranged using open reading frames (ORFs), encoded on the virion-sense strand (V) 
or on the complementary-sense strand (C) to determine the structural protein 
arrangement. The arrangement for MERS and other CoVs is 5′-ORF1a/b-S-E-M-N- -
poly(A)-3′ [44]. Like many other CoVs, MERS-CoV carries genes encoding acces-
sory proteins that contribute to virulence and pathogenesis and antagonize host 
antiviral responses, such as a type I IFN response.

The S1 subunit has 240 residues, an N-terminal domain (NTD), and a receptor- 
binding domain (RBD). The internal subdomains of MERS-RBD are conserved 
across all CoVs, whereas the external subdomain structure varies considerably [66]. 
MERS-RBD external subdomains primarily participate in receptor binding, result-
ing in CoVs using different receptors. The RBD is in charge of dipeptidyl peptidase 
IV binding (DPP4, also known as human CD26). MERS-RBD has been shown to 
evoke strong antibody production in vivo, indicating that the S protein is immuno-
genic for the induction of neutralizing antibodies (nAbs) [67]. The S2 subunit par-
ticipates in viral fusion by assembling heptapeptide repeats 1 and 2 (HR1 and HR2) 
into a typical six-helix bundle, fusion core. Three HR1 spirals are produced by three 
HR2 chains in the HR1 side groove core, resulting in an essential central coiled 
spiral core for membrane fusion [51, 68]. When S1 and DPP4 bind, HR1 binds 
HR2, forming a temporary intermediate structure. As a result, the viral and cell 
membranes move closer to fuse the membranes. The S protein plays a crucial role 
in the virus entry using proteases, enzymes that break proteins into single amino 
acids or smaller polypeptides resulting in new proteins.

MERS-CoV E protein is an inner membrane protein and a small structural pro-
tein. The length is 82 amino acids, including at least 1 transmembrane helix [69]. 
This protein is vital for intracellular trafficking, host recognition, viral assembly, 
and virus budding. By interacting with the N protein, the M protein plays a vital role 
in viral assembly, viral envelope formation, and viral core formation [70]. The N 
protein contains 413 amino acids and is classified as a phosphorylated essential 
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protein. The N protein aids in the formation of a nucleocapsid by binding to the 
RNA genome, which is required for virus replication and assembly [71].

A comparison of MERS-CoV and other CoVs reveals that the N protein has low 
homology across the entire amino acid sequence. Overexpression of the SARS-CoV 
N protein can increase replication [72]. The nucleocapsid structure requires recog-
nition of the viral RNA’s characteristic sequences and binding to other structural 
viral proteins. The RNA is protected from nucleases in the host cell after the N 
protein forms a complex with the viral genomic RNA [73]. SSARS-CoV and 
MERS-CoV N proteins are ADP-ribosylated, a common post-translational 
modification.

CoV RNA synthesis is linked to replication organelles (ROs) made of a modified 
endoplasmic reticulum (ER) membrane. These are converted to double-membrane 
vesicles (DMVs) containing viral dsRNA and other membranes. MERS-CoV heli-
case, nsp13, is a critical viral replication enzyme that influences tropism and viru-
lence [74].

4.3  Clinical Cases

Since 2012, MERS-CoV has represented a virulent pathogenic virus. Interestingly, 
MERS-CoV has been largely geographically contained to the Middle East. In addi-
tion, studies have shown that MERS-CoV pervasiveness may be contingent upon 
seasonal discrepancies, with summer months correlating to increased infectivity of 
MERS-CoV [75]. Eighty-eight percent of MERS-CoV infections have taken place 
in the Middle East, 11% have taken place in Asia, and 0.1% have taken place in the 
United States [75]. Moreover, many cases of MERS-CoV have been associated with 
travel to the Middle East [76]. While MERS-CoV is a zoonotic virus, human-to- 
human transmission of MERS-CoV has been demonstrated, especially between 
individuals who are in extremely close contact with one another [77]. However, 
larger-scale human-to-human transmission has been noted when individuals are in 
a hospital setting [78]. For example, in the Republic of Korea, from June 1 to July 
31, 2015, at the Samsung Medical Center, 186 individuals, with 181 of the infec-
tions stemming from nosocomial transmission, and 25 healthcare employees were 
infected with MERS-CoV [76]. This significant transmission in a hospital setting 
was a result of a Korean national returning with a respiratory illness after traveling 
to various Middle Eastern states [76].

MERS-CoV is typically diagnosed via the use of real-time reverse transcriptase 
polymerase chain reaction (rRT-PCR) [79]. However, while rRT-PCR has been 
effective at detecting the presence of MERS-CoV, the time-till detection and deter-
minations of viral load (VL) are constant sources of concern as it pertains to a 
timely and accurate rRT-PCR to determine the presence of MERS-CoV [79]. Cycle 
threshold values (Ct) represent the number of cycles where it takes to determine 
detection of, in this case, viral material [80]. Ct values are inversely related to VL; 
therefore, a lower Ct value is correlated to higher VL and vice versa [80]. However, 
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in the case of MERS-CoV, scientific studies are in their infancy as it relates to Ct 
values and their connection to acute illness [81].

MERS-CoV can clinically manifest itself in a variety of ways. While the average 
incubation period for MERS-CoV is 5.2 days, it has been noted that it can be any-
where from 1.9 to 14.7 days [82]. Clinical manifestations of MERS-CoV infection 
can be on a spectrum ranging from asymptomatic to severe disease. Patients with 
mild infections have been documented as having low-temperature fevers, head-
aches, sore throat, and difficulty breathing. Patients with severe infections can have 
acute respiratory distress syndrome (ARDS), myocarditis, renal failure, and addi-
tional bacterial infection. Nassar et al. have documented a “classic” packaging of 
symptoms that are emblematic of MERS-CoV infection, which typically include 
but are not limited to fever with chills, shortness of breath, cough, and presentation 
of pneumonia [75].

Treatment for MERS-CoV is centered around the prevention of additional infec-
tions and respiratory and renal failure that may arise from milder to more severe 
cases [53]. Treatment is currently prescribed as such as there are no current vaccines 
or targeted therapeutics that have been created for MERS-CoV [53]. While a variety 
of targeted and combined drug therapies, such as antivirals, resveratrol, interferon, 
and monoclonal antibodies [82], are in their infancy in scientific and clinical stud-
ies, it is too early to determine the efficaciousness of the said care. At this point in 
time, MERS-CoV treatment is exclusively supportive care, where the body is pro-
vided with ancillary defenses, such as pain medication, in order to fight infec-
tion [83].

5  Retroviruses: Human Immunodeficiency Virus-1 (HIV-1)

Human immunodeficiency virus-1, more commonly known as HIV-1, is a retrovirus 
containing two single-stranded RNA molecules in a lipid-enveloped RNA virus. 
HIV-1 is part of a genus of retroviruses, Lentivirus, which have long incubation 
periods and long-duration illnesses. Lentivirus uses viral complementary DNA in 
the host cell DNA to infect the nondividing cells [84]. There are two subtypes of 
HIV, HIV-1 (more common) and HIV-2. HIV-1 is a more common pathogenic strain 
of the virus, which can be divided into a major group, Group M, and minor groups, 
Group N, O, and P [85]. The two subtypes of HIV originated from West-Central 
African non-human primates through zoonosis, an infectious pathogen transmitted 
from animal to humans. HIV-1 originated in Southern Cameroon through simian 
immunodeficiency virus (SIV) from chimpanzees. HIV can cause a variety of symp-
toms from asymptomatic to influenza-like symptoms. HIV-1 is the most widespread 
virus that severely damages the immune system resulting in acquired immune defi-
ciency syndrome (AIDS), allowing pathogens to take advantage of a weakened 
immune symptom and thrive [86].
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5.1  Virus Pathogenesis

As mentioned earlier, HIV-1 is a retrovirus with two ssRNA surrounded by a lipid 
envelope. The transmission of the virus starts as a single virus particle that can 
establish a new infection. HIV-1 is a slow degrading chronic infection that can lead 
to AIDS [87]. On June 5, 1981, the Centers for Disease Control and Prevention 
(CDC) first reported an article in its Morbidity and Mortality Weekly Report 
(MMWR) describing a rare lung infection, Pneumocystis carinii pneumonia (PCP), 
in five young, healthy gay men in Los Angeles, California. Immunologists and their 
colleagues reported that all men had an unusual infection in which the immune 
system was compromised [88]. By the time the article was published, two patients 
had died, and the others were dying. On the same day, in New York, a dermatologist 
reported a cluster of cases of a rare, aggressive cancer, Kaposi’s sarcoma (KS), 
among gay men. KS is a rare type of cancer that can be classified through abnormal 
growth of lymph and blood cells, causing red or purple lesions – later discovered to 
be an AIDS-defining condition. A few days later, on June 16, a young white gay 
man presented and was admitted to the Clinical Center at the National Institutes of 
Health (NIH), exhibiting severe symptoms of immunodeficiency, the first patient 
with AIDS. The patient died a few months later. By August 28, there were over 100 
cases, 94% of the cases resulting in patients whose orientation was gay/bisexual, 
and 40% of the cases resulted in death. By the end of the year, there were over 300 
reported cases of individuals with severe immune deficiency, the majority of the 
cases being adults and a few children under the age of 13. By 1984, scientists had 
classified AIDS to be a retrovirus, HTLV-III. There has been substantial research to 
understand HIV-1 and AIDS better. As of 2020, over 37.7 million people have 
HIV – 36 million are adults, and 1.7 million are children between the ages of 0 and 
14 [89]. With no current cure for HIV/AIDS, there is a treatment that can be taken, 
the antiretroviral therapy (ART), involving a combination of medicines for all 
patients living with HIV to live healthier and longer [90].

HIV has been classified as a sexually transmitted infection (STI). The transmis-
sion of HIV can come from five mucosal sources: blood, semen/pre-seminal fluid, 
rectal fluids, vaginal fluids, and breastmilk [91]. The epidemiological factor is the 
direct contact through human-to-human transmission (HHT), from one infected 
person to a susceptible person. The most common way that HIV is spread is through 
vaginal or anal sex with an infected person or through sharing of drug equipment 
such as needles. AIDS is a chronic and potentially life-threatening condition that 
damages the immune system and interferes with the ability of the body to fight 
infection. Patients who are infected with HIV develop flu-like illnesses. It has a 2–4- 
week incubation period. The symptoms that an infected person may go through 
include fever, headache, muscle aches/joint pain, rash, sore throat, mouth sores, 
swollen lymph glands, diarrhea, weight loss, cough, and night sweats [92]. HIV can 
lead to the progression of AIDS, at the point in which the immune system has been 
severely compromised, and opportunistic infections.
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In most cases, HIV-1 infection begins with a single virion infecting a single tar-
get cell at the point of entry. Blood levels of the CD4+ T-cell target and antiviral 
antibodies; and viremia (virus in the blood), as measured by infectivity, immunoas-
say for viral proteins, and, most accurately, PCR for viral RNA [93]. The infection 
period is divided into two phases: eclipse (1–2 weeks) and acute/primary infection 
(2–4  weeks). The clinical latency period will follow these two infection periods 
(1–20 years). Virus replication occurs in the mucosa, submucosa, and draining lym-
phatics and possibly to a lesser extent in gut-associated lymphoid tissue (GALT) 
and systemic lymphatic tissues during the eclipse phase clinically silent [94]. Once 
detected in blood plasma, the virus multiplies exponentially due to explosive repli-
cation in GALT and peripheral lymphoid tissue compartments [95, 96]. The virus 
freely replicates and spreads from the site of infection to the numerous tissues and 
organs that provide replication sites. The acute infection phase is identified by rela-
tively high levels of viremia and high proportions of infected CD4+ T cells in the 
blood and lymph nodes [97]. This stage is frequently, but not constantly, accompa-
nied by “flu-like” symptoms such as fever and enlarged lymph nodes. The immune 
response begins to appear around peak viremia, both in the form of antibodies 
against all viral proteins and a CD8+ T-cell response against HIV-1 antigens 
expressed on infected cells. The high levels of viremia are most likely due to the 
absence of the early immune response and the generation of a large number of acti-
vated CD4+ cells as part of the host response, providing targets for viral replication 
[98]. This stage is characterized by a transitory decrease in the number of CD4+ T 
cells in the blood. The clinical latency phase (1–20 years) is differentiated by a con-
stant or gradually increasing level of viremia, 1–100,000 copies/mL, and gradually 
declining levels of CD4+ T cells [98]. Individuals in this stage are asymptomatic 
and unaware that they have been infected. Numerous CD4+ T cells contract the 
virus and perish daily, indicating that it is far from latent.

HIV-1 has been isolated from bodily secretions, and the virus is expected to rep-
licate in activated CD4+ T cells virtually anywhere in the body [99]. Natural isolates 
of HIV-1 require CD4 to infect cells. As a result, robust infection of cells is restricted 
to those expressing CD4. The normal function of CD4 is to act as a coreceptor in 
conjunction with the T-cell receptor binding to Class II MHC, found on antigen- 
presenting cells responsible for presenting heterologous peptides to CD4+ T helper 
cells [100]. Other types of cells, such as monocytes and macrophages, can express 
lower levels of CD4, and it has been reported that CD4 serves an additional function 
as an IL-16 receptor [101].

Despite no cure for HIV/AIDS, treatment can be taken to elongate the duration 
and quality of life. Therefore, it is crucial that proper testing be done in order to 
determine the diagnosis of HIV. As published by The Lancet, the findings provide 
comparable evidence on viral suppression and HIV transmission risk for gay men 
similar to heterosexual couples, implying that the risk of HIV transmission in gay 
couples through condomless sex is zero when the HIV viral load is suppressed. 
Their findings support the message of the U=U (undetectable equals untransmitta-
ble) complemented with early HIV testing and treatment [102].
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5.2  Virus Biology and Structure

HIV-1 is a retrovirus containing two noncovalently linked single-stranded, positive- 
sense RNA molecules enclosed by a circular capsid lipid envelope composed of 
viral particle capsid (p24). HIV-1 is divided into four phylogenetic groups, M, N, O, 
and P, each of which represents a distinct introduction of simian immunodeficiency 
viruses (SIVs) from naturally infected great apes into humans. The M group caused 
the pandemic to spread [85]. The HIV virion is 100 nm in diameter and contains a 
single-stranded RNA (ssRNA), envelope glycoproteins, the capsid, and enzymes 
(reverse transcriptase, integrase, and proteases) [103]. The two copies of the 
unspliced RNA genome, 5′-capped and 3′-polyadenylated RNA, contribute to the 
HIV-1 recombination during reverse transcription of viral replication. Despite the 
presence of two copies of ssRNA genome within a virion, it produces a pseudodip-
loid, an essential component to viral reproduction giving rise to one DNA copy 
within the infected cells [104], otherwise known as a diploid with chromosomal 
translocations.

All retroviruses have the same viral structural proteins of gag (group-specific 
antigen), pol (gene or protein in retrovirus that codes for enzymes), and env (enve-
lope) – all highlighted in Sect. 2.3.1. In addition, two main regulatory elements play 
a crucial role in HIV-1, tat (HIV trans-activator transcription) protein and rev 
(expression regulator of virion proteins) protein [105]. Tat is a protein containing 
86–101 amino acids. It is vital in regulating viral genome RNA reverse transcrip-
tion, viral mRNA synthesis, and virus release from infected cells. Tat binds to cel-
lular proteins that facilitate their phosphorylation, which increases HIV gene 
transcription, resulting in a positive feedback cycle [106]. Rev is a transactivating 
protein, binding to the viral genome via an arginine-rich RNA-binding motif for 
regulating HIV-1 protein expression [107]. Using a nuclear localization signal in the 
rev gene, the rev protein is localized near the nucleus to ensure the export of 
unspliced and incomplete spliced mRNAs. This crucial synthesis of viral protein is 
crucial for viral replication. In addition, HIV-1 contains five accessory regulatory 
proteins: viral protein R (vpr), Viral infectivity factor (vif), negative factor (nef-), 
Virus protein U (vpu), and tev. Vpr is a 96 amino acid 14-kDa protein that is required 
for virus replication in nondividing cells such as macrophages and plays a signifi-
cant role in regulating HIV-1 pre-integration complex (PIC), nucleoprotein complex 
of viral genetic material, and viral and host proteins that insert viral genome to the 
host genome [108]. Vif’s function targets the human enzyme apolipoprotein B 
mRNA editing enzyme catalytic polypeptide (APOBEC) for ubiquitination and cel-
lular degradation, thereby disrupting its antiviral activity [109]. This cytidine deam-
inase enzyme allows viral nucleic acids to be mutated. Nef- is a membrane-associated 
phosphoprotein with a myristoylated N-terminus. It is associated with functions 
during the virus’s replication cycle. It is important in cell apoptosis and virus infec-
tivity [110]. The vpu gene encodes a protein called vpu. Vpu protein is involved in 
the degradation of CD4 in the endoplasmic reticulum and the enhancement of virion 
release from infected cells’ plasma membranes [111]. Vpu causes the degradation of 
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the CD4 viral receptor, which contributes to the downregulation of CD4 expression 
during HIV infection. Tev is linked to a small number of HIV-1 isolates. It combines 
the tat, env, and rev genes and protein codes.

The HIV-1 envelope spikes, composed of trimers of noncovalently linked het-
erodimers of the surface gp120 and transmembrane gp41 glycoproteins, initiate a 
cascade of conformational changes that results in fusion of the viral and host cell 
membranes and release of the viral core into the cytoplasm [112]. HIV-1 infects 
mainly CD4-positive T lymphocytes and macrophages [113]. When gp120 interacts 
with the surface receptor CD4, a bridging sheet forms between the inner and outer 
domains of the gp120 monomer, exposing the binding site for a second cell surface 
molecule, typically the chemokine receptor CCR5 [114, 115]. Co-receptor engage-
ment causes the fusion peptide at the N-terminus of gp41 to be inserted into the cell 
membrane. This causes significant rearrangements between the trimerized N- and 
C-terminal heptad repeat sequences within gp41, the formation of a six helical hair-
pin structure  – additionally, the apposition and fusion of the viral and host cell 
membranes. At a depression formed between the inner and outer domains, CD4 
binds gp120. These small molecules bind to and extend further into antiviral activ-
ity, increasing gp120 binding affinity and developing clinically valuable inhibitors. 
HIV-1 reverse transcriptase (HIV-1 RT) is a heterodimer composed entirely of the 
p66 and p51 subunits [116]. The p66 subunit contains two functional active sites, an 
N-terminal RNA- and DNA-dependent DNA polymerase and a C-terminal RNase 
H that digests the RNA component of RNA/DNA hybrids [117, 118]. During DNA 
polymerization, the subdomain catalytic residues Asp110, Asp185, and Asp186 
activate the 3′ hydroxyls of the DNA primer and stabilize the hypothetical 
pentavalent- phosphorous intermediate state within the substrate dNTP, incorporat-
ing the nucleotide into the growing DNA chain and liberating free pyrophosphate 
[119]. Using DNA polymerization, catalytic residues of Asp110, Asp185, and 
Asp186 activate the 3′ hydroxyls of the DNA primer and stabilize the phosphorous 
intermediate state within the substrate dNTP integrating the nucleotide into the 
growing DNA chain and liberating unrestricted pyrophosphate.

The HIV core, which contains the replication enzymes RT and IN integrase (IN) 
and the viral genomic RNA, is surrounded by a cone-shaped shell made up of viral 
capsid (CA) protein [120]. Reverse transcription necessitates partial dissolution of 
the CA shell. CA, which is made up of independently folded N-terminal and 
C-terminal domains, is linked by a linker assembled into rings containing five or six 
protomers [121, 122]. The rings then join together to form a closed-shell molecule- 
like cone composed of hexamers and pentamers. This process allows for the integra-
tion of the virus into the host cell.
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5.3  Clinical Cases

The AIDS epidemic is still prevalent as over 70 million people worldwide have 
acquired the infection and nearly 35 million people have died due to HIV-1 [123]. 
As of 2020, over 37.7 million people are living with HIV-1/AIDS worldwide, with 
680,000 people who have died from HIV-related illnesses [124]. HIV infection is 
one of the leading causes of death among young adults between the ages of 25 and 
44 in the United States [125]. Despite not being a cure for HIV-1, the virus is preva-
lent, which can be seen through funds allocated to antiretroviral therapy (ART) to 
allow those living with the virus to have a longer and healthier life. Various national 
and international groups such as the Centers for Disease Control and Prevention 
(CDC), NIH, and the WHO have created crucial information about the basics of 
HIV to prevent the disease. The essential prevention that is currently being used to 
prevent the HHT is abstinence, disposal of all drug equipment after singular use, 
and taking preexposure prophylaxis (PrEP) and post-exposure prophylaxis (PEP) 
[126]. PrEP is a prevention method used by HIV-negative individuals at high risk of 
being exposed to HIV. PEP is an ART drug prescribed to an HIV-negative individual 
who has encountered a single occurrence of high-risk exposure to HIV [127].

As discussed, there are two main types of human immunodeficiency virus, HIV-1 
and HIV-2, with HIV-1 being discovered first and more prevalent worldwide. HIV-1 
cases are clinically diagnosed using a series of diagnostic tests. HIV infection is 
detected by detecting HIV-specific antibodies in serum or plasma or the virus’s 
presence through nucleic acid detection using polymerase chain reaction (PCR), 
p24 antigen testing, and virus growth in cell culture [128]. Antibody testing is the 
most frequently used method for determining HIV infection. Seroconversion can be 
detected in most cases within 2–3  weeks of infection using the highly sensitive 
HIV-1/HIV-2 enzyme immunoassay (EIA) tests currently on the market [129]. 
However, in a small proportion of early seroconverters still in the early stages of 
infection, the p24 antigen may become positive before detecting the antibody. As a 
result, for the laboratory to select appropriate testing, a clinical history that includes 
any recent high-risk behavior or symptoms consistent with seroconversion illness is 
required [130]. HIV diagnostic laboratories use another assay to confirm consis-
tently positive EIA screen tests [129]. HIV diagnostic laboratories should repeat-
edly confirm positive EIA screen tests with another assay. The most commonly used 
confirmatory test, the Western blot, is a highly specific immunoblot that allows for 
the visualization of antibodies and the structural polypeptides of HIV. In cases 
where antibody testing is insufficient to determine an infected individual, DNA 
PCR, a nucleic acid amplification method that detects viral DNA integrated into the 
host cell’s genomic DNA, is required [131]. The specificity of HIV-1 DNA PCR 
was 100% for all age groups, whereas the specificities of qualitative and quantitative 
RNA PCR assays were 96.1% and 95.5%, respectively [131].

In addition to diagnostic HIV testing, quantitative PCR (RNA) testing (viral 
load) may be performed to help determine the start of drug therapy and monitor its 
effectiveness [132]. HIV genotyping is a relatively new addition to patient 
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management that is used to aid in the tracking of drug resistance and to guide the 
modification of antiretroviral drug selection [133]. Aside from diagnostic HIV test-
ing, laboratories may also offer quantitative PCR (RNA) testing (viral load), which 
is used to help determine the initiation of drug therapy and monitor its effectiveness. 
HIV genotyping is a newer adjunct to patient management and is used to assist in 
tracking the development of drug resistance and guide the modification of antiretro-
viral drug selection [134].

A study was conducted in 2011 to examine the antiretroviral therapies to reduce 
the viral replication of HIV-1 [135]. The study was overseen by the National Institute 
of Allergy and Infectious Diseases (NIAID) through the NIH. Patients with HIV-1 
and CD4 between 350 and 550 cells per cubic feet without prior use of antiretroviral 
therapies were eligible for this study. The drugs included in this study were the fol-
lowing: a combination of lamivudine and zidovudine (Combivir), efavirenz, ata-
zanavir, nevirapine, tenofovir, lamivudine, zidovudine, didanosine, stavudine, a 
combination of lopinavir and ritonavir (Kaletra and Aluvia), ritonavir, and a combi-
nation of emtricitabine and tenofovir (Truvada). After enrollment, study participants 
were asked to attend three monthly visits, followed by quarterly visits, unless they 
became ill or needed additional antiretroviral medications. HIV-1-infected partici-
pants receiving antiretroviral therapy had one additional visit 2 weeks after starting 
therapy. HIV-1-uninfected partners were encouraged to return for all visits together 
for counseling on risk reduction and using condoms, treatment of sexually transmit-
ted infections, and management of other medical conditions. HIV-1 serodiscordant 
couples were randomly assigned to either an early or delayed strategy for receiving 
antiretroviral therapy in a 1:1 ratio. Antiretroviral therapy was started in the partner 
with HIV-1 infection in the early-therapy group at enrollment. Therapy was started 
in the delayed-therapy group after two consecutive measurements with a CD4 count 
of 250 cells per cubic millimeter or less or after developing an AIDS-related illness. 
On a quarterly basis, HIV-1-uninfected partners were tested for HIV-1 seroconver-
sion. A central laboratory evaluated samples from all seroconversion events, and an 
independent HIV endpoint committee reviewed the results. After beginning antiret-
roviral therapy, virologic failure was defined as two consecutive plasma HIV-1 RNA 
measurements of more than 1000 copies per milliliter at 16  weeks or later. The 
study’s goal was to review and track the antiretroviral therapy recommendations.

This table shows the various drug treatments that are available to treat each 
respective virus. While all drug treatments have not been listed, preferred treatments 
have been noted.

6  Conclusion and Future Trends

Viral diseases constitute an almost indeterminable number of infectious diseases 
that are responsible for various medical ailments within a variety of living beings, 
especially humans. While these pathogenic viruses present an immense challenge to 
human civilization writ large [136], a further comprehension of pathogenic viruses 
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has and continues to allow for the general edification of viral behavior. Moreover, 
this general edification corresponds with a scientific and clinical understanding of 
treating viral infection. This chapter has highlighted three prominent pathogenic 
viruses: HSK, MERS, and HIV-1. These three viruses were chosen because of their 
societal prevalence, distinct viral structures, and pathogenesis. The purpose was to 
highlight how the cellular machinations of each particular virus allow for viral 
replication.

Furthermore, it was showcased that because of the differing cellular composi-
tions of each virus, viral infection took place in disparate fashions resulting in 
unique clinical presentation. Ultimately, treatment of each viral infection was shown 
to not simply target superficial clinical symptoms but target the root cellular machin-
ery that powers each particular viral infection. Through these descriptions of viral 
comportment, this chapter strives to impress not only the necessity of understanding 
the cellular behavior of three frequently occurring viruses but stresses the impor-
tance of cellular apparatus in terms of using targeted and efficacious therapeutics to 
manage, reverse, and/or end viral infection.

The seemingly ubiquitous nature of viruses and subsequently viral diseases is 
often for the masses a matter of concern, but never pressing to the point of severe 
distress. Unless it is a vulnerable population (i.e., immunocompromised, elderly) 
and/or geographically prescient (i.e., Zika virus in South Florida, Ebola in Africa), 
there is a level of soft ignorance that covers society. However, due to the SARS- 
CoV- 2 pandemic, viral awareness is quite possibly at an all-time high.

Given the availability and access to scientific and medical information, news, 
and personnel, society has been granted both a macro- and microlevel understand-
ing of everything surrounding SARS-CoV-2. In particular, the viral structure, patho-
genesis, and clinical manifestation of SARS-CoV-2 have been and continued to be 
expounded upon. Moreover, as the SARS-CoV 2 pandemic continues, novel scien-
tific and clinical research has and continues to be done showing the wide-ranging 
impact SARS-CoV-2 has, especially on and with other viruses. In relation to this 
chapter’s focus, recent scholarship has and continues to provide an insight of viral 
interplay between SARS-CoV-2 and HSK, MERS, and HIV-1. Majtanova et  al. 
have shown that SARS-CoV-2 has been linked to development of HSK and/or serve 
as the genesis for the initiation of HSK [137]. As SARS-CoV-2 infection compro-
mises the immune system, Majatanova et al. hypothesize that this results in a trig-
gering of latent HSV-1 within the body, resulting in an ocular presentation, HSK 
[137]. Sajini et al. have shown that SARS-CoV-2 and MERS have the potential to 
form a recombinant virus [138]. During the transcription of genes, SARS-CoV-2 
and MERS employ transcription regulatory sequences (TRSs), specific points dur-
ing replication that facilitate recombination [138]. As a result, Sajini et al. hypoth-
esize that due to the similar use of TRSs and a high frequency of recombination in 
SARS-CoV-2, there is a possibility of a recombinant SARS-CoV-2-MERS-CoV 
[138]. Ssentongo et  al. suggest that individuals who are HIV-1 positive are at a 
higher risk of contracting SARS-CoV-2 compared to non-HIV-1-positive individu-
als [139]. It was noted that HIV-1-positive persons with SARS-CoV-2 experienced 
a variety of adverse effects such as increased severity of COVID-19 infection, 
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decrease in T-cell production, and a generalized decrease in immune system respon-
siveness leading to tissue degradation [139]. Ssentongo et al. suggest that since the 
immune system is compromised within HIV-1-positive individuals, there is not a 
swift and effective immune response to a significant inflammatory response SARS- 
CoV- 2 initiates [139]. Furthermore, the lack of a robust immune response is high-
lighted by the swift deterioration of CD4+ and CD8+ T cells, which are pivotal in 
combating infections [140].

As the SARS-CoV-2 pandemic rages on, examining the cellular background of a 
viral disease is crucial. Identifying cellular mechanics and current treatments while 
simultaneously creating opportunities for improving therapies remains a constant 
point of emphasis as it pertains to viral diseases. In conjunction with the SARS- 
CoV- 2 pandemic, HSK, MERS, and HIV-1 are pressing public health concerns. 
Proper treatment and precautions must be taken to decrease infection rates and 
reduce the possibility of deleterious effects that SARS-CoV-2 may have on these 
already contagious viruses.
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Viral Infections: Current Treatment 
Options

Sagar Salave, Dhwani Rana, Arti Bodar, Dignesh Khunt, 
Bhupendra Prajapati, and Jayvadan Patel

Abstract Viruses are small tiny droplets of microbes and mostly cause and also 
create a pandemic situation in the world such as COVID-19. Numerous viruses are 
reported up to date, and still new ones are coming, which leads to continuous 
research on finding new diagnostic tests with a novel treatment option. Numerous 
bioinformatics sites continue updating virus genomes with their cell member struc-
ture protein to assist the drug developer in finding the safest treatment with good 
efficacy. The current chapter is focused on the comprehensive review of different 
types of viruses with an available treatment option.

Keywords Virus · Viral treatment · Zika virus · Coronavirus · Herbal remedies · 
CNS virus

1  Introduction

Viruses are considered to be plentiful biological species of all known ecosystems on 
our planet; an estimated 1 × 1031 viruses exist on earth [1, 2]. The diverse habitat of 
viruses expands in an extensive range of surroundings from deep sea, marine 
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sediments, acidic (pH  3) hot springs (>80  °C), hypersaline lakes, solar salterns, 
deep ice (>30  m) in polar lakes, alkaline (pH  8) lakes, terrestrial subsurface, to 
freshwater [3, 4]. These vast biogeographical distributions cause their ecological 
dynamics. Viruses are obligate parasites, having the ability to replicate only inside 
the living cells due to not being absent of encoding all the proteins required for the 
replication in their genomes [1, 5]. These sub-microscopic, intracellular, mobile 
genetic elements are incompetent of carrying out their life-sustaining functions out-
side the host cell and hence exist as potentially active but inert entities outside of 
cells [6, 7]. The viral genome consists of nucleic acid, single- or double-stranded 
RNA, or DNA, inside the protein coat called a capsid. Capsid embedded with 
nucleic acid is known as nucleocapsid [6]. Certain viruses possess an additional 
membrane covering the symmetrically arranged nucleocapsid called an envelope, 
typically made up of phospholipid bilayer and viral glycoproteins [8, 9]. The pro-
teins entrenched in the outer membrane coat function as cellular receptors or 
ligands, which are required for cellular binding and access for the virus into the host 
cell [10].

In its infective form, the fully assembled virus is termed as virion, which func-
tions to deliver its genetic material (DNA or RNA) into the host cell for its expres-
sion (transcription and translation) [9, 11]. As viruses are devoid of ribosomes, they 
cannot synthesize their proteins and hence depend on the host cell’s machinery for 
translating their mRNA into proteins. By parasitizing the host cells, they carry out 
metabolic functions as they cannot generate ATP on their own [6]. When infected, 
the host cell generally dies as the virus forces and refrains the host cell to carry out 
its normal functions. Upon death, the host cell releases mature virions, which com-
municate to other cells. Occasionally, certain viruses modify the cell’s functions, 
while many times, the sick cell loses control of cell division, which leads to cancer 
cells. Viruses typically infect a particular type of cell or a particular species of plants 
or animals. Certain viruses cause infection in a specific age group, while some 
viruses lead to chronic infections [12]. With the purpose of evading the host’s 
defenses to facilitate the process of replication and propagation, viruses have 
evolved several unique sophisticated methods [10]. Even the closely related virus 
strains having small genetic differences vary greatly in pathogenicity, virulence, and 
transmissibility [13]. This chapter aims at highlighting diverse kinds of viral infec-
tion and the available therapeutic interventions along with the emerging therapies 
for the same.

2  Virus Classification

The International Committee on Taxonomy of Viruses (ICTV) takes the charge of 
taxonomic assignment and classification of viruses. They develop, refine, and 
maintain the universal viral taxonomy; the five defined hierarchical ranks are the 
order, family, subfamily, genus, and species. There are more than 9000 virus 
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Fig. 1 Classification of viruses based on the mRNA by Baltimore classification

species [14, 15]. However, viruses are broadly categorized into three classes based 
on their genome, i.e., virus containing DNA as their genome, virus containing RNA 
as their genome, and lastly virus containing reverse transcriptase (RT) enzyme 
[16]. The Baltimore classification scheme proposed by David Baltimore in 1971 is 
based on mRNA synthesis (Fig. 1) [17].

2.1  DNA Viruses

This class includes poxviruses, herpesviruses, poxviruses, papillomaviruses, and 
adenoviruses among many others. The genetic material, i.e., DNA, can be classified 
as single stranded (ss) and double stranded (ds). Conditional to the virus, during 
infection, the viral DNA is transcribed by cellular and/or viral RNA polymerases to 
produce mRNAs, which get translated into viral proteins. The DNA polymerase 
replicating DNA can be of viral or cellular origin [16]. Table 1 summarizes the clas-
sification of viruses.
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2.2  RNA Viruses

The RNA genome is directly translated from RNA to RNA. They are divided into 
plus-strand RNA, having genome that is a messenger RNA, and minus strand, hav-
ing genome that is an anti-messenger sense. Certain viruses have double-strand 
RNA as their genome. Protein loaded in the virus is needed for the replication of 
RNA viral due to the cells not containing RNA to DNA copying enzymes. The 
minus-strand and double-strand RNA viruses are composed of enzymes (RNA syn-
thesizing) that produce mRNA. RNA intermediates matching to the genome aids in 
replication, and the process is similar to that of DNA replication [16]. Table 1 rep-
resents viruses belonging to this class.

2.3  Reverse Transcriptase (RT) Viruses

RT viruses such as retroviruses and SARS-CoV-2 RNA are embedded with the RT 
enzyme, which produces DNA copy from the template of RNA [16]. The examples 
of viruses belonging to this class are mentioned in Table 1.

3  Different Types of Viral Infection

Viral infection results when the virus invades the host cell, emptying its genetic 
material, and forces the host cell to replicate it. This process releases new viruses, 
which further infect new cells [16]. Different types of viral infections have been 
depicted in Fig. 2. The following section describes the various types of viral infec-
tions in detail.

3.1  Respiratory Tract Infection

This type of infection normally occurs in the upper respiratory tract, i.e., the upper 
airways, nose, lungs, and throat. Upper respiratory infections may include sinusitis, 
sore throat, and the common cold. Another respiratory viral infection also com-
prises pneumonia, influenza, and coronaviruses. In pediatric patients, viruses can 
cause inflammation of the upper and lower airways called laryngotracheobronchitis 
[16]. However, lower airway inflammation is called bronchiolitis. Commonly, more 
severe respiratory symptoms are observed in elderly patients, infants, and people 
with lung disorders.

Viral Infections: Current Treatment Options
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Fig. 2 Overview of various types of viral infections in humans

3.2  Gastrointestinal Tract Infection

Viral infection of the gastrointestinal tract produces a variety of clinical symptoms 
and eventual disease progression. Table 2 summarizes viral infection of the gut with 
causative agents.

Gastroenteritis is a condition where the gastrointestinal tract gets infected and 
results in the inflammation of its inside lining. Causative agents for this type of 
clinical condition are rotaviruses, noroviruses, cytomegalovirus, herpes simplex 
virus, adenovirus, Epstein-Barr virus, and human papillomavirus (HPV). Notable 
symptoms of viral gastroenteritis are nausea, watery diarrhea, and vomiting. 
Dehydration is the most solemn complication of this illness [23].

3.3  Hepatic Infection

Hepatotropic viruses replicate in the liver and can cause infection. These mainly 
comprise hepatitis A, hepatitis B, hepatitis C, and hepatitis E viruses. Hepatitis and 
viral damage arise due to the immune response into the liver [24]. In some pieces of 
evidence, it has been found that the liver can be affected as a part of generalized host 
infection with viruses that mainly target the other tissues, particularly the upper 

S. Salave et al.
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Table 2 Types of viral infection and causative agents

Causative virus Infection

Viral skin infection [26, 27]
Chickenpox in children Varicella-zoster virus (VZV)
Molluscum contagiosum Poxvirus
Herpes zoster or shingles Varicella-zoster virus (VZV)
HSV infection Herpes simplex virus
CMV infections Cytomegalovirus
Warts Human papillomavirus (HPV)
Measles Paramyxovirus
Lower respiratory tract infection [28–30]
Bronchiolitis Adenovirus, coronaviruses, influenza viruses, 

rhinovirus, bocavirus
Exacerbations of wheezing/asthma Rhinovirus, adenovirus, parainfluenza virus 

(PIV), coronaviruses, influenza viruses, 
bocavirus

Croup Influenza, adenovirus
Pneumonia Influenza, PIV, adenovirus, RSV, hMPV, human 

respiratory syncytial virus (HRSV)
Viral infection of the gastrointestinal tract [23]
Acute gastroenteritis Caliciviruses, rotaviruses, astroviruses, 

adenoviruses, toroviruses
Ulcerative mucosal disease, mainly in 
immunocompromised hosts

Cytomegalovirus, herpes simplex viruses

Mass lesions and malignancies that are worse 
in immunocompromised hosts

Epstein-Barr virus, human papillomaviruses, 
human herpesvirus-8

Motility disorders Rotavirus, caliciviruses, varicella-zoster virus, 
Epstein-Barr virus, cytomegalovirus

Viruses causing acute CNS disease [31]
Meningoencephalitis Herpes simplex viruses-1
Encephalomyelitis Rabies virus
Meningoencephalomyelitis West Nile virus
Encephalitis Nipah virus
Meningitis, encephalitis Equine encephalitis viruses
Meningitis, encephalitis, myelitis Mumps virus
Meningitis, encephalitis Rubella virus
Meningitis, meningoencephalitis, myelitis Coxsackievirus, echovirus
Meningitis, myelitis Poliovirus
Meningitis, encephalitis California encephalitis virus
Viruses causing chronic CNS disease [31]
Encephalitis, meningitis, myelitis Human immunodeficiency virus (HIV)
Myelitis Human T-cell leukemia virus-1 and virus-2
Progressive multifocal, leukoencephalopathy John Cunningham virus (JC virus)
Leukoencephalitis, cerebellitis, meningitis, 
myelitis

Varicella-zoster virus

Encephalitis Measles virus
Encephalitis Cytomegalovirus
Encephalitis, meningitis, myelitis Epstein-Barr virus (EBV)
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respiratory tract. Causative agents for this clinical condition are herpes viruses, 
cytomegalovirus, herpes simplex virus, adenovirus, parvovirus, and SARS- 
coronaviruses [25].

3.4  Skin Infection

Clinical conditions like warts and other blemishes are a result of some viral infec-
tion. Several other viruses also affect the other parts of the body and produce skin 
rashes including chickenpox viral infection [26]. Table 2 describes the commonly 
found skin infections and their causative virus.

3.5  Placental and Fetal Infection

Cytomegalovirus, rubella virus, and Zika virus are currently known for infection of 
the placenta and fetus in pregnant women [32].

3.6  Viral Infection in the Nervous System

More than 100 different viruses are recognized which infect the brain and spinal 
cord. Viral causes of central nervous system disease have been linked to a variety of 
pathways, including localised infection, replication (as in the case of encephalitis) 
and systemic infection (as in the case of acute disseminated encephalomyelitis), as 
well as immune-related processes (as in the case of encephalomyelitis) [33]. Viruses 
such as the West Nile virus and rabies virus infect the brain and cause encephalitis. 
Some viruses cause infection on layers of tissues that cover the brain and spinal 
cord, which cause meningitis.

4  Diagnosis of Viral Infection

Rapid diagnosis aids in disease management by allowing timely therapy and pre-
venting complications, and precise viral diagnosis helps indecisive forecast and 
sometimes allows discontinuation of antibiotic therapy [22, 23]. Some of the 
well- known diagnostic techniques are complement fixation test; hemagglutina-
tion inhibition test; next-generation sequencing; radioimmunoassay; chemilumi-
nescent immunoassay; enzyme immunoassays such as fluorescence polarization 
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immunoassay, chemiluminescent immunoassay, and microparticle enzyme immu-
noassay; nucleic acid-based amplification test including real-time polymerase 
chain reaction; transcription-mediated amplification; quantitative polymerase 
chain reaction; and nucleic acid sequence-based amplification [23]. Mass spectro-
metric-based methods are also explored in clinical virology for diagnosis, struc-
tural investigation of biomolecules, and genotype detection. These methods are 
widely used, but specific and accurate diagnosis remains a challenge. Microfluidic 
technology using lab-on-a-chip (LOC) devices allows point-of-care diagnostic by 
carrying out immediate reactions within the chip or in a portable device [23, 24]. 
These LOC-based sophisticated sample-to-result devices illustrate robustness, 
economic operational costs, and opportunities for diagnostic innovations [25].

5  Antiviral Drug Development Strategies

There has been considerable development in the methods of drug discovery over the 
past few decades. Antiviral drugs are generally directed against specific viral 
enzymes and inhibit the phases of viral entry or release. However, information 
regarding the structure and function of viral proteins serves to be beneficial for 
rational antiviral drug designing. Molecular mechanisms underlying virus and host 
interactions are also widely studied upon, and the resultant understanding of virus 
life cycles at the molecular level has proposed several targets for therapeutic inter-
vention [26, 55]. Newer advances in this regard are based on targeting host factors 
important for virus replication, gene silencing strategies intended at interfering with 
viral gene expression, and exploitation of the innate immune response system. 
Virostatics aiming to interfere with viral replication steps are leveraged for treating 
certain viral infections [26].

The antiviral drug discovery paradigm can be apportioned into target identifica-
tion, lead generation, lead optimization, and leadership development using high- 
throughput screenings and yielding clinical candidates. Lead generation involves 
certain approaches like substrate-based approaches, screening approaches, and bio-
structural approaches to arrive at a workable and novel lead. Several antiviral agents 
such as HIV proteinase inhibitors and influenza virus neuraminidase inhibitors are 
designed using the substrate-based approach, whereas HIV RT inhibitors and HIV 
proteinase inhibitors and influenza virus polymerase inhibitors are screened from 
the libraries of compounds. High-resolution structural data for the generation of 
leads- structural approach has yielded few HIV proteinase inhibitors [55]. Alternative 
approaches to antiviral therapies have also been developed such as immunomodula-
tors, antisense oligonucleotides, ribozymes, and aptamer. Figure 3a, b depict the 
strategies for the development of an antiviral drug.
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Fig. 3 (a) Strategies for development of antiviral drugs (virus target). (b) Strategies for develop-
ment of antiviral drugs (organ target)

6  Current Treatment of Viral Infection

6.1  Method to Treat Viral Infection

Treatment of viral infection is based on two approaches.
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6.1.1  Treatment of Symptoms

Symptoms associated with viral infection can be rectified by common medication. 
These medications can be general therapy or over-the-counter drugs. These symp-
toms include fever and aches, nausea, vomiting, runny nose, sore throat, diarrhea, 
and dehydration [8].

• Anti-hypercytokinemia as Treatment Modality

The high fatality rate of virus infection is called hypercytokinemia, which is also 
referred to as a cytokine storm in immunocompromised individuals. This is a condi-
tion characterized by swiftly proliferating and highly activated cells, macrophages, 
and NK cells and associated with overproduction and release of more than 150 
inflammatory cytokines and chemical mediators by the immune system [56]. If this 
condition is left untreated, it may cause severe pathological complications, even 
death of individuals. Cytokine storm is closely linked with several viruses including 
dengue fever (DF) viruses, Ebola, Marburg, Lassa, and Crimean-Congo hemor-
rhagic fever [57]. Several strategies have been adopted to treat this medical condi-
tion, which are enlisted in Table 3.

6.1.2  Antiviral Therapy

Several antiviral drugs have been well established due to the successful employment 
of basic science to generate an effective chemical moiety for severe viral infection 
[42]. Antiviral therapy is one of the most exhilarating aspects of viral science. The 
development of novel antiviral therapy is very much a work in progress including 
the drug discovery program for different types of viruses such as coronaviruses, 
dengue filoviruses, and other viruses [58]. In Table 3, various well-established anti-
viral drugs have been enlisted including their mechanism of action.

6.2  Herbal Treatment as an Antiviral Therapy

Medicinal plants have played a crucial role in the treatment of various infectious 
and non-infectious ailments. A variety of herbal medicines possess broad-spectrum 
antiviral infection. Very early, Boots drug company (Nottingham, England) has 
screened around 288 plants for anti-influenza activity [59]. Later studies have stated 
the inhibitory effects of medicinal herbal plants on the replication of a variety of 
viruses.

Research itself evidenced that viral infections such as severe acute respiratory 
syndrome (SARS) virus and poxvirus [60], herpes simplex virus type 2 (HSV-2) 
[61], hepatitis B virus [62], and HIV [63] were inhibited by several medicinal plants. 
Table 3 enlist reported herbal plants for antiviral therapy.
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Table 3 Different treatment options for viral diseases

Summary and selected examples of therapeutic options for cytokine storms induced by 
emerging viruses
Treatment 
strategy

Mode of action Specific drug/
product

Virus Reference

Anti-inflammatory 
drugs

Direct anti- 
inflammatory 
effects resulting 
in, among others, 
reduction of 
inflammatory 
cytokines

NSAIDs Pandemic 
influenza
Ebola

[34, 35]

Biological or 
chemical modifiers

Suppression levels 
of inflammatory 
cytokines by 
affecting various 
signaling 
pathways

SIP1R agonists
SERP-1
p38 and MAPK 
inhibitors

Human 
pandemic 
influenza A
Ebola

[36, 37]

Downregulation of 
inflammatory 
genes

Silencing of 
inflammatory 
master genes

DNAzyme DZ 13 
for silencing of the 
c-Jun gene

Avian influenza 
A/H5N1 virus

Heat shock 
treatment

Induction of HSPs 
that play a role in 
regulating innate 
and adaptive 
immunity

Short-term heat 
shock (39 °C for 
4 h) for induction 
of HSP70

Avian influenza 
A/H5N1 virus

[38]

Combination 
therapy

Antiviral plus 
anti-inflammatory 
drugs

Zanamivir plus 
COX-2 inhibitors
Oseltamivir plus 
S1P1R agonists

Avian and 
pandemic 
influenza

[39, 40]

Supportive therapy Fluid, oxygen, and 
electrolytes

IV fluid 
resuscitation, 
crystalloids, and 
oxygen therapy

Ebola [41]

Antiviral therapy [42]
Virus family Specific virus 

(disease)
Example of drug Mechanism of action

Retrovirus HIV (AIDS) Zidovudine (AZT) Reverse transcriptase inhibitor; 
nucleoside analog; prevents the 
synthesis of DNA transcripts

Nevirapine Reverse transcriptase inhibitor; 
nonnucleoside analog; prevents 
the synthesis of DNA transcripts

Atazanavir Protease inhibitor; blocks 
processing of viral proteins

Maraviroc Entry inhibitor; binds host cell 
CCR5 to inhibit binding of 
R5-tropic HIV to this coreceptor

Raltegravir Integrase strand transfer 
inhibitor; blocks integration of 
linear dsDNA reverse transcript

(continued)
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Table 3 (continued)

Orthomyxovirus Influenza virus 
(influenza)

Amantadine Binds and blocks the H+ ion 
channel formed by the viral M2 
proteins, prevents RNA 
uncoating; type A viruses only

Oseltamivir Binds the enzymatic site on the 
viral neuraminidase, prevents 
cleavage of terminal sialic acid 
residues, and release of virions 
from infected cells; all influenza 
type A and B viruses

Poxvirus Variola (smallpox) Brincidofovir Viral polymerase inhibitor; 
cytosine derivative; prevents the 
synthesis of DNA transcripts

Adenovirus Adenovirus 
viremia

Polyomavirus BK virus in renal 
transplant patients

Herpesvirus Herpes simplex 
(encephalitis)

Acyclovir Viral DNA polymerase inhibitor; 
guanine derivative; prevents the 
synthesis of DNA transcripts

Cytomegalovirus 
(retinitis)

Ganciclovir, 
valganciclovir

Hepadnavirus Hepatitis B virus 
(chronic hepatitis)

Tenofovir, 
emtricitabine

HBV DNA polymerase inhibitor 
as well as HIV reverse 
transcriptase inhibitor; nucleotide 
analog; prevents the synthesis of 
viral DNA

Hepacivirus Hepatitis C virus 
(chronic hepatitis)

Sofosbuvir Nucleoside analog inhibitor of 
viral RNA polymerase (NS5)

Simeprevir Protease NS3 inhibitor—blocks 
processing of viral polypeptide

Ledipasvir Viral NS5A inhibitor—targets 
viral protein essential for 
replication but whose function is 
incompletely characterized

Herbs as antiviral therapy for viral infection
Virus Medicinal plant 

used
Antiviral effect Reference

Dengue virus 
type-2 (DEN-2)

Azadirachta 
indica Juss. 
(neem)

Aqueous extract 
inhibited DEN-2 
both in vitro and 
in vivo

[43]

Human adenovirus 
type 1

Black soybean 
extract

Inhibition of 
human adenovirus 
type 1 and 
coxsackievirus 
B1 in a dose- 
dependent manner

[44]

(continued)
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Table 3 (continued)

Vesicular 
stomatitis virus 
(VSV)

Trichilia glabra L. Leaves extract 
inhibits VSV

[45]

Human 
immunodeficiency 
virus

Phyllanthus 
amarus Schum. & 
Thonn.

Inhibits HIV 
replication both 
in vitro and 
in vivo

[46]

Olive leaf extract 
(OLE)

Inhibits acute 
infection and 
cell-to-cell 
transmission of 
HIV-1

[47]

Severe acute 
respiratory 
syndrome-
associated 
coronavirus 
(SARS-CoV)

Lycoris radiata Lycorine, isolated 
from Lycoris 
radiate, possesses 
anti-SARS-CoV

[48]

Viral hemorrhagic 
septicemia virus 
(VHSV)

Olea europaea L. Leaf extract 
inhibited viral 
replication

[49]

Hepatitis C virus 
(HCV)

Saxifraga 
melanocentra 
Engl. & Irmsch.

A compound, 
namely, 
1,2,3,4,6-penta-O- 
galloyl-beta-d-
glucoside, isolated 
from Saxifraga 
melanocentra

[50]

Poliovirus Guazuma 
ulmifolia Lam.

Both plants extract 
inhibited 
poliovirus 
replication, as well 
as blocking the 
synthesis of viral 
antigens in 
infected cell 
cultures

[51]

Hepatitis B virus Polygonum 
cuspidatum Sieb. 
& Zucc

Inhibits hepatitis 
B virus in a stable 
HBV-producing 
cell line

[52]

Influenza virus Geranium 
sanguineum L.

A medicinal plant 
reducing the 
infectivity of 
various influenza 
virus strains 
in vitro and 
in vivo

[53]

Herpes simplex 
virus (HSV)

Phyllanthus 
urinaria L.

1346TOGDG and 
geraniin inhibited 
HSV-1 and 
HSV-2, 
respectively

[54]
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7  Conclusion

Viruses are considered to be plentiful biological species among all known ecosys-
tems on our planet; an estimated 1 × 1031 viruses exist on earth. The diverse habitat 
of viruses expands in an extensive range of surroundings from deep sea to acidic 
(pH  3) hot springs. Antiviral drugs are generally directed against specific viral 
enzymes and inhibit the phases of viral entry or release. Herbal medicine possesses 
broad-spectrum antiviral infection. Studies have shown inhibitory effects of medici-
nal herbal plants on the replication of a variety of viruses. Virus infections such as 
SARS, HSSV-2, and HIV were inhibited by several medicinal plants. The current 
chapter highlighted diverse kinds of viral infections and their available therapeutic 
interventions along with emerging therapies for the same.
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Mucosal Targeting Strategies for Antiviral 
Drug Delivery

Tayo Alex Adekiya, Mumuni Sumaila, Raphael Taiwo Aruleba, 
and Yahya E. Choonara

Abstract Antiviral drug efficacy and bioavailability are critical factors in the treat-
ment of viral infections. The existence of new viral infections globally, as well as 
the presence of multidrug-resistant viruses and their transmission, has created sig-
nificant challenges to the use of antiviral drugs. Numerous studies have explored the 
limitations that include poor bioavailability due to low drug permeability and/or 
solubility, as well as short half-life and mucosal shielding that necessitates the 
administration of larger doses that may result in side effects. This chapter therefore 
provides a concise incursion into the various mucosal delivery systems for antiviral 
drugs and their mode of actions using a nano-enabled mucosal targeting approach. 
Mucoadhesive polysaccharide-based nanoparticles as a potential antiviral drug 
delivery strategy is also discussed, including the use of lipoidal systems for site- 
specific mucosal antiviral drug delivery. Furthermore, mucosal delivery of antiviral 
drugs via the oral, nasal, and inhalation routes are assimilated and discussed in 
terms of current and future trends in this field.
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1  Introduction

The COVID-19 pandemic has highlighted the great impact viral infections have on 
public health and the global economy. Viruses can replicate rapidly in host cells and 
have the ability to attack any component of the host cell [1]. As a result, the clinical 
effectiveness and bioavailability of antiviral drugs are highly essential factors for 
the treatment of viral infections. The emergence of new infections across the world, 
as well as the existence of multidrug-resistant forms of viruses and their transmis-
sion, has posed serious limitations in the clinical value of antiviral drugs [2], for 
instance, low antiviral drug bioavailability due to poor permeability or solubility 
and/or short half-life that necessitate the administration of larger doses, which may 
result in side effects. Certain antiviral drugs have also been shown to interact with 
conventional drugs, resulting in harmful drug-drug interactions [3]. Furthermore, 
side effects are frequent, resulting from chronic therapy, which may further impede 
the patient’s ability to adhere to the drug regimen. Some viruses, such as Ebola, 
Zika, and human immunodecifiency virus (HIV), may spread into difficult-to-reach 
anatomical areas such as lymphatic system, the central nervous system (CNS), and 
synovial fluid, this making it difficult to optimally treat such infections [3]. 
Unfortunately, the oral or parenteral routes of antiviral drug administration have 
significant limitations that emphasize the need for superior drug delivery systems 
[1]. Various drug delivery systems have been proven to optimize the efficacy and 
patient compliance and reduce the side effects of antiviral drugs. Drug delivery 
systems with improved dosing frequency and treatment durations thereby make 
antiviral therapy more cost-effective.

The use of nanoparticles to optimize the delivery of antiviral drugs has been the 
subject of many experimental studies over the last few decades [4]. As nanocarriers 
for antiviral drugs, nanoparticles are capable of decreasing mucociliary clearance 
and evading macrophage phagocytosis, hence increasing drug absorption [4]. As 
such, nanocarriers have the capacity to pass the mucosal barrier and the ability to 
improve drug bioavailability through particle absorption mechanisms [5]. Mucosal 
adhesives, also known as mucoadhesives, were first used in the early 1980s to regu-
late the delivery of drugs [6]. Mucoadhesive drug delivery systems (MDDSs) use 
the bioadhesivity of particular polymers that become adhesive during hydration and 
could therefore be utilized to deliver a drug to a particular mucosal site in the body 
over prolonged periods of time [7]. Owing to its large surface area as well as strong 
blood flow, MDDSs provide rapid absorption and excellent bioavailability. MDDSs 
bind to the layer of mucus that covers the epithelial surface of the mucosa as well as 
mucin molecules, where it increases the residence time of the dose concentration at 
the absorption site [7]. For example, polyethylene glycol (PEG) has been reported 
to improve nanoparticle mucoadhesion by interpenetration and entanglement with 
mucin fibers [8]. In addition, mucolytic agents such as N-acetyl-l-cysteine disrupt 
the mesh-like architecture of mucus by hydrolyzing the disulfide bonds to increase 
mucosal drug delivery [9].
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Conventional MDDS, such as via oral and nasal/pulmonary routes, have received 
the most attention, although rectal, sublingual, vaginal, ocular, and transcutaneous 
routes have also been investigated [7]. The delivery of drugs via the oral mucosa 
offers numerous advantages when compared to other drug delivery systems, such as 
excellent accessibility, bypassing hepatic first-pass metabolism, influx of drug in 
one direction, as well as enhanced barrier permeability when compared to intact 
skin [7].

A large number of viruses, bacteria, protozoa, yeast, and multicellular parasites, 
which cause human disease invade or enter through mucosal tissues. Mucin glyco-
proteins (in mucus), which are released in large quantity by mucosal epithelia, can 
function as a physical barrier, a viscous material, or lubricant based on their struc-
ture, thereby protecting tissue surfaces against infection and injury [10]. Using a 
mucoadhesive drug delivery system for antiviral drug intervention can localize the 
drug in a specific site of the body with enhanced contact time and bioavailability . 
This chapter therefore provides a concise incursion into the delivery of antiviral 
drugs and their mode of actions using a nano-enabled mucosal targeting drug deliv-
ery approach. Mucoadhesive polysaccharide-based nanoparticles as a potential anti-
viral drug delivery strategy are discussed, including the use of lipoidal systems for 
site-specific mucosal antiviral drug delivery. Furthermore, mucosal delivery of anti-
viral drugs via the oral and nasal routes is assimilated and discussed in terms of 
current and future trends in this field.

2  Drug Treatment of Viral Infections

Various drugs have been developed to inhibit the growth of viruses in humans, and 
many have proven effective [11]. Nevertheless, with a multitudinous virus popula-
tion infecting humans, developing novel, efficient antiviral drugs is still needed. 
According to Tompa et al. [11], an efficient antiviral drug should (a) evade drug 
resistance even after long-term clinical use, (b) fight off integrated viral DNA in the 
human host genome, (c) remedy co-infections by different viruses, (d) avoid drug 
interactions when co-administered with another drug, and (e) be cheap and low 
toxic in patients. A proposed strategy for rational drug identification, design, and 
administration of viral infections is summarized in Fig. 1.

Three strategies can be explored in the quest for a new drug regimen tackling 
various viral infections. The combination of available drugs will delay drug resis-
tance development while achieving an additive/synergistic curative effect. For 
example, nanotechnology is an attractive option due to the dynamic physicochemi-
cal properties of nanomaterials that can even aid host-directed treatment (HDT). 
Noteworthy, the synergistic effect of nanomaterials can evade side effects and anti-
viral resistance and potentially reduce the therapeutic dose. Augmenting the host 
cellular and immune response via HDT via the use of cytokines, antibodies, small 
molecules, synthetic nucleic acids and repositioned drugs is also a key area for anti-
viral treatment intervention.
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Fig. 1 Potential pipeline for identifying and developing a new antiviral drug

2.1  Hepatitis B Virus Infection

Hepatitis B virus (HBV) is a member of the Hepadnaviridae family and is transmit-
ted by contact with infected body fluids and blood, which in turn triggers cirrhosis 
and hepatocellular cancer [12]. In 2015, WHO’s global estimated cases of chronic 
HBV showed that 257 million persons live with chronic HBV [13]. Despite this, 
existing drugs cannot clear HBV infection and viral rebounds when the regimen is 
stopped because covalently closed circular DNA remains stable in the nucleus of 
hepatocytes infected by the virus even after treatment [14].

For the treatment of chronic HBV, antiviral drugs such as entecavir, adefovir 
dipivoxil, lamivudine, tenofovir alafenamide, tenofovir disoproxil fumarate, and 
telbivudine have been used. Lamivudine was the first drug approved as an oral agent 
against HBV, but the emergence of drug resistance has limited the use of this drug 
for long-term therapy [15]. Hence, it is no longer recommended as a first-line treat-
ment option for chronic HBV. Noteworthy, lamivudine is also anti-HIV-1, and it has 
been suggested to have activity against SARS-CoV-2 based on its binding affinity to 
the virus main protease [16, 17]. Among the aforementioned anti-HBV agents, the 
nucleoside analogues entecavir and the two prodrugs of tenofovir (tenofovir alafen-
amide and tenofovir disoproxil fumarate) are the preferred first-line choices. In 
chronological order, these three drugs showed a high suppression of the virus in 
over 95% of the patients, with high profile safety and effectiveness up to 5 years of 
treatment [18, 19]. These drugs are associated with a high barrier to resistance [20]. 
Hence, they offer better therapy for successful long-term treatment. Precisely, 
patients (HBeAg-positive) who received entecavir (ETV)-022 at a dose of 0.5 mg 
for 48 weeks showed superior virologic suppression and histological improvement 
over patients (HBeAg-positive) who received lamivudine [19]. Tenofovir is another 
drug that remains active against lamivudine-resistant HBV [21]. This drug has been 
shown to be potent in treating both HBeAg-negative and HBeAg-positive HBV 
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infections with no safety problems [22]. This drug is also used to treat patients co- 
infected with HIV-1 and HBV [23].

Adefovir dipivoxil is another well-tolerated drug and produced long-term viro-
logical, serological, and histological improvement in HBeAg-positive patients [24]. 
However, it is not recommended as the first-line choice because entecavir and teno-
fovir are more potent options. Drug delivery systems can provide a better avenue to 
increase the efficacies of these drugs and improve patient compliance. For example, 
studies have shown that a mucoadhesive carrier can extend the residence time of 
antigen in the nasal cavity and triggers a strong immune adjuvant capability [25, 
26]. This was supported by a more recent study that highlighted that mucoadhesive 
glycol chitosan NPs induced strong immunity (cell-mediated and humoral) after 
nasal immunization of BALB/c mice against HBV antigen [27]. Indeed, both the 
humoral and cell-mediated responses to HBV antigens are essential for viral clear-
ance by the host. Hence, this suggests that mucosal administration of drugs or vac-
cines will trigger clearance of viral infection.

2.2  Influenza Virus Infection

Influenza virus is a century-old virus, a member of the Orthomyxoviridae family, 
with about 250,000–500,000 annual death reported from its seasonal and pandemic 
flu. Influenza is a highly contagious disease that can resolve within 3–7 days. It can 
result in secondary infections or develop into a severe disease such as pneumonia or 
acute respiratory syndrome [28]. The latter can be fatal, especially in elderly 
patients. Indeed several influenza pandemics have hit the world such as the “Spanish 
flu, the calamitous influenza pandemic caused by H1N1 in 1918,” “Asian influenza 
pandemic caused by the H2N2 virus in 1957,” “Hong Kong pandemic caused by the 
H3N2 virus in 1968,” and “the 2009 swine flu caused by H1N1 virus” [29, 30]. 
Against influenza, clinicians have depended on more conventional therapy tech-
niques, and the drugs used are key for prophylaxis or early containment of this 
infectious disease.

Anti-influenza drugs such as neuraminidase inhibitors (zanamivir and oseltami-
vir) and M2 ion channel inhibitors (amantadine and rimantadine), among others, are 
antiviral drugs approved for influenza, but their efficacy is now threatened by the 
growing resistance caused by drug-induced selective pressure [31]. Notably, the M2 
ion channel inhibitors are not recommended for influenza B and C viruses due to the 
lack of M2 protein [28]. Hence, therapy with M2 ion channel inhibitors is limited to 
influenza A but still faced with a high rate of resistance in this virus strain. For 
example, over 90% global resistance rate was reported in 2005–2006, nearly 50% in 
Europe, and over 80% in Asia and the USA (2006–2007) [32]. Adding to the draw-
backs, amantadine is associated with the CNS side effects. Indeed, various new 
amantadine and rimantadine derivatives have been shown to have significant activ-
ity against influenza type A. These derivatives require more study to ascertain if 
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they offer superior potency, selectivity, and resistance profile over the parent 
compounds.

However, neuraminidase (NA) inhibitors are the most widely used drug treat-
ment for controlling influenza because they block the activity NA. Zanamivir is well 
tolerated with no adverse events in patients. However, its absolute oral bioavailabil-
ity is poor (averaging 2%) [33]. Hence, this calls for the development of alternate 
delivery routes for zanamivir. A dose of 10 mg/25 mg is recommended for an adult 
to inhale twice a day for influenza. This NA inhibitor is more effective than oselta-
mivir. Oseltamivir is administered orally for 5 days at a daily dose of 75 mg (twice) 
in adults, but in severe cases of influenza, duration of treatment can be extended. 
This drug presents more negative effects than zanamivir and is capable of inducing 
resistant viral strains [29]. Indeed, observational studies have suggested that oselta-
mivir is associated with improved clinical outcomes and reduced mortality in severe 
influenza [34, 35]. Resistance to this drug has been reported in children and adults. 
Further, the active metabolite of oseltamivir is significantly less active against the 
NA in influenza B than in influenza A.

Other NA inhibitors are laninamivir, a drug powder administered at a single inha-
lation dose of 40 mg. Peramivir is another NA inhibitor but administered via drip 
infusion at a dose of 300 mg for 15mins. It shows high activity against both influ-
enza A and B viruses, respectively [29]. Several studies have used combination 
therapy approaches to remedy the various influenza virus types. Indeed, combina-
tion therapy warrants more study to ensure dose specificity, efficacy, drug-drug 
interaction, and adverse events. Overall, in the fight against influenza, drug-resistant 
virus variants pose a major threat, and it is high time that new mucosal drug delivery 
approaches are investigated. Moreover, mucoadhesive carriers hold great potential 
for drug delivery and vaccines due to extended residence time of carrier, penetra-
tion, and mucoadhesion. Chitosan is an example of delivery vehicle with a mucoad-
hesive property that can overcome the mucociliary clearance. Sawaengsak and 
co-workers [36] showed that a chitosan encapsulated hemagglutinin (HA) split 
influenza virus vaccine induced higher systemic and mucosal antibody titers than 
the HA-split influenza virus alone in mice. More so, the vaccine-induced cell- 
mediated immunity as mice spleen secreted high numbers of IFN-y.

2.3  Herpes Simplex Virus Infection

The herpes simplex virus (HSV) is divided into two types, HSV-1 and HSV-2. They 
are a member of the Simplexvirus family, their infection has been with mankind 
since time immemorial, and they remain one of the most common infectious agents 
affecting humans [37]. HSV-1 is more prevalent than HSV-2; however, symptoms 
associated with both are skin lesions, whitlow, keratitis, and genital sores. Often, the 
disease caused by these viruses is subclinical, and infection can be mild to severe, 
particularly in immunosuppressed patients. In light of these, effective drugs are 
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needed to provide a better quality of life for patients, particularly those who are 
severely affected.

Three classes of drugs targeting the viral DNA replication are licensed for use 
against HSV, which are guanosine analogues (acyclovir and ganciclovir), pyrophos-
phate analogue foscarnet, and acyclic nucleotide analogues (cidofovir) [38]. 
Acyclovir remains the gold standard used for the treatment of HSV. Acyclovir has 
been phosphorylated thrice and acts by terminating viral DNA chain and competi-
tive inhibition of the DNA polymerase [39]. The drug is very potent and safe and 
has high bioavailability, particularly the esterified analogue. However, the wide-
spread use of this drug has resulted in HSV-resistant strains. Additionally, it requires 
long-term treatment administration in immunosuppressed individuals, and this in 
turn exacerbates drug resistance [40]. Other drugs such as cidofovir and the pyro-
phosphate analogue forcarnet are nephrotoxic and have poor oral bioavailability 
[38]. Moreover, this highlights the need for a novel approach to the delivery of 
antiviral agents for HSV or a new drug that is effective against both the parent 
viruses and drug-resistant virus strains.

Overall, more research time and effort are needed in virology and pharmaceuti-
cal science niches for new molecular entities or drug delivery interventions against 
HSV. In order to aid in the local and systemic delivery of acyclovir, Chaudhary and 
Sherma [41] developed an oral mucosal drug carrier for HSV. They suggested that 
the high mucoadhesive property of the vehicle could result in extending the reten-
tion and enhance absorption across mucosal tissue.s

3  The Role of Mucosal Targeting in Antiviral Drug Delivery

As highlighted above, the existing drug treatment options available in the war 
against viruses is limited and hence causing a hurdle to their efficacy and resulting 
in drug resistance. The role of mucus (or mucosal linings of tissues) together with 
nanotechnology could provide a solution to address antiviral drug efficacy and 
resistance based upon the chemical, biological, and physical benefits of mucus tar-
geting nanomaterials (Fig. 2). Mucosal drug delivery systems can achieve superior 
drug penetration and permeation through absorption membranes [42]. The action of 
the absorption membrane is dependent on the mucosal layer and the epithelial tis-
sue. Various regions of the human body (e.g., eyes, mouth, gastrointestinal system, 
urogenital cavity) are protected by mucosal membranes, hence making mucosal 
targeted drug delivery a significant option [43]. Small drug molecules and viruses 
can penetrate through the mucosal membranes easily. Mucoadhesives are designed 
to allow longer administration of a drug by allowing a longer contact time between 
the delivery device and the mucosa. Several mucoadhesives are commercially avail-
able in the form of tablets and pastes [44]. The oral mucosal cavity easy accessibil-
ity offers a great route for local and systemic drug delivery. The oral mucosa has an 
excellent blood supply, ability for quick repair after injury, and relative 
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Fig. 2 Diagram depicts how drug delivery can alleviate and cure viral infection

permeability. Although some challenges need to be overcome, mucosal drug deliv-
ery is a potential game-changer technology for the delivery of antiviral drugs 
and HDT.

3.1  Advantages of Nano-enabled Mucosal Delivery Carriers

Mucosal nano-enabled antiviral drug delivery is a promising strategy attracting 
much attention due to the mucoadhesive and mucopenetrating properties of nano-
sized materials, particularly polysaccharide nanomaterials. Given the noninvasive-
ness, painlessness, and patient friendliness of the mucosal delivery route, mucosal 
drug delivery may offer a convenient antiviral delivery pathway with a correspond-
ing improvement in patient adherence to antiviral therapy. Moreover, mucosal deliv-
ery, for example, buccal, ocular, nasal, and vaginal delivery, presents a variety of 
therapeutic benefits such as the ability to overcome hepatic first-pass metabolism, 
target precise tissue, and improve bioavailability. Despite the numerous appealing 
features of mucosal targeted drug delivery, the route offers a significant barrier to 
vectorization of conventional antiviral therapeutic. Firstly, the mucus gel layer on 
the mucosal epithelia, apically bound to the cell surface, plays a protective role to 
the cells underneath, preventing the permeation of compounds into the cells [42]. 
Secondly, mucins, component of mucus and high-molecular-weight glycoproteins, 
form an interpenetrating network restricting the free passage of components within 
and across the mucus [45]. Thirdly, the hydrophilicity and anionic properties of 
mucus create a steric hindrance to molecular diffusion through mucus layer [45]. 
Fourthly, the dynamic nature of mucus in regard to nonstop secretion and shedding 
from the mucosal surfaces poses additional challenge to mucosal drug delivery [45]. 
Hence, mucosally delivered antivirals must diffuse upstream to allow access to and 

T. A. Adekiya et al.



99

crossing the epithelium. Finally, the epithelia layer below the mucus, with cells 
interconnected by tight junctions, offers a serious biological tissue-based barrier to 
antiviral delivery. Drug properties, such as hydrophilicity, lipophilicity, molecular 
size, and others, impact transepithelial movement of drugs intended for systemic 
action [46].

Water-soluble compounds (e.g., protein/peptide drugs) preferentially use the 
paracellular path as the main route of absorption. However, the presence of intercel-
lular tight junctions in this route hinders drug transport. Transcellular route, on the 
other hand, favors lipid-soluble compounds because the latter possess cell- 
membrane partitioning capacity. Drug compounds with small molecular size pas-
sively diffuse through the paracellular pathways; however, largely sized compounds 
(such as proteins and peptides) are hindered, highlighting the sieving property of the 
intercellular tight junctions [46].

The application of nanotechnology to enhance mucosal delivery of antiviral 
drugs has provided numerous benefits with regard to solubility/permeability 
enhancement, modulation of drug biodistribution/disposition, bioactive protection 
against degradation in biological milieu, biomimetic properties, targeted delivery, 
and others [42, 47, 48]. Nanosizing imparts unique properties into materials, and 
this has been explored by researchers to improve the biopharmaceutical perfor-
mance of various compounds with mucosal delivery challenge. The small particu-
late size (1–100  nm) allows for easy delivery of loaded drug compounds into 
anatomically privileged sites unreachable to conventional drugs. The large particu-
late surface area to volume ratios accommodate large bioactive payloads [47]. 
Furthermore, the possibility of drug entrapment within nanoparticle architecture 
and ease of structural modification (with polymers, such as poly(ethylene glycol)) 
[47] could give rise to dose optimization and improvement in drug delivery capac-
ity. This can be possible due to nanocarrier-mediated increase in retention time and 
polymer-mediated stability enhancement of the delivery system [4]. Additionally, 
nanoparticles can be engineered with tunable surface chemistry and functionalized 
with targeting moieties to enable mucosal permeation/cellular entry and cell-type 
specific delivery, respectively [48–50].

Recently, Sanna and colleagues [48] designed targeted nanoparticles incorporat-
ing a mixture of the hydrophobic polymer, poly(epsilon-caprolactone), and the 
amphiphilic block copolymers, poly(D,L-lactic-co-glycolic acid)-block- 
poly(ethylene glycol), for site-specific delivery of the anti-SARS-CoV-2 drug, rem-
desivir (RDV) [48]. Using a Vero E6 cells infection model, authors demonstrated 
that angiotensin-converting enzyme-2 (ACE2) receptor ligand-decorated nanopar-
ticles with encapsulated RDV show a significant improvement in antiviral efficacy 
(EC50, 0.67 mM) compared to unformulated RDV (EC50, 0.92 mM). Additionally, 
they reported a competitive particulate-ACE2 receptor interaction between the viral 
particles and the polymeric nanoparticles as the latter demonstrated a basal antiviral 
property when tested without the encapsulated RDV [48].
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4  Mucoadhesive Polysaccharide-Based Nanoparticles

Mucoadhesion, the ability of nanomaterials to undergo interfacial attractive interac-
tion with the mucus or mucosal membrane, permits prolonged nanocarrier resi-
dence time at the site of absorption following administration. In addition, 
bio-adhesive phenomenon can be used to extend drug release rate from mucoadhe-
sive formulations, reduce frequency of dosing, enhance drug bioavailability, afford 
targeted delivery to body sites/tissues, and, overall, improve therapeutic outcomes 
[51]. Mucoadhesivity has been largely employed in the development of polymer- 
based dosage forms for vaginal, gastrointestinal, ocular, buccal, and nasal drug 
delivery [51]. Given the numerous benefits of mucoadhesiveness to drug delivery, a 
wide array of polysaccharides (naturally derived mucoadhesive polymers with 
desirable safety) [46] have been explored for the design of efficient nanocarriers for 
antiviral drug delivery.

For example, chitosan nanoparticles are polysaccharide-based nanocarriers that 
have shown wide benefit in antiviral drug delivery capacity stemming from their 
high drug entrapment, sustained-release capacity, and minimal cytotoxicity [52–
54]. Szymańska and co-worker [55] fabricated zidovudine-encapsulated mucoadhe-
sive chitosan glutamate particulates and demonstrated the vaginal delivery potential 
for the treatment of herpes (HSV-2) infection. These particulate carriers, with more 
than 80% average zidovudine entrapment, displayed a significant muco-retaining 
property on isolated human vaginal epithelium, hence, suggesting that the 
zidovudine- loaded mucoadhesive chitosan particulate can remain attached to the 
vaginal mucosa resisting the washing effect of vaginal fluid and allowing sufficient 
time for systemic absorption via the vaginal epithelium. However, permeation stud-
ies, as reported by authors, revealed that the glutamated chitosan-based carrier 
failed to facilitate drug absorption across the human tissue as there was a drop 
(~25 μg/cm2) in the permeated amount of zidovudine over 24 h period compared to 
the unformulated drug dispersion [55]. Other reports have highlighted the 
permeability- enhancing properties of chitosan-based carriers, which were attributed 
to increase in epithelial tight junction opening and interaction with extracellular 
matrix components [56, 57]. This is contrary to the report from [55], hence, the need 
for further studies to establish the penetration-enhancing behavior of chitosan.

In another study, Ekama et  al. [58] employed the ionic gelation technique in 
designing a sodium tripolyphosphate-crosslinked chitosan particulate carrier for 
intravaginal co-delivery of antiretroviral drugs, maraviroc and tenofovir. The 
polysaccharide- based carrier progressively reduced the degree of HIV-1BaL infec-
tivity (up to 1.0 μg/mL particulate concentration) during in vitro assay using the 
TZM-bl indicator cell model. Further, authors reported a sustained-release kinetics 
for the encapsulated antiretroviral drugs; however, while the onset of tenofovir 
release was within 1.0 h into the release study, the release of maraviroc commenced 
11 h later. The authors reported that hydrophilicity variation between both antiretro-
virals might have influenced the difference in release behavior [58]. The hydration 
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dynamics of polysaccharide carriers has been reported to also impact tenofovir 
release behavior from the biopolymer architecture [59].

Martín-Illana and associate [59] demonstrated the influence of rapid water per-
meation on tenofovir release characteristic from polysaccharide-based ethylcellu-
lose/chitosan-containing trilayer vaginal films. Rapid film hydration favors 
polyelectrolyte complexes formation through ionic and/or hydrogen bonding, 
hence, favoring sustained release of tenofovir. Drug delivery kinetics can be modu-
lated by incorporating inorganic drug release regulator, which can weaken the poly-
saccharide chains and consequently increase ionic mobility through the formation 
of low-molecular-weight polyelectrolyte complexes [59].

Intestinal absorption of orally administered antiviral drugs determines the bio-
availability and system efficacy of the drug toward viral clearance. Antivirals with 
high water solubility/low permeability (e.g., zidovudine, zanamivir, and oseltami-
vir) face gastrointestinal absorption challenge. Various mucoadhesive polysaccha-
ride nanoparticulate strategies have been used to conquer this drawback. Pedreiro 
et al. [60] synthesized mucoadhesive zidovudine-loaded sodium starch glycolate/
hypromellose phthalate particulate carrier using co-precipitation/solvent evapora-
tion method to increase gastrointestinal absorption and bioavailability of encapsu-
lated drug. Using the everted gut sac model of permeability study, authors reported 
a twofold increase in zidovudine intestinal absorption from the synthesized polysac-
charide particulate carrier in comparison with the free, unformulated drug. This 
result may be attributed to the increase in amorphous properties of the zidovudine 
in polysaccharide carrier, which altered the intestinal epithelia-carrier interaction as 
opposed to its free form, hence, the resultant improvement in permeability. 
Additionally, the increase in lipophilicity and gastrointestinal residence of the poly-
saccharide particulate carrier may have contributed to the observed increase in 
intestinal absorption [60]. Other studies that demonstrated the permeability- 
enhancing and bioavailability-improving properties of mucoadhesive 
polysaccharide- based carrier systems have been reported [52, 54].

Thiolation of chitosan, which is the conjugation of protein-derived thioether 
functionality to chitosan, is a strategy that has been employed to improve mucoad-
hesiveness, cohesiveness, permeation enhancement, and efflux-pump inhibition of 
chitosan-based nanocarriers [61]. This approach is increasingly gaining extended 
application in mucosal antiviral drug delivery. Rajawat et al. [62] covalently conju-
gated N-Acetyl cysteine to chitosan through a carbodiimide-mediated coupling 
reaction producing chitosan-N-acetyl cysteine particles for ocular delivery of acy-
clovir. Thioether-modified chitosan was reported to improve mucoadhesiveness by 
1.45-fold compared to the unmodified chitosan. Dissolution study (in a simulated 
tear fluid) displayed early burst release followed by an extended release for 12 h. 
Overall, authors posited that the thiolated polysaccharide particulate may offer a 
promising strategy for efficient delivery of acyclovir for the treatment of ocular 
HSV-1 and HSV-2 infection.

In another study, Kapanigowda and colleagues [63] showed that ganciclovir- 
loaded chitosan-based mucoadhesive particulate significantly increases the intra-
ocular bioavailability (AUC = ~5.0-fold, Cmax = ~2.7-fold, in aqueous humor) of 
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ganciclovir in comparison to the unformulated drug solution using a Wistar rat eyes 
model. The mechanism of bioavailability improvement could be attributed to 
carrier- mediated increase in corneal permeation, resistance to nasolacrimal drain-
age, and improvement in drug stability [63].

5  Lipoidal Systems for Mucosal Delivery

Among the nanocarriers that can be used in nanomedicines, lipid-based carriers 
(LBCs), which comprise liposomes, solid lipid nanoparticles (SLNs), nanostruc-
tured lipid capsules (NLCs) in particular, lipid micelles, lipopolymers, and lipopro-
teins have received increased attention in the industry due to a plethora of 
characteristics [64]. LBCs have high encapsulation efficiency for amphiphilic and 
hydrophobic bioactive molecules and the ability to entrap proteins and peptides, 
oligonucleotide (such as mRNA), and lipid-drug conjugates (Fig. 3). Others include 
controlled drug release through lipid composition, ability to tailor the properties to 
the specific application, easy surface modification, amphiphilic nature, lower 
plasma circulation, biodegradable and biocompatible, non-immunogenic, and less 
or no toxicity [64, 65]. Furthermore, it has the ability to overcome solubility and 

Fig. 3 Schematic representation of LBNs as a highly versatile carrier for the delivery of several 
therapeutic agents. The hydrophobic molecules are entrapped in the lipid bilayer; the hydrophilic 
molecules are embedded within the LBNs due to their ion gradient and weak base; oligonucleotide 
uses the polyanionic to form electrostatic interactions with the LBCs. There is hydrophobic or 
electrostatic interaction between proteins and peptides with LBNs; lipid-drug conjugate could be 
sandwich within the hydrophobic head and within the lipid bilayer
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bioavailability problem faced with therapeutic molecules with poor permeability 
and/or solubility; LBCs could bypass multidrug resistance mechanisms [65]. LBCs 
can mimic the chylomicrons formation through which the entrapped therapeutic 
molecules can be effectively transported along with the carrier during the classical 
transcellular lipid absorption mechanisms [66]. The PEGylation of lipoidial nanode-
livery systems could improve their mucoadhesive property and thereby help in the 
interpenetration and entanglement with mucin fibers [8]. More so, the dispersion of 
lipoidal nanosystems in mucoadhesive polymeric gel formulation possesses the 
additional importance of increasing the mucus penetration of the drug through oral 
administration as well as control and extend the release rate of drugs. According to 
Du and colleagues [67], the addition of oleic acid to liquid crystal systems increases 
the pH sensitivity of lipid drug nanocarrier internal nanostructure and triggers the 
generation of mucoadhesive hexosomes for better drug delivery to the buc-
cal mucosa.

Currently, there are over 20 liposomal drugs (e.g., liposomal doxorubicin, lipo-
somal amphotericin B, patisiran, etc.) in the markets. Recently, two lipid-based 
nanoparticles (LNPs) COVID-19 vaccines (e.g., COVID-19 mRNA-Lipid based 
nanoparticles vaccine) were authorized to be used by the Food and Drug 
Administration (FDA) as well as the European Medicines Agency (EMA) with over 
50 additional ones in clinical trials.

5.1  The Use of Micro- and Nanoemulsions as Mucosal 
Targeted Delivery System

Microemulsions are thermodynamically stable oil (such as castor oil, soybean oil, 
and peanut oil)-and-water dispersions stabilized with a surfactant or a cosurfactant, 
whereas nanoemulsions are single-phase thermodynamically stable with particle 
size range of 20–500 nm [68]. For their preparation, many techniques such as high- 
pressure homogenization, phase inversion temperature technique, low-energy emul-
sification, ultrasonication, or microfluidization can be utilized. The advantages of 
nanoemulsion and microemulsion include greater water solubility, high loading 
capacity, extended time of residence in the GIT, improved bioavailability and 
absorption, as well as lymphatic absorption. Abdou et al. [69] demonstrated that the 
addition of 0.3% chitosan as a mucoadhesive agent to the nanoemulsion-loaded 
zolmitriptan increased its residence duration and zeta potential while having no 
impact on globule size. They also demonstrated that the designed mucoadhesive 
nanoemulsion had better permeability coefficients across the nasal mucosa than the 
free zolmitriptan solution. In vivo investigations revealed that the mucoadhesive 
nanoemulsion containing zolmitriptan formulation had a shorter Tmax and a greater 
AUC0–8 in the brain as opposed to the bear nasal or intravenous solution [69]. 
Similarly, Kumar et al. developed a mucoadhesive nanoemulsion-based carrier sys-
tem with the inclusion of PEG-400 as a mucoadhesive agent as an alternative 
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approach for the transportation of olanzapine via a quick nose-to-brain route for 
improved distribution and transport into and within the brain [70].

Thus, the formulation of mucoadhesive microemulsion or nanoemulsion can be 
of help in mucosal delivery of antiviral drugs. In many studies, the bioavailability of 
insoluble antiviral drugs such as acyclovir and nevirapine has been enhanced by 
keeping them in a molecular dispersion in the GIT and so extending the absorption 
window present in the GI lumen [71, 72]. Mahboobian et al. observed that the gel- 
nanoemulsion loaded acyclovir generated utilizing the low-energy approach indi-
cated that acyclovir penetration of the optimal gel emulsion was approximately 
2.8-fold greater than the acyclovir uncoated [73]. This can be employed as an effec-
tive topically applied delivery strategy for viral ophthalmic disease treatment.

5.2  Liposomes

Liposomes are small spherical vesicles ranging from 15 to 1000 nm in size synthe-
sized through the encloses of phospholipids in an aqueous core through which the 
drug is distributed. For site specificity, a number of targeted ligands can be conju-
gated to the liposome surface. Liposomes can entrap and be used for the delivery of 
both lipophilic and hydrophilic drugs. Liposome lipid layers possess the ability to 
prevent the encapsulated drug from GI degradation as well as aid in its prolonged 
release [74]. Liposomes are frequently prepared using techniques such as passive 
and active loading, solvent dispersion, detergent removal, and mechanical disper-
sion method through the use of supercritical fluid technology, sonication, membrane 
contactor technology, dual asymmetric centrifugation, freeze-drying, and cross- 
flow filtration technology. Polyethylene glycol (PEG)-modified liposomal systems 
have mucus-penetrating particles for systemic absorption of drug delivery via oral 
administration.

Mucoadhesive liposomes could enable long-term absorption in the GIT mucosal 
layer; a drug-loaded liposome may still be removed during the turnover of mucus 
first before liposomes infiltrate via the layer of mucosal to reach epithelial cells 
[75]. Intestinal mucus-penetrating characteristics of pluronic F127-coated liposo-
mal system have been demonstrated to enhance oral absorption of lipophilic drugs 
[76]. Ramana et al. developed a liposomal delivery system from egg phospholipids 
loaded with nevirapine, which demonstrated maximal stability at physiological pH, 
prevented systemic toxic side effects, and increased availability at the targeted loca-
tion [77]. Alsarra et al. created nanoliposome-loaded acyclovir using the lipid film 
hydration technique, which allowed the drug to stay in touch with the absorptive 
regions in the nasal cavity for longer periods of time and enhanced direct absorption 
via the nasal mucosa [78].
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5.3  Solid Lipid Nanoparticles

Over the past decade, solid lipid nanoparticles (SLNs) have gained popularity as 
adaptable nanosized vehicles for therapeutic agents, and they have been extensively 
studied worldwide. SLNs are nanospheres or nanosized spherical lipid carriers, 
which are composed of solid lipid matrix such as glycerides, waxes, or fatty acids 
as lipid constituents and tween, polyxythylene ethers, bile salts, phospholipids, and/
or polyvinyl alcohol as physiological-compatible emulsifiers for stabilization [79]. 
In water or aqueous surfactant solution, the spherical particle size of SLNs ranges 
between 50 and 1000 nm in diameter. Meanwhile, at room temperature, the solid 
lipids, which could be regarded of as perfect crystal lipid matrices, absorb pharma-
ceuticals or other bioactive molecules between the fatty acid chains of the SLNs 
solid hydrophobic core [79, 80]. Additionally, drug laden can be attached, particu-
larly to the surface matrix of the carrier instead of being dispersed or embedded into 
the core of the solid matrix [79, 80].

SLNs possess several advantages over other nanocarriers, which include bio-
compatibility and biodegradability. SLNs can be produced without the utilization of 
organic solvents, and they are highly stable in physical conditions and highly repro-
ducible and have safe cost [79]. Other advantages include the ability to encapsulate 
lipophilic and hydrophilic bioactive molecules with several physiological and phar-
macological features, easy to produce in large scale, controlled drug release, can be 
used to improve the stability of the incorporated active substances, and can be steril-
ized [79, 80]. In addition, SLNs as a nanocarrier systems have been shown to be safe 
and effective delivery methods for therapeutic agents and capable of enhancing the 
pharmacokinetic profile and efficacy of the entrapped therapeutic molecules [81]. It 
has been proven to be a highly efficacious skin delivery carrier treatment [82, 83], 
which also has the potential of delivering gene [84] and other therapeutic agents for 
cancer and several other diseases. SLNs have been used as a targeted drug delivery 
through the blood-brain barrier (BBB) into the CNS for neurological diseases treat-
ment and other psychological manifestations [85, 86].

PEGylated SLNs have gained intensive research for therapeutic agent delivery 
into the brain due to their lipidic nature, which makes them easily and readily taken 
up by the brain tissues [87], as well as improve the mucoadhesive property of SLNs. 
The surface of SLNs may be modified, and chitosan can be utilized to enhance 
mucoadhesion and nanoparticle transport to the pulmonary mucosa, as well as 
enhance drug delivery to alveolar macrophages [88]. Vieira et al. found that chitosan- 
coated SLNs laden with rifampicin, an anti-tuberculosis drug, have greater mucoad-
hesive characteristics as well as higher permeability in A549 alveolar epithelial cells 
compared to non-coated SLNs in an in vitro study. This suggested that the generated 
chitosan-SLNs could be employed as a potential carrier for safer and more effective 
anti-tuberculosis intervention [88]. It has been reported that SLN can improve the 
bioavailability and reduce the toxicity and sustain the release profile of antiviral 
agents. SLN-loaded antiviral drugs can actively sustain the inhibition of HIV virus 
generation; moreover, SLNs have been shown to enhance the essential oil 
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accumulation in the skin, thereby enhancing antiherpetic efficacy. Thus, SLNs that 
cover and penetrate mucosal barriers quickly and evenly can be employed as an 
effective topically applied delivery strategy for viral disease treatment.

5.4  Nanostructured Lipid Carriers

In comparison to SLNs, nanostructured lipid carriers (NLCs) are second-generation 
SLNs, which employ liquid lipids to provide higher loading capacity, controlled 
release pattern, and stability. More so, they might also be surface functionalized to 
attain target specificity. It has been reported in an in vitro mucoadhesive investiga-
tion that PEG-NLCs as well as polyvinyl alcohol (PVA)-NLCs were more than 
twofold mucoadhesive to newly porcine intestinal mucosa than chitosan (CS)-NLCs 
and uncoated-NLCs [89]. NLC has been utilized to improve antifungal activity 
through the delivery of Miconazole to the oral mucosa [90]. When compared to 
plain drug, NLCs exhibited a ninefold enhancement in ease of penetration through 
the porcine nasal mucosa, and NLC had no adverse impact on the nasal mucosa, 
making it safe for intranasal delivery in mice [91]. Owing to these studies, and the 
attributes of NLCs, they can be employed as a mucosal drug delivery approach for 
antiviral intervention.

6  The Use of Mucoadhesive Oral Delivery Nanosystems

After antiviral drugs are ingested, they have to move through the gut until they reach 
the small intestine where absorption and transport to systemic circulation take place. 
Several factors influence the oral bioavailability of antiviral drugs. Examples include 
(i) bioaccessibility of the antiviral drug (percentage of absorbable drug present in 
the intestinal fluids), (ii) antiviral drug stability (percentage of drug that possess 
stability against enzymatic/chemical degradation), and (iii) antiviral drug absorp-
tion (percentage of drug that can permeate the intestinal mucosa/epithelium). 
Antiviral drugs with high lipophilic molecules and poor aqueous solubility, such as 
efavirenz, zidovudine, and dolutegravir, and antiviral essential oils and some phyto-
chemicals encounter dissolution challenge in the gastrointestinal fluids, hence, hav-
ing minimal bioaccessibility [92]. Mucoadhesive polysaccharide nanoparticles can 
be used to improve the solubility of lipophilic antivirals in the aqueous gastrointes-
tinal fluid. Belgamwar and collaborators [93] improved the aqueous solubility of 
efavirenz (a BCS-II classified antiretroviral with poor oral bioavailability) using a 
novel chitosan-HPβCD copolymer-grafting strategy. The synthesized chitosan- 
HPβCD tremendously increased efavirenz solubilization by 380-fold compared to 
the free drug, demonstrating the bioavailability-enhancing potential of the polysac-
charide hybrid system following oral administration. The solubility-improving 
effect of the hybrid polysaccharide nanoparticles could be attributed to an inclusion 
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complex formation between the hydrophobic openings of chitosan-HPβCD copoly-
mer and efavirenz [94]. Moreover, there could be hydrogen bonding occurring 
between the N-H and “O” atoms of the antiretroviral drug and the polysaccharides, 
permitting drug solubilization.

The gastric mucosa presents a major barrier to the oral delivery of antiviral drugs 
impacting the oral bioavailability of these drugs. Permeating the mucus layer and 
intestinal epithelium before gaining access to systemic circulation has not been an 
easy task for some antivirals, particularly hydrophilic and high-molecular-weight 
drugs. In addition, the presence of specialized cells of the intestinal epithelium, such 
as Paneth cells, enterocytes, goblet cells, M cells, and endocrine cells, can lessen the 
uptake of antiviral drugs [92].

Miller and co-workers employed ion-pairing strategy to improve the gastrointes-
tinal absorption of zanamivir heptyl ester and guanidino oseltamivir, two highly 
polar antiviral drugs [53]. Using the counterion 1-hydroxy-2-naphthoic, authors 
produced antivirals with improved lipophilicity and permeability. Apparent perme-
ability of both drug formulations through Caco-2 cell monolayers was considerably 
increased by 0.8–3.0 × 10−6 cm/s compared to formulations without the counterion. 
The effect of counterion inclusion on effective permeability (Peff) of the antiviral 
drug formulations was studied using the rat jejunal perfusion assay model. While 
the counterion failed to increase the Peff of guanidino oseltamivir, the Peff of zanami-
vir heptyl ester was enhanced by 4.0 × 10−5 cm/s compared to the counterion-free 
drug formulations. Authors suggested that the observed variation in Peff between the 
experimental antivirals may be due to dissociation and ion-exchange phenomena 
largely affecting the guanidino oseltamivir formulation compared to zanamivir hep-
tyl ester formulation. Hence, the latter exhibited more endogenous stability during 
membrane permeation. Overall, the combined influence of mucoadhesiveness, 
muco-penetrativeness, and solubilization-enhancing ability of polysaccharide nano-
systems could explain the oral bioavailability-improving property of the nanocarri-
ers [93, 94].

7  The Use of Mucoadhesive Nasal Delivery Systems

The human nose has a unique structure coated with very vascularized mucosa for 
performing its fundamental function as air conditioner and filter protecting the sub-
ordinate airways. The functional and structural characteristics of the nasal mucosa 
are critical for elucidating the physiological nasal defense systems and laying the 
foundation for the biopharmaceutical idea of nasal drug delivery. Nasal drug admin-
istration has been employed as an alternate approach for the systemic distribution of 
drugs that were previously only available through intravenous delivery [95]. This is 
owing to the vast surface area, permeable endothelium membrane, lack of first-pass 
metabolism, high total blood flow, and ease of access. More so, the delivery of drugs 
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that cannot be delivered via the oral route to the brain can be achieved through the 
nasal route, due to its direct and noninvasive method.

Recently, there has been a lot of attention on nasal delivery of drugs for systemic 
therapy, including a lot of chemical, peptide, and protein therapies. Following intra-
nasal administration, drugs are discharged rapidly from the nasal cavity, which 
results in a quick systemic drug absorption [95, 96]. Meanwhile, numerous ways of 
improving the residence period of drug products in the nasal mucosa have been 
documented, which results in an increased nasal drug absorption. The intranasal 
drug delivery system provides a noninvasive alternative method for drug adminis-
tration to obtain efficient and effective drug levels, via direct absorption into the 
bloodstream circulation across the nasal mucosal membranes [95, 96]. In the past, 
mucoadhesive systems for both peroral and oral delivery have been developed. The 
nasal mucosa offers an excellent location for the bioadhesive delivery systems 
for drug.

In order to address the challenges inherent with the use of antiviral agents for 
viral infection treatment, nasal administration of antiviral drugs through the use of 
innovative devices of mucoadhesive drug delivery systems through nasal\pulmo-
nary is therefore proposed as an alternative route. It is widely understood that fol-
lowing nasal administration, drug-escaping mucociliary elimination as well as 
enzymatic degradation may not only enter into blood circulation, but it can also 
penetrate the cerebrospinal fluid (CSF) or brain tissue via the olfactory area and/or 
the nasal trigeminal route [97]. Thus, the nasal approach also appears to be a viable 
technique for obtaining antiviral agent absorption in the CNS, as it has the ability to 
transport drugs effectively into the CNS from the nasal cavity. To address CNS viral 
infections, antiviral drugs such as zidovudine have been administered intranasally 
using thermosensitive hydrogels [97]. Ribavirin is an antiviral drug that has the 
potential in treating viral infections in both animals and humans. In vivo nasal deliv-
ery of α-cyclodextrin-containing agglomerates to rats resulted in a complete accu-
mulation of ribavirin in all the regions of the brain investigated compared to 
micronized ribavirin delivered without excipient microparticles [98]. Alsarra et al. 
demonstrated that an intranasal liposomal delivery method coupled with a mucoad-
hesive gel technology generates therapeutically relevant plasma concentration of 
low-molecular-mass hydrophilic drugs, acyclovir. In their study, it was discovered 
that the combination of liposomal systems, acyclovir, as well as mucoadhesive gel 
did not only enhance longer interaction between the absorptive regions of the nasal 
cavity and drug, but it also enabled direct uptake across the nasal mucosa [78].

8  Mucoadhesive Inhalation Delivery Systems

Inhalational delivery of therapeutic agents is a widely accepted and ideal route for 
treating many pulmonary diseases like asthma, chronic obstructive pulmonary dis-
ease, lung cancer, pulmonary infections, and others. Most inhalational formulations 
are designed to produce direct local effect on the lung tissue; hence, such delivery 
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system encourages minimal systemic bioavailability and reduced adverse drug 
effect [99]. Given the large surface area of the human lungs alongside the highly 
vascularized and penetrable epithelia, drug given through this route can achieve 
rapid absorption and high pulmonary bioavailability [100]. Additionally, inhaled 
drugs can evade hepatic first-pass metabolism, produce rapid onset of action, allow 
for reduced therapeutic dose, and minimize systemic toxicity [100]. Despite these 
attractive benefits of inhalational route of drug delivery, inhalable drugs are faced 
with several drawbacks, which impact the pulmonary delivery of therapeutic agents.

The biological obstacles that exist in the pulmonary airways such as mucus, cili-
ated cells, and resident macrophages effectively hinder drug localization, perme-
ation, and adsorption in the lung [101]. Drugs entering the lung airways are cleared 
by dual mechanisms based on the location of deposition. Ciliated cells of the pul-
monary airways aid in the removal of drugs that enter the upper airways, while the 
resident alveolar macrophages engulf and digest particles localized in the lower 
airways [101]. In order to harness the benefits offered by inhalational drug delivery, 
several nano-based strategies have been tested for efficacy in overcoming the high-
lighted disadvantage of pulmonary route. Most of these methods were designed to 
improve on drug properties such as aqueous solubility, dissolution rate, and drug 
efflux/clearance. Nanocarriers with neutral surface charge can effectively permeate 
the airway mucosa; however, cationic carriers favorably adhere to the anionic mucus 
mesh in a typical inhalational delivery model [102]. Mucoadhesive carriers based 
on positively charged polysaccharides, like trimethyl chitosan, positively charged 
cellulose and positively charged starch, show an extended residence in the airway 
epithelium, thus encouraging optimum absorption of drug at diseased site.

Jamali et al. [103] designed a positively charged chitosan-based nanoparticles for 
intranasal delivery of small interfering RNA (siRNA). The authors investigated the 
inhibiting effect of chitosan/siRNA nanoparticle complex on influenza virus repli-
cation and nanocarrier-mediated prophylactic efficacy post-exposure to lethal influ-
enza virus. In vitro study, using Vero cell infection model and hemagglutination 
assay, showed efficient gene transfection and chitosan/siRNA nanoparticles signifi-
cantly inhibited influenza virus replication, producing about 17-fold decrease in 
viral titer at least 72  h in comparison with untreated samples. Further, authors 
assessed the in vivo performance of the polysaccharide-based gene delivery system 
in an influenza virus-infected BALB/c mice. Mice received intranasal dose of chito-
san/siRNA and challenged, intranasally, with lethal PR-8 (H1N1) virus. While 
greater than half of mice treated with the gene-carrying polysaccharide nanoparti-
cles were protected against PR8 virus challenge, all the mice in the control group 
were killed after receiving same dose of the influenza virus as the test group. 
Additionally, the chitosan-based gene carrier significantly reduced PR8-mediated 
morbidity as the observed weight reduction was smallest in the chitosan/siRNA- 
treated groups in comparison with the control groups. The authors suggested that 
polymer mucoadhesivity, influenced by the polysaccharide-mucus ionic interaction, 
contributed largely to the observed delivery efficacy of chitosan/siRNA nanoparti-
cle complex. Also, given that the polysaccharide-based nanocarrier deposits the 
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antiviral gene directly into the lungs (infection site), the nanosystem could reduce 
loss of siRNA into systemic circulation, hence, minimizing drug toxicity.

Very recently, the targeted delivery benefit offered by inhalational delivery of 
mucoadhesive nanocarriers was presented as a potentially effective therapeutic 
approach for COVID-19 infection. Hanafy and colleagues [104] reported the effi-
cacy of chitosan-coated bovine serum albumin (CT-BSA) nanoparticles toward the 
intranasal co-delivery of silymarin/curcumin (SL/CUR) for COVID-19 interven-
tion. In order to study the anti-inflammatory and anti-COVID-19 efficacy of the SL/
CUR-encapsulated CT-BSA nanoparticles, authors employed the oleic acid mice 
model where they created acute respiratory distress syndrome (ARDS) in the exper-
imental animal similar to the inflammatory process encountered in a COVID-19- 
infected patient [104]. The synthesized mucoadhesive, inhalable, CT-BSA-SL/CUR 
nanoparticles significantly reduced the expression of interleukin-6 and c-reactive 
protein by 2.3-fold and 1.7-fold, respectively, compared to the group treated with 
the free capsule. Additionally, plaque reduction assay, using Vero E6 cell (for 
SARS-CoV-2 virus) model, revealed that SL-loaded CT-BSA nanoparticles, at 
inhalational dose 25  μg/mL, exhibited anti-COVID-19 activity (Fig.  4); hence, 
authors posited that inhalational CT-BSA-SL/CUR nanocarrier could improve the 
histopathological effect of COVID-19 infection as well as inhibit viral growth.

Fig. 4 Illustration of the anti-COVID-19 activity of SL-loaded CT-BSA nanoparticles showing 
(a) plates for plaque reduction using Vero E6 cell model. (b) Percentage inhibition versus sample 
concentration plot. (c) Viral titer versus sample concentration following treatment. Plates allowed 
to solidify before incubating at 37  °C until viral plaques is formed (3–4  days). Control sam-
ple  =  untreated virus + Vero E6 cells. (Reprinted with permission from Ref. [104]. Copyright 
(2021) Elsevier Science Publisher B. V)
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The application of inhalable mucoadhesive nanocarriers for the delivery of anti-
virals into the central nervous system (CNS) is gaining more attention. Despite the 
presence of the blood-brain barrier (BBB), viral infection can still spread to the 
CNS and produce significant neurotropic effects. Canine distemper virus and mea-
sles virus can infect the CNS, causing demyelinating disease in dogs and humans, 
respectively. Eastern equine encephalitis virus is capable of inducing death or long- 
term and serious neurological sequel. HSV-1 has been reported to cause severe 
encephalitis [97]. HIV-1 can also cross the BBB into the CNS and, in more severe 
infection, can cause dementia [105, 106]. There are several potent antiviral agents 
facing serious challenges crossing the BBB into the CNS; thus, the therapeutic effi-
cacy of these agents is hampered due to poor central bioavailability. Bioavailability- 
improving properties of mucoadhesive polysaccharide nanoparticles have been 
employed when the delivery of antiviral across the blood-brain barrier (BBB) is 
required for central activity [53, 107]. In this case, nanoformulation administered 
intranasally can deliver bioactivity to the brain via the olfactory or trigeminal 
route [107].

Hansen and co-workers [108] demonstrated that the cellulosic polysaccharide, 
cationic-hydroxyethylcellulose (cat-HEC), is viable for application in nasal drug 
delivery. They showed that cat-HEC significantly increased acyclovir penetration 
across porcine nasal mucosa. In a similar study [107], hydroxypropyl-β-cyclodextrin 
(HPβCD) nanoparticles, prepared by cross-linking diphenyl carbonate to cyclodex-
trin, was reported to improve the transnasal delivery of dolutegravir sodium (DGS) 
for the treatment of central retroviral infection. The nanosystem produced a 1.51- 
fold increase in porcine nasal mucosa permeability compared to the unformulated 
DGS solution. Furthermore, animal study using albino male Wistar rats, showed 
that intranasally administered nanoparticles significantly increased cerebrospinal 
fluid concentration of DGS by 4.13-fold and 2.86-fold compared to intravenously 
and intranasally administered DGS solutions, respectively [107]. The observed 
increase in permeability can be ascribed to the improvement in DGS solubility and 
nanonization imparted by the HPβCD nanoparticles. This consequently led to an 
increase in drug absorption into the CNS.

9  Mucoadhesive Nasal Sprays

Nasal sprays are widely used and usually preferred by both patients and physicians. 
Sprays that are liquid (solution and suspension) are more convenient than powder 
sprays since powder sprays can easily irritate the nasal mucosa [109]. The adminis-
tration of the nanocarrier formulation through nasal spray can lead to the biodistri-
bution of the formulation homogeneously across the nasal mucosa, which allows for 
higher nanoparticles containing drug to come into contact with the membrane of 
nasal mucosal for an extended duration of time. Saindane et al. [110] reported that 
this type of technology would not only extend the period of contact between nasal 
mucosa and drug but will also maintain the release of the drug over a longer period 
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of time. Saindane et al. [110] created a nanosuspension-based carvedilol nasal gell-
ing spray in situ using a formulation of in situ gelling nasal spray that included gel-
lan gum as an ion-activated transporter. The created formulation was sprayed into 
the nasal cavity as a low-viscosity solution. When a mist of the solution comes into 
contact with nasal fluid, it transforms into a sprayed gel on the mucosa of the nose 
[110]. These in situ gelling intranasal spray formulations have several advantages, 
including the ability to combine specific dose concentration of the drug with wider 
distribution all through the nasal mucosa, resulting in increased bioavailability, as 
well as ease of use because drugs may be administered from any place at any time 
without skill.

Aref et al. [111] investigated the therapeutic effectiveness of the intranasal spray 
of ivermectin mucoadhesive nanosuspension in COVID-19 patients’ treatment. The 
study’s outcomes demonstrated that the local administration of nasal spray of muco-
adhesive nanosuspension containing ivermectin is safe and efficient for the treat-
ment of individuals with mild COVID-19 and results in quick viral clearance and a 
shorter period of anosmia [111]. Exploring this delivery approach could be a prom-
ising technology in the mucosal delivery of drugs in antiviral intervention of treat-
ing viral infections.

10  Conclusion

Several drugs have been designed to limit viral replication, and many have proven 
successful. Nonetheless, with a diverse virus population infecting humans, the 
development of novel, effective antiviral drugs is still required. However, the 
approach to antiviral drug delivery has proven to be a viable strategy to increase 
antiviral efficacy, improve patient compliance, and reduce the side effect profile of 
existing antiviral drugs in the absence of new drug molecules. In particular, mucosal 
targeted antiviral drug delivery systems can improve bioavailability, leading to a 
more cost-effective approach to antiviral treatment. Using mucoadhesive drug 
delivery systems can achieve site-specific drug delivery and increase contact time to 
establish a form of HDT linking to mucosal immunity.
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Micro- and Nanoemulsions in Antiviral 
Treatment

Nidhi Mishra, Neelu Singh, and Poonam Parashar

Abstract Most of the antiviral agents offer challenges of high toxicity, poor aque-
ous solubility, and compromised bioavailability, resulting in unsatisfactory clinical 
outcome. Microemulsions are soft nanocarriers bestowed with thermodynamic sta-
bility, easy formulation technique, high entrapment efficiency, and modifying 
release. Microemulsions have the ability to improve the solubility and stability, 
reducing dose-dependent toxicity of the drug and thus enhancing overall bioavail-
ability of the drug. Further microemulsion can be surface engineered for delivering 
payload at the desired site. This chapter gives an insight of improved drug delivery 
and stability of antivirals through microemulsions, citing works of various research-
ers. The findings of experiments stating encasing of drug into soft nanocarriers give 
strong evidence of their drug delivery potential, hence a significant boost in thera-
peutic outcomes.

Keywords Antivirals · Drug delivery · Nanotechnology · Soft nanocarriers · 
Toxicity

1  Introduction

Even though the world has advanced in several domains, viral infections continue to 
thrive and add to human morbidity, along with its multiple social, economic, and 
cultural ramifications. Coronavirus, Ebola virus, Nipah virus, Zika virus, dengue 
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virus, chikungunya virus, and various influenza virus strains—H5N1 (avian flu), 
H1N1 (swine flu), and H3N2—have all triggered crises in past as well as current 
years. Lately, a devastating pandemic spurred by the new coronavirus (nCoV) has 
took the lives of nearly 5.13 million people worldwide, with substantial socioeco-
nomic repercussions [1, 2]. In West Africa, a major outbreak of Ebola virus infec-
tion killed 11,315 people out of 28,616 documented cases between 2014 and 2016. 
In the first quarter of 2019, Australia received 27,540 influenza cases. Even though 
influenza prevalence has plummeted around the globe, specific types of the influ-
enza virus are being observed in different areas of the world, with the seasonal 
influenza A virus predominating. Over the last few years, Zika virus transmission 
has reached epidemic proportions in various parts of the world. Dengue fever is now 
afflicting South East Asia 17 times more than other viral diseases, worsening the 
epidemic [3–5]. As a logical consequence, the economic repercussions of viral mal-
adies have been enormous.

Infectious diseases are believed to be responsible for around 15 million (>25%) 
of the 57 million annual fatalities globally; this estimate does not encompass the 
millions of deaths that occur as a result of previous infections (for instance, strepto-
coccal rheumatic heart disease) or complications linked with chronic infections like 
liver failure and hepatocellular carcinoma in humans infected with hepatitis B or C 
viruses. People in impoverished countries, primarily infants and children, bear the 
brunt of the morbidity and mortality attributable to viral diseases (about three mil-
lion children die each year from malaria and diarrheal diseases alone). In prosper-
ous nations, indigenous and impoverished minorities are severely affected by viral 
diseases fatalities [6, 7].

Viruses are obligatory intracellular parasites that are made up of either double- or 
single-stranded DNA or RNA wrapped in a protein covering known as the capsid. 
There are two types of antiviral medications: nonretroviral and retroviral drugs. 
Infections with the non-human immunodeficiency virus (HIV) are treated using 
nonretroviral inhibitors. Antiretroviral drugs, on the other hand, reduce HIV repli-
cation, delay the onset of AIDS, and extend the patient’s life. Viruses are catego-
rized into families based on their genome type and replication technique, according 
to the Baltimore classification system [8–10]. On the basis of replication method, 
viruses are classified into seven classes (Baltimore system of classification) as 
shown in Fig. 1. Further, on the basis of envelop present/absent, viruses are classi-
fied into two classes:

 I. Enveloped viruses; example: dengue viruses, hepatitis B and C viruses, human 
immunodeficiency virus, herpesviruses

 II. Non-enveloped viruses; example: human papilloma viruses [12]

The preponderance of viral infections is subclinical, implying that the body’s 
defensive mechanisms stop the infection from progressing before clinical symp-
toms appear. Infections like these are important epidemiologically because they 
allow the virus to spread through populations. The following stages of viral disease 
pathogenesis are involved:
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Fig. 1 Schematic representation of various kind of viruses [10, 11]. (Author’s original)

 (i) Virus attachment at the point of entry
 (ii) Virus penetration into the host cell
 (iii) Virus uncoating
 (iv) Virus replication via transcription and translation leading to the synthesis of 

virus-specific proteins
 (v) Nucleocapsid assembly
 (vi) Virion release, resulting in further infection spread [13]

Accessibility of tissue to the pathogenic virus, cell vulnerability to viral reproduc-
tion, and virus resistance to host defensive mechanisms are all factors that affect 
pathogenic pathways [14]. Blocking cellular synthesis of biomolecules, which 
restricts cellular energy, is one of the virus’s mechanisms for causing host cell 
demise. The indirect approach to cell destruction is the integration of the viral 
genome with the host genome, which causes mutations in the host genome. The 
infection pathway is investigated in terms of virulence, virus-dependent variables, 
virulence genes, inoculum amount, replication speed, and viral infection dissemina-
tion [15]. Viral DNA enters the nucleus of the host cell, where it is then converted 
to mRNA by the host cell RNA polymerase, followed by translation of the mRNA 
into virus-specific proteins. The proteins produced include enzymes that aid in the 
production of additional viral DNA, as well as coat and envelope proteins. Virions 
are released by budding or cell lysis following complete construction of coat pro-
teins around viral DNA. The virion’s mRNA is synthesized by enzymes present in 
the virion, or the viral RNA serves as its own mRNA and is translated into numerous 
enzymes, including RNA polymerase and structural proteins. Virions are released 
after they have been assembled [16].

The nucleus of the host cell has no role in virus propagation. Reverse transcrip-
tase is found in the retrovirus virion. This reverse transcriptase copies the viral RNA 
to DNA. The DNA copy is subsequently incorporated into the host cell’s genome, 
forming a provirus, which is transcribed into new genomic RNA and mRNA before 
being translated into viral proteins. Budding releases the viruses that have 
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developed. HIV is a retrovirus that replicates in RNA. Some RNA retroviruses have 
the ability to turn healthy cells into cancerous cells [17].

Despite the fact that each viral infection is based on a different biology, they all 
share a few key processes that could be used as therapeutic targets. Viral entrance is 
the first step in viral infection. Specific receptors or attachment factors, such as the 
SARS-CoV-2 host receptor ACE2, bind and interact with proteins, glycans, and/or 
lipids on the viral exterior (capsid or envelope). These contacts lead to viral uptake, 
which is usually accomplished by endocytic pathways accompanied by trafficking 
across endosomes and lysosomes or by fusing at the plasma membrane. For suc-
cessful infection, viruses must escape vesicles via endosomal escape or viral fusion, 
subsequently uncoating and release of the genome, which can be cytoplasmic or 
nuclear. If mRNA is required, the genome is transcribed, translated (typically into 
enormous complex polyproteins that are processed by viral or host proteases), and 
replicated [18–20]. Although many new RNA viruses encode their own polymer-
ases, others rely on host polymerases. Viruses employ the host translation machin-
ery in the same way that cells do, but viral translation is regulated differently. 
Following the creation of structural proteins and genomes, viral particles are assem-
bled, followed by viral egress or cell lysis, and the cycle is restarted [9]. Therapeutics 
can be used to target each of these phases in the overall viral life cycle. Antiviral 
therapies are classified as either direct acting or host factor, depending on whether 
they target viral or cellular factors [21]. Antibodies that bind the receptor, endocy-
tosis inhibitors, host protease inhibitors, lipidomic reprogramming medicines, 
kinase inhibitors (e.g., baricitinib), and other host-factor antivirals target parts of the 
host cell essential for successful viral infection or pathogenesis [17, 22, 23].

 The antiviral targets conserved with genes/motifs within a virus family (such as 
the coronavirus RNA-dependent RNA polymerase or 3CL protease, which have 
greater than 60% and 40% sequence identity, respectively) or if diverse virus family 
members co-opt the same host pathways to promote virus replication and/or patho-
genesis, both direct-acting and host-factor therapeutics can be broadly applicable 
(such as the furin protease). Clustered regularly interspaced short palindromic 
repeats (CRISPR) screens are effective techniques for identifying putative targets in 
necessary host components [7, 24–26]. Furthermore, disruption of biological path-
ways in both infected and normal cells may make host-factor interventions more 
hazardous. There is a definite disease progression within an organism as infection 
progresses, in addition to the viral life cycle. The viral phase of the disease is when 
symptoms begin, and incubation durations range from 1 to 14 days. The viral phase 
is replaced by an inflammatory phase as the disease progresses, in which the body’s 
antiviral inflammatory responses begin to restrict viral replication, ultimately inflict-
ing harm to the body [27–29]. Antiviral therapy intervention windows are usually 
only effective during the viral phase of infection, beyond which they are rendered 
ineffective. In outbreak scenarios, testing is critical because of the short treatment 
windows. In the inflammatory phase, anti-inflammatory and immunomodulatory 
medications, such as corticosteroids, are used to decrease inflammatory damage by 
dampening the host immune response. The corticosteroid dexamethasone was 
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currently being used to treat COVID-19 patients who were hospitalized [30]. 
Baricitinib, a kinase inhibitor in the JAK/STAT pathway that has been approved as 
an emergency COVID-19 treatment, reduces cytokine release. Another option is to 
use cytokines like interferon, which have antiviral properties without causing tissue 
damage, earlier in the disease [31]. Therapeutics based on RNA come in a variety of 
forms. RNA-based therapies are a relatively new therapeutic class with a lot of 
potential. Multiple RNA-based treatments have been approved by the FDA in the 
previous 20 years, and many more are currently in various phases of clinical testing. 
Because they are more modular and easier to create than traditional medications, 
these therapies have a lot of promise. To have a therapeutic effect, RNA can func-
tion in a variety of ways. Antisense oligonucleotides (ASOs) bind to an mRNA and 
alter translation, splicing, or the availability of RNA-binding proteins by base pair-
ing. Anti-microRNAs (anti-miRs) bind directly to microRNAs (miRNAs) and pre-
vent them from functioning. To cause translational repression or mRNA degradation, 
miRNAs or small interfering RNAs (siRNAs) can be utilized as treatments. Small 
activating RNAs (saRNAs) are similar to microRNAs (miRNAs), except they are 
nuclear and activate transcription. mRNAs can be employed as a treatment or as 
vaccines to create protein products [32, 33].

In a similar way to classic small-molecule drugs, RNA aptamers can be selected 
to bind proteins or small molecules with high affinity, but with activity across a 
wider spectrum of substrates. Finally, CRISPR effectors and guide RNAs (gRNAs) 
can be utilized to target cellular RNAs for destruction or to modify genes using 
CRISPR effectors and guide RNAs (gRNAs). Overall, RNA-based products can be 
employed for a wide range of purposes, like gene expression regulation, splicing, 
and translation [34]. The greatest drawback with addressing viral diseases is that it’s 
difficult to predict how the virus will interact with the host’s defenses. It can either 
stop the virus from spreading or induce an immune response in the afflicted tissue 
[35]. The various approaches for inhibition of viral infection are listed in Fig. 2.

2  Challenges Encountered with Antiviral Drugs

The quality of life of individuals battling with viral infections has enhanced as a 
consequence of continued research into antiviral therapeutics. However, the emer-
gence of novel viral infections around the world, as well as the advent of multidrug- 
resistant viruses and their transmission, has posed increased difficulties to antiviral 
therapy’s clinical efficacy.

Some of the common problems associated with antiviral drugs are:

• Some antiviral treatments have been documented to cause negative drug-drug 
interactions when taken with other prescribed drugs. Furthermore, toxic side 
effects are a regular result of long-term therapy modules, which may make it 
even more difficult for patients to adhere to their entire treatment regimen [36].
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Fig. 2 Various approaches for combatting viral infections

• Several antiviral drugs have a short half-life, resulting in increased dosage fre-
quency and suboptimal patient compliance [37].

• Drug resistance is expected to emerge as a consequence of chronic drug admin-
istration, especially in immunocompromised patients [38].

• Limited bioavailability due to inadequate solubility/permeability may necessi-
tate the administration of a greater dose, resulting in toxicity [39].

• Viruses such as HIV, Zika, and Ebola disseminate to impenetrable anatomical 
sites such as the CNS, synovial fluid, and lymphatic system, rendering difficul-
ties for drugs to reach, therefore reducing clinical efficiency [40].

• Numerous viral infections can persist in the latent state for a long time, compli-
cating screening and treatment [41].

• Antiviral drugs’ selectivity toward the virus over the host cell and the identifica-
tion of the target that is exclusive to the virus life cycle are two additional obsta-
cles in their design and development [42].

• The structure and function of each virus are distinct, rendering the discovery of 
a broad-spectrum antiviral drug challenging [43].

The challenges encountered can be defeated using nanocarrier approach as 
shown in Fig. 3. The various nanocarriers such as liposomes, niosomes, microemul-
sion, nanoparticles, nanostructured lipid carriers, and micelles have shown marked 
improvement in therapeutic outcome of antiviral drugs. The antiviral agents when 
loaded into nanocarriers exhibited improved therapeutic efficacy ascribing to 
improved solubility, enhanced bioavailability, enhanced permeation, cellular uptake, 
improved accumulation and retention, and targeting specificity.
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Fig. 3 An illustration of steps involved in virus replication and involvement of antiviral drug- 
loaded nanocarrier to cease distinctive stages of viral replication nanocarriers

3  Micro-/Nanoemulsions as Drug Carriers

The holistic picture for the establishment of novel drug delivery systems is improv-
ing by the day, resulting in the formation of various revolutionary antiviral delivery 
systems. Antiviral medication development can be hampered by several issues, 
including limited efficacy of antiviral agents, low solubility of the chemical, low 
bioavailability when delivered in standard dosage forms, short half-life of certain 
compounds, and systemic toxic side effects. By enhancing the design, formulation, 
and administration of antiviral medicines while taking into account the aforesaid 
parameters, innovative drug delivery techniques can be used to produce successful 
therapy [44, 45].

With the development of nanotechnology, it has been feasible to better under-
stand the biological mechanics of live cells and establish technologies that aid in the 
early detection and management of several viral infections. Drug and gene delivery; 
the use of fluorescent biological markers; the recognition of proteins, pathogens, 
and malignancies; the separation and purification of biomolecules; tissue engineer-
ing; MRI contrast intensification; and pharmacokinetic investigations are a few of 
the applications to list out. With its potential to efficiently address with viral mala-
dies and overcome the challenges met by conventional antivirals, it has opened up a 
huge area of research and application [46–49].

The scope of this chapter is limited to microemulsions and nanoemulsions; 
therefore, these two novel delivery systems will only be discussed in this chapter.
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Microemulsions have attracted the interest of formulation scientists since their 
invention, owing to their advanced properties in terms of stability, solubility, fac-
ile formulation aspect simplicity, and economic viability. Microemulsions are 
used in a multitude of domains, including cosmetics, immunology, sensor devices, 
coating, textiles, analytical chemistry, and spermicide, in addition to drug delivery 
via oral, topical, or ocular routes. Rodewald was the first scientist to discover 
microemulsions in the form of liquid waxes in 1928. Hoar and Schulman coined 
the term “microemulsion,” which they characterized as a clear solution made by 
titrating a conventional coarse emulsion with medium-chain alcohols. Due to their 
thermodynamic stability and the ease with which they may be prepared, micro-
emulsions are attractive carrier systems [50, 51]. In today’s reality, we can ponder 
Attwood’s definition, which states that “a microemulsion is a transparent, opti-
cally isotropic, and thermodynamically stable liquid dosage form made up of 
water, oil, and amphiphilic compounds (surfactant and cosurfactant).” 
Microemulsions are thermodynamically stable, isotropic, and transparent systems 
made up of oil phase, aqueous phase, and surfactant, usually in combination with 
a cosurfactant. The size of the droplets might range from 10 to 200  nm. O/W 
microemulsions, W/O microemulsions, and a bicontinuous microemulsion with 
excellent solubilizing potential are the three types of the same. Microemulsions 
have a distinctive mode of action for skin penetration because they react with 
lipids on the skin, causing the intercellular space to shift and the drug to be deliv-
ered. The size of the dispersed phase droplets is the major difference between an 
emulsion and a microemulsion [52, 53].

Microemulsions are intriguing delivery approaches as they offer for both con-
trolled and sustained drug release for a range of routes of administration. As a deliv-
ery mechanism, microemulsions have a few distinct characteristics, the most notable 
of which are that they are less toxic, enable greater drug absorption, and modulate 
drug release rates. Microemulsions are used in a wide range of drug targeting and 
controlled drug release applications. Owing to their propensity to solubilize lipo-
philic drugs, they offer distinguishable characteristics like increased bioavailability. 
Microemulsions can transport water-soluble drugs into the aqueous phase, demon-
strating that they can transport both lipophilic and hydrophilic molecules. 
Microemulsions have a diverse spectrum of applications since they can be adminis-
tered via all basic drug delivery routes. When compared to other biphasic dosage 
forms, microemulsions have a longer shelf life [54]. Microemulsions are developed 
with the intent of maximizing their peculiar qualities, such as minimizing toxic side 
effects and decreasing the amount of the carrier vehicle. Due to their ease of admin-
istration, they are significantly superior to conventional dosage forms. They offer 
resistance to hydrolysis and oxidation. They make it much easier for patients to 
comply [55].

Initially, nanoemulsion and microemulsion were assumed indistinguishable ter-
minologies; however, with advancements in research, the controversy has been 
addressed, and the terminologies are now clearly distinct because microemulsions 
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entail more surfactant, i.e., >20%, and are much more thermodynamically stable. 
Additionally, microemulsion seems to have a much smaller hydrodynamic diame-
ter, yet microemulsion’s ability to be deployed for internal purposes is limited due 
to its high surfactant content. Nanoemulsions with a low surfactant content, on the 
other hand, are better for any medication that is required to be administered inter-
nally [56].

Nanoemulsion is a lipid-based formulation that is commonly utilized for sys-
temic delivery of drug to enhance bioavailability. In other words, nanoemulsions are 
lipid-based drug delivery systems that are thermokinetically stable and are entirely 
comprised of oil, surfactant, cosurfactant, and water with droplet sizes in the nano-
meter range [57]. Also, nanoemulsion can be defined as a two-phase system in 
which one phase is dispersed as a small nano-sized (10–200 nm) droplet in a con-
tinuous phase attributable to the surfactant (emulsifier) molecules’ protective coat-
ing. For preparation of nanoemulsions, many techniques such as low-energy 
emulsification, phase inversion temperature method, ultrasonication, high-pressure 
homogenization, or microfluidization are used. As lipids, several oils such as soya-
bean oil, castor oil, and peanut oil have been employed. Enhanced water solubility, 
drug loading efficiency, GIT retention time, absorption and bioavailability, and lym-
phatic uptake are all advantages inherited by nanoemulsions [58–61]. Another class 
of emulsion includes multiple emulsion also known as double emulsion or emulsion 
of emulsion, which is a complex heterogeneous dispersion system. Multiple emul-
sions are basically of two types, water-oil-water (W/O/W) multiple emulsions and 
oil-water-oil (O/W/O) multiple emulsions, and have wide applications in drug 
delivery.

Pharmaceutical scientists primarily employ oil-in-water (O/W) nanoemul-
sions, in which oil is the dispersed phase and water is the continuous phase, for 
systemic delivery of hydrophobic drugs to elevate efficacy and bioavailability [62, 
63]. Irrespective of their thermodynamic stability and propensity to form nano-
sized droplets, when used topically, nanoemulsions have a plethora of potential 
merits over unstable dispersions [64]. Nanoemulsions have exhibited potential 
over traditional topical formulations (e.g., gels and emulsions) due to superior 
percutaneous permeation. Nanoemulsion formation is a non-spontaneous (G > 0) 
process, and scientists propose an external energy source while preparing nano-
emulsion as they are only stable kinetically [65]. Specific physicochemical char-
acteristics of nanoemulsion systems may make them more appropriate for antiviral 
drug therapy with better cure rates. The drug molecule is loaded in nano-sized oil 
droplets that are dispersed in a continuous aqueous phase in an O/W nanoemul-
sion. Drug distribution over impermeable barriers is facilitated by these nanosized 
drug-loaded oil droplets, which increases bioavailability. The antiviral activity of 
loaded drugs can be improved by increasing the surface area-to-volume ratio of 
the system. Certain attributes of nanoemulsion systems make them ideal for drug 
delivery via mobilization too [49, 66]. The use of a nanoemulsion system to 
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Fig. 4 Cryo-electron microscopic images of formulations made with (a) blank span, (b) 10% 
sucrose esterase monoester and (c) 75% sucrose esterase monoester. (Reproduced with permission)

deliver antiviral drugs via nebulization could augment antiviral drug efficacy even 
against COVID-19 [67]. The SEM images of acyclovir-loaded nanoemulsion are 
shown in Fig. 4.

Microemulsion-related research studies: Taking into consideration the numerous 
afore-mentioned advantages, Zhu et al. formulated microemulsion of penciclovir 
for dermal delivery and compared the permeation potential of the microemulsion 
with commercial cream (penciclovir content 1.0%, w/w). The result demonstrated 
3.5 times enhanced permeation of formulation when compared with commercial 
cream [68]. Likewise, Alkhatib et al. prepared microemulsions using variable con-
centration of Span 20, Tween 80, and IPM (isopropyl myristate) and evaluated it 
against Aspergillus niger, Aspergillus flavus, Bacillus cereus, Candida albicans, 
Candida glabrata, herpes simplex virus type 2 (HSV-2), and the VERO cell line. 
The results showed significant antimicrobial activities against A. niger and herpes 
simplex virus type 2 (HSV-2) when exposed to microemulsion having composition 
0.166, 0.242, and 0.506 of Span 20, Tween 80, and IPM respectively. The micro-
emulsion was also capable of destroying HSV-2 virus at a 200-fold dilution in 
Dulbecco’s modified Eagle medium [69]. Another study by Shishu et al. reported 
development of acyclovir-loaded microemulsion for treating cutaneous herpetic 
infections [70]. The prepared microemulsion demonstrated 1.7-fold enhanced per-
meation when compared with marketed formulation (Herpex, 5%®). Further in v 
vivo studies in herpes simplex virus-1 infection-induced female BALB/c mice 
showed depressed herpetic skin lesions in topical formulation administered topical 
formulation subsequent to post 24 hours. Similarly, Carvalho et al. attempted trans-
dermal delivery of zidovudine through microemulsion and lamellar liquid crystal-
line systems [71]. The result of in  vitro permeation studies over pig ear skin 
displayed significantly higher (twofold) permeation through microemulsion when 
compared with lamellar liquid crystalline systems and found to be non-irritant to the 
skin. On the contrary, lamellar liquid crystalline systems served as a drug reservoir, 
resulting in retarded partitioning of acyclovir and thus reduced permeation into 
the skin.
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One more study performed by Sasivimolphan et  al. described formulation 
and assessment of oxyresveratrol-loaded microemulsion for topical delivery for 
treatment of herpes simplex virus [72]. The prepared oxyresveratrol-loaded 
microemulsion showed substantially higher permeation potential up to 93.04 
times through shed snake skin at the end of 6  hours when compared with 
Vaseline (20% w/w concentration). Further, 20%, 25%, and 30%w/w micro-
emulsion was applied topically in HSV-1-infected mice (dose = 5 times/day for 
7  days), subsequent to infection development. The results of the experiment 
revealed that the microemulsion (25% and 30% w/w) was significantly efficient 
in deferring skin lesion development and reducing mortality when compared 
with untreated control. Comparably, Lee et al. formulated itraconazole-loaded 
microemulsion for intranasal delivery for rhinovirus infection therapy [73]. The 
microemulsion displayed significantly higher drug release in comparison to 
drug suspension. Further subsequent to microemulsion administration, there 
was a marked reduction in inflammatory, namely, IL-1, IL-6, CXCL1, CCL2, 
and TNF-α, post 8-hour HRV1B infection when compared with itraconazole 
suspension administered groups.

Nanoemulsion-related research studies: Prabhakar et al. formulated indinavir- 
loaded nanoemulsion (w/o/w) for brain delivery against HIV infection [74]. The 
results of pharmacokinetic studies revealed 2.44-fold increase in brain-specific 
accumulation when assessed with naïve drug solution indicating higher brain 
uptake. A new study executed by Nabila et al. described formulation of curcumin- 
encased nanoemulsion and its assessment against four dengue virus serotypes 
(DENV-1, DENV-2, DENV-3, and DENV-4). The results demonstrated that 
curcumin- encased nanoemulsion exhibited reduced CC50 value of 52.97 μg/mL 
when compared with DMSO curcumin solution that holds a CC50 value of 
61.51 μg/mL [75]. Similarly, curcumin-encased nanoemulsion presented reduced 
IC50 value of 0.96 μg/mL, 2.61 μg/mL, 22.62 μg/mL, and 15.13 μg/mL against 
DENV-1, DENV-2, DENV-3, and DENV-4 strains, respectively, which was sig-
nificantly lower than that of DMSO curcumin solution (1.12 μg/mL, 4.03 μg/mL, 
35.9 μg/mL, and 17.24 μg/mL). Another study executed by Jena et  al. showed 
improved efficacy of lamivudine when formulated as multiple emulsion stabilized 
through biopolymer gum odina. Some more studies pertaining to development of 
microemulsion and nanoemulsion for delivery of antiviral agents are given in 
Table 1.

All the above studies give concrete evidence of enhanced therapeutic potential of 
drug(s) when formulated as nanoemulsion/microemulsion in terms of enhanced 
permeation, elevated cytotoxicity, improved uptake, and stability of drugs. However, 
still methods and optimization are required to develop effective formulation that can 
reach to clinical trial phases and may rise as successful products for clinical 
applications.
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4  Conclusion

Nanotechnology has transformed the world by providing new answers to a variety 
of challenges that plague today’s healthcare. Nanomedicines have a variety of 
advantages over traditional approaches for preventing, diagnosing, and treating 
viral infections, thanks to recent advancements in nanomedicine design and engi-
neering. Nanomedicine techniques are advantageous because they have unique 
properties such as small particle size, a high area-to-volume ratio, the ability to 
modify the surface to achieve desired selectivity, and biocompatibility. Furthermore, 
these unique techniques have significant potential in antiviral therapies by assisting 
in the management of issues such as drug resistance, limited solubility and bioavail-
ability, burst release, and short duration of action. Future research could focus on 
achieving “multi-functionalization” of nanomaterials to accomplish site-specific, 
concurrent drug delivery, as well as “multiplexing” to treat a wide range of diseases 
and associated symptoms in a diversified population. In the realm of viral infec-
tions, the advent of theranostics that can provide precise diagnosis, effective ther-
apy, and real-time monitoring is becoming increasingly important. Various 
technologies, such as nanotraps, nanodiamonds, and nanofibers, are being used in 
persisting research against the influenza and HIV-1 viruses and can be applied to 
other viral illnesses. The use of nanomaterials as an adjuvant to antiviral vaccina-
tions and studies to improve immune response has shown promise in the prevention 
and treatment of viral infections. The complexity involved in their fabrication and 
characterization, as well as their large-scale production, are among the few road-
blocks in the development of these advanced kinds of nanosystems. However, with 
significant advances in the fields of polymer chemistry, biology, and nanotechnol-
ogy, there is reason to believe that the rate at which new viral infections originate 
can be regulated and that global viral infection management can be addressed. In an 
essence, microemulsions and nanoemulsions developed to deliver antiviral drugs 
could be a powerful therapeutic agent for treating COVID-19 and other viral disor-
ders, necessitating further research in these areas.
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Abstract The segment of the United Nations that deals with the medical aspects of 
all the different parts of the world, the World Health Organization, on the 3rd of 
May 2021, professed the ongoing Ebola outbreak to be over. Ebola virus is acknowl-
edged to be the causative agent of Ebola viral disease (EVD) or Ebola fever, which 
is of an hemorrhagic nature, a viral hemorrhagic disease found in humans in addi-
tion to some arboreal primates. The diagnosis is made using recognition of viral 
RNA through a reverse transcriptase-polymerase chain reaction in real time and 
even through fast diagnostic tests, the basis of which are detection of antigens using 
an enzyme-linked immunosorbent assay. Although vaccines are still important in 
reducing deaths due to EVD, other strategic approaches to working for its preven-
tion and management are required. Several patented agents, biotherapeutics, etc., 
are required for prophylactic or therapeutic purposes. This article deals with differ-
ent medicines and vaccines, etc., which are emerging or alternatives to the treatment 
of EVD. A shift in paradigm toward improvement in medical and clinical health 
structures had a quick impact on EVD containment while also laying the ground-
work for introducing new medicines and therapies to the afflicted countries once the 
said medicines combined with the therapies became obtainable.
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1  Introduction

Nature certainly has an enigmatic way of acting, as it has implanted a sense of sur-
vival in a virus particle as small as 100 nm that can shut down the entire human civi-
lization! [1, 2]

Between July and September 1976, a hemorrhagic fever outbreak occurred in 
southern Sudan and 800 km away in Bumba, the Democratic Republic of Congo, 
which was earlier recognized as northern Zaire, with a very high fatality of around 
30–80% in Sudan and 89% in Zaire [3]. Blood and tissue samples were taken from 
clinically ill patients and then sent to classified laboratories in the UK, Belgium, and 
the Centers for Disease Control and Prevention in Atlanta, USA, owing to the sever-
ity of the diseases [4]. The samples were further processed and inoculated in cul-
tured Vero cells, with a distinct cytopathic effect observed on the third day after 
inoculation. The supernatants from the cell culture were then collected and analyzed 
using electron microscopy. The electron micrograph revealed some filamentous 
virus particles that morphologically resembled the Marburg virus, a hemorrhagic 
fever-causing virus from Marburg, Germany. Indirect immunofluorescence revealed 
a serological difference between the Marburg virus and African clinical isolates, 
indicating that African hemorrhagic fever is caused by a different virus [5]. On the 
river Ebola in Zaire, Prof. S.  R. Pattyn of the Institute of Tropical Medicine in 
Antwerp, Belgium, and Mr. E.  T. W.  Bowen of the Microbiological Research 
Establishment in Porton Down, UK, named this viral agent Ebola virus. Filoviridae 
are filament-like, an incased virus with linear, negative-sense, non-segmented ribo-
nucleic acid (RNA). The first member of the Filoviridae family was the Marburg 
virus, which was isolated from clinical samples of hemorrhagic fever outbreaks in 
the German town of Marburg in 1967. In 1976, Ebola was classified as the Zaire 
ebolavirus, but it was then renamed the Ebola virus (EBOV) in the 2010 by the 
International Committee on Virus Taxonomy [6]. There are in all six known ebola-
virus species, namely: Zaire ebolavirus, Sudan ebolavirus, Taï Forest ebolavirus, 
Bundibugyo ebolavirus, Reston ebolavirus, and Bombali ebolavirus (Fig. 1a) [7]. 
All viruses can be the causative agent for viral hemorrhagic fever in humans. This 
virus causes a zoonotic disease, and each of its outbreaks is triggered by its 
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Fig. 1 (a) Different species within the genus Ebola, which are associated with infection. (b) Ebola 
virus disease configuration and genetics. (c) General steps that pave the way for an outbreak. (d) 
Microscopic view of Ebola virus as observed

introduction into an animal (Fig. 1b). It has now been found out that bats are most 
probably the natural reservoir as the EBOV is primarily an animal-borne disease [8].

The EBOV has infected humans because of spillover events. Spillover occurs 
when many new species meet the reservoir of a viral pathogen that belongs to a dif-
ferent species, such as humans and fruit bats. The disease can be passed from parent 
to child through uninterrupted interaction with purulent blood, body fluids, or the 
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patient’s skin. From the time the very first patient with the Ebola virus disease 
(EVD) was recorded, the World Health Organization (WHO), a specialized part of 
the United Nations that deals with public health at an international level, has regis-
tered more than 20 EBOV outbreaks. Few of them, such as those in Guinea, Liberia, 
and Sierra Leone from 2014 to 2016, had such high death rates. The 2014 EVD 
outbreak was the first-ever recorded large-scale introduction of the EBOV to the rest 
of the world’s population; in May 2014, the WHO pronounced this epidemic to be 
a “Public Health Emergency of International Concern”. In research published by the 
United Nations Development Program, many related variables of the 2014–2016 
pandemic were identified, among which a few highlighted factors are denial or dis-
honesty; refusal of quarantine and dishonesty about infection contributed to about 
74% of viral spread, traditional practices involved high-risk behavior during funer-
als, 60% were linked aside from that, and the epidemic was exacerbated by a lack of 
awareness, religious belief, stigmatization, poverty, poor diet, poor health care ser-
vices, and mobilization [9]. After a drawn-out battle that began in 1976, the out-
break was declared over on 3 May 2021. Since then, over 20 EBOV outbreaks have 
been documented in the Sub-Saharan regions of Africa, primarily in Sudan, Uganda, 
the Democratic Republic of Congo, and Gabon. Between 2013 and 2016, the 
world’s largest Ebola outbreak in history occurred in west Africa, affecting Guinea, 
Sierra Leone, and Liberia. Until 2013, the bulk of EVD epidemics occurred in the 
Democratic Republic of the Congo, Gabon, and the Republic of the Congo.

The outbreak that occurred in West Africa from 2013 through 2016 was thought 
to have started in December 2013 in the Guinean village of Meliandou. Liberia was 
the first country to declare the 2014–2016 Ebola outbreak over on 9 May 2015. 
Sierra Leone and Guinea also saw a decline in new infections over time [10]. The 
average fatality rate in an EVD case is close to 50%. Case mortality statistics in 
preceding epidemics have vacillated from 25% through 90%. Studying statistics, it 
has been determined that there has been medical advancement that has resulted in a 
decrease in the fatality rate over the years from 1976 to the present day. Through the 
years of progression, this illness even witnessed a 100% mortality rate, with 318 
recorded cases, to 42%, with just 130 recorded cases. The majority of cases were 
seen in the region of the Democratic Republic of Congo, with some spillovers seen 
in the region of Liberia, Mali, and the USA, to Norway, Germany, France, and the 
Netherlands, etc.

The Ebola outburst in the western parts of Africa officially ended; however, this 
was only recorded in June 2016, when the organization proclaimed that Liberia and 
Guinea were Ebola free for the fourth and second times respectively. The disease 
was initially found in 1976 during two simultaneous epidemics; the first was in the 
South Sudanese town of Nzara, while the second was in the Democratic Republic of 
the Congo in Yambuku, a community along the river Ebola, the origin of its 
name [11].

The EBOV is a zoonotic illness, which means it may spread to people, apes, and 
other animals. Whether through a direct or indirect mode, the infection spread 
through interaction with bats or by handling the dead, or even by taking care of ill 
humans, resulting in those most susceptible becoming infected [12]. Even though 
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the natural reservoir is yet to be asserted, bats have found their way to being the 
most plausible suspect (Fig.  1c). There are three different varieties of fruit bats 
Epomops franqueti, Hypsignathus monstrosus, and Myonycteris torquata, that have 
been discovered to be the most acceptable for carrying the virus without becoming 
ill. It is unknown whether other animals are implicated in the propagation of the 
disease as of 2013 [13]. There are a few speculations about plants, arthropods, 
rodents, and birds being potential virus reservoirs. Uninterrupted contact with puru-
lent persons’ blood, saliva, and other bodily fluids can cause secondary human-to- 
human transmission to occur because of this. The danger of nosocomial infections 
is particularly great when tending to the sick or even handling infected dead bodies, 
which is why they are so common in hospitals. EBOV belongs to the family 
Filoviridae of the order Mononegavirales (Fig. 1b). The virus particles belong to the 
genus, which has negative polarity to the single RNA strand and resembles long 
stretched filaments when seen under an electron microscope, with some particles 
curving into the shape of the number six (Fig. 1d).

With fever generally ranging over 38.3 °C (101 °F) alongside fatigue, weakness, 
loss of appetite, muscular pain, and sore throat, the symptoms follow the initial 
influenza-like stage. Severe dehydration is frequently caused by the combination of 
severe vomiting and diarrhea, which are common side effects. Shortness of breath 
along with chest pain, as well as swelling, headaches, and confusion, usually fol-
lows. Approximately 5–7 days from the onset of symptoms, the skin at times fosters 
a maculopapular rash, which is a highly inflamed patch together with many minute 
irregularities (Fig. 2a).

The genome of the EBOV is 19 kb long and contains seven open reading frames, 
encodes structural proteins such as the virion envelope glycoprotein (GP), nucleo-
protein (NP), and matrix proteins VP24 and VP40 [14]. Bundibugyo ebolavirus 
(Bundibugyo virus), Reston ebolavirus (Reston virus), Sudan ebolavirus (Sudan 
virus), Taï Forest ebolavirus (Taï Forest virus), and Zaire ebolavirus are the five 
species of the genus Ebolavirus. EBOV genomes contain seven genes: 3′-UTR-NP- 
VP35-VP40-GP-VP30-VP24-L-5′-UTR, 3′-UTR-NP-VP35-VP40-GP-VP30-
VP24-L-5′-UTR, 3′-UTR-NP-VP35-VP40-GP-VP sequencing of the pentameric 
ebolavirus genomes (Bundibugyo virus, EBOV, Reston virus, Sudan virus, and Taï 
Forest virus) is distinct, as are the number and location of gene overlays. Ebolavirus 
virions, like all filoviruses, are filament-like elements that can take the shape of a 
shepherd’s crook, a “U,” or a “6,” and can be curved torus or branched [15].

Among the proteins encoded by the genome are NP [16], polymerase cofactor 
(VP35), matrix protein (VP40), GP, soluble GP (sGP), small soluble GP (ssGP), 
transcription activator (VP30), minor matrix protein (VP24), and RNA-dependent 
RNA polymerase (L) (Fig.  2b). GP allows the infection to enter monocytes and 
additionally macrophages, where cell injury or viral molecule openness can advance 
the arrival of connected cytokines, which leads to aggravation and fever, and also 
endothelial cells, which can cause vascular harm. Twelve different filoviruses have 
been found. The seven filoviruses discovered to cause infection in humans belong to 
the Ebolavirus genus (Bundibugyo virus, EBOV, Reston virus, Sudan virus, and Taï 
Forest virus) (Fig. 1) or the Marburgvirus genus (Marburg virus and Ravn virus) [17].  
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Fig. 2 (a) Signs and symptoms of Ebola virus (EBOV) presentation in a human. (b) The EBOV 
has a 19-kb linear negative-sense RNA genome with seven structural and nonstructural proteins 
produced by seven genes

Ebola disease, caused by Bundibugyo virus, EBOV, Sudan virus, or Taï Forest virus, 
and Marburg disease, caused by Marburg virus or Ravn virus, are the two principal 
subtypes of filovirus disease recognized by the WHO International Classification of 
Diseases Revision 11 of 2018. This filovirus disease subcategorization is mostly 
based on the growing body of evidence of molecular differences between the Ebola 
and Marburg viruses [18]. These are the differences that might influence inadvertent 
primate hosts: virus–host reservoir tropism, pathogenesis, and disease phenotype. 
Highly variable filoviruses, often with unidentified pathogenic potential, are found 
to be dispersed broadly through the African, Asian, and European continents in a 
wide range of host reservoirs, according to genomics.

A nanocarrier is a type of nanomaterial that has been used to convey another 
chemical, such as medicine. Micelles, polymers, carbon-based materials, liposomes, 
and other substances are often utilized as nanocarriers. Bioavailability and thera-
peutic efficacy are improved by nanocarriers, which provide preferential accumula-
tion at the target site [19]. Although several nanocarriers have been created, only a 
few have received clinical approval. Colloidal drug carrier systems with particle 
sizes fewer than 500 nm are known as nanocarriers. Because of their potential in the 
realm of drug delivery, these have been investigated extensively in recent decades. 
Nanocarriers can change the basic characteristics and bioactivity of medications 

S. Bhattacharya et al.



147

because of their extensive surface area-to-volume ratio. To name a few advantages, 
nanocarriers can improve pharmacokinetics, even biodistribution, as well as reduc-
ing toxicities, improving the ability of the active pharmaceutical ingredient to 
become more soluble and turn more stabilized to control drug release, and target- 
specified therapeutic medication. In addition to what has been stated above, a small 
change to the composition between organic, inorganic, or hybrid, and even to its 
size and shapes with the surface, which are the external properties (attachment of 
targeted moieties, surface charge, functional groups, PEGylation, or another coat-
ing) often results in changes to the physicochemical properties of nanocarriers [20]. 
The ultimate objective of utilizing nanocarriers to carry medicine is to cure a disease 
effectively while minimizing adverse effects.

Experimental postexposure treatments for EBOV focus on (1) preventing 
filovirus- associated coagulopathies (recombinant nematode anticoagulant protein 
and recombinant human activated protein C); (2) inhibiting viral replication or 
translation (nucleotide analogs [Toyama Chemical, Tokyo, Japan], BCX4430 
[BioCryst Pharmaceuticals, Durham, NC, USA], brincidofovir [Chimerix, Durham, 
NC, USA], and brinci [mAb cocktails]). Clinical studies for some of these postex-
posure treatment possibilities are now underway.

Ebola virus multiplies rapidly in monocytes, macrophages, dendritic cells, and 
other cells such as liver cells, fibroblasts, and adrenal gland cells, resulting in enor-
mous quantities of viruses. As a result of this viral replication, a surge in inflamma-
tory chemical signals is seen, which often leads to a septic condition. There are 
usually three phases to an illness: a generic fever, headache, and myalgia lasting a 
few days, which is often followed by the gastric phase, which mostly includes diar-
rhea and vomiting, abdominal discomfort, and dehydration. Liver and kidney func-
tion deteriorates in the advanced and last stages of the disease, resulting in relentless 
metabolic deterioration, convulsions, shock, and mortality, which results in the 
occurrence of bleeding through the mucosa. Another set of characteristic symptoms 
seen is bloody diarrhea with multiple organ failure within the 16-day window from 
the onset of symptoms.

Ebola virus proteins interfere with the capacity of cells to produce and respond 
to interferon proteins, including interferon-α, interferon-β, and interferon-γ, which 
restrict the response of the human immune system to viral infections (Fig. 3) [21]. 
Ebola vaccines of many forms are being developed to combat EVD, including inac-
tivated vaccines, viral vector vaccines, subunit vaccinations, and DNA vaccines. 
EBOV is now being treated with a licensed vaccine that has been named Ervebo, 
and Ebanga and Inmazeb are the two licensed and approved monoclonal antibody 
medicines; the latter is a cocktail, but the former is a single monoclonal antibody 
[22]. These unquestionably played a prime part in limiting the recent outbreaks. 
However, no vaccines or medicines have been authorized to prevent or even treat 
infections that have occurred in humans caused by other Ebolavirus genus members 
(e.g., Sudan virus; Bundibugyo virus, Taï Forest virus), Marburgvirus genus associ-
ates, or diseases caused by developing filoviruses.

A monoclonal antibody formulation Mab114, which was produced at the facility 
of Cook pharmacy, with reference to a study conducted at the National Institutes of 
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Fig. 3 Pathogenesis of Ebola virus disease

Health (NIH). The phase I study was the open-label dosage intensification trial with 
the primary target of making sure that the formulation was safe and tolerable. Here, 
the GP of different EBOV strains was targeted by the human IgG1 monoclonal 
antibody. The infusions of Mab114 were found to be safe as well as well tolerated. 
Some associated adverse effects, such as malaise, myalgia, joint pains, and nausea, 
have been observed.

A miracle drug called remdesivir by Gilead sciences was developed. Zaire, 
Sudan, and Bundibugyo ebolavirus strains were those targeted with the help of rem-
desivir. It is a small nucleotide molecule, which, in its chemical nature, is a prodrug 
with action ranging over a broad spectrum. The study was conducted in a placebo- 
controlled randomized trial to test for its efficacy. It was observed that there was an 
increase in levels of serum amylase, but no negative side effects were observed.

REGN-3470-3471-3479 was developed at the Illinois-based Regeneron 
Pharmaceuticals. The developed formulation manufactured was a cocktail of three 
different monoclonal antibodies that targeted the non-overlapping epitopes that are 
specific to the Zaire strain of the Ebola virus. The study was conducted in a placebo- 
controlled randomized phase, with the most prevalent side effect or symptom 
observed being a headache.

ZMapp was a cocktail of three different chimeric monoclonal antibodies that 
were specific to the epitopes on the GP of the Zaire strain of Ebola virus. This was 
developed in collaboration between MappBio, Leafbio, and Defyrus Inc. An open- 
label multicenter randomized safety and effectiveness trial with an adaptive design 
was conducted. The PREVAIL trial provided the most convincing evidence of the 
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efficacy of an Ebola treatment. Even though the study’s findings were found to be 
quite promising, the numbers did not provide sufficient data to be definitive about 
the efficacy of ZMapp.

Ervebo, a vaccine developed by Merck, was the foremost EBOV vaccine to be 
permitted for use in the USA and the European Union (EU). In 2019, the Zaire 
ebolavirus vaccine, which is live-attenuated and recombinant, was authorized for 
use in anyone aged 18 or over to prevent illness caused by the virus. Since the start 
of the Ebola outbreak, more than 80 vaccine candidates have entered the develop-
ment stage. Moderna, GlaxoSmithKline (GSK), and Merck were among the devel-
opers. Most of the candidates, on the other hand, did not proceed to the clinical stage.

The evolution of science across time is discussed. We are retracing our steps 
from 2020 at snail’s pace. With the FDA’s approval of Ebanga, a human monoclonal 
antibody permitted for use in people of all ages in the case of infection, we were on 
the verge of a breakthrough in Ebola therapy. This acts by preventing the virus from 
attaching to the receptors. Another breakthrough was in October 2020 with Inmazeb; 
the FDA authorized a mixture of three monoclonal antibodies as the first therapy for 
Zaire ebolavirus infection in both adults and children. Following the year 2019, we 
have 2020, in which multiple breakthroughs and milestones in medical history were 
reached for the treatment of the viral illness being discussed here. The Food and 
Drug Administration (FDA) approved a fingerstick test for emergency use in 2018. 
This functioned by identifying the antigen in relation to the virus. This test is essen-
tial for identifying the EBOV in infected individuals with a rapid and precise result. 
September saw the assistance of statisticians in developing an algorithm to test the 
hypotheses developed for the treatment of the EBOV. It was approved for anyone 
over the age of 18. In October 2019, the first quick diagnostic kit for the diagnosis 
of EBOV was approved. November of the same year witnessed the expansion of 
biobanks for plasma and other blood products, which were essential for treatment 
therapies. The FDA then awarded the University of California, Los Angeles, con-
tracts for the expansion of the same. In December 2019, the FDA authorized a vac-
cine for the prevention of EVD for the first time, marking a significant step forward 
in the fight against the epidemic.

2  Recent Clinical Trials on Ebola

The features of Ebola, such as its high mortality rate, rapid spread across communi-
ties, and grave hazards for exposed health care professionals, exacerbate the antici-
pated difficulties of conducting clinical trials in asset settings. In the case of a 
high- fatality, dynamic epidemic, a structured platform is well suited to morally and 
quickly identifying viable medicines. Academic and research communities must 
respond as aggressively and quickly as the humanitarian community to enhance 
medicines in the middle of a rising pandemic (Table 1).
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Table 1 Current ongoing clinical trials in the field of Ebola virus therapeutics [23]

Study title Start End
Observational 
model Objectives Phase

Prevail III The 
Partnership for 
Research on Ebola 
Virus conducted an 
Ebola Natural 
History Study

2 
December 
2017

April 
2022

Cohort To find out how Ebola 
impacts the health of 
survivors and those 
who live with them

III

In the Democratic 
Republic of the 
Congo, a 
heterologous, 
two-dose preventive 
Ebola vaccine was 
evaluated for 
effectiveness and 
safety

14 
November 
2019

31 
January 
2024

Ad26 is a single- 
arm, open-label, 
nonrandomized 
interventional 
experiment that 
compares the two 
doses. Ebola 
preventative 
vaccination ZEBOV, 
MVA-BN-Filo

3

Partnership for 
Research on Ebola 
Vaccinations 
(PREVAC)

March 31, 
2017

June 
2024

Quadruple 
Intervention, 
Parallel Assignment 
(Participant, Care 
Provider, 
Investigator, 
Outcomes Assessor)

The goal of this trial is 
to see if Ad26.ZEBOV 
(rHAd26) and 
rVSVG-ZEBOV-GP 
are safe and effective 
in children and adults. 
The rHAd26 vaccine 
will be tested with or 
without an MVA-BN- 
Filo (MVA) vaccine, 
and with and without 
boosting, whereas the 
rVSV vaccine will be 
tested with and 
without boosting

2

Candidates for 
Ebola vaccines 
Ad26.ZEBOV and/
or MVA-BN-Filo 
subjects exposed to 
the candidate Ebola 
vaccines Ad26.
ZEBOV and/or 
MVA-BN-Filo in a 
multi-country 
prospective clinical 
safety study

31 May 
2016

10 
January 
2023

Investigational, 
single group 
assignment, none 
(open label)

This is prospective, 
long-term clinical 
safety research 
involving many 
countries to gather 
significant adverse 
events and pregnancy 
outcomes in people 
who were engaged in 
phase I, II, or III 
clinical studies after 
getting Ad26.ZEBOV 
and/or MVA-BN-Filo 
vaccinations

3
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2.1  Potential Therapeutic Targets

Ebolavirus predominantly replicates inside antigen-presenting cells such as den-
dritic cells and macrophages. Infective dendritic cells and macrophages trigger the 
uncontrolled secretion of proinflammatory cytokines such as interleukin-1β, tumor 
necrosis factor α, IL-6, IL10, interleukin-8, monocyte chemoattractant protein-1, 
macrophage inflammatory protein-1α and growth factor α, reactive oxygen species, 
and nitric oxide [27].

VP24 is reported as a downregulator of the STAT 1 pathway (IFN signaling path-
wayVP24, a protein found in the Zaire ebolavirus, inhibits IFN and IFN-induced 
nuclear accumulation of tyrosine-phosphorylated STAT1 (PY-STAT1), which in 
turn inhibits IFN and IFN-induced gene expression. VP24 also binds to the 
PY-STAT1 binding region of the karyopherin 1, 5, or 6, which is involved in mole-
cule transport between the cytoplasm and the nucleus, resulting in the inhibition of 
PY-STAT1 nuclear transport and thus downregulation of IFN secretion [28].

Ebolavirus and its family counterpart Marburgvirus fall into the category of the 
highest biosafety level agents, that is, biosafety level 4 agents . These deadliest 
viruses have been reported to have 90% mortality in some outbreaks. EBOV causes 
hemorrhagic fever, damage to the cardiovascular system, leading to blood leakage 
from the blood vessels, causing internal bleeding [24]. Several viruses can cause 
hemorrhagic fevers such as Dengue virus, Yellow fever virus, Crimean-Congo hem-
orrhagic fever [25], hantaviruses, Lassa virus, which can range from slight illness to 
severe disease resulting in death. EVDs progress with nonspecific clinical manifes-
tations such as high fever, headache, fatigue, or gastrointestinal irregularities such 
as nausea and vomiting. Cardiovascular manifestation bleeding has been reported, 
but despite the attribution as hemorrhagic fever, not every case was associated with 
the bleeding. In the first case report of the disease, 75% of the infected individuals 
manifested bleeding, as low as 30% of the cases reported the bleeding manifesta-
tion. Electrolyte disbalance due to dysfunction of the gastrointestinal system causes 
hypovolemic shock, which may lead to organ failure and is associated with severe 
disease and mortality [26].

2.2  Possible Therapeutic Targets of Ebola Virus

The RNA viruses have always imposed huge disease burdens on humans, e.g., influ-
enza, HIV, dengue, Ebola, Nipah, severe acute respiratory syndrome , Middle East 
respiratory syndrome, coronavirus, and the list is getting longer year by year. A 
major failure in the management of the recent COVID-19 pandemic was the lack of 
a proper antiviral regime was very vivid and cost many lives. It is unfortunate that 
despite remarkable progress being achieved in different segments of science and 
technology, we still struggle to produce efficient antivirals, especially against RNA 
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viruses. Up to now, we have approved antivirals for ten viral pathogens (HIV, hepa-
titis C virus, hepatitis B virus, herpes, influenza, human cytomegalovirus, varicella 
zoster virus, respiratory syncytial virus, human papillomavirus, and picornavirus). 
We certainly live in a precariously balanced environment where the possibilities of 
new emerging viruses are very high, and it is of utmost necessity to come up with 
more antiviral strategies. To develop or formulate a new antiviral, one must funda-
mentally understand the biology of the viral material and its pattern of communica-
tion with the host cell. Basic approaches of the antivirals can be of two types, (a) 
targeting the virus or (b) targeting the host factors associated with the virus infec-
tion. Another unfortunate incidence with the antivirals is viral resistance against the 
drug. Viruses use the host cell types of machinery to replicate, and hence the antivi-
ral target sites are fewer in number; moreover, mutilations leading to specific drug 
resistance make the scenario more complex and constrict the designing and formu-
lation of new antivirals. At present, only one vaccine with two monoclonal antibody 
formulations has been approved for EVD [29]. In December 2019, the recombinant 
vesicular stomatitis virus chimeric construct, ‘Ervebo,’ manufactured by Merck & 
Co., Inc., was licensed by the FDA as a vaccine to prevent the spread of Zaire ebo-
lavirus. Subsequently, 2020 brought a cocktail of monoclonal antibodies, three dif-
ferent categories (atoltivimab, maftivimab, and odesivimab-ebgn). Inmazeb, which 
was sanctioned by the FDA in October and 68 days later, another monoclonal anti-
body, ‘Ebanga’ (ansuvimab-zykl) was also approved by the agency as prophylaxis 
against Zaire ebolavirus infection [30]. There are currently no licensed antiviral 
medications for EVD. However, numerous antivirals are in the pipeline, with one 
reaching phase III studies. It is not necessary to mention that understanding the 
parameters associated with the life cycle of the virus is essential for designing a new 
antiviral. The target site, which is the basis of antiviral drug design, is unveiled by 
an understanding of the host-virus interaction. It should be the primary consider-
ation, as a major part of the drug efficacy is dependent on the selection of the target 
sites. Ebolavirus consists of an unsegmented negative-strand RNA virus with seven 
genes that code for nine different viral proteins. Seven of them are structural pro-
teins, whereas the other two are nonstructural proteins) [31]. The basic steps of the 
viral replication are (1) attachment, (2) entry inside the cytoplasm, (3) uncoating 
and fusion with endosomal membrane, (4) transcription and replication, (5) assem-
bly and budding. The ten encoded viral proteins execute the replication cycle promi-
nently with the help of a few host cellular proteins. Several vials and host proteins 
are associated with different steps of the replication cycle. Viral proteins have 
always been the major target sites for antivirals. Newly marketed formulations and 
patent trends in the quashing of Ebola virus (drugs and their formulations; Table 2) 
As mentioned above now, two monoclonal antibodies have been approved by the 
FDA for prophylaxis, and expected that more will be approved soon looking at the 
current pace of the developments.
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Table 2 List of drugs that are under development and already on the market for Ebola virus 
therapeutics [32]

Sr. 
No. Compound Target site Trial phase

1 BCX4430 Viral RNA polymerase L 1st
2 GS-5734 RNA polymerase 2nd
3 Favipiravir RNA polymerase 3rd
4 Amiodarone Cationic amphiphilic drug, antiarrhythmic 

drug, inhibits early stage of replication
2nd

5 Amodiaquine Cationic amphiphilic drug Preclinical
6 Brincidofovir RNA polymerase 2nd
7 TKM-100802/TKM-130803 RNA polymerase 1st and 

2nd
8 ZMapp mAb cocktail 2nd
9 Convalescent whole blood/

plasma (Ebola-Tx)
Targets whole virus or the glycoproteins 2nd/3rd

10 AVI-7537 VP24 1st

3  Theragnostic Approaches

Drug development for EBOV has been progressing for a long time; then again, a 
new perspective focus on producing treatments and vaccines was actualized right 
after the 2014 through 2016 outbreak in Western Africa, which raised concerns 
about the global spread. Various new medicines and concepts are being examined 
for the therapy and management of the viral Ebola disease, which is supplementary 
to the supportive care that is provided with the help of electrolyte replacement, 
hydration therapy, oxygen therapy, as well as by maintaining the acid–base balance 
of the body [33]. The process of developing a drug comprises many steps, the first 
one being the identification of credible therapeutic targets that could be a protein, 
RNA, along with any biotic component that would have a prime role in the patho-
gen’s ability to propagate and infect. Different undertakings have been explored, 
such as genomics, biochemical, computational, and structural, and are mostly 
required to identify the specific therapeutic target either from the host or the patho-
gen. The FDA in recent times has authorized two therapies for EVD [34]. Inmazeb 
is an amalgamation of three different monoclonal antibodies that was authorized in 
October 2020. Ebanga is the second medication that was permitted for use in 
December 2020; the FDA sanctioned a solitary monoclonal antibody. A solitary set 
of proteins that are developed in a laboratory or any other facility is functionally like 
that naturally occurring antibody in preventing a pathogen, such as a virus, from 
reproducing in a host after it has already infected a person. These mAbs attach with 
the glycoprotein, a part of the EBOV’s surface, which inhibits the viral material 
from entering the body [35].
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 A. Antiviral strategies

 (a) Targeting the entry process
Vinblastine, vinorelbine, vincristine, colchicine, nocodazole, mebendazole, 
and albendazole are microtubule inhibitors that are among the most potent 
anti-EBOV medications [36]. The effect of nocodazole is thought to be 
linked to microtubule depolymerization, which prevents viral entry. 
Numerous antibodies target glycoprotein (especially ZMapp, mAb114, and 
REGN-EB3). Several selective estrogen receptor modulator compounds are 
much newer and more precise in their inhibitory action on EBOV infection. 
Clomiphene and toremifene were discovered as successful blockers of 
EBOV infection subsequently in in vitro and in vivo investigation of selec-
tive estrogen receptor modulators [37].

 (b) Targeting viral RNA synthesis machinery
To pinpoint the viral RNA production, drugs that straightaway target the 
viral counterparts of the RNA synthesis machinery, as well as agents that 
target cell contributions to the RNA synthetic chain of the cycle, are uti-
lized. Although our lack of understanding of the physiological components 
that add to viral RNA generation in EBOV persists in hindering develop-
ment, both techniques have shown great promise, and the viral replication 
machinery is a highly appealing target.

 B. Vaccines
Infections in primary care officials such as physicians and various other health 
care workers who are in the proximity of infected population need to be avoided. 
For this very reason, an effective EBOV vaccine is needed, especially in high-
risk locations. Three Ebola vaccine candidates have been approved, and three 
more have finished or are about to complete phase I trials, and two vaccines are 
now in the phase II of the trials. The final one has conquered phase III of clinical 
trials. The quest for safe and effective vaccines must continue considering ongo-
ing reports of EVD outbreaks as epidemics in Africa [38]. The delivery of a 
vaccine, however, is only one of several measures aimed at containing the Ebola 
spread, according to the WHO. The following section discusses the many vac-
cines and vaccine platforms being investigated to develop an effective EBOV 
vaccine.

 (a) Inactivated vaccine
Even though inactivated vaccines are subject to causing disease in a healthy 
human being owing to inadequate viral inactivation, numerous plans for 
emerging innocuous and efficient, nonduplicating vaccine contenders to pre-
vent EBOV infection are being investigated. In a guinea pig model, both 
heat- and formalin-inactivated EBOV was reported to be protective against 
EBOV infection. An EBOV researcher’s life was saved thanks to the inclu-
sion of an inactivated EBOV E-178 vaccine, as well as interferon (IFN) and 
immunological plasma [39].
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 (b) DNA vaccine
Plasmids are used in DNA vaccines to produce immunogenic antigens. This 
vaccine approach is appealing owing to its ease of manufacture and simplic-
ity. Furthermore, DNA vaccines tend to stimulate both humoral as well as 
cellular immune responses [40]. The development of a low immunity titer 
for a shorter window would need repeated vaccinations to overcome this 
problem, even though the first studies utilizing DNA constructs demon-
strated acceptable safety profiles. As a result, using a powerful immunization 
schedule based on DNA vaccine platforms for a broad population does not 
appear to be rational [41].

 C. Virus-like particles
EBOV-like particles VLPs are made up of viral transmembrane GP and struc-
tural matrix protein in mammalian cells (VP40). They self-assemble and exit 
from host cells, resembling infectious EBOV particles. Virus-like replicon par-
ticles are a better option than live-attenuated vaccinations. The use of this cate-
gory of particles is to avoid the possibility of live vaccination strains reverting to 
their original pathogenic state [42].

 D. Recombinant viral vector vaccines
A fully functional viral vector backbone is built to express an antigen from a 
foreign transgene in the replication of recombinant vector vaccines. The trans-
gene is not only unneeded, but it may be deleterious to viral propagation [43]. 
As a result, vaccine revertants that delete or inactivate the transgene could 
develop to dominate the viral vaccine population during vaccine manufacture 
and host infection. One source of concern is that the vaccine’s antigenicity (the 
level of immunity) induced against the transgene could be reduced because of its 
evolution.

Various vaccines have been approved, and some are already in the pipeline 
for approval. Ervebo, or the VSV-ZEBOV-Ebola Kikwit replication-competent 
vaccine, is being administered through a single dose, and the vector used is the 
vesicular Indiana virus. Second to none is the MVA-BN-filo vaccine, which 
encodes Ebola, Sudan, and Marburg virus GPs as well as Taï Forest virus nucleo-
protein utilizing human adenoviral serotype 26 as a vector with a heterological 
prime-boost regimen. For the Mayinga strain (1976) of EBOV (ChAd3-EBO-Z) 
with or without MVA-BN-Filo (Ad5-ZEBOV) Makona strain of EBOV (2014), 
serotype 3 or 5 of adenoviral infection in chimps was taken. The doses adminis-
tered are homologous prime-boost regimens. Another candidate utilized VSV 
and Ad5 as vectors for monovalent Zaire (Makona) (GamEvac-Combi and 
GamEvac-Lyo) (NVX-CoV2373). Nanoparticle recombinant Ebola GP Vaccine 
and Monovalent Zaire (Makona) contains the fulllength SARSCoV-2 spike pro-
tein and MatrixM1 adjuvant. The dosage decided on for administration is two 
doses with a gap of 21 days. Another double-dose vaccine candidate is plasmid 
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of Ebola epidemic strains from 1976 to 2006 (INO-4201 DNA vaccine) with the 
same regimen of two doses administered at a gap of 21 days [44].

 E. Repurposed drug
Existing medicines can be tested for effectiveness against pathogens through 
drug repurposing. Because there are no authorized EBOV treatments, the screen-
ing of potentially effective medicines indicated that only a few of them might be 
repurposed for EBOV therapy [45]. Amiodarone, dronedarone, and verapamil, 
which are used to treat tachycardia, arrhythmias, and high blood pressure or 
angina, were investigated for their ability to block filoviruses from entering cells 
in in  vitro models and shown to be effective. Statins, angiotensin-converting 
enzyme inhibitors, and angiotensin receptor blockers have all been recom-
mended as ways to decrease the severity of EBOV infection [46]. Chloroquine 
and its structural analogs (hydroxychloroquine, pamaquine, primaquine, and 
plasmoquine) are anti-malarial medicines that operate as osmotrophic agents, 
inhibiting endosomal/lysosomal acidification and therefore restricting viral 
contagions.

 F. Gene expression inhibitors
For the expression of the viral gene, which is required for virus replication, the 
host cell machinery is required. BCX4430 (a nucleoside analog) is a viral RNA 
polymerase inhibitor that protects mice from contracting the fatal EBOV 
virus [47].

 G. Interferon
In vitro experiments using several types of cells have shown that interferons are 
effective EBOV inhibitors. IFN-1a promotes viral clearance from the blood-
stream, resulting in the early remission from illness symptoms [48].

 H. Supportive care
This form of treatment is an additive support to the course of treatment, which 
includes oral rehydration, emphasizes re-establishing the fluid and electrolyte 
levels. Alongside it, the vital signs as well as the serum biochemistry are moni-
tored, while providing emotional support to family and friends, which could 
develop a strong support system that would help the patient to recover.

4  Diagnosis

When mucous membranes or abrasions on the skin come into contact with the blood 
or bodily fluids of infected people, they contract EBOV. EBOV has a broad tropism 
for several cell types after acquisition, with early replication predominantly occur-
ring in dendritic cells, macrophages, and monocytes. As the infection develops, it 
spreads to the liver, lymph nodes, and spleen. As the virus spreads, it inhibits the 
immune system and causes the coagulation cascade to malfunction, resulting in 
organ failure. All the above-mentioned forms the basis for early diagnosis [24]. The 
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blood test consists of a complete cell count in the blood, a urine analysis, which 
would clarify the renal function, detecting the presence of the EBOV antigen by 
PCR testing and ELISA, and also by detecting the presence of antibodies and coag-
ulation profile [49]. The clinical representation and laboratory testing, along with 
serological testing a low platelet count, show an increase in the enzymes alanine 
aminotransferase and aspartate aminotransferase in the liver, as well as hemorrhagic 
coagulation difficulties, which are frequently associated with disseminated intravas-
cular coagulation (DIC) and prolotherapy. OraQuick Ebola Rapid Antigen Test 
(OraSure Technologies, Inc.), SD Q Line Ebola (SD BioSensor, Inc.), and the DPP 
Ebola Antigen assays are a few examples of rapid testing sets. With early diagnosis 
there are chances of differential diagnosis too. This entails differentiating one ill-
ness or condition from others with comparable clinical characteristics. Clinicians 
utilize differential diagnostic methods to identify a patient’s specific ailment or, at 
the very least, to rule out any life- threatening diseases.

ADI-15946 is a monoclonal antibody that was recently found to neutralize 
EBOV [50]. The current work employed molecular dynamics (MD) simulation and 
the Poisson–Boltzmann surface area of molecular mechanics in the MMPBSA 
study to see how the EBOV receptor GPcl interacts with ADI-15946 on a molecular 
level. The key driving mechanism for ADI-15946 binding on EBOV has been found 
to be a hydrophobic interaction. The contribution of each amino acid residue to the 
binding was also evaluated. The advantageous residues for binding were then used 
to create an affinity binding model (ABM), such as Y107, F108, D109, W110, and 
R113. Using the ABM of ADI 15946, a biology mimetic design of an EBOV neu-
tralizer was then carried out [21].

The nucleocapsid is crucial to the survival of EBOV. The Ebola nucleocapsid is 
a single-stranded viral RNA encased in a helical NP structure. Understanding the 
genetic mechanisms that affect Ebola nucleocapsid stability is critical for anti- 
EBOV therapy development [51]. Owing to the many degrees of freedom associated 
with the Ebola nucleocapsid helical assembly, previous modeling investigations 
were limited to monomers. Ions affect the EBOV nucleocapsids’ electrostatic 
potential and contribute to its stability. In areas of strong electrostatic potential, ions 
around the formed nucleocapsid were shown to exhibit large occupancies. It 
describes how ions, NP–NP interactions, and NP–RNA interactions affect the 
robustness of EBOV nucleocapsids. Viral protein 35 (VP35), the main protein of the 
Zaire ebolavirus, interacts with many human proteins, weakening the human 
immune system [52]. Despite its significance, the exact structure of EBOV VP35’s 
tetrameric assembly and the mechanisms by which it inhibits autophosphorylation 
of the region of human protein kinase R are unknown. Across all four chains of the 
tetramer, the simulations show extremely symmetrical behavior among identical 
residues. Five symmetrical inter-chain salt bridge networks and two inter-chain 
disulfide bond networks link neighboring chains and are required for the overall 
stability of the viral protein assembly [53].
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5  Conclusion

Future work should focus on increasing the efficiency and efficacy of clinical trials 
in general (e.g., by implementing adaptive designs) as well as depending on indi-
vidual genetic markers or other personalized characteristics. Bringing research drug 
eligibility down to the individual level has the advantage of proving greater efficacy, 
but it also has the disadvantage of restricting the available sample size to focus study 
medication usage more quickly to targets of opportunity.

Filoviruses that are resistant to current vaccinations and conventional virus- 
directed therapies are unknown treatment approaches, particularly those that rely on 
antibodies, which could cause future outbreaks. As a result, a greater focus on the 
development of broad-based active intervention techniques is required. This can be 
done by looking for antiviral targets in filoviruses, or by targeting host components 
that are shared by filoviruses in general, or perhaps a broader group of viruses. 
Many of the challenges associated with the traditional “one bug, one medicine” 
strategy, such as adopting the latter method, the risks presented by novel viral spe-
cies, and the limited resources available, can be avoided.
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Drug Delivery Options for Treatment 
of Ebola Infection

Harshita Krishnatreyya, Hemanga Hazarika, Bhrigu Kumar Das, 
Neelutpal Gogoi, Abdul Baquee Ahmed, and Kamaruz Zaman

Abstract In West Africa, the Ebola virus disease (EVD) outbreak between 2013 
and 2016 is considered as one of the deadliest re-emerging viruses, which began 
after human contact with infected bats, the host of the Ebola virus (EBOV). WHO 
has inventoried and provided an updated list of probable drug candidates that dem-
onstrate antiviral efficacy either in vitro or in animal models. However, till date, no 
anti-EBOV agents have confirmed efficacy on humans. Plant-based drugs mainly 
comprise of standardized plant extract or plant materials. But regarding the treat-
ment of Ebola, no such products have been developed to date. The success rates for 
drug discovery process involving target identification, screening of compounds, 
lead optimization, and preclinical drug candidate selection are within the range of 
69% to 85%. We have discussed several therapeutic agents, some having direct anti- 
EBOV efficacy (favipiravir and BCX4430), interference-based drugs (TKM-Ebola), 
etc. Nanotechnology is considered one of the most capable technologies because of 
its effective nature against viral diseases, and there are different categories of nano-
materials which have served as delivery vehicles for antiviral drugs. These include 
several polymer-based, lipid-based, lipid-polymer-based, inorganic metal–based, 
carbon-based, stimuli-sensitive materials, etc. and their applications in antiviral 
therapeutics. Repurposing of antiviral drugs and small molecules to extensively 
modify their structures and structure-activity relationship (SAR) analyses can help 
focus on EBOV disease eradication. The capacity to rapidly test these drug com-
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pounds in human trials during epidemics is however, a major concern. Nevertheless, 
there is an imperative need for active collaboration between industry, academia, and 
health regulatory organizations to accelerate and share resources that might help 
develop antivirals against EBOV.

Keywords Ebola · Antiviral · Drug development · Nanoformulations

1  Introduction

The Ebola virus disease (EVD) outbreak in West Africa between 2013 and 2016 
appeared to be the deadliest re-emerging virus, probably beginning after human 
contact with an animal (presumably a bat) host of the Ebola virus (EBOV) [9]. It has 
received global attention due to its high contagious nature and spread, causing acute 
hemorrhagic fever, with a case fatality rate (CFR) reaching 90% [97]. The name of 
the virus originated from the Ebola river in the Democratic Republic of the Congo 
(previously Zaire), where the first cases of hemorrhagic fever were reported in 1976. 
Ever since, the virus has infected people regularly, causing episodes of EVD in vari-
ous African countries. Between 2013 and 2016, an outbreak in West Africa and 
other affected countries reported 28,652 cases and 11,325 deaths, confirming the 
significant fatality of this disease [16].

1.1  Ebola Biology

1.1.1  Taxonomy

The Ebola virus is a member of the Filoviridae family with a negative-sense single- 
stranded RNA structure (–ssRNA), from the order Mononegavirales and genus 
Ebolavirus. It is composed of five species as tabulated in Table 1 [59]. The family 
Filoviridae derives its name from the Latin word filum, which means “thread,” 
because the virion’s form mimics a twisted thread when observed through an elec-
tron microscope [6]. The Zaire ebolavirus (ZEBOV) has the highest mortality rate 

Table 1 Taxonomy of Ebola virus (EBOV) [59]

Order Mononegavirales

Family Filoviridae

Genus Ebolavirus

Species Zaire ebolavirus (ZEBOV)
Sudan ebolavirus (SEBOV)
Tai Forest ebolavirus (TEBOV; formerly Cote d’Ivoire Ebola virus)
Bundibugyo ebolavirus (BEBOV)
Reston ebolavirus (REBOV)
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Fig. 1 Ebola virus and genomic negative RNA strand of EBOVs. (Image has been prepared in 
Biorender.com and Microsoft PowerPoint)

among the EBOV genus (up to 90%). This proportion is substantially lower (approx. 
25% and 53%) for the Bundibugyo ebolavirus (BEBOV) and Sudan ebolavirus 
(SEBOV). The Reston ebolavirus (REBOV) has been identified with the most com-
mon respiratory and reproductive illness manifestation in nonhuman primates 
(NHP) [14, 114].

1.1.2  Genome and Structure

This negative-strand RNA EBOV with a size of roughly 19 kb, a length of 10,000 to 
14,000 nm, and a diameter of 50 to 80 nm varies in shape from branch to cylinders 
or loops. All filoviruses, however, retain a unique thread-like filamentous structure. 
The genome sequence comprises seven sequentially arranged genes, as shown in 
Fig. 1. It begins with a 3′OH leader site and ends with a 5′OH trailer site. It encodes 
with one structural nucleoprotein (NP), non-structural viral protein (VP35 and 
VP30), viral matrix protein (VP40 and VP24), envelope glycoprotein (GP), and 
RNA polymerase (L). The virion surface structural glycoprotein (GP) encodes three 
glycoproteins and is involved in receptor binding and viral entry. Most genes are 
separated by intergenic regions (IR) of varying lengths [39, 71, 124]. Each of these 
proteins serves a specific function. The ribonucleoprotein-RNP complex (i.e., NP, 
VP35, VP30, and RNA polymerase L) is required for viral transcription and replica-
tion. The GP, VP40, and VP24, on the other hand, are membrane proteins that pro-
mote the formation of filamentous virions [98].

1.1.3  Pathogenesis

Cellular Growth and Viral Invasion

In humans, EBOV disease starts by contacting infected body fluids with skin lesions 
or mucous membranes, which allow virions to enter through direct contact with the 
cell surface. Immature dendritic cells (DCs), adrenal cells, macrophages, 
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endothelial cells, monocytes, and Kupffer cells in the liver are all infected by the 
virions [37]. Several attachment factors/co-receptors of the EBOVs such as glyco-
sylated protein (GP1), C-type lectins, T-cell Ig and mucin 1 (TIM-1), glycosamino-
glycans, β1-Integrin, Axl, folate receptor-α, Tyro3, and Mer have been documented 
for their ability to bind to a range of host-cell proteins [2, 18, 25, 83, 104]. In addi-
tion, macropinocytosis, a non-specific process of endocytosis, facilitates the uptake 
and processing of the virion by the target cells after attachment, which stimulates 
the cytoskeleton rearrangement and causes ruffling of the plasma membrane and 
invasion [1, 19, 76].

Genome: Transcription, Translation, and Replication

The nucleocapsid is released into the cytosol after cellular uptake, where viral RNA 
is transcribed into mRNA by host cell activity. The development of stem loops at the 
5′ end and the assembly of the lengthy non-coding area at the 3′ and 5′ end enhance 
the stability of EBOV mRNA. The different types of virion proteins such as struc-
tural nucleoprotein (NP), non-structural viral protein (VP35 and VP30), viral matrix 
protein (VP40 and VP24), envelope glycoprotein (GP), and RNA polymerase (L) 
are translated from the mRNA. This, in turn, allows viral genome replication [77].

Assembling and Releasing

The newly synthesized proteins undergo various post-translational changes and are 
found in the membrane alongside the viral DNA. Viral VP40 interacts with the host 
ESCRT machinery (endosomal sorting complexes required for transport), enabling 
budding and the release of a new virion [129].

1.2  Preclinical Studies: Rodents and Small Animals 
Mimicking Disease Condition

In the process of designing clinical trials and generating a safe and marketable prod-
uct, potential therapeutic substances are moved to preclinical studies. The promis-
ing therapeutic agents developed for the treatment of EBOVs are evaluated in 
different animal models mimicking the disease condition. This includes rodents like 
mice, small animals like guinea pigs, and/or non-human primates (NHPs). But these 
models lack innate immune population response (in case of guinea pig) and hemor-
rhage and clotting problems (in case of mice), along with the non-lethality of wild- 
type EBOVs in immunocompromised mice and/or guinea pigs. Henceforth, the 
usage of adapted virus from serial passage served the purpose for better response of 
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the therapeutic agents in animals. The limitations linked with the various species 
influence the selection of an animal model sometimes. Further, the efficiency of 
these agents in the animals is measured on the basis of weight loss, longevity, and 
average duration to death as endpoints. The rodent models can also be used to vali-
date the possible mechanisms by directly targeting viruses as one of the therapeutic 
options. The clinical manifestations of EBOV disease condition in humans, like 
hemorrhage and coagulation, can be better reproduced in the NHP model [11, 32]. 
Table 2 summarizes the different preclinical in vivo evidence for EBOV treatment.

Table 2 In vivo preclinical evidence for Ebola virus (EBOV) treatment

Drug/chemical name/
code

Targeting 
EBOVs/species Inference References

AVI-7539, AVI-7537, 
and AVI-6002

VP24 alone/
Rhesus 
monkeys

The drugs targeting VP24 protein alone 
were effective in protecting against 
deadly EBOV infection on the basis of 
survival rate

[123]

Convalescent-phase 
blood

Whole Zaire 
EBOV/Rhesus 
macaques

There was no benefit from transfusion of 
convalescent-phase blood from rhesus 
macaques susceptible to ZEBOV 
infection

[48]

Recombinant 
nematode 
anticoagulant protein 
c2 (rNAPc2)

Whole EBOVs/
Rhesus 
macaques

The post-exposure treatment with the 
anticoagulant protein rNAPc2 against 
EBOVs showed a significant survival rate 
in non-human primates (NHP)
↓ in the activation of fibrinolysis and 
coagulation
↓ concentrations of IL-6 and MCP-1

[38]

rhAPC (Drotrecogin 
alfa; activated)

Whole Zaire 
EBOV/Rhesus 
macaques

Significant increase in survival/average 
time to death for the rhAPC-treated 
macaques when compared to ZEBOVs 
control

[40]

Recombinant human 
mannose-binding 
lectin (rhMBL)

Whole Zaire 
EBOV/C57B6 
mice

Mice with sevenfold higher rhMBL 
serum concentrations developed 
immunity to viral rechallenge compared 
to the controls

[73]

Bepridil, sertraline Murine Ebola 
virus/C57BL/6 
mice

Prevented a late stage of viral penetration 
and showed a significant survival benefits 
in a murine EBOV infection model

[51]

Clomiphene, 
toremiphene

Murine Ebola 
virus/C57BL/6 
mice

Both clomiphene and toremifene 
exhibited a statistically significant 
survival benefit compared to the control 
animals

[51]

Abbreviations: VP24 Viral matrix protein; EBOV Ebola virus; ZEBOV Zaire EBOV; IL-6 interleu-
kin- 6; MCP-1 monocyte chemoattractant protein-1
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2  Pharma Development for the Treatment of Ebola 
Virus (EBOV)

It is a filovirus, a class of zoonotic pathogens related with severe diseases in humans. 
They are filamentous, encased with non-segmented, negative-sense RNA genomes. 
The virus has six species, among which Zaire ebolavirus, Sudan ebolavirus (SUDV), 
and Bundibugyo ebolavirus (BDBV), which trigger substantial outbreaks in humans, 
causing substantial illnesses. The largest filovirus epidemic was caused by EBOV in 
West Africa between 2013 and 2016. This resulted in more than 28,000 infections, 
more than 11,000 deaths, and the export of infected cases to the United States and 
Europe [29]. Besides strong pathogenicity, the fatality rates (up to 90%) of EBOV 
are due to the absence of suitable vaccines and therapeutics to combat the EBOV 
epidemic. The current approach in designing antivirals is based on detailed knowl-
edge of a given virus’s life cycle, genome, proteome, and vital enzymes that can be 
interrupted or disabled [46]. In the absence of appropriate specific treatment, con-
temporary medical care chiefly relies on thorough supportive care, particularly with 
electrolytes and intravenous, oral rehydration to preserve intravascular volume. 
Management of sepsis and blood transfusion must also be considered at such 
times [67].

Development and advancement of anti-filovirus therapeutics is demonstrated by 
studies of drug efficacy in cell cultures, followed by studies in experimental animals 
like mice, guinea pigs, etc. But non-human primates (NHPs) are considered the 
“gold standard” for pharmacological efficacy testing of antiviral drugs in animals 
[93]. Monoclonal antibodies and nucleic acid-based therapeutics have been able to 
successfully protect NHPs from fatal filovirus challenge. Since September 2014, the 
WHO has inventoried and provides an updated list of probable drug candidates that 
demonstrate antiviral efficacy either in vitro or in animal models [67]. However, till 
date, no anti-EBOV agents have confirmed efficacy on humans.

In the subsequent session, we have discussed several therapeutic agents, some 
having direct antiviral efficacy (favipiravir and BCX4430), Brincidofovir type I 
interferons, and RNA interference-based drugs (TKM-Ebola). For each drug candi-
date, we have discussed very briefly about its structure/composition, mode of action, 
pharmacokinetic features in humans and/or animals, and existing data on safety and 
efficacy in non-human primates (NHP) studies [67].

2.1  Drug Candidates

2.1.1  Favipiravir

Toyama Chemical Co Ltd., Japan, developed the broad-spectrum antiviral drug 
Favipiravir (T-705), which is currently in phase III of clinical development in the 
USA for treatment of resistant flu [65]. It is a purine nucleic acid analogue, which 
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is phosphorylated intracellularly into its active form, T-705RTP, which then inter-
feres with viral replication by inhibiting the RNA polymerase [35]. Pharmacokinetic 
study of favipiravir was firstly considered in Japanese healthy volunteers in several 
doses ranging from 30 to 2400 mg for single administration and 800 to 1200 mg 
daily for repeated administration. After a single oral dose, favipiravir concentration 
reaches Cmax within 2 h and then declines with an elimination rate corresponding to 
a half-life of 2–5.5 h. Favipiravir is metabolized by aldehyde oxidase, leading to the 
inactive metabolite T705M1, excreted in hydroxylated forms by the kidney. The 
portion of metabolites excreted in the urine surges over time to reach 80–100% after 
7 days. Reported adverse events of favipiravir (while in use for influenza treatment) 
include diarrhea, asymptomatic rise of blood transaminases and uric acid, reduction 
of neutrophil counts, etc. [74]. Favipiravir has shown high efficacious activity 
against EBOV in vitro. It excellently blocked the creation of infective virus with an 
EC50 of 10 μg/mL in in vitro experiments using wild-type Zaire EBOV Mayinga 
1976 strain and Vero E6 cells [85]. Favipiravir recorded positive results during pre-
clinical testing in murine models against EBOV. The sturdy antiviral effect of favip-
iravir was established in a pharmacokinetic-viral kinetic model that showed 
efficiency in blocking 99.6% of viral production at steady state. Also, ongoing stud-
ies in NHP models are yet to be available [68].

2.1.2  BCX4430

BioCryst Pharmaceuticals, USA, developed BCX4430, which is a broad-spectrum 
antiviral originally intended for treating hepatitis C virus but was subsequently 
developed for the treatment of filovirus infections such as EBOV.  BCX4430 is 
metabolized into its active triphosphate form, BCX4430-TP, which reduces viral 
RNA production by preventing the RNA polymerase activity.

PK: The pharmacokinetics study of BCX4430, in doses ranging from 2 to 50 mg/
kg, was evaluated in animal models. BCX4430 concentration decreased rapidly in 
the plasma of rodents and cynomolgus macaques with a half-life of 5–10 min. The 
metabolite, BCX4430-TP, however, showed a longer half-life of 6.2 hours when 
studied in liver of rats. Increased bioavailability and faster absorption via the intra-
muscular route were observed in experimental animals [122]. Further, in  vitro 
experiments showed no signs of mutagenicity and chromosomal aberrations in 
human lymphocyte by BCX4430 [128].

Efficacy: The pharmacological efficacy of BCX4430 in countering EBOV infec-
tion was evaluated in two different NHP models [44, 67]. With an EC50 of 3.13 μg/
mL, BCX4430 depicted a strong in vitro antiviral effect against EBOV infection 
when studied using HeLa cells and EBOV Kikwit strain [128].
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2.1.3  Brincidofovir

The drug brincidofovir exerts its therapeutic activity as an inhibitor of DNA poly-
merase and RNA polymerase, which are vital for EBOV replication [42]. It is under 
development by Chimerix, USA, and has already undergone clinical trials to assess 
its safety and efficacy against several viral diseases. Although EBOV does not 
belong to the DNA virus type, in vitro tests of brincidofovir exhibited inhibition of 
EBOV infection as well [34]. The lipid moiety in this drug plays an important role 
by increasing its cellular uptake, thereby increasing intracellular levels of the drug. 
Nucleotide analogues comprising phosphonate moieties have long been thought to 
be utilizable as antiviral agents [22]. Among them, cytosine and cidofovir selec-
tively prevent viral DNA polymerases and has been used for treating viral infections 
[110]. A clinical trial was scheduled for brincidofovir in late 2014 but was later 
withdrawn [46].

2.1.4  TKM-Ebola

Arbutus biopharma developed TKM-Ebola, which belongs to a newer therapeutic 
class based on RNA interference technology. This drug is composed of two minor 
interfering RNA, siLpol-2 and siVP35-2, sequences which correspond to that of 
EBOV viral polymerase and VP35 genes separately. siRNA are unstable and hence 
encapsulated using lipid nanoparticles coated with polyethylene glycol [116]. In 
TKM-Ebola, the two siRNA constrain mRNA translation and silence the corre-
sponding viral genes and enhance host cell-mediated viral mRNA destruction [15]. 
The pharmacokinetics of TKM-Ebola was considered in healthy volunteers with 
doses ranging from 0.075 to 0.5 mg/kg. siLpol-2 and siVP35–2, the two siRNA, 
showed comparable plasma concentration time profiles, signifying the distribution 
and metabolism of lipid nanoparticles that affect drug kinetics. Initial data from 24 
patients suggested a greater-than-dose-proportional upsurge in Cmax and in the area 
under curve (AUC). The efficacy of TKM-Ebola was established in vitro using both 
Kikwit and Guinea strains on HepG2 cells, with EC50 stated between 50 and 250 ng/
mL [116]. In the USA, TKM-Ebola was used as compassionate treatment for two 
adult patients along with supportive care and convalescent plasma, and the patients 
survived despite certain clinical and biological complications [58]. Lately, there has 
been news of another small-molecule drug – triazavirin – to show substantial anti- 
EBOV activity [23]. Considering the severity of the EBOV infection diseases in 
humans, intense upcoming research in this field are anticipated to be successful in 
delivering necessary progress.
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2.1.5  Inmazeb

On October 14, 2020, the US Food and Drug Administration (FDA) approved 
Inmazeb, a mixture of three monoclonal antibodies: atoltivimab, maftivimab, and 
odesivimab-ebgn, as the first FDA-approved treatment for EBOV infection in pedi-
atric and adult patients. Inmazeb targets the surface glycoprotein of Ebola virus and 
binds to this glycoprotein, blocking the attachment of viral and host cell membranes 
and thereby preventing the entry of the virus.

Three hundred and eighty-two pediatric and adult patients with confirmed EBOV 
infection were treated with Inmazeb in the PALM trial conducted in the Democratic 
Republic of the Congo (DRC) EBOV outbreak during 2018–2019. In this trial, the 
safety and efficacy of Inmazeb was evaluated in an open-label, multicenter, random-
ized controlled trial, in which 154 patients received 50 mg of Inmazeb IV as a single 
infusion and 168 patients received an investigational control. Twenty-eight-day 
mortality was considered as the endpoint in testing Inmazeb’s primary efficacy. Of 
the 154 patients who received Inmazeb, 33.8% died after 28 days, contrary to 51% 
death from among 153 patients who received the investigational control. Common 
symptoms experienced while receiving Inmazeb include chills, fever, tachypnea, 
tachycardia and vomiting, symptoms that are also common for EBOV infection. 
Patients receiving Inmazeb may have hypersensitivity reaction, including infusion- 
related events, in the event of which, the treatment should be discontinued [119].

2.2  Advances in Drug Delivery

Having had a brief knowledge of probable candidates for the treatment of EBOV, let 
us now have a look at the formulation characteristics for delivery of such drugs in 
viral diseases. EBOV’s ability to multiply within the host cells by replicating its 
own RNA or DNA is the main challenge that affects the development of effective 
antiviral agents against it. Diagnosing and distinguishing the exact type of viral 
disease is quite challenging and detrimental for the evolution of its treatment [130]. 
Difficulties faced in the prevention, detection, or treatment are seen as a red signal 
by the research community, and newer technologies then have to be discovered to 
overcome the restrictions of existing therapies. Continuous efforts in the direction 
of research on antiviral therapies have improved the quality of life of patients suf-
fering from viral infections. However, there is need to discuss primary challenges 
faced during the development of antiviral treatment therapies: interaction of antivi-
ral drugs with regular prescription medicines [86]. Many of the antiviral drugs have 
shorter half-life, which means increased frequency of medication; prolonged drug 
exposure might cause drug resistance in patients; EBOV might spread into remote 
anatomical regions like the CNS, lymphatic system, synovial fluid, etc., causing 
reduced therapeutic efficacy of the drug [120]; viral infections may remain in the 
latent stage, posing as a challenge for their diagnosis and treatment [20].
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2.2.1  Nanotechnology-Based Antiviral Formulations

Despite all the shortcomings, there have been sincere efforts by researchers, clini-
cians, pharmaceutical companies, etc., in recent years, to develop and formulate 
drugs and medicines that could cure and treat the deadly EBOV. In the current sec-
tion, we shall briefly converse about the types of drug delivery systems that might 
be useful and applicable in formulating antiviral drugs and biological vaccines. One 
should note that there are little formulations available for treatment against EBOV 
till date. However, discussed in the following section are some drug delivery sys-
tems that can be used to formulate antiviral drugs, such as those for EBOV, in gen-
eral. In the past years, innumerable technologies have been explored for prevention, 
diagnosis, and treatment of viral infections. Nanotechnology is considered one of 
the most capable technologies because of its effective nature against viral diseases, 
bypassing the limitations of out-of-date antiviral medicines. Nanotechnology 
enhances the drug’s biological properties, which upsurges their selectivity and 
effectiveness to viral cells. There are different categories of nanomaterials which 
have served as delivery vehicles for the antiviral drugs. These include several 
polymer- based, lipid-based, lipid-polymer-based, inorganic metal–based, carbon- 
based, stimuli-sensitive materials, etc. and their applications in antiviral therapeu-
tics [17].

Lipid-Based Nanoformulations

Pharmaceutical formulations, especially nano-based drug delivery systems, com-
prise of a variety of lipids that serve as carriers for antiviral drug compounds. In 
contrast to polymers, lipids are advantageous as they are inert, nontoxic, biodegrad-
able, biocompatible, non-immunogenic and cheaper [91]. Furthermore, lipids are 
smaller sized, possess larger surface area, and have a high drug-loading capacity 
with enhanced interface interactions, controlled-release properties, etc. [78]. They 
improve pharmacokinetic profile and drug bioavailability and achieve the desired 
drug concentration at sites, which are otherwise inaccessible, through various tech-
niques [80]. Triglycerides, lecithins, glyceryl palmitostearate, and fatty acids such 
as carnauba wax and beeswax are some common lipids used in nanoformulations. 
They are generally used in combination with co-solvents (up to 10%) and surfac-
tants (up to 30%) to optimize drug solubility [7]. Some such lipid-based nanoformu-
lations include liposomes, solid lipid nanoparticles (SLN), nanoemulsions, 
nanosuspensions, etc.

Liposomes

Liposomes are small spherical vesicles, 15–1000 nm in size, prepared from phos-
pholipids that entrap an aqueous core in which the drug remains dispersed. Both 
hydrophilic and hydrophobic drugs can be entrapped and delivered within 
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liposomes. Here, the drug is protected from the gastrointestinal environment by 
lipid layers in the liposomes, which also help in its sustained release small drug-
loading capacities and physical instability during its administration and storage 
restricts the utility of liposomes despite their promising drug delivery capaci-
ties [64].

Solid Lipid Nanoparticles

SLNs are colloidal arrangements consisting of a solid lipid matrix and are in the 
range of 10–1000 nm in diameter. Solid lipids commonly utilized in SLNs include 
glycerides, triglycerides, fatty acids, steroidal lipids, etc. SLNs are designed to 
achieve a controlled-release profile of the drug, improve its stability, increase its 
loading capacity, and provide targeted drug delivery. SLNs have already been used 
for the delivery of numerous antiviral drugs like darunavir, ritonavir, maraviroc, 
zidovudine, efavirenz, and lopinavir, using lipids like Compritol® 888ATO, 
Gelucire® 44/14, etc. [20].

Nanostructured Lipid Carriers (NLCs)

Nanostructured lipid carriers utilize liquid lipids and, hence, depict better loading 
capacity, increased stability, and controlled release pattern as compared to SLNs 
[13]. Furthermore, NLCs can also be surface-modified to attain target specificity. 
Previously, NLCs formulated for the delivery of nevirapine showed better release 
kinetics as compared to nevirapine SLNs [60]. Also, NLCs of saquinavir showed 
increased transport across Caco-2 cell monolayers when compared to pure saquina-
vir [13].

Lipid Nanoparticles for siRNA Delivery

Recently, the RNA interference (RNAi) approach has been utilized for antiviral 
treatment. Small interfering RNA (siRNA) is used to target specific genes and cause 
their short-term silencing, thereby blocking the creation of respective proteins. They 
are double stranded, short (19–21 nucleotides), premeditated, and synthesized to 
mark a particular mRNA. Then, they are transfected into cells using cationic lipids 
or polymers [84]. Lipids are efficient as vehicles for the delivery of siRNA because 
of their efficient structural features like presence of polyunsaturated chains that 
destabilize intracellular membranes, ionizable amino groups that help in the mixing 
of the lipid nanoparticles with the cell membrane, etc. Leung et al. [63] had formu-
lated improved siRNA lipid nanoparticles to treat Ebola, which directly inhibits the 
production of viral proteins. Their results depicted that for people infected with 
Ebola virus, RNA interference has potential as a significant post-exposure therapy 
and that this strategy could also be extended to treat other types of viruses [63].

Drug Delivery Options for Treatment of Ebola Infection



172

2.2.2  Polymer-Based Nanoformulations

A variety of natural and synthetic hydrophilic as well as hydrophobic polymers are 
used in the preparation of nanoformulations. Natural hydrophilic polymers include 
proteins like albumin, gelatin, pectin, and polysaccharides like alginate, chitosan, 
etc., while polylactide-co-glycolic acid (PLGA), polylactic acid (PLA), poly(-cap-
rolactone) (PECL), etc. are some synthetic hydrophobic polymers commonly used 
[53]. Several polymers with surface-modification properties have been used to pre-
vent nonspecific contact with serum proteins and cause favorable alterations in 
pharmacokinetic parameters of the drug. Also, certain polymeric nanocarrier sys-
tems have been premeditated in such a manner that they effect drug release when 
stimulated by variations in chemical stimuli, environmental pH, etc. This helps in 
increasing drug bioavailability by preventing its degradation before it reaches its 
site of absorption [94].

Polymeric Micelles

Polymeric micelles are nanosized systems (10–100 nm) made of amphiphilic block 
copolymers, each unimer comprising of two segments, one being hydrophobic and 
the other hydrophilic. Past the critical micellization concentration (CMC), the 
unimers combine to form within the polymeric micelle, and poorly water-soluble 
drugs get incorporated into its hydrophobic core with the hydrophilic shell acting as 
a blockade to shield the drug and lessen the nonspecific interactions with proteins, 
enzymes, and cells [75].

Polymeric Nanoparticles

Polymeric nanoparticles are the nanocarriers formulated using either natural or syn-
thetic polymers by utilizing a number of preparation techniques like emulsion–dif-
fusion evaporation, solvent evaporation, nanoprecipitation, dialysis, polymer 
dispersion, coacervation, phase inversion temperature methods, etc. [81]. Polymeric 
nanoparticles are termed as nanocapsules when the drug is incorporated into its core 
(<300  nm in size), whereas they are termed as nanospheres when the drug is 
adsorbed onto its surface or embedded in the matrix (10–200 nm in size). Polymeric 
nanoparticles are advantageous as they provide controlled release of the drug, 
improve cellular uptake, prevent drug molecule from degradation site, have low 
toxicity, etc. [33].
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Nanospheres

Nanospheres are even smaller spherical structures ranging from 10 to 200 nm in 
diameter, with the drug being uniformly dispersed in the polymeric matrix system. 
It provides site-specific drug delivery, optimized drug release, and rapid drug clear-
ance due to smaller size [108]. Topical treatment of herpes with the drug acyclovir 
was found effective when the drug was formulated with chitosan nanospheres using 
the modified nanoemulsion method. The nanospheres of the drug were more effec-
tive against herpes simplex viruses 1 and 2, when the drug itself was used alone [27].

Inorganic-Based Nanoformulations

Gold Nanoparticles

Gold nanoparticles (AuNPs) are colloidal compounds incorporated with nanosized 
particles of gold and depict optical properties in the presence of light. When AuNP 
comes in contact with light, the electromagnetic field of this light initiates oscilla-
tion of the free gold electrons. This electron oscillation on the particle surface causes 
a dipole oscillation in the electric field of light and increases the radiative character-
istics of the nanoparticles. Therefore, AuNPs have a widespread application in the 
fields of materials science, biological imaging, and electronics [43].

Silver Nanoparticles

Metallic silver naturally possesses antimicrobial activity due to its interaction with 
the respiratory chain and electron transport enzymes in viral and bacterial 
DNA. Silver nanoparticles (AgNPs), being smaller sized and having larger surface 
area, enable rapid dissolution of a quite a number of viruses. They possess unique 
properties regarding chemical stability, higher conductivity, viral cell catalysis, etc., 
permitting researchers to employ them in disease therapeutics systems [89].

Zinc Oxide Nanoparticles

Zinc oxide nanoparticles have been studied by Antoine et al. [4], who designed and 
synthesized zinc oxide tetrapod nanoparticles (ZOTEN) with engineered oxygen 
vacancies using flame transport synthesis. Female mice were used to test the phar-
macological efficacy of ZOTEN. Clinical signs of vaginal infection showed great 
improvements with the use of this therapy. ZOTEN was able to trap HSV-2 virus 
and increased the presentation of the virus to mucosal APCs; the virus was then sup-
pressed and destroyed by T cell–mediated and Ab-mediated responses [4].
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Polymer-Lipid Hybrid (PLH or LPH) Nanoformulations

Multidrug therapy approach is essential in the treatment of antiviral diseases as it is 
impossible for a single drug to completely cure any viral infection. Lipid-polymer 
hybrid nanoparticles become useful when there is a need to deliver more chemo-
therapeutic drugs with diverse physicochemical properties in a single delivery vehi-
cle. The amphiphilic characteristics of polymers and lipids are utilized in developing 
such stable nano-delivery systems for the concurrent delivery of several hydrophilic/
hydrophobic drugs [26].

Biomimetic Lipid-Polymer Hybrid Nanoformulation

Biomimetic lipid-polymer hybrid nanoparticles, LPH-NPs, are prepared by modify-
ing the nanoparticle surface with ligands that imitate cell surface proteins. These 
advanced LPH-NPs can offer different advantages like cell-specific targeting, bio-
compatibility, longer circulation time, and, most importantly, increased efficacy. 
Two technologies that fall in this category are virosomes and virus-like particles 
(VLPs). VLPs are formed by integrating the virus-derived envelope proteins into 
certain naturally occurring proteins like encapsuling, ferritin, lumazine synthase, 
etc., which depict precise structure and defined surface functionalities [49].

Stimuli-Based Lipid-Polymer Hybrid Nanoformulation

Stimuli-responsive lipid-polymer hybrid nanoparticles, in short SRNPs, regulate the 
release of the encapsulated drug at the targeted site based on response to certain 
stimuli, thereby increasing the drug’s therapeutic value and reducing its side effects. 
pH, temperature, and magnetic field can serve as stimuli to obtain such drug 
responses [52]. Clawson et  al. [21] synthesized SRNPs using PLGA core and a 
lipid-PEG monolayer shell, which disrupts at low pH and releases the drug [21].

Multifunctional Lipid-Polymer Hybrid (LPH) Nanoformulation

Multifunctional LPH-nanoparticles associate different functionalities in a single 
stable system. A drug particle can be associated to a precise targeting compound, 
which has the capacity to distinguish the surface characteristics of viral cells. The 
same particle is also altered with lipids and/or polymers combined to boost drug 
penetration and modification and to mask the undesirable biological interaction, 
thereby increasing the drug’s therapeutic efficacy. Such nanoparticles function to 
detect, diagnose, deliver, and destroy the virus [100].

Graphene-Based Nanomaterials

Graphene is one of the most potential carbon-based nanomaterials with antiviral 
application. They are advantageous because they have greater loading capacity, 
increased surface area, and greater mechanical strength, which makes them suitable 
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for delivery of antiviral agents. Oxygen-containing functional groups in graphene 
also act as binding sites for a variety of biological molecules like DNA, RNA, 
proteins, etc. [28]. Recently, Pokhrel et  al. observed interactions between VP40 
protein of EBOV and graphene at various interfaces and concluded recommending 
the disinfectant properties of graphene nanosolutions in preventing the EBOV 
epidemic [88].

Besides the wide field of nanotechnology, there are additional novel and innova-
tive drug polymer systems that might be prolific in the long fight against viral dis-
eases like Ebola termination.

2.2.3  Polymer Drug Conjugates

Polymer drug conjugates comprise of a polymer and a therapeutic agent bound 
covalently. The significance of this conjugation is the achievement of greater effi-
cacy by extending plasma stability and safety through targeted delivery. Some poly-
mers show inherent antiviral capacity, and their coupling with antiviral drugs 
provides viral synergistic action. Conjugation of interferon α2A and α2A with poly-
ethylene glycol (PEG) has been found effective against hepatitis C virus. Polymers 
like poly(methacrylic acid) (PMMA) and glycosaminoglycans like heparin, heparan 
sulfate, dermatan sulphate, etc. have revealed effective binding to the HIV virus, 
thereby shielding viral entry into host cells [62].

2.2.4  Cyclodextrin-Based Delivery Systems

Cyclodextrins (CDs) are cyclic oligosaccharides comprising of six to twelve α-D- 
glucopyranose monomers joined by α1–4 linkages having a hydrophobic interior 
and hydrophilic exterior with primary and secondary –OH groups. CDs entrap 
drugs in an encasing, cage-like cavity, protecting the drug from degradation and 
increasing its solubility. Due to this, CDs have now evolved as favored delivery 
system for certain drugs. They have a crystalline structure that offer advantages like 
formation of inclusion complexes by interacting with a wide range of organic and 
inorganic lipophilic entities. But their poor aqueous solubility restricts the use of 
CDs. Currently, structural modifications in CDs are being made to make them more 
appropriate for pharmaceutical application [107].
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2.3  Small-Molecule Therapeutics in Combating 
EBOV Infection

In terms of severity, the EBOV epidemic is second only to the human immunodefi-
ciency virus (HIV). Besides strong pathogenicity, the fatality rate (up to 90%) of 
EBOV is due to the absence of suitable vaccines and therapeutics to combat the 
EBOV epidemic. Major phases of the EBOV life cycle including attachment to 
specific cell receptors, drug fusion with the virus, its entry, transcription, etc. have 
already been therapeutically targeted [3]. Consequently, synthesis of nucleotide or 
nucleoside analogues is considered an effective strategy during the design of antivi-
rals, as they can imitate the building blocks of viral RNA and, therefore, interrupt its 
regular functioning [46].

Complete protection of rhesus macaques from EBOV challenge was demon-
strated by Expanded Access Remdesivir (RDV; GS-5734) through several dosing 
regimens, including animals that received GS-5734 3  days after infection [121]. 
GS-5734 was found to be distributed in macaque tissues such as eyes, brain, epi-
didymis, and testes, where EBOV might reside even after recovery from illness. 
Favipiravir is an additional drug that has broad-spectrum activity against a number 
of RNA viruses and EBOV as well. Anti-EBOV activity has been demonstrated by 
nucleoside analogs b-D-N4-hydroxycytidine (NHC), azacytidine, 6-azauridineb, 
etc., all of which have been identified using antiviral screens with EBOV or minig-
enome assays [30, 95]. However, enhanced study in this area is essential to deter-
mine their efficacy in animal models. Minigenome assays again determined 
benzoquinoline compounds as RNA synthesis inhibitors in EBOV disease [66]. 
Heat shock protein 90 (Hsp90) inhibitors reveal EBOV inhibition in cell cultures by 
the destabilization of EBOV L [24].

Arbidol is another small molecule used clinically in China and Russia to prevent 
infections of the influenza virus. It has shown broad-spectrum antiviral activity in 
cell cultures, including anti-EBOV activity, by blocking EBOV entry. This may be 
through the capacity of Arbidol to bind lipid membranes, but the study needs further 
exploration [115]. Inhibitors of macropinocytosis are also found to inhibit EBOV 
entry in human cells. Compound such as ethylisopropylamiloride (EIPA), an inhibi-
tor of the Na+/H+ exchanger; phosphokinase C inhibitor rottlerin; actin polymeriza-
tion inhibitor latrunculin A, and PI3-kinase inhibitor wortmannin etc. are also 
reported as promising to combat EBOV infection [79, 115]. Besides, Cathepsins B 
and L proteolyze EBOV glycoprotein, which prohibits EBOV entry in cells, was 
studied using pharmacological inhibitors of these proteases such as CA074, CA074 
methyl ester etc. [103, 105].

These are just a few examples of the potential of small molecules as drugs used 
against Ebola and other viral diseases. The fact that such therapeutic small- molecule 
inhibitors have been efficacious in protecting non-human primates from EBOV 
challenge is an important milestone, as is the advancement of such therapeutics 
when reaching the clinical trial stages. There are continued efforts at drug develop-
ment for filoviruses like EBOV, since no drug is yet clinically approved for human 
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use and also since there is a possibility of emerging viral resistance. Therefore, 
small-molecule drug development is a priority for treatment of antiviral diseases.

2.4  Novel Antiviral Approaches and Developments for EBOV

Undeniably, several studies acknowledged multiple drugs displaying anti-EBOV 
activity both in vitro and in vivo [50, 99]. Repurposing of such drugs and small 
molecules to extensively modify their structures and structure-activity relationship 
(SAR) analyses can help focus on specific disease eradication. 4-aminoquinoline 
antimalarial compounds, particularly amodiaquine, were identified as potent EBOV 
inhibitors during recent screening studies [69]. In humans, amodiaquine gets metab-
olism by cytochrome CYP2C8 to desethylamodiaquine, which has an extended 
half-life of 9–18 days. Previous reports exhibited anti-EBOV activity of both amo-
diaquine and desethylamodiaquine in vitro [131], signifying long-lasting antiviral 
efficacy in humans. Therefore, Sakurai et al. [99] concluded amodiaquine provides 
clinical relief for EBOV patients but requires a significant improvement in its 
potency before being beneficial.

It takes nearly 10–15 years to approve a new chemical entity as a safe and effec-
tive drug through the clinical trial stage to registration. Sometimes, it may takeup to 
30 years, when the drug development period for essential antivirals is actually much 
shorter, approval times from Food and Drug Administration (FDA) and other regu-
latory authorities. In principle, infected humans might be treated with potent antivi-
ral drugs directly to inhibit viral infections. Hence, there have been substantial 
efforts toward identifying and distinguishing known antiviral drugs that might have 
anti-EBOV efficacy. Till date, 80 FDA-approved drugs with anti-EBOV activity 
have been identified, which include calcium channel blockers, antihistamines, anti-
depressants, and selective estrogen receptor modulators (SERMs) [50, 57]. Specific 
SERMs like toremifene, tamoxifen, clomiphene, and raloxifene were efficacious in 
a mouse EBOV infection model. A study stated the effective nature of calcium 
channel blockers verapamil, amiodarone, and dronedarone against a number of filo-
viruses by inhibition of filoviral entry [36]. Interestingly, these drugs share a tertiary 
amine at the same position as aminoquinoline derivatives like chloroquine, amodia-
quine, and SERMs like clomiphene and toremifene. Each of them displays anti-
EBOV activity in  vitro and/or in mice and is believed to act through a similar 
mechanism [31, 54]. These compounds could aid as the chemi-informatic basis for 
a common pharmacophore characterization, leading to further drug discovery.

A number of potential drug candidates are being developed, many of which have 
only just entered clinical phase trials. In case of EBOV, clinical trials offer restricted 
possibilities as opposed to influenza, whose epidemic occurs annually in developed 
countries, whereas EBOV occurs in developing countries and is erratic and deadly, 
with limited medical infrastructure. An alternative approach is the use of 3D cell/
tissue culture systems such as organoids. These systems are yet to be experimented 
on for EBOV, but they have proved efficacious in treating Zika virus [92].
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Hopefully, small-molecule EBOV antivirals are in the preclinical development 
stage in a number of pharmaceutical companies. The capacity to rapidly test these 
drug compounds in human trials during epidemics is, however, a major concern. 
Nevertheless, there is an imperative need for improved BSL4 facilities and active 
collaboration between industry, academia, and health regulatory organizations to 
accelerate and share resources that might help develop antivirals against EBOV.

2.5  Plant-Based Drugs

Plant-based drugs are mainly comprised of standardized plant extract or plant mate-
rials [117]. They are either used in mono-herbal or poly-herbal form. But regarding 
the treatment of Ebola, no such products have been developed to date.

The development of plant-based vaccine mainly encompasses the incorporation 
of a transgene into plant cells. The targeted sequence of the specific antigen is incor-
porated within the vector and then transferred into the expression system by differ-
ent available techniques [5]. Agrobacterium-mediated gene transfer and 
transformation, electroporation, agroinfiltration, and sonication are the different 
techniques to deliver the gene of interest to the target plants for the production of 
desired vaccines [124]. Several plant-based lead vaccine candidates against viral 
infection have gone through clinical trials and have been appraised expansively [4]. 
Ebola outbreak that took place in Western Africa (2013–2016) was challenged and 
affected due to the availability of limited treatment options for infected patients. 
Later on, significant resources for developing antibodies/vaccines have been gradu-
ally expended to increase the availability and accessibility options of treatment 
for Ebola.

To fulfil the requirement of new therapies like vaccine for emerging diseases and 
their outbreak, rapid engineering and scalable invention techniques with alternate 
hosts are being pursued. Hence, plant-based vaccines/antibodies against Ebola virus 
are also being considered and under the focus of researchers [117]. In N. benthami-
ana, a geminiviral replicon system was used to develop an immune complex of 
Ebola to use against the deadly viral disease. The antigen-antibody fusion vaccine 
with a combination of 6D8 anti-Ebola IgG against GP of Ebola results in 80%t 
endurance of mice against fatal Ebola infection [12]. The heavy- and light-chain 
molecules of a protective IgG monoclonal antibody (6D8) have been developed by 
the process of nuclear transformation at levels of 0.5 mg 6D8 per gram of fresh 
leaves. In another study, Rios-Huerta et al. (2017) showed that immunogen from 
tobacco plant directs two counterbalancing Ebola virus epitopes of GP and devel-
oped the cost-effective vaccine candidate fusion with E. coli heat-labile enterotoxin 
B subunit against Ebola virus GP1 [96]. The efficacious outcome of the chimeric 
protein, E. coli heat-labile enterotoxin B subunit, in tobacco plant cells with immu-
nogenicity was evaluated in BALB/c mice using subcutaneous and oral routes.

The plant-based monoclonal antibody counter with Ebola virus was introduced 
after a lethal Ebola virus challenge was successfully passed by non-human primates. 
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The monoclonal antibody against Ebola GP triple cocktail (13C6, 13F6, 6D8; 
MB-003) from N. benthamiana gave 43–100% survival to the treated rhesus 
macaques (IV injection), which was dependent on the treatment time after the infec-
tion of Ebola virus. The antibody cocktail, ZMapp, obtained from tobacco plant is 
currently considered as the most favorable antibody-based drug against the Ebola 
virus infection [82]. Both RNA and DNA viruses were significantly modified to 
express the heterologous protein required for the plant-based vectors. The efficiency 
and bioactivity of monoclonal antibody may change due to the glycosylation pat-
tern, comprising its attachment with the antigenic epitope, and therefore these are 
crucially beneficial for humans. Currently, the ZMapp is a WHO-approved treat-
ment regimen for the infection of Ebola virus disease [47]. Moreover, a report by 
Phoolcharoen et al. suggests that the GP sequence merged to a monoclonal antibody 
targeting a GP epitope to form immune complexes of Ebola by self-polymerization 
process [87].

Plants have been used as bioreactors for antibody production as they offer several 
potential advantages over other conventional production systems, including using 
bacteria, yeast, or mammalian cell culture [106]. Plant production facilities are 
cheaper than equivalent bioreactors and offer rapid protein turnaround time and 
high scalability. They are not susceptible to contamination with mammalian-tropic 
pathogens. Post-translational modification (PTM) in plants is controllable and rep-
resents an essential advantage over bacteria since many proteins, including most 
antibody formats, do not fold correctly and have limited functionality when 
expressed without PTM.

Plants must be transformed with genes encoding antibody proteins to produce 
antibodies in plants. Typically, the bacterium Agrobacterium tumefaciens is used to 
transfer recombinant regions of DNA encoding for the genes of interest into the 
plant nucleus through the activity of the vir (virulence) operon. These DNA regions 
are termed transfer DNAs (T-DNA). T-DNA can integrate into plant chromosomes, 
generating a stable transgenic cell that can be regenerated into a whole plant. 
However, a high level of transcriptional activity occurs before integration takes 
place. This burst of transcription can be utilized to produce large amounts of recom-
binant protein without the need for time-consuming regeneration steps. Furthermore, 
the transcription rate can be significantly enhanced through the simultaneous deliv-
ery of viral genes encoding proteins directing the replication of RNA or even per-
mitting the cell-to-cell spread of the message.

Crucially, transient expression allows antibodies to be expressed with faithful 
PTMs at scale and within a concise time frame, without the need for expensive bio-
reactors or product-dedicated production facilities. Transgenic plants require no 
specialized equipment for growth or antibody production except to control geneti-
cally modified organisms and can be grown at an agricultural scale. Downstream 
processing is similar for both approaches, and protein A or G matrices are com-
monly used to purify mAbs from plant extracts.
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3  Clinical Trials and Observational Studies 
of Ebola Therapeutics

There are several clinical trial studies going on to evaluate the efficacy of the differ-
ent treatment strategies for Ebola viral disease. The only random clinical trial evalu-
ated the monoclonal antibody ZMapp, had a low risk of bias, and found a statistically 
nonsignificant decrease in mortality in Ebola infection [90]. All interventions evalu-
ated in non-randomized studies, including interferon β-1a, convalescent whole 
blood or plasma, the antimalarial artesunate-amodiaquine, and favipiravir, were 
associated with moderate-to-serious risk of bias due to confounding and severely 
limiting inferences regarding treatment effects [45]. The non-randomized evalua-
tions of brincidofovir and TKM-130803 did not provide evidence to continue their 
evaluation against the Ebola infection. Based on existing data and study designs, 
several agents with promising preclinical findings or evaluations cannot be evalu-
ated for effectiveness in human trials yet. These include the monoclonal antibody 
cocktail REGN3470–3471-3479, remdesivir (GS-5734), and the monoclonal anti-
body MAb114 [125]. These are evaluated by a World Health Organization- convened 
independent scientific committee in addition to favipiravir and ZMapp to find out 
possible emergency use of unregistered and investigational interventions against the 
infection [126].

Evaluating the effect of clinical trial outcomes of patients with Ebola is very 
challenging because of its uncommon and lethal nature. Few preexisting therapies 
with strong potential treatment effect have made difficult for clinicians, researchers, 
regulators, and funders to prioritize new drugs in patients. Till now, Ebola outbreaks 
have occurred in West Africa and most recently in DR Congo, Central Africa, where 
the health system is challenged with many factors [10]. Often, in remote areas of 
these regions, delayed recognition of the onset of outbreak increases mortality 
[126]. Historically high mortality rate of Ebola virus, including among the health-
care workers, leads to diminished clinical capacity for care and clinical research of 
Ebola infection. The variable standard of supportive care for Ebola makes estima-
tion of treatment effects against the infection difficult and also contributes to a high 
mortality rate. This is also leading to selection of patients who are poorly responsive 
to investigational new agents and an inability to compare therapies across different 
studies [8, 100]. Uniform adoption of evidence-based supportive care guidelines in 
future outbreaks may facilitate the evaluation of anti-Ebola virus therapies [61].

During the year 2014–2016, West African nations mostly affected by Ebola but 
it had no previously experienced Ebola outbreak; hence there was limited pre-exist-
ing Ebola specific clinical and research capacity. With overwhelmed national 
healthcare systems and slow international response, there was little opportunity to 
evolve interventional research programs parallel with outbreak care. Eventually, 
early diagnostic and descriptive studies on the disease gave rise to a potential impact 
of supportive and specific Ebola therapy [61, 100, 111]. Among the 28,616 infected 
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patients in this outbreak, fewer than 5% got any therapies described or evaluated for 
Ebola infection. From this, only 0.25% patients participated in a random clinical 
trial to evaluate an investigational therapy. Considering the high mortality rate, 
sparse treatment options, and high capacity for spread of Ebola, an adequate research 
capacity in Ebola outbreak-prone regions should be developed under the support of 
the international community and research organizations. Rigorous prior knowledge 
in this particular viral infection is critical to plan relevant future research for any 
kind of therapies.

Currently, the small number of patients exposed to each clinical evaluation and 
also design-related limitations make it difficult to find out clinical effectiveness of 
investigational therapeutics. In the future, decision-makers need to be confronted 
with the impact of Ebola outbreaks to prioritize or avoid system-wide delivery of 
certain experimental interventions in research and development process. The guide-
line developers can use the evidence summary to make graded recommendations 
regarding specific therapies against viral infection. Lastly, insufficiencies of the 
existing study or strategies must be highlighted so that researchers can design future 
studies for implementation during an outbreak and to prioritize experimental thera-
pies for future evaluation.

4  Challenges in Drug Discovery and Development

The success rates for drug discovery process are within the range of 69% to 85%, 
which involves target identification, screening of compounds, lead optimization, 
and preclinical evaluation [108]. Failure of a drug discovery project accounts for 
many reasons: (i) unclear mechanism of selected target protein, (ii) lack of lead 
compounds, (iii) poor potency of the compounds, (iv) lack of efficacy of the com-
pounds, (v) inappropriate drug-like properties of the compounds, and (vi) unex-
pected high toxicity levels in animal model. However, the success rates vary 
distinctly for the clinical development of drugs. An experimental drug candidate in 
phase I clinical trials has only 10% chance to reach the market for clinical use [108]. 
Inadequate efficacy of drug candidates under investigation accounts for recent phase 
III clinical trial failures. Half of the clinical trials for phase II and approximately 
16% for phase I failed to reach their next phase [108]. Most of the drugs that fail 
during clinical trials are based on preclinical experiment data performed in in vivo 
models. As experiments with Ebola virus strains require a safety level of BSL4, it 
narrows the possibilities and slows the progress in Ebola drug discovery research. 
The complexities of human biology also pose a significant challenge in the target- 
based drug discovery [70].

The magnitude of the recent Ebola outbreak has necessitated the need to explore 
broad-spectrum alternative strategies apart from conventional drug discovery 
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process. Despite these problems, some experimental drug and vaccine development 
is progressing with some in the earliest stages of the development as product. 
Repurposing drugs also provide an alternative way to accelerate the process of drug 
discovery against Ebola. Investigation of FDA-approved drugs from other therapeu-
tic area in new directions open chances for developing a strategy against such chal-
lenging diseases. Drug repurposing will bypass phase I of clinical trials, which can 
accelerate the drug discovery process and will eliminate logistic considerations like 
manufacturing and distribution. However, any unfavorable data gained from these 
clinical trials for repurposing drugs may not serve any new purpose against the 
approved drug, but it might cut down on the development timeline of the drug. 
Furthermore, identifying the mechanism of action of the repurposed drugs will be 
difficult. Therefore, new experiments will need to design to identify the mechanism 
of action of such repurposed drugs for its anti-Ebola potency. As only a small of 
mutation can drastically change the biological properties of RNA viruses, hence 
development of drug resistance can also be a major clinical problem for the treat-
ment of infection of Ebola infections [41]. Hence, the statistical significance of 
preclinical studies is very crucial for the efficiency of clinical trials to avoid unnec-
essary testing of a large number of drug candidates [110].

It is found that a large proportion of drug candidates proceeding into the clinical 
trials never showed efficacy in animal model, which leads to a large number of use-
less drug candidates and waste of resources [72]. Moreover, a sufficient number of 
participants are required to get statistically significant results from clinical studies 
[112]. To reflect the patient’s situation, Ebola-infected animal models should also be 
reliable enough. Therefore, the overall aspects of experimental procedures and effi-
cacy should be estimated to a higher level in preclinical study [55]. Additionally, 
pharmacokinetics properties like plasma half-life are representative of drug effi-
cacy, which need to be estimated precisely with the use of animal models. Although 
many treatment options for EVD have been proposed, there is no FDA-approved 
drug approved from the ongoing clinical study.

The genetics and immunological profile vary from one population to another, 
which poses further challenge for evaluation of drug safety profile in different popu-
lations. Identifying hits through in silico study and screening is almost achievable 
for any target, but hit to lead optimization or development as drug candidate remains 
difficult. Besides, computational methods are still not completely reliable and need 
to be optimized to accurately predict binding constants for chemically diverse com-
pounds and large datasets. On the other hand, ADMET properties are difficult to 
predict for large datasets using in silico technique because it is impossible to sim-
plify them to a single molecular event, which is one of the causes for failure of drug 
candidates. But currently, more attention has been given to the pharmacokinetic 
properties during lead optimization, which reduce the failures of clinical trials 
(mostly in phase I) up to only 10% [56]. With the combined efforts by regulatory 
institutions, analysis with controlled experimental protocols and performance can 
deliver safe and unprecedented predictive results for human clinical trials.
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5  Conclusion

In recent years, there have been sincere efforts by researchers to develop effective 
therapy against the deadly EBOV. There are various nanomaterials, viz., polymer- 
based, lipid-based, lipid-polymer-based, inorganic metal–based, carbon-based, 
stimuli-sensitive materials, etc., which have served as delivery vehicles for antiviral 
drugs. Graphene-based nanomaterials, polymer drug conjugates, cyclodextrin- 
based delivery systems, etc. also play a major role in Ebola drug delivery. Small- 
molecule drug development is a priority for treatment of antiviral diseases. A 
number of potential drug candidates are being developed, in recent years, and many 
of which have only just entered clinical phase trials. Three-dimensional cell/tissue 
culture systems are yet to be experimented on for EBOV in the future.
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Polymers for Biosensing Applications 
in Viral Detection and Diagnosis

Kavyashree Puttananjegowda, Arash Takshi, and Sylvia Thomas

Abstract Technologies for the detection of viruses that are rapid, precise, portable, 
and on a wide scale are essential for diagnosing the many viral diseases. In order to 
reduce the transmission of the virus and to contain the illness epidemic, early detec-
tion and treatment are crucial. When subjected to extensive and quick testing, the 
present standard technologies reveal practical constraints and difficulties.

Due to its numerous benefits, including high selectivity and sensitivity, quick 
detection, low cost, simplicity, flexibility, extended self-life, and ease of use, bio-
sensors, in particular polymer-based biosensors, are seen as prospective alterna-
tives. In order to facilitate the development of point-of-care (POC) systems and 
home-use biosensors for viral detection, polymer-based biosensors can act as mul-
tisensory, mobile biosensors, and wearable biosensors. This book chapter provides 
various techniques of virus detection using polymers and also provides different 
strategies for virus biosensing and diagnosis.

Keywords Biosensors · Diagnosis · Detection · Polymers · Virus

1  Introduction

A great number of pathogens are present in the world, and they are primarily respon-
sible for a wide range of diseases in people and animals. Viruses, bacteria, fungus, 
protozoa, and worms are among the pathogens classified into five categories. They 
enter the human body and proliferate using the body’s resources before departing 
and infecting a new host, weakening the immune system in the process. Viruses are 
unique among diseases in that they kill host cells. Pathogens have been a threat to 
humans for ages, and our capacity to minimize morbidity is evident when we look 
at our average life duration [1].
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Certain viruses, on the other hand, have sparked renewed interest in biosensor 
designs in recent years, as their repeated protein subunits arrayed at nanometric 
spacing can be used to couple useful molecules. They provide efficient immobiliza-
tion of analyte-specific recognition and detector elements such as antibodies and 
enzymes at greatest surface densities when utilized as adapters on sensor chip sur-
faces. When used repeatedly, the display on viral bio-nanoparticles may lead to 
long-term stability of sensor molecules and has the potential to significantly improve 
sensor performance when compared to conventional layouts. This has been demon-
strated in a variety of biosensor proof-of-concept devices. As a result, widely avail-
able plant viral particles that are non-pathogenic to animals or humans could take on 
new significance if used in the receptor layers of virus biosensing devices.

Infectious diseases spread quickly from contaminated water, food, and bodily 
fluids, killing humans and animals all over the world. Viruses are among the most 
dangerous infectious agents, posing a severe threat to public health and the global 
economy since they are typically difficult to detect and treat. A number of sensors 
have been described so far, owing to the importance of developing speedy, precise, 
cost-effective, and in situ approaches for early detection viruses. As a result, early 
detection and treatment are critical for slowing the virus’s transmission and contain-
ing the illness outbreak. As a result, new diagnostic techniques and devices for viral 
identification in clinical samples are required that are faster, more accurate and reli-
able, easier to use, and less expensive than current ones. Because of its small size, 
quick response time, label-free functioning without the need for costly and time- 
consuming labeling steps, the ability to do real-time and multiplexed measurements, 
and the fact that they are portable and wearable, biosensors are becoming increas-
ingly popular. Antigens, complete particles, antibodies, and nucleic acids such as 
ribonucleic acids (RNAs) and deoxyribonucleic acids (DNAs) are all used to detect 
viruses [30–39].

Biosensors, specifically those based on electrochemical, are being investigated 
as prospective alternatives due to their numerous benefits, including excellent selec-
tivity and sensitivity, rapid detection, low cost, simplicity, adaptability, long self- 
life, and ease of use. As a result, electrochemical-based biosensors can be used as 
implantable sensors, mobile biosensors, and wearable biosensors, easing the cre-
ation of point-of-care (POC) systems and home-use biosensors for glucose monitor-
ing, virus detection, and heart rate monitoring [2–23]. However, using these 
biosensors to detect viruses has a number of difficulties, including degradation, lim-
ited crystallinity, charge transport characteristics, and weak interaction with bio-
markers. To address these issues, this research provides scientific evidence for the 
possible applications of electrochemical biosensors in virus detection, based on 
their detection of diverse biomarkers such DNA/RNA, proteins, entire viruses, and 
antigens. Then, for various types of virus detection, there are promising methodolo-
gies for the creation of electrochemical-based biosensors [24, 25].

Many novel materials, including gold nanoparticles, carbon, graphene, graphene 
oxides, metal oxides, electrically conducting and organic polymers, and carbon 
nanotubes (CNTs), have been discovered and used to manufacture electrodes for 
biosensors in recent decades. When compared to other materials, polymers have 
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several unique qualities due to their unique orbital structure and chain conformation 
modifications, which result in high sensitivity and selectivity for specific biological 
compounds, as well as quick electrical impulses when used in biosensors. Polymer- 
based biosensors are also predicted to benefit from the simplicity with which poly-
mer properties can be tailored. It’s simple to customize polymer characteristics by 
functionalizing or connecting polymer monomers with different functional groups, 
which can result in significant improvements in electronic properties and electrical 
stability. Furthermore, various critical characteristics, such as size, shape, structure, 
electrochemical conductivity, and morphology, have been shown to influence the 
efficacy of polymer-based biosensors. As a result, a range of techniques have been 
used to improve sensitivity, selectivity, flexibility, stability, reproducibility and a 
variety of recognized bio-analytes in order to expand the uses of polymers in bio-
sensors. Additionally, apart from functional group grafting, the strategies have pri-
marily focused on the construction of polymer nanostructures such as polymer 
nanowires, nanotubes, and nanospheres, as well as the association of other func-
tional materials to generate hybrid nanoparticles, composites, and hydrogels. 
Because of its shown potential and benefits, the polymer-based biosensor is one of 
the most promising technologies for early virus diagnosis. As a result, the develop-
ment of novel polymer-based electrochemical biosensors is predicted to garner sig-
nificant interest among potential viral detection research in the near future. However, 
in order to use polymer-based biosensor technology in similar applications, it is 
necessary to consolidate the available scientific data. Furthermore, due to their 
amorphous structure and low stability, charge transport capabilities, and contact 
with biomolecular biomarkers, the creation of biosensors based on pure polymers 
poses considerable hurdles and concerns. Polymers can be used to create flexible, 
wearable, and implantable biosensors [26–29].

As a result, developing improved technology for early and accurate virus diagno-
sis is critical. Due to its ability to detect diverse biological analytes such as RNA/
DNA, pathogens, viruses, toxins, and disease biomarkers, biosensors, which are 
analytical instruments containing a transducer, are regarded the next-generation 
diagnostic tools for combating viruses. Because of its great sensitivity, selectivity, 
cost-effectiveness, and quick response, polymer-based biosensors have gotten a lot 
of attention. Furthermore, electrochemical biosensors have been shown to have 
various advantages over traditional diagnostic procedures for detecting viruses and 
infections, including the potential for producing portable and wearable sensor 
devices and commercial products. As a result, the biosensor is regarded as an effec-
tive, innovative, and promising tool for early viral detection and prevention [30–45].

In this book chapter, recent developments and significant advancements in the 
field of detection and diagnostic of viruses with various techniques based on elec-
trochemical [33], impedance spectroscopy [34], electrical-resistance [35], microflu-
idic [36], reverse transcription-polymerase chain reaction (RT-PCR) [37], cyclic 
voltammetry [38], differential pulse voltammetry [39], conductometric [40], field- 
effect- transistor [41], fluorescence [42], colorimetric [43], faradic current [44], and 
plasmonic [45] are presented.
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2  Various Strategies for Virus Biosensing and Diagnosis

There are various strategies that can be used for the detection or the identification of 
viruses such as (i) sensing of intact virus particle, (ii) sensing of virus nucleic acids, 
(iii) sensing of viral antibodies, (iv) sensing of viral antigens, and (v) electronic 
nose for viral diagnosis. The detection and identification component is constantly 
founded on direct estimations of changes in the electrical properties of viral sensors 
produced by binding actions. Methods focused on the detection of intact virus par-
ticles, particular viral antigens, and nucleic acids are better for diagnosing freshly 
infected cases, whereas antibody detection techniques are better for determining 
whether an individual has been infected previously. In addition, a more specific 
diagnostic method was focused on analyzing patients’ breath virus samples using 
the electronic nose technology. Till date, multiple types of sensors equipped with 
various recognition elements have been effectively used to identify a variety of 
harmful viruses [46].

2.1  Sensing of Intact Virus Particles

The viral intensity is determined by the number of days since the commencement of 
the illness. As a result, detecting intact virus particles can offer clinicians with infor-
mation about the infection’s stage or therapy response. Plaque-based techniques, 
which include inoculating patient samples into grown cell lines and checking for 
countable plaques in the confluent cell layer, are frequently used to evaluate viral 
particle concentration. Direct sensing of intact virus particles can offer doctors or 
clinicians with information about the infection’s stage. Virus particle intensities 
have traditionally been evaluated by cultivating patient samples on permissive 
mammalian or insect cell lines and searching for cell death. However, this proce-
dure is slow and ineffective for on-site detection and testing.

As viral particles are often charged throughout a broad pH range, sensors may 
detect the adsorption or binding of charged intact virus particles onto their gate 
surface in a label-free electrostatic manner. The sensors surface is frequently func-
tionalized with antibodies against specific surface proteins of the viral particle to 
achieve selectivity and preferentially capture the entire virus. As far as anyone is 
concerned, the primary immediate and on-site diagnosis and detection of individual 
influenza A virus particles was demonstrated in 2004 by utilizing functionalized 
silicon nanowire (SiNW) biosensors [47].
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2.2  Sensing of Virus Nucleic Acids

A viral particle’s genome is usually made up of either RNA or DNA. The DNA sen-
sor works by immobilizing a single-stranded oligonucleotide on a transducer sur-
face and using surface hybridization to detect its corresponding DNA sequence. 
After that, a biosensor converts the hybrid produced on the electrode surface into an 
analytical signal.

The majority of DNA sensors work by immobilizing single-stranded DNA 
(ssDNA) capture probes onto the sensing device’s surface in order to detect DNA 
hybridization events. During the DNA hybridization process, a probe that produces 
a double-stranded DNA (dsDNA) or DNA/RNA helix with two reverse- 
complementary strands identifies target DNA or RNA within a sample. Hence, the 
increased charge associated with the hybridization caught target molecule would 
effectively affect the sensing surface charge, changing the output signal of the virus 
detecting device, because nucleic acids are negatively charged in near-neutral water 
solution.

Due to DNA biosensor features such as portability, simplicity, cost-effectiveness, 
fast response time, high sensitivity, high selectivity, and compatibility with minia-
turized detecting technologies, they have gotten a lot of attention. The interaction 
between DNA-DNA, DNA-RNA, and protein-ligand molecules, as well as the con-
version of changes in DNA characteristics and structure into an electrochemical 
signal, is important to the operation of an electrochemical DNA biosensor. There 
are also indirect signal amplification strategies that involve electrochemical active 
DNA intercalators, enzymes, redox mediators, and particles. For detecting various 
viruses, a number of electrochemical DNA biosensors have been developed.

2.3  Sensing of Viral Antibodies

When the immune system is responding to a specific infection, antibody tests are 
often employed to determine the presence of virus-specific antibodies in the blood 
of virus hosts. Antibodies are normally formed between 4 and 10 days following a 
viral infection, whereas antigen responses occur after 2 weeks of immunization. As 
a result, antibody detection tests can help determine how many people have been 
exposed to a virus and have developed a symptomatic or asymptomatic virus infec-
tion, as well as aid in the creation of inoculations.

The immobilization of viral capture antigens serving as receptors on the gate 
surface is used to prepare sensing devices for the detection of specific host antibod-
ies against viruses. Charge shifts caused by affinity binding of host target antibodies 
to viral antigens are detected by these biosensors. The majority of sensors for detect-
ing antibodies against viruses have only been tested in proof-of-concept trials.

The creation of an electrical signal by the particular interaction between anti-
body and antigen in the presence of an electrochemical transducer is the operating 
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principle of an electrochemical immunosensor. Covalent or non-covalent bonding is 
used to attach antibodies to the biosensor surface. Immobilizing antibodies on elec-
trodes with biotin-streptavidin or conductive polymers is a standard practice in 
these applications. Sandwich-type immunosensors use a complex of immobilized 
capture antibodies, antigen, and detection antibodies after the capture antibodies are 
immobilized on a sensor surface. Antibodies can be stabilized by immobilizing 
them on a solid surface. Due to their high affinity and sensitivity, many immunoas-
say electrochemical sensing platforms have become accessible [13].

2.4  Sensing of Viral Antigens

Another method for detecting viruses is to coat electrodes with antigens and use 
them to detect circulating antibodies. Antigen-based sensors have many of the same 
challenges as antibody-based sensors, such as reagent stability and immobilization 
limitations. Synthetic proteins or peptides are commonly used as antigens, despite 
the fact that they may not contain the correct structure for which an antibody was 
produced in the body, necessitating extensive validation of these synthetic peptides 
and antigens in non-biosensor tests. These elements can make fabricating a useful 
sensor testing, yet considering them in the advancement cycle will enormously help 
the chances of an effective assays.

Biosensors for the detection of viral proteins are immunological sensors that 
detect the affinity binding of viral antigens in a sample to specific antibodies, anti-
body fragments, or fusion proteins, affibodies, or aptamers fixed on the sensor sur-
face and generate detectable signals. The influenza A, Ebola, dengue, and 
SARS-CoV-2 viruses were identified using label-free viral antigen detection tech-
niques. Sensing devices were used to identify non-structural proteins of the dengue 
virus as well as hemagglutinin glycoproteins of the highly pathogenic avian influ-
enza virus H5N1. For example, due to infection, virus secrets surface protein termed 
hemagglutinin (HA). HA is an antigenic homotrimeric integral membrane glyco-
protein. SiNW field-effect-transistors (FETs) are  one of the  compatible method 
were used to detect HA1 with ultrahigh sensitivity. Using a top-down SiNW-based 
technique, this is the first demonstration of electrical detection of the HA1 domain 
in HA, the viral surface protein of the influenza virus [24].

Biosensors that detect viral antigens, such as virion and non-virion proteins, 
could be used to quickly identify infected individuals, thereby lowering or eliminat-
ing the requirement for costly molecular confirmatory tests for viral nucleic acids. 
Antigen tests could potentially be one approach to significantly increase testing 
capacity. Antigen tests, on the other hand, are only accurate if the virus’s target viral 
proteins are present in appropriate amounts in a sample. Antigen material is often in 
short supply in samples from people who have been infected with respiratory 
viruses. However, once appropriate antigens have been identified, immunology- 
based detection is an excellent tool for detecting acute or early infection [25].
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2.5  Electronic Nose for Viral Diagnosis

While biosensors are used for the direct or indirect detection of the virus in a patient 
body, coronavirus disease can be diagnosed through symptoms in a patient. In the 
early months of the pandemic, regular symptoms, such as fever and coughing, were 
monitored by security officials at airports and public places for screening people. 
However, due to the commonality of those symptoms with the symptoms in other 
diseases such as cold and flu, the screening method was not effective. Considering 
the effect of the coronavirus on the respiratory system, a more specific diagnostic 
method was focused on analyzing patients’ breath samples using the electronic nose 
(also known as e-nose) technology. Miller et al. relied on the studies of the differ-
ence in the concentrations of various gases and volatile organic compounds (VOCs) 
exhaled from a healthy person and a patient being diagnosed with COVID-19 and 
developed a breathalyzer using an in-house-made e-nose [48]. Studies show that, 
specifically, monitoring acetone and NOx in a person’s breath is a reliable method 
for diagnosing respiratory diseases. However, being very contagious, a rigorous 
disinfection process has to be applied on a breathalyzer before using it for testing 
another patient. In this regard, it is highly demanded to develop e-nose systems with 
disposable sensors. This requires shifting from the conventional metal-oxide-based 
gas sensors to new technologies using polymer-based VOC and gas sensors.

3  Techniques of Virus Detection Using Polymers

Portable, accurate, and point-of-care diagnostic techniques for the detection of 
viruses are important for regulating the viral infections and diseases. In the event of 
vast and rapid testing, current conventional methods, such as reverse transcription- 
polymerase chain reaction (RT-PCR), serological assays, and computed tomogra-
phy (CT), have practical constraints and obstacles.

Until this point, polymers have been utilized as straightforward and viable 
devices for scientific examinations due to the essential changes in the physico-
chemical qualities which quickly create advancements in charge distribution, ori-
entation or direction, and electronic structures of polymers. The prompt 
transduction of improvements into reaction empowered polymers to be applied as 
a fast identification examine that reacted to the intermolecular communication of 
the objective and comparing biorecognition components, like antibodies, chemi-
cals, and proteins.

In particular, the polymer-based biosensor is one of the most encouraging inno-
vations for the early finding of virus infections because of its established potential 
and benefits. As a result, in the near future, the development of new polymer-based 
biosensor technology is predicted to gain substantial interest among possible studies 
connected to various forms of viral detection. Table  1 summarizes some recent 
results on several virus detection methods employing polymers that have been 
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Table 1 Various detection methods of viruses using polymers

Detection method Virus/biomarkers Polymer Ref

Electrochemical MicroRNAs Polyaniline (PANI) [33]
Impedance Hepatitis E virus Polyaniline (PANI) [34]
Electrical resistance M13 virus Poly(3,4ethylenedioxythiophene)

(PEDOT)
[35]

Microfluidic DNA Poly(3,4ethylenedioythiophene)polystyrene 
sulfonate (PEDOT:PSS)

[36]

RT-qPCR H3N2 viruses Polydimethylsiloxane (PDMS) [37]
Cyclic voltammetry Cowpea mosaic virus Polypyrrole (PPy) [38]
Differential pulse 
voltammetry

Human papilloma 
virus

Polythionine (PTH) [39]

Conductometric Bovine viral diarrhea 
virus

Polyaniline (PANI) [40]

Field-effect- 
transistor

Rotavirus Polydimethylsiloxane (PDMS) [41]

Fluorescence Human 
cytomegaloviruses

Polystyrene (PS) [42]

Colorimetric H1N1 virus Polydiacetylene (PDA) [43]

published in the literature, including the detection method, virus/biomarkers, and 
polymer type. This chapter is oriented toward the various detection methods for the 
viruses [33–45].

3.1  Electrochemical-Based Virus Detection

In electrochemical biosensors, new functional electrically conducting materials 
play a critical role. Because of its established potential and benefits, conducting 
polymer-based electrochemical biosensor is one of the most encouraging strategies 
for immediate virus diagnosis. As a result, the development of novel conducting 
polymer-based electrochemical biosensors is predicted to garner significant interest 
among potential viral detection research in the near future. However, in order to use 
electrochemical-based biosensor technology in similar applications, it is necessary 
to consolidate the available scientific data.

Figure 1 shows how researchers created ultrasensitive and low-fouling microRNA 
electrochemical biosensors by adding thiol-terminated antifouling compounds such 
as peptide sequences onto the surface of polyaniline-modified electrodes. The elec-
trochemical biosensor made from peptide-functionalized polyaniline (PANI) has a 
highly selective property to complement the RNAs when compared to RNA biosen-
sors without surface modification and antifouling capability. It was also established 
that the presence of antifouling peptides on the PANI surface has no effect on the 
biosensor’s sensitivity. As a result, functionalizing polymers with peptides or other 
low-fouling compounds could be a promising technique for developing anti-fouling 
biosensors for detecting viruses [33].
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Fig. 1 The preparation of antifouling RNA biosensors employing peptides for surface modifica-
tion of PANI polymer is depicted schematically. (Reproduced with permission from [33])

Most intriguingly, the experimental results revealed that adding antifouling mol-
ecules to the sensing interfaces had no substantial impact on the biosensor’s sensi-
tivity. The approach of developing antifouling biosensors using freshly synthesized 
zwitterionic peptides and conducting polymers has the potential to be used to the 
construction of various electrochemical sensors and biosensors that do not meet 
biofouling.

3.2  Impedance Measurement for Virus Detection

The hepatitis E virus (HEV) is one of the most common causes of acute viral hepa-
titis around the world. Graphene quantum dots and gold-embedded polyaniline 
nanowires were used to make a pulse-triggered ultrasensitive electrochemical sen-
sor, which was made via an interfacial polymerization and subsequent self- assembly 
method. In comparison to other traditional electrochemical sensors, introducing an 
external electrical pulse during the viral accumulation process boosts the sensitivity 
toward HEV due to the increased surface of the virus particle as well as the antibody- 
conjugated polyaniline chain length.

The nanocomposites were deposited on a finely electropolymerized polyaniline- 
coated glassy carbon electrode (GCE) to create an antibody conjugated to nitrogen- 
and sulfur-co-doped graphene quantum dots (Ab-N,SGQDs) with gold-embedded 
polyaniline nanowire (AuNP-PAni/PAni)-based HEV sensor, as shown in Fig. 2. 
This viral sensor was used with several external pulses during the virus loading 
process to achieve great sensitivity at low virus concentrations, which was tuned to 
achieve the best results at +0.8 V. The suggested biosensor displays its ability to 
detect HEV in a wide linear range with a low detection limit under these ideal 

Polymers for Biosensing Applications in Viral Detection and Diagnosis



202

Fig. 2 The electrochemical impedance spectroscopy measurements of the polymeric 
nanocomposite- based hepatitis E virus sensor electrode are shown schematically [34]

conditions. The suggested biosensor’s specificity and sensitivity were next evalu-
ated in HEV-like particles (HEV-LPs) in buffer and then human serum. Furthermore, 
HEV samples taken from cell culture supernatant and feces of HEV-infected mon-
keys were utilized to validate its pertinency.

3.3  Electrical Resistance-Based Biosensor for Virus Detection

Biosensing with virus-PEDOT nanowire arrays indicates that fully functional 
viruses can be successfully included. To make biosensors out of the nanowire arrays, 
silver contacts and wires were pasted onto the nanowires, exposing the virus- 
PEDOT nanowires for electrical biosensing measurements; each device exposed 
200–300  m lengths of nanowires with hundreds of parallel nanowires. To avoid 
contact with the liquid, the contacts were painted with an insulating paint, as illus-
trated in Fig. 3a. The devices were evaluated for resistance values between 30 and 
400 k after full drying, indicating that the array had a sufficient number of nanow-
ires for repeatable biosensing. The current across the nanowire array, I, was mea-
sured and translated into resistance, R = Eapp/I, which was recorded in real time 
during immersion in phosphate-buffered fluoride (PBF) solution using an applied 
bias, Eapp = 100 mV. Figure 3b depicts real-time biosensing data with the appropri-
ate injections of negative antibody (n-Ab), positive antibody (p-Ab), or PBF buffer 
washes. Figure 3c depicts the calibration plot of change in resistance caused by each 
antibody injection (ΔR), normalized by the electrical resistance (R), measured in a 
buffer solution PBF. These findings reveal that virus-PEDOT hybrid nanowires are 
capable of directly electrically transducing an antibody’s particular binding to an 
entrapped virus. The findings show that viruses embedded in PEDOT retain 
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Fig. 3 (a) A virus-PEDOT nanowire array device optical microscopic image. (b) Real-time bio-
sensing data with the appropriate injections of negative antibody (n-Ab), positive antibody (p-Ab). 
(c) A calibration curve depicting the resistance change upon injection as a function of analyte 
concentration, compiled from all real-time biosensing data. (Reproduced with permission 
from [35])

functioning and can change the characteristics of the nanowire by recognizing ana-
lytes molecularly. Real-time, reagent-free biosensing could be a valuable tool for 
detecting and diagnosing diseases early. The disclosed virus-PEDOT nanowires 
help achieve this goal by allowing for electrical resistance-based sensing in a buffer 
with physiologically comparable pH, ionicity, and ambient temperature.

3.4  Microfluidic Detection of Virus

The most promising conducting polymer, (CP) poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS), was used as a flexible electrode to fabricate 
organic electrochemical transistors (OECT)-based biosensors for detecting DNA/
RNA, bacteria, glucose, and biomarkers, due to their intrinsic flexibility, tunable 
conductivity, biocompatibility, and low cost. PEDOT:PSS-based OECT flexible 
biosensors have been shown to have excellent performance in terms of on-site mon-
itoring, point-of-care detection, and diagnosis. As shown in Fig.  4a, researchers 
created a DNA biosensor by combining a flexible microfluidic system with an 
organic electrochemical transistor (OECT) made of a PEDOT:PSS active layer with 
a gold gate electrode. The OECT transistor is cast and printed on a high-flexibility 
PET substrate in the proposed system and then integrated with a PDMS-based 
microfluidic device on top. When both sides of this biosensor system can be bent 
without causing harm, as shown in Fig. 4b, it demonstrates exceptional flexibility. 
Figure  4c shows the device’s transfer characteristics measured with phosphate- 
buffered saline solution filled in the microfluidic channel at various bending states, 
where VG, VDS, and IDS are the gate voltage, drain voltage, and channel current, 
respectively. It’s worth noting that when the gadget is bent on both sides, the perfor-
mance is nearly the same, which is critical for real-world applications. Figure 4d 
depicts the channel current’s response to various gate voltages; it reaches steady 
values after several seconds [32].
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Fig. 4 (a) Schematic of an OECT integrated in a flexible microfluidic biosensing device. (b) 
Photographs depict the sensor flexibility. (c) An OECT’s transfer characteristics and output char-
acteristics (inset) were measured at various bending states. (d) At various gate voltages, the time- 
dependent channel current of an OECT was measured. (Reproduced with permission from [32, 36])

The PEDOT:PSS flexible biosensor device can detect DNA targets at low con-
centrations of 1 mM in terms of sensing performance. As a result, combining CPs- 
based OECTs with microfluidic systems could be a promising way to create flexible, 
highly sensitive, low-cost, and disposable biosensors for DNA and virus detection 
[32, 36].

3.5  RT-qPCR-Based Virus Detection

Influenza epidemics cost the world’s economy and people a lot of money every year. 
Rapid and accurate flu diagnosis procedures, on the other hand, are severely inade-
quate. Figure  5 shows the direct and selective identification of influenza viruses 
(H3N2) in diluted exhaled-breath-condensate (EBC) samples obtained from flu 
patients using the silicon nanowire (SiNW) sensor within minutes. The results 
shown in Fig. 6 were validated using quantitative reverse transcription-polymerase 
chain reaction (RT-qPCR) testing, which revealed that stronger PCR signals in EBC 
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Fig. 5 (a) Using a Si nanowire sensor, an experimental approach for viral detection was devel-
oped. (b) (1) Si nanowire; (2) chip image. (Reproduced with permission from [37])

samples matched to higher SiNW sensor responses. It was also discovered that 
using magnetic beads improved SiNW sensing for low-level viruses and biomark-
ers. The research has shown that when calibrated with standards and controls, the 
SiNW sensor device can be used to quickly diagnose respiratory viral infections in 
a clinical context [37].

3.6  Cyclic Voltammetry-Based Biosensor for Virus Detection

Researchers are reported that, using the technique that combines colloidal lithogra-
phy, electrochemical polymerization, and electrostatic adsorption, hierarchical cow-
pea mosaic virus (CPMV) nanoparticle assemblies were formed on conducting 
polymer arrays, and  the fabrication process is described in-detail as shown in 
Fig. 7 [38].
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Fig. 6 H3N2 virus detection in air samples utilizing a SiNW device equipped with an H3N2 anti-
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In the presence of these ionic probes, Fig. 8 depicts the expected cyclic voltam-
mogram electrochemical behavior of nonpatterned and patterned polymeric arrays, 
as well as the polymeric CPMV surface. Diffusion of either probe through the elec-
trode is not expected due to the nonpatterned copolymer’s inflexible film formation.

3.7  Differential Pulse Voltammetry-Based Biosensor 
for Virus Detection

In this sensor, the detection of human papillomavirus (HPV) was developed by dif-
ferential pulse voltammetric (DPV) technique. The fabrication of an enzyme-free 
electrochemical biosensor based on graphene/Au-nanorod/poly-thionine (G/AuNR/
PT) adapted glassy carbon electrode (GCE) for ultra-sensitive detection of HPV 
DNA is illustrated in Fig. 9. The inclusion of MCH was intended to prevent non- 
specific binding sites from forming. Following that, one terminal of TD was hybrid-
ized with CP to immobilize it on the electrode, while the other terminal of TD was 
hybridized with AP1. To hybridize with AP1, AP2 was introduced. The attachment 
of nanostructured DNA to CP was activated by the released target. Graphene was 
employed to boost the electrode surface area and electrical conductivity, and AuNRs 
were used to improve the probe DNA’s mobility. Various [Ru(phen)3]2+ were bound 

K. Puttananjegowda et al.



207

Fig. 7 Stepwise fabrication of free-standing Janus polypyrrole/CPMV arrays: (a) Formation of PS 
monolayer colloidal crystals (MCC), (b) electropolymerization of polypyrrole copolymers, (c) 
solvent dissolution of PS MCC, (d) adsorption of CPMV on polypyrrole inverse opal, and (e) 
electrochemical lift-off of patterned polypyrrole-virus arrays. (Reproduced with permission 
from [38])
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to the DNA nanostructure with negative charges through electrostatic interface and 
also significantly enhanced electrochemical signals [39].

As demonstrated in Fig. 10, as the concentration of TD was raised, the DPV peak 
current rose. As can be shown, the current approach for HPVDNA detection has a 
wider linear range and a lower detection limit than other methods. As a result, the 
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Fig. 9 Schematic representation of the differential pulse voltammetry-based biosensor for virus 
detection. (Reproduced with permission from [39])

G/AuNR/PTmodified GCE was found to be a reliable platform for electrochemical 
sensors. There are two possible explanations for the obtained ultrasensitivity. On the 
one hand, the electrochemical responses were boosted by the large length of the 
self-assembled DNA nanostructure. Biocompatible and hydrophilic DNA nano-
structures, on the other hand, were less prone to non-specific adsorption onto the 
electrode surface [39].

3.8  Conductometric-Based Biosensor for Virus Detection

Magnetic separation by antibody conductive magnetic nanoparticles is used in the 
conductometric sensor. Mixing magnetic iron oxide and polyaniline in a phosphate- 
buffered solution, followed by sonification, is how it’s done. For hybridization, 
monoclonal antibodies in phosphate-buffered solution will be employed, followed 
by incubation. The pathogen solution is added after serial dilution, and the nanopar-
ticles are vortexed to separate them. Figure 11 depicts a sensor based on this prin-
ciple, with the resistance change being proportional to the bovine-viral-diarrhea-virus 
(BVDV) concentrations [40].
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Fig. 10 Differential pulse voltammetry responses at various concentrations of human papilloma-
virus DNA. (Reproduced with permission from [39])
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Fig. 11 Conductometric biosensor. (Taken with permission [40])

Experiments with E. coli O157:H7 and bovine-viral-diarrhea-virus (BVDV) at 
various doses were used to verify the sensitivity and efficacy of the electrospun 
biosensor. Figure 12 shows the sensor conductance signal’s time response for varied 
concentrations of E. coli O157:H7 samples. The conductance signal grows with 
fluctuations during the first 50 s when the antigen-polyaniline combination moves 
along the capture pad. The immunoreactions bind the polyaniline-coated nanopar-
ticles to the silver electrodes, forming conducting bridges. The sensor conductance 
gradually reduces once the flow reaches the absorption pad, as the excess reagent is 
separated and absorbed by capillary action. The conductance signal becomes steady 
and adequate for sensor reading when absorption reaches equilibrium. The conduc-
tivity measurement presented in the figure below confirms that the conducting 
bridges generated by the captured sandwich complex are proportional to the patho-
gen concentration [40].
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3.9  Field-Effect-Transistor-Based Biosensor 
for Virus Detection

The micropatterned reduced graphene oxide field-effect transistor (MRGO-FET), 
which exhibits p-type behavior, was used to develop a real-time, fast, and sensitive 
biosensor for pathogenic rotavirus detection. A modified Hummers method was 
used to manufacture single-layered and large-sized graphene-oxide sheets, and an 
MRGO-FET was created through the photolithography and reduction process. This 
type of sensor necessitates the traditional way of fabricating FET using optical 
lithography, followed by modification for virus detection, as shown in Fig. 13. The 
FET is treated with 1-pyrenebutyric acid N-hydroxysuccinimide (PSE) and then 
protected with 1-dodecanethiol (DDT), allowing it to be immobilized by antibodies. 
The virus is immobilized on the antibody in the last phase. In the measurement, the 
current measured before (Io) and after viral injection (I) is employed. When com-
pared to the traditional ELISA approach, it has the lowest detection limit for rotavi-
rus [41].

3.10  Fluorescence-Based Biosensor for Virus Detection

Fluorescence-based sensing and imaging offers unique advantages such as good 
sensitivity, high temporal resolution, availability of biocompatible imaging agents, 
and noninvasive characteristics that make it relevant in research and clinical set-
tings. Fluorescence-based optical biosensors are the single largest group of sensors 
at present, owing to the commercial availability of numerous fluorescent probes, 
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Fig. 13 Fabrication process of MRGO-FET based biosensor for rotavirus detection. (Taken with 
permission from [41])

high-quality optical fibers, and suitable optical instruments. Fluorescent biosensors 
have various parameters like intensity, energy transfer, lifetime, and quantum yield 
that can be exploited for virus detection. One mechanism that is often used in these 
biosensors to detect close interactions between an analyte and a fluorophore is fluo-
rescence resonance energy transfer (FRET). FRET is the process where incident 
radiation is absorbed and non-radiatively transferred from a donor to an acceptor by 
means of long-range dipole-dipole coupling. Recent improvements in FRET 
research and advancements in optical instrumentation have established FRET 
microscopy as an effective tool for biological imaging and detection applications 
[42] (Figs. 14 and 15).

3.11  Colorimetric-Based Biosensor for Virus Detection

Colorimetric biosensors detect the presence of specific substances by causing a 
color change that can be seen with the bare eye. Colorimetric biosensors are great 
candidates for POC diagnostics due to their ease of use and the fact that they do not 
require expensive analytical equipment. Noble metal nanoparticles (NPs), metal 
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oxide NPs, carbon nanotubes, and conducting polymers have been used to create 
smart materials that cause apparent color change (CPs). Metal oxide NPs and car-
bon nanotubes can change color by stimulating a peroxidase substrate reaction or by 
having intrinsic peroxidase action.

Researchers created a peptide-functionalized polydiacetylene (PEP-PDA) nano- 
sensor that allows for naked-eye detection of the pandemic H1N1 virus (pH1N1). 
PDA nanoparticles were initially generated in the aqueous phase by self-assembly 
of pentacosadiynoic acid (PCDA) and its derivatives using the nano-precipitation 
process, as shown in Fig. 16, and then exposed to UV radiation to develop the blue- 
colored PDA nano-sensor [43].

To identify influenza A (H1N1) virus with the naked eye using the PDA nano- 
sensors’ distinctive chromic properties, a peptide (PEP) capable of specific H1N1 
virus binding was added to the PDA nano-sensors. An evident blue-to-red color 
change and a shift in the absorption spectra, as shown in Fig. 17, validated the colo-
rimetric response of the PEP-PDA nano-sensors in the presence of pH1N1. Because 
greater pH1N1 concentrations exerted more stress on the PDA backbone, the 
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Fig. 16 Schematic representation of colorimetric based H1N1 virus sensor. (Taken with permis-
sion [43])

magnitudes of these alterations increased with pH1N1 concentration. In the absence 
of pH1N1, the PEP-PDA nano-sensors demonstrated maximum absorbance at 
628 nm and weaker absorbance at 550 nm, resulting in a blue color, as illustrated in 
Fig. 17b. When exposed to increasing concentrations of pH1N1, the absorbance at 
550 nm increased simultaneously with a reduction in the absorbance at 628 nm, 
resulting in the color transformation from blue to red.

4  Conclusion

Viruses are one of the most serious risks to the world population’s health and sur-
vival. To slow the virus’s transmission and contain the illness outbreak, early detec-
tion and treatment are critical. The virus’s impact has brought to light the importance 
of diagnostic tools in the fight against infectious diseases. As a result, the develop-
ment of new, rapid, highly sensitive, accurate, and reliable point-of-care diagnostic 
assays and equipment for viral detection in low-resource settings is critical for med-
ical care.

To detect virus pathogens in laboratories, CT scan, RT-PCR, and ELISA tests, as 
well as other diagnostic kits, have been developed. For managing rapid detection 
and diagnosis, sophisticated diagnostic technologies with outstanding ultrasensitiv-
ity, specificity, mobility, and wearability are essential. Biosensors have been shown 
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to be useful tools for virus detection, including early diagnosis and on-site, fast, and 
ultrasensitive detection. CPs can be used to construct improved biosensors for the 
detection of viral infections due to their unique features and wide range of commer-
cial advantages. Biosensors based on CP are projected to be developed and widely 
used in local hospitals, laboratories, doctor’s offices, airports, and other high-traffic 
places, as well as at home, in the future. Finally, connecting CP-based biosensors 
with the Internet of things and taking into account the simplicity of use for com-
munity members would expand the range of viable applications for CP-based bio-
sensors. CP-based biosensors can be utilized for early-stage detection and can help 
prevent the spread of viruses, thanks to the rapid advancement of CP technology. 
These sensors also have the potential to improve sensitivity, selectivity, flexibility, 
electrochemical stability, repeatability, and bioanalyte detecting ability. Recent 
advances and key developments in the field of polymers for biosensing applications 
in viral pathogen detection and diagnosis using various types of biosensing 
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strategies are presented in this chapter, which represent one of the most promising 
techniques for miniaturized biosensors.
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Nanotechnology: A Stepping Stone Toward 
Viral Hepatitis Treatment and Prevention 
in Children and Adults

Kshama Patel, Yash Pagarani, Ranjita Shegokar, and Yashwant Pathak

Abstract Hepatitis in children can occur from viral and nonviral etiologies. Viral 
hepatitis occurs when an individual contracts the virus from infected people and 
contaminated food, water, and objects. The implications of obtaining viral hepatitis 
differ depending on which type of virus is transmitted. Some individuals might 
experience no symptoms and not even realize they have the virus, and some might 
experience acute symptoms which can progress to chronic hepatitis. Many hepatitis 
viruses have been studied with the five main ones including hepatitis A, B, C, D, and 
E. These viruses can be found all over the world with some countries displaying a 
higher prevalence of one over the others and vice versa. Vaccinations exist for hepa-
titis A and hepatitis B and are administered in both children and adults. New research 
is being conducted to utilize nanotechnology for the development of hepatitis C 
vaccines along with treatments that offer better efficacy, cheaper costs, and less side 
effects. Hepatitis not treated appropriately can further cause damage and result in 
liver disease such as liver cirrhosis, liver failure, or even cancer. Chronic hepatitis B 
and chronic hepatitis C is also a leading cause of liver cancer in the United States. 
The World Health Organization (WHO) has created strategic plans to reduce hepa-
titis infection and death rates by ramping up vaccination in children and adults, 
increasing access to clean water, and increasing treatment care for infected indi-
viduals in countries with low income. This paper will discuss various prevention 
and treatment methods that are currently offered or that are being researched and 
will be offered in the future. These include vaccinations with nanotechnology-based 
delivery systems and genome editing as a possible cure to chronic hepatitis B.
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1  Introduction

1.1  Viral Hepatitis

Hepatitis in its literal definition means inflammation of the liver. The word stems 
from the prefix hepato- which means liver and the suffix -itis which means inflam-
mation. The liver is an essential organ of the body whose function is to filter blood, 
to process nutrients, and to metabolize drugs [1]. Inflammation is a biological 
response that occurs when tissue reacts to injury or irritants which leads to swelling 
and pain in the region [2, 3]. Any complications that arise in the liver can cause 
reduced liver function affecting the digestive system. Nonviral hepatitis can stem 
from various reasons such as heavy alcohol use, certain medication consumption 
and abuse, and toxins in the liver. Viral hepatitis, on the other hand, is caused by 
viruses introduced to the body. Viral hepatitis is serious yet preventable as there are 
means to reduce the spread in public and eliminate any threats associated with it [4, 
5]. There are three main types of viral hepatitis that affect the majority of individu-
als, and these include hepatitis A, hepatitis B, and hepatitis C. These three viruses 
differ in genetic components, but all can lead to the same outcome resulting in 
inflammation of the liver. Hepatitis A is particularly the most common to see in 
children due to its ease of transmission compared to that of hepatitis B and C [4].

1.1.1  Hepatitis A

Hepatitis A virus (HAV) is one of the several hepatitis viruses that cause inflamma-
tion and reduce liver function. Hepatitis A is highly contagious, particularly in chil-
dren, because of its ease of transmission from one person to the next. The most 
common form of transmission for hepatitis A is from fecal-oral contact. This can 
occur via contact with contaminated food from an individual who did not wash their 
hands, drinking water contaminated with fecal matter, or close contact with an indi-
vidual or an object infected with the virus [6]. Individuals who do not wash their 
hands frequently and do not practice proper hygiene are at higher risks for transmis-
sion of the virus. Symptoms of hepatitis A include nausea, vomiting, fatigue, 
abdominal discomfort, dark urine, jaundice, and joint pain. Most individuals experi-
ence minor symptoms in which case might not require treatment. It is also likely for 
individuals who are infected to recover completely and not have permanent liver 
damage [6]. Risk factors for hepatitis A include traveling to places with high hepa-
titis A prevalence, living with someone who has the virus, having clotting factor 
diseases like hemophilia, and having HIV or AIDS [7]. HIV stands for human 
immunodeficiency virus and is a virus that compromises the immune system. There 
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is no effective cure for HIV, and a progression of this virus can lead to AIDS which 
stands for acquired immunodeficiency virus [7, 39]. The most common way to pre-
vent hepatitis A infection is to practice good hygiene by washing hands after using 
the bathroom and before making or consuming food, washing fruits and vegetables 
before consumption, not eating raw shellfish, and getting the hepatitis A vaccine 
when appropriate. Children between the ages of 1 and 2 are recommended to get 
vaccinated in two doses. One dose is given between 12 and 23 months of age, and a 
second dose is followed six months after the first dose. Individuals not previously 
vaccinated are recommended to get vaccinated up into adulthood. The vaccine is 
also highly recommended for individuals who are traveling internationally, men 
who have sex with men, people with occupational risk, and people experiencing 
homelessness [8].

1.1.2  Hepatitis B

Hepatitis B is one of the three most common types of viral hepatitis. Hepatitis B is 
called hepatitis B because it is caused by the hepatitis B virus or HBV. Patients with 
hepatitis B will experience different types of symptoms from other hepatitis viruses. 
However, the most common symptoms include but are not limited to abdominal 
pain, dark urine, fever, joint pain, loss of appetite, nausea, vomiting, weakness, and 
fatigue. Additionally, many patients will experience jaundice as one of their symp-
toms in which their skin and the whites of their eyes start to turn into a yellowish 
hue [2]. Hepatitis B can be acute with symptoms lasting up to a couple weeks or 
chronic in which case symptoms prolong and progress to a serious illness of chronic 
hepatitis B [5]. It is most commonly spread when blood or other body fluids from 
an infected person enters another person’s body. This can be via unprotected sexual 
intercourse and sharing needles, razors, and toothbrushes [9]. Hepatitis B can also 
be spread if an individual presents no symptoms. It is estimated that two-thirds of 
individuals do not know they have chronic hepatitis B.  It is also estimated that 
between 900,000 and 1.89 million people are living with HBV in the United States 
[5]. Hepatitis B is vaccine-preventable and is recommended for all infants and 
adults if they were not vaccinated before. Risk factors for hepatitis B include having 
unprotected sex with infected partners, living with individuals who have chronic 
hepatitis B, jobs with exposure to human blood, and traveling to countries with high 
prevalence of the virus [10]. Chronic hepatitis B is a serious form of the virus as it 
can lead to further liver function problems. Chronic HBV can lead to complications 
such as liver cirrhosis, increased risk for liver cancer and liver failure, and increased 
risks for kidney disease. Chronic HBV risks are higher for children the younger they 
are. Nine in ten infants infected with the virus go on to develop chronic hepatitis B, 
children up to age six have an estimated 33% chance of developing chronic hepatitis 
B, and children and adults over the age of six have a much lower risk with most not 
developing chronic HBV [5]. Hepatitis B can be prevented by taking precautionary 
measures. These measures include knowing the HBV status of potential sexual part-
ners, using contraception such as condoms to reduce risks, and understanding the 
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risks when traveling to international countries with high prevalence of the virus. 
There is a HBV vaccine available, and, depending on the manufacturer, it is given 
as either two, three, or four doses within a six month period. Hepatitis B vaccination 
is recommended for newborns, children, and adults not previously vaccinated, peo-
ple with HIV, liver disease and kidney disease, and individuals who plan on travel-
ing to areas with high prevalence of the virus [10].

1.1.3  Hepatitis C

Hepatitis C is another one of the three most common viral hepatitis viruses. It is 
caused by the hepatitis C (HCV) virus. Unlike hepatitis A, hepatitis C is spread via 
contact with blood from an infected person. The most common way to get infected 
with HCV is via needle sharing for drug usage. Some people experience short-term 
illnesses with minor symptoms, but more than half tend to develop chronic hepatitis 
C [11]. Chronic hepatitis C can lead to serious progressions such as liver cirrhosis 
and liver cancer. However, many people don’t experience symptoms for chronic 
hepatitis C until advanced liver disease symptoms start to show [11]. The US 
Preventive Services Task Force recommends adults between ages of 18 and 79 be 
screened for hepatitis C even if they display no symptoms. When symptoms do 
show up years down from having the virus, symptoms can include bleeding and 
bruising easily, fatigue, dark-colored urine, swelling in legs, spider angiomas, and 
weight loss [12]. There are different genotypes of the HCV virus present globally. 
Currently, 7 genotypes and over 67 subtypes have been identified with the most 
common one being type 1 in the United States. Risk factors for HCV include health-
care workers exposed to infected blood, individuals who share needles for drug 
administration, being born to a woman with hepatitis C, and being born between 
1945 and 1965 because of high incidence during this time [12]. The prevalence of 
HCV is not accurately known due to many individuals not presenting symptoms and 
getting tested for it; however, the US Department of Health and Human Services 
(HHS) estimates the number to be between 2.5 million and 4.7 million individuals 
living with the virus in the United States [13]. There is no vaccination for HCV, and 
thus prevention lies on individuals to avoid contact with contaminated blood. Steps 
that should be taken include not sharing needles, not sharing razors, practicing safe 
sex, and being cautious about tattoos and piercings by having them done in reputa-
ble locations with proper safety procedures in place [12].

1.2  Hepatitis in Children

As previously mentioned, hepatitis in children is most commonly caused by the 
hepatitis virus. However, other viruses can contribute toward causing hepatitis as 
well. Other viruses include cytomegalovirus, Epstein-Barr virus, herpes simplex 
virus, varicella zoster virus, adenovirus, and parvovirus. These viruses differ in 
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genetic make-up; however, all can cause onset of liver inflammation. Other compli-
cations such as auto-immune liver disease can contribute toward hepatitis as well. 
This occurs when the body makes antibodies that attack the liver resulting in inflam-
mation leading to hepatitis. Common ways hepatitis A virus is transmitted to chil-
dren include eating food made by an infected person who didn’t wash their hands, 
drinking water contaminated with fecal matter, and international travel to areas with 
high prevalence. Hepatitis B can also be transmitted to children if they were born to 
mothers with the virus, they live in households with an infected individual, or if they 
have a blood clotting disorder such as hemophilia putting them in a higher risk [14]. 
Hepatitis C, much like hepatitis B, is passed through infected blood. Mothers can 
pass it along to their babies if they have the virus during pregnancy. Hepatitis D, 
another virus that can be transmitted to cause hepatitis, is less prevalent in the 
United States. Hepatitis D onset can only occur if a child already has hepatitis 
B. Hepatitis D requires HBV to be present for its replication. This virus is not com-
mon in the United States because most children obtain the hepatitis B vaccine and 
thus are protected from hepatitis D infection [15]. Hepatitis E is another type of 
virus caused by the hepatitis E virus (HEV). It is similar to hepatitis A in how it is 
transmitted. Children can obtain it by not practicing proper hygiene and consuming 
contaminated food or water. HEV is found in the stool of an infected person, and 
thus not practicing proper hygiene can result in transmission of the virus [16]. 
Hepatitis E is not common in the United States and is more common in developing 
countries.

Hepatitis can be diagnosed in children conducting physical examinations fol-
lowed by blood testing to look at liver enzyme levels, liver function, antibody tests 
to determine which virus is present, and coagulation tests. Healthcare providers 
might also take CT scans, ultrasounds, and MRI scans to look at the liver and get 
images. Further testing might require obtaining a liver biopsy to examine tissue 
samples for possible scarring or discrepancies. If a child has tested positive for 
hepatitis, care providers will determine appropriate treatment plans and factor in 
age, history, and symptoms. Treatment options can include antiviral medications to 
treat against the virus whether by injection or taken orally and supportive care such 
as drinking enough fluids, eating a healthy diet, getting enough rest, and monitoring 
of symptoms [14]. It is important for caregivers to keep track of children and moni-
tor any symptom progressions and follow up with their providers on time to ensure 
there aren’t any complications or further developments (Table 1).

1.3  Nanotechnology

Nanotechnology is a terminology used for science, engineering, and technology 
studied at the nanoscale. This allows for a systematic approach to designing, pro-
ducing, and applying materials to science fields like biology, chemistry, physics, 
and engineering. The concept started when a physicist by the name of Richard 
Feynman at the California Institute of Technology hosted a talk in 1959 to describe 
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Table 1 Table summarizing the different types of the hepatitis virus

Virus Hepatitis A Hepatitis B Hepatitis C Hepatitis D Hepatitis E
Abbreviation HAV HBV HCV HDV HEV
Family Picornaviridae Hepadnavirus Flaviviridae Deltavirus Hepeviridae
Transmission Fecal-oral Parenteral sex Parenteral Parenteral

sex
Fecal-oral

Incubation 
(days)

15–50 30–180 14–180 42–180 21–56

Chronic 
infection

Rare Greater than 
90% in 
children and
less than 10% 
in adults;
increases risk 
for 
hepatocellular 
carcinoma

75–80%;
increased risk 
for 
hepatocellular 
carcinoma

Superinfection: 
75%;
Coinfection: 
5%;
increased risk 
for 
hepatocellular 
carcinoma

Most reported 
in immuno-
compromised 
or posttrans-
plant patients

Occurrence Worldwide;
commonly 
found in the 
Far East, the 
Middle East, 
Africa, and 
Central and 
South America

Worldwide;
commonly 
found in Asia, 
Africa, and 
South 
America

Worldwide;
commonly 
found in 
Europe, Asia, 
Africa, and 
South 
America

Worldwide;
commonly 
found in 
Eastern 
Europe, East 
Asia, the 
Middle East, 
and West and 
Central Africa

Worldwide;
commonly 
found in the 
Middle East, 
Asia, Africa, 
and South 
America

Vaccine 
available

Yes Yes No No; however, it 
is prevented by 
the HBV 
vaccines

Yes; however, 
it is only 
approved for 
use in China

Vaccine 
under 
research

N/A N/A Yes Yes Yes

References [1, 40, 41] [1, 40, 41] [1, 40, 41] [1, 40, 41] [1, 40, 41]

ways in which scientists would be able to study and manipulate individual atoms 
and molecules [17]. Over a decade later in 1974, a Japanese scientist by the name of 
Norio Taniguchi coined the term nanotechnology, and in 1981 it became more pop-
ularized when Scanning Tunneling Microscopes were created to look at individual 
atoms [17]. Nanotechnology has the power to create positive impacts in medicine 
and engineering and also contribute to a reduction in global greenhouse gas emis-
sions. Nanotechnology in medicine particularly has benefits such as targeting spe-
cific areas of interest for nanomedicine utilization. With a greater understanding of 
nanotechnology, more and more research and studies are being conducted to incor-
porate nanotechnology for the betterment of medicine, pharmaceuticals, and thera-
peutic areas [17]. In its relation to hepatitis, nanoparticles are used as carriers for 
HCV vaccine production, anti-HCV combination, and targeting deliveries to reduce 
HCV infection in individuals [18].
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2  Vaccinations

There are some antiviral medications which have already been approved in treating 
some viral infections. Most of these include getting vaccinated as a child in order to 
prevent attracting the hepatitis virus in children. However, the vaccinations can also 
be taken as an adult because it is never too late to be protected from the virus by 
simply getting the vaccine [8]. Despite what vaccine it is, the hepatitis vaccinations 
are a measure of prevention, so individuals do not get infected with the virus rather 
than a method of treatment.

2.1  Hepatitis A Vaccine

2.1.1  History of Timeline of Hepatitis A Vaccines

As more research has been done, scientists and other individuals began to realize 
that there are certain populations in which it is crucial to be vaccinated due to the 
people that the individual is surrounded by, especially when considering the 
HAV. Early on, in 1996, the Advisory Committee on Immunization Practices (ACIP) 
recommended that only children who live in communities with a high outbreak rate 
among teens should be vaccinated. Then, in 1999, the ACIP recommended that chil-
dren should be vaccinated if the area they live in has a reported annual rate of HAV 
greater than 20 per 100,000 between the ten years of 1987 to 1997. Additionally, 
they recommended that children get vaccinated if the rate of HAV was greater than 
the national average. At the time, the national average was 10 cases per 100,000 
people or higher. In 2006, the ACIP proceeded to recommend that all children 
between the ages of twelve months and twenty-three months should all be vacci-
nated, despite where they live [19]. However, an emphasis was placed on getting the 
vaccine if an individual was as follow:

• Traveling to an area where there was an HPV endemic [19]
• If there were men who have sex with other men in the area [19]
• If there were many individuals who use injection and non-injection drugs [19]
• If the individual is in contact with another individual who is in contact with 

HAV [19]
• If the individual is in contact with an individual who does research with the 

HAV [19]
• If the individual is receiving clotting factors [19]
• If the individual will be in close contact with an international adoptee [19]
• Individuals with chronic liver disease [19]
• Individuals who are homeless [19]
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2.1.2  Types of Hepatitis A Vaccinations

There are many different vaccines which are approved to be used in the United 
States for the hepatitis A virus. Some of these vaccines include but are not limited 
to Havrix, Vaqta, and Twinrix. Both Havrix and Vaqta are vaccines that are inacti-
vated single-antigen vaccinations. The efficacy of one of the doses of the 25-unit 
dose when taking the Vaqta vaccination is 97%. However, this efficacy rate is in 
children who are as young as two years old to sixteen years old. The second dose of 
the 25 units for Vaqta is recommended to be taken six to eighteen months after the 
first dose in individuals who are minors or aged one to eighteen years old. 
Furthermore, if the individual is nineteen years or older, they should take two doses 
of the Vaqta vaccine in 50 units, six months after the first dose is administered. 
While the first dose helps provide immunity against the hepatitis A virus, the second 
dose is usually administered as a booster shot to help produce lifelong immunity 
against the virus. Another vaccine which can be used for prevention of hepatitis A 
includes Havrix. Similar to Vaqta, Havrix is also a two-dose vaccination. The sec-
ond dose should be taken six to twelve months after the first dose. Hence, the 
younger an individual gets the hepatitis vaccine, the better it is for the individ-
ual [19].

Another vaccine used for hepatitis A is an inactivated virosomal vaccine known 
as Epaxal that can be used to help with the virus. This vaccine works by imitating 
the actual virus through an inactive form of the hepatitis A virus in order to build up 
immunity in the individual. This immunity would allow the child to already know 
how the virus will react in their bodies which will help protect them in the future 
since their immune system will already know what to do and how to fight off the 
virus. Epaxal is a special vaccine because it was one of the first vaccines used that 
did not use aluminum salts or other vaccine adjuvants in their formula. Due to 
Epaxal not containing these aluminum salts, individuals were better off because 
they did not experience some severe symptoms after being vaccinated such as local 
inflammation and pain to such a severe extent [20].

2.1.3  Side Effects

Children who are under the age of six years old do not usually appear to be symp-
tomatic for HAV, even if they have contracted the virus from someone. This is dif-
ferent from children over the age of six and adults because they will feel the 
symptoms of HAV, and they will also feel weaker. Common symptoms of HAV in 
older children and adults appear approximately after two to six weeks. These symp-
toms include but are not limited to fever, loss of appetite, fatigue, stomach pain, 
vomiting, dark urine, and jaundice. While these are serious symptoms that can pos-
sibly be fatal, if the individual were to take the vaccine for HAV, they would experi-
ence similar symptoms but to a lesser extent. For example, symptoms of the vaccine 
include but are not limited to a sore arm at the vaccination site, headaches, fatigue, 
fever, and loss of appetite [21].
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2.2  Hepatitis B Vaccine

2.2.1  History of Timeline of Hepatitis B Vaccines

Hepatitis B is transmitted through the blood. Hence, the first hepatitis B vaccine 
which was created in the 1980s was created by taking blood samples of patients that 
were already infected with HBV. The infected HBV blood samples were then used 
to separate the surface proteins from the HBV virus, and the sample was then puri-
fied. However, when performing this purification method, there was a worry among 
the researchers that there would be cross-contamination. The most common worry 
was that the vaccine would be contaminated with another virus that is transmitted 
through blood. At this time in history, their main worry was that HIV would be trans-
mitted through the HBV vaccine. However, nobody ever contracted HIV from the 
HBV vaccine. There was a reason for this though and it was because of the way the 
vaccine was created and the amount of purification steps that it went through. The 
HBV vaccine went through several different chemical treatments that allowed for 
any possible contaminating viruses inside the blood sample to be inactivated which 
prevented any viruses from being spread. Furthermore, the vaccine is created in labo-
ratories nowadays which prevents any cross-contamination with another virus [22].

2.2.2  Types of Hepatitis B Vaccinations

There are many different types of HBV vaccines. In the United States, there are 
variations of vaccines that are given with varying doses. Some HBV vaccines 
require two shots, whereas others require three or four shots. The most common 
vaccines usually require three shots for the HBV vaccine [23]. The first HBV vac-
cine should be administered to newborn babies right at birth or shortly after birth. 
Then, the second dose should be administered when the child is one to two months 
old. Lastly, the third dose should be administered when the child is between six to 
eighteen months of age [24]. Adults can also take the vaccine if it was not adminis-
tered to them as a child; however, they should speak with their healthcare provider 
before taking any vaccinations [23].

New Oral Vaccine

A new type of vaccine which is nanotechnology based has been developed and is 
being tested as a possible vaccine for HBV. This vaccine is interesting because it has 
an oral delivery system which allows immunity against hepatitis B.  This new 
nanotechnology- based delivery system was developed and studied by researchers in 
Brazil and Europe. They found that the nanotechnology-based delivery system con-
sists of particles which contain silica and HBsAg, the surface antigen for hepatitis 
B. This allows the “vaccine” to reach the intestines of the individual completely, and 
it does not get destroyed by the acidity in the stomach due to the high pH [25].
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Some may wonder why this is an advancement in science. Well, there is a simple 
answer to this question. An oral delivery of the antigen or an “oral vaccine” is non-
invasive, and it is safer and less painful for individuals, especially infants, which is 
typically when the HBV vaccine is received. Not only is it more convenient to 
administer, but an oral vaccine is also more cost-effective. While it is easier to 
administer and more cost-effective, creating the technology and the oral vaccine is 
a very expensive and hard process [25]. However, the advantage of being able to use 
alternative methods to the traditional intramuscular needle vaccination is that no 
sterile needles would need to be used and the systemic and mucosal immune 
responses would be activated, which could potentially initiate more of a significant 
immune response than the intramuscular injection [26]. The main obstacle that 
researchers are facing with creating the oral vaccine is how to get past the stomach 
and the acids in the gastrointestinal tract without damaging or altering the adminis-
tered vaccine. However, initial tests which were done with nanotechnology showed 
that there was a comparable immune response produced from the oral vaccine to the 
intramuscular injection [25]. This seems to be the case because nanotechnology- 
based delivery systems have a smaller particle size which makes it easier to stimu-
late and activate the humoral and the cellular immune systems [26].

While there have been significant advancements made in the nanotechnology 
delivery systems of the hepatitis B vaccine, there is still so much more research to 
be done before they can be administered at a large scale. While there are many 
obstacles that have to be overcome, there are also so many questions that will arise 
such as the price and whether the vaccine will end up being cost-effective. Will 
insurance cover the costs of the vaccine or will patients have to pay for the vaccine 
out of pocket since it is more expensive to develop the technology for this so-called 
oral vaccine? Only after most of those questions are answered will this form of the 
vaccine be offered to the mass public, and until then individuals will continue to 
take the injection of the HBV vaccine, as it is still the most effective prevention 
method to HBV we currently have. However, if researchers can develop this vaccine 
and get it on the market, it will definitely be more convenient and allow for a less 
painful option to the currently used injection.

2.2.3  Side Effects

In the United States, approximately twenty-two thousand people are infected with 
HBV on a yearly basis. Furthermore, approximately two thousand people die annu-
ally because they were infected with HBV. HBV is one of the top vaccine- preventable 
diseases in the United States besides the influenza virus and the COVID-19 virus. 
Hence, if individuals stick to the recommended vaccine schedule for HBV, many 
individuals could prevent being infected and possibly dying due to a virus which 
could easily be prevented or have the side effects lessened by taking a three-dose 
vaccine. The symptoms of the disease HBV include but are not limited to hepatitis, 
inflammation of the liver; cirrhosis, severe liver disease; hepatocellular carcinoma, 
cancer of the liver; or even death. However, the side effects of the vaccine are not as 
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fatal. These include but are not limited to injection site soreness, pain at the injec-
tion site, a low-grade fever, or a severe allergic reaction which only occurs in 
approximately 1 out of every 600,000 doses given. Based on the side effects of the 
disease itself and the side effects of the vaccine, the side effects of the vaccine are 
less severe and help protect individuals from the severe side effects which could 
possibly be fatal to the patient if they have HBV [22, 24].

2.3  Hepatitis C Vaccine

2.3.1  Potentials for HCV Vaccine

Globally, an approximated 170–200 million people have hepatitis C with Egypt 
having the highest prevalence in the world. There is no approved or effective vac-
cine available for HCV.  Scientists conducted trials with combinations of PEG- 
interferon and ribavirin as a therapy, but these trials failed due to serious side effects 
and high costs to manufacture [27]. Several newer forms of medication using direct- 
acting antiviral medications (DAA) have been approved to treat HCV infection [28]. 
These medications are used for both acute and chronic hepatitis C. This list includes 
but is not limited to:

• Daclatasvir (Daklinza) [28]
• Ledipasvir/sofosbuvir (Harvoni) [28]
• Simeprevir (Olysio) [28]
• Elbasvir/grazoprevir (Zepatier) [28]

DAA-based solutions provided positive results; however, studies have shown 
relapses and reduced antiviral efficacy when given to cirrhotic HCV patients along 
with other adverse side effects [18]. DAAs also pose another barrier of expenses as 
these drugs are costly to produce. This creates a socioeconomic barrier for low- 
income countries, some of which have high prevalence of HCV [29]. New 
approaches are being taken to utilize novel nanoparticles to act as carriers for DAA 
and carriers for potential HCV vaccines. A study conducted by Jyoti et al. used poly 
lactic-co-glycolic acid (PGLA) nanoparticles along with liver targeting peptides to 
conjoin and encapsulate cyclosporine A, a known HCV inhibitor. This was done by 
targeting the host factors for cyclosporine A and in turn resulted in high specificity 
to the liver cells and inhibiting HCV replication [18]. These studies allow for posi-
tive correlation between nanotechnology and HCV treatment.

The potential grows further as this same technique is used for HCV vaccine stud-
ies. A study conducted by Jiao et al. researched CpG oligodeoxynucleotide together 
with recombinant HCV NS3 to create a vaccine model in cationic liposomes. Their 
study found that both cellular and humoral immune responses toward HCV NS3 
increased along with a dramatic inducing of Th1 immune response against HCV 
[28]. More research is needed to determine side effects and efficacy over time, but 
utilizing nanoparticles as carriers helps reduce the current issues seen with studies 
for HCV vaccine.

Nanotechnology: A Stepping Stone Toward Viral Hepatitis Treatment and Prevention…



230

3  Hepatitis B Treatment

Advancements in nanotechnology allow for the development of new methods for 
detection and screening of HBV. Combinations of nanomaterials including metal 
and inorganic nanoparticles, carbon nanotubes, along with microfabrication tech-
nologies render signals for sensing HBV and other viruses in low volumes of sam-
ples. In comparison to traditional serological methods, gold nanoparticles provide a 
greater amount of surface area to immobilize biomarkers even when there are low 
amounts of target molecules in the sample [30]. These advancements in turn reduce 
the time for HBV detection lowering assay costs as well. Nanotechnology enables 
development of micro-nanofabrication technology to create a biosensing platform 
consisting of recognition and responding to physiochemical changes on the sensor 
surface. For the system to be efficient, it needs to have higher sensitivity and selec-
tivity along with label-free detection abilities. New developments are continuously 
being studied such as incorporation of recombinant antibody-coupled nanomateri-
als, graphene-based wireless sensors, surface plasmon resonance aptasensor, and 
microcantilever resonators for diagnosing HBV [30]. It paves the way for a future 
of better HBV detection reducing discrepancies in results, reducing costs, and 
timely detection of the virus.

4  Hepatitis C Treatment

Hepatitis C has a number of available treatments; however, some treatments have 
shown to be less beneficial due to adverse side effects. One treatment including 
interferon plus ribavirin produces side effects in individuals resulting in anemia, 
flu-like symptoms, and depression. This treatment is also predominantly exclusive 
to type 3a and 3b hepatitis C viruses, whereas, in North America and Europe, the 
dominant viral type is 1a and 2a [31]. Another treatment includes the usage of syn-
thetic and vector-based siRNAs to inhibit replication of the virus. Synthetic-based 
siRNAs can be designed to target HCV viral type 1a to silence structural genes and 
have a lower expression in a dose-dependent manner. However, siRNAs have diffi-
culties in their own manner including low cell uptake, rapid nuclease breakdown, 
and poor blood stability [32].

Nanoparticles created via nanotechnology have been used to address some of the 
issues associated with siRNAs to limit off-targeting and better the outcomes. A 
research study conducted by Lakshi Narayanan et al. found a technique that utilized 
galactose functionalized dendritic nanovector (DG) as a carrier for siRNA against 
the 5′ untranslated locale of the HCV genome. This allowed for better targeting as 
the siRNA-DG complex arranged in a way forming a stable shape allowing interac-
tion between its free galactose and asialoglycoprotein receptor [32].

Other nanotechnology-based treatments include using cross-connected poly-
meric micelles (CCPM) to target HCV in  vitro. Micelles are nanosized core 

K. Patel et al.



231

structures containing two regions which possess different affinities toward water. 
They are made up of a hydrophilic fragment shell and a hydrophobic fragment core. 
This allows for drugs to be encapsulated and enhance their water solubility and 
stability when administered. The micelles targeted for HCV utilized camptothecin 
(CPT), an anti-HCV compound. CPT has poor chemical stability and water solubil-
ity, and thus utilizing CCPM allowed it to show high loading capacity which in turn 
kept CPT levels high to reduce HCV toxicity in the test samples [32].

5  A Possible Cure for Chronic Hepatitis B Virus

5.1  Introduction to the Chronic Hepatitis B Virus

Hepatitis B virus tends to cause an array of fatal problems which are discussed ear-
lier in the paper more in depth. There are approximately 350 million people in the 
world that are carriers of the chronic hepatitis B virus. It may come as a surprise that 
even children can contract and be infected with chronic hepatitis B (CHB) infection. 
However, most children that have CHB tend to be asymptomatic, similar to having 
the virus [33]. Hence, how do they contract it in the first place? The most common 
way that children will contract HBV is through their mothers or coming in close 
contact with places that have poor hygiene and sanitation such as school [34]. Acute 
hepatitis can become chronic hepatitis in children. It is likely that the disease pro-
gresses in children if not treated properly, and the child can grow up to have a 
greater chance of developing liver disease or even liver cancer. This is very likely to 
occur for the child by the time they are thirty years old [33]. Hence, it is very impor-
tant to monitor the child and monitor the progression of the disease in the child at 
all phases in their life.

5.2  Genome Editing

Since CHB is not necessarily curable, it is crucial to monitor the patient and their 
progression on the disease to keep them from developing fatal diseases such as cir-
rhosis or cancer [35]. While there are medications that help with the symptoms of 
CHB, the patient, especially children, will start to become immunotolerant to the 
drugs, and they will also start to develop a resistance to the medications. This means 
that the medications will no longer affect the child to the same extent as it would 
when they first started taking it, and, in the end, it is basically useless to take as it 
will not be helping with the symptoms of CHB. However, researchers have been 
looking into a way to bypass this and possibly develop a cure for CHB. One of these 
new ways that researchers are looking into requires genome editing [36]. Genome 
editing, also known as gene editing, is when certain genes in individuals are modi-
fied or changed to learn more about gene function. From these functions, 
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researchers can then use it to treat genetic diseases and acquired diseases by chang-
ing or modifying the genes that are in charge or causing the disease to occur in the 
first place [37]. Genome editing specifically means that the DNA is altered in some 
way, shape, or form by correcting the DNA, introducing new DNA, or deleting the 
existing DNA sequence [37].

In the viral life cycle of HBV, there is a template which is used for transcription 
to occur and future replication cycles to occur. This template is known as the cova-
lently closed circular DNA or cccDNA [35]. A cure of the CHB can be accom-
plished by eliminating the viremia which is what the HBV DNA is known as. 
Additionally, the viral surface antigen, the HBsAg, and the seroconversion to anti- 
HBsAg antibodies, also known as the anti-HBs, should also be eliminated. If and 
only if both of these parts of the virus are eliminated can a possible cure be com-
pleted. However, a complete cure needs more. For a complete cure, the cccDNA 
needs to be eliminated from the infected hepatocytes as that is the primary cause of 
the virus. If the cccDNA can be completely eliminated, then the virus can be eradi-
cated from the individual, and the patient would also be protected from the virus 
being able to be reactivated [35].

5.2.1  CRISPR-Cas9

Hence, to cure CHB, researchers and scientists will have to find a way to use genome 
editing to directly target the cccDNA. There have been therapies of other viral infec-
tions with the usage of the CRISPR-Cas9 therapy [36]. CRISPR-Cas9 is a genome 
editing method that is used by bacteria as immune defenses. CRISPR stands for 
clustered regularly interspaced short palindromic repeats, while the Cas9 is to iden-
tify that the associated protein being used is protein 9. CRISPR-Cas9 is used to treat 
many different viruses because it is a faster and cheaper method than other genome 
editing methods which makes it a more accurate and more efficient way of getting 
the job done.

CRISPR-Cas9 creates CRISPR arrays by taking the bacteria and inserting the 
viruses’ DNA inside of the bacteria which creates a specific pattern with different 
segments. These CRISPR arrays which were created allow the bacteria to remember 
what the viruses are since they remember the DNA, and, when the virus attacks the 
individual again, the bacteria will produce RNA. These RNA segments are created 
from the CRISPR arrays which were previously created. This then allows the RNA 
segments to recognize the DNA from the virus and attach to specific regions from 
it. Lastly, the Cas9 enzyme is used by the bacteria which will help the bacteria cut 
the DNA off from the virus. This damages the virus and prevents it from being 
active [38]. Now the virus cannot harm the patient.

Most of the studies involving CRISPR-Cas9 were performed in cell culture sys-
tems; however, researchers are starting to perform them in vivo. However, the issue 
with these models and the mice models is that the HBV replication cycle does not 
allow for the production of the cccDNA. Additionally, it does not allow the hepato-
cytes to be reinfected with the virus to replicate. Hence, more research has to be 
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done to find an animal model that can be used that replicates the way the HBV virus 
works in humans to find a complete cure. More importantly, a model that produces 
the cccDNA is vital as genome editing using CRISPR-Cas9 is done to the cccDNA 
to completely be able to come up with a cure for CHB [36].

6  Conclusion

Viral hepatitis is a common infectious disease that can be fatal for anybody who has 
come in contact with it. Most ways that the virus is transmitted is because of a lack 
of good sanitation and hygiene. However, there are prevention methods that will 
help the individual have reduced symptoms, even if they get infected with the dis-
ease. These include taking the initial dosages for the hepatitis A and hepatitis B 
vaccine as a child or an adult and taking the booster shots if needed in the future. In 
the end, the symptoms from the vaccinations are way less severe than the symptoms 
from the actual virus, as the virus can possibly even be fatal to the individual. If the 
vaccinations are taken as a child, the risks of contracting the virus are decreased as 
the body is able to build immunity. Additionally, researchers are always trying to 
come up with new ways that an individual can take the vaccinations in a more effec-
tive and convenient manner which is what the new nanotechnology-based delivery 
systems are trying to help with when producing oral vaccines. This is also conve-
nient for children as kids tend to panic the moment they hear they are getting a shot. 
Furthermore, researchers are trying to find cures to chronic hepatitis which includes 
using nanotechnology such as genome editing, specifically CRISPR-Cas9, to delete 
the virus from the individual which helps cure the patient by removing the virus 
from the cell’s DNA. However, more research needs to be done in the entire field 
before any solid conclusions can be made. For the time being, the best prevention 
method is proper sanitation and hygiene as well as taking the recommended dosages 
for the vaccinations for viral hepatitis, especially as children.
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Abstract Influenza infections are associated with elevated levels of mortality and 
morbidity in young children, the elderly, and the immunocompromised. 
Unfortunately, the influenza virus’s high intrinsic mutation rate makes developing 
effective therapeutics challenging. Prevention of symptomatic influenza infection 
focuses on the circulation of the yearly influenza vaccine. This vaccine is based on 
World Health Organization (WHO) predictions of future circulating strains and var-
ies in effectiveness from 10% to 60%.

Treatment of a primary infection focuses on inhibiting viral replication and 
symptom management. Evidence-based medicine supports using inhibitors of viral 
replication, such as neuraminidase inhibitors and viral polymerase inhibitors, only 
during the first 2 days of symptom onset. Symptomatic management includes using 
immunomodulating drugs, such as hyperimmune IVIG and sirolimus. In 2018, the 
last drug to receive FDA approval for influenza infection, baloxavir marboxil, was 
approved. However, multiple investigational drugs are currently undergoing 
FDA trials.
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1  Influenza Virus and Disease Progression

1.1  Influenza Strains and Subtypes

Influenza, known colloquially as “the flu,” is an acute lower respiratory tract infec-
tion caused by multiple strains of the influenza virus. First recognized in the six-
teenth century, influenza remains a significant public health burden, with roughly 
28,000 flu-related deaths occurring in the United States during the 2018–2019 flu 
season. Influenza’s contagious nature, high mutation rate, and animal reservoir 
make eradication of this virus unfeasible and development of efficacious therapeu-
tics challenging [1–3].

Influenza viruses (IVs) are single-stranded negative sense RNA viruses within 
the Orthomyxoviridae family. Within this family, three strains (A, B, and C) are 
known to cause infection in humans. Influenza A, an IV with high rates of infection 
and mortality, is composed of a lipid bilayer, nine to ten structural proteins, and 
eight segments of viral RNA. Within medical literature, emphasis is placed on two 
of these structural proteins due to their polymorphic nature and involvement in epi-
demic strains: hemagglutinin (HA) and neuraminidase (NA). These two proteins are 
designated H & N, respectively, when naming a strain of influenza A [1, 2]. Two 
subtypes of influenza A currently circulate in human populations, H1N1 and 
H3N2 [4].

Influenza B, another IV responsible for high rates of morbidity and mortality, is 
similar in structure to influenza A. However, influenza B lacks a clear animal reser-
voir, resulting in less antigenic variability noted in the hemagglutinin and neur-
aminidase structures when compared to influenza A [5]. Currently, two distinct 
antigen variants of influenza B circulate in humans: B/Victoria/2/87 like and B/
Yamagata/16/88 like [4].

Influenza C remains outside the scope of this chapter, as it is benign strain known 
to cause very mild disease [2].

1.2  Influenza Disease Course and Diagnostic Methods

Influenza A and B both present with a similar disease progression. The incubation 
period is approximately 1–2 days, and onset of symptoms is rapid. An uncompli-
cated disease course, which presents approximately 98% of the time, is character-
ized by cough, fevers, myalgias, chills, sweats, and malaise. This persists for 
approximately 2–8 days. Severe infections, which are characterized by rapid onset 
of fulminant illness, can present with numerous systemic symptoms. These, as 
listed in Table  1, include viral pneumonia, acute respiratory distress syndrome 
(ARDS), conjunctivitis, lacrimation, myocarditis, rhabdomyolysis, aseptic menin-
gitis, and encephalomyelitis [6]. Immunocompromised patients, patients with medi-
cal comorbidities, pregnant patients, and patients younger than 2 or older than 65 
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Table 1 Influenza symptomatology including potential complications from influenza infection

Influenza symptomatology
Incubation period 1–2 days

Respiratory symptoms Nonproductive cough
Sore throat
Nasal discharge
Shortness of breath

Systemic symptoms Fevers
Chills
Headaches
Myalgias
Malaise
Anorexia

Potential complications Acute respiratory distress syndrome
Bacterial and viral pneumonia
Cardiac complications
Cytokine storm resulting in multi-organ failure

Adapted from Refs. [2, 6, 7]

Table 2 Various sensitivities and specificities of point of care and NAAT tests for influenza 
viral strains

Virus strain

Influenza A Influenza B
Sensitivity 
(%)

Specificity 
(%)

Sensitivity 
(%)

Specificity 
(%)

Traditional rapid influenza 
diagnostic tests

54.4 99.4 53.2 99.8

Rapid nucleic acid amplification 
tests

91.6 99.2 95.4 99.4

Data from Ref. [9]

are more likely to undergo a complicated disease course [2, 8]. Mortality rates from 
influenza remain a point of contention, as over 50% of infections can be asymptom-
atic and some strains are more virulent than others [6].

Influenza infection often presents with concomitant bacterial pneumonia. This 
most commonly occurs in immunocompromised patients, as influenza infection can 
overwhelm the immune response and allows for opportunistic pathogens. 
Staphylococcus aureus and Streptococcus pneumoniae are often cultured from the 
sputum of severely ill influenza patients. These bacterial infections should be treated 
with proper antibiotic therapy [2].

The diagnosis of influenza can be difficult due to symptoms overlapping with a 
variety of different respiratory illnesses; however, many different modalities exist 
for the identification of influenza strains. Point of care tests, as seen in Table 2, are 
favorable due to their low cost, but they come with a sacrifice in sensitivity and 
specificity.
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1.3  Virus Transmission and Notable Pandemics

Influenza viruses can spread via aerosol, droplet, and contact transmission. The 
importance of each modality in the spread is debated. Aerosols are small airborne 
droplets that can remain viable for several hours. Viability on fomites, or surfaces 
that may carry infectious particles, has been recorded for up to 48 hours. Due to the 
long viability period and risk of airborne transmission, the WHO recommends the 
use of N95 masks in situations where aerosols may be generated [2].

All known influenza pandemics are due to antigenic shifts that occur within 
influenza A. Four such outbreaks have occurred in 1918, 1957, 1968, and 2009. 
These pandemics were due to the following subtypes, respectively: H1N1, H2N2, 
H3N2, and H1N1. Today, H3N2 and H1N1 are the two circulating subtypes of the 
influenza A strain [2, 10].

1.4  Influenza Pathophysiology

Symptoms and disease course of influenza occur due to respiratory epithelial tissue 
damage caused by both the virus itself and the immune system response. Viral rep-
lication occurs in a variety of different cell types, but efficient cleavage of the hem-
agglutinin cell surface molecule occurs only in respiratory epithelial cells. This 
cleavage is a prerequisite for influenza cell entry. Multi-organ involvement and sys-
temic symptoms, such as malaise and cardiomyopathies, are believed to be caused 
by a downstream innate immune response. Of note, IL-1B and IL-18 secretion has 
been linked to the innate immune response in severe influenza infections, and exper-
imental drugs are in development to target pathways these cytokines are involved in 
[11]. Drugs targeting influenza virus pathophysiology must both target viral replica-
tion and the potentially lethal sequelae of the viral-induced cytokine storm.

1.5  Influenza Replication Cycle

As an obligate intracellular pathogen, IVs require living cells to replicate. 
Hemagglutinin, one of the membrane glycoproteins found in the influenza virus, is 
crucial to this process. On initial contact with the host cell, IV uses hemagglutinin 
to bind to a sialic acid-containing cellular membrane protein. Cell-specific enzymes 
cleave hemagglutinin, inducing a conformational change which results in the 
adsorption and endosomal uptake of influenza [1].

After endosomal uptake, the acidic environment of the endosome results in a 
flow of protons into the viral envelop via the viral M2 protein channel. The viral 
RNA is then transported rapidly to the nucleus due to nuclear localization signals. 
Within the nucleus, viral RNA (vRNA) is transcribed into mRNA, which is 
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Fig. 1 Simplified replication cycle of the influenza A virus. (Created w/BioRender and adapted 
from Ref. [12])

subsequently exported back into the cytoplasm for assembly of viral structural pro-
teins. At the same time, the vRNA is transcribed into complementary RNA (cRNA), 
and this cRNA serves as the template for further vRNA synthesis.

Once vRNA synthesis is complete, cellular pathways are activated that allow for 
nuclear export of the viral nucleotides. These cellular pathways include the Raf/
MEK/ERK signal transduction pathway and the activation of Nf-Kb and caspase 3. 
The viral nucleotides are then encapsulated within the viral structural proteins and 
integrated into the plasma membrane. The last step of the viral replication cycle is 
budding, which is the cleavage of virion from cell surface membrane. This occurs 
via enzymatic activity of viral neuraminidase, resulting in the cleavage of sialic acid 
moieties on cell surface proteins, allowing for viral exit [1]. The replication cycle of 
influenza is depicted in Fig. 1. Of note, the M2 ion channel is the hypothesized tar-
get of amantadine, which is in the adamantane drug class. However, these drugs 
were only effective against influenza A and are no longer recommended for clinical 
use due to drug resistance.

2  Influenza Virus Genomic Variability and Antigenic Shift 
and Drift

Influenza A’s genome consists of eight unique single-stranded viral RNA segments 
which are bound to viral polymerase and oligomeric nucleoproteins. During stage 7 
of the virus replication cycle (Fig. 1), nucleotide packaging sequences found on the 
vRNA allow for packaging of vRNA into viral particles. The packaging process is a 
highly selective process, and each vRNA segment has a unique packaging sequence 
that coordinates RNA-RNA interactions and RNA-amino acid interactions. Despite 
the highly selective process of vRNA incorporation into viral particles, research 
suggests this process has numerous redundancies, to prevent a high likelihood that 
any one mutation will result in deleterious effects. This allows influenza’s genome 
to change gradually throughout time, without significant impacts on the virus’s 
 fitness [13].
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Developing therapeutics targeted toward influenza virus strains is a challenge 
due to two evolutionary phenomena, termed antigenic drift and antigenic shift. 
These phenomena prevent robust immune responses from mammalian hosts, as 
antigenic targets of antibodies are constantly undergoing conformational changes 
due to primary and secondary amino acid structure changes.

2.1  Antigenic Drift

Antigen drift is defined as the gradual change of genetic information an influenza 
strain develops over time. This occurs due to the lack of proof-reading activity of 
influenza’s RNA polymerase complex. During one replication cycle, numerous 
viral progenies are produced, and this lack of proof-reading produces RNA tran-
scripts that differ from the original copy. While many of these RNA transcripts 
contain deleterious mutations, the sheer number of progenies produced during one 
infection result in new strains that have more evolutionary fitness. Thus, over time 
the genome of an influenza strain will “drift.” From an immunological standpoint, 
this drift is most notable in the viral surface hemagglutinin. Amino acid changes in 
this hemagglutinin, a high-affinity target for neutralizing antibodies, result in the 
failure of long-term immunity to influenza after a primary infection [4].

For reasons still unclear, multiple studies have revealed that influenza B under-
goes antigenic drift at a slower rate when compared to influenza A. Multiple reasons 
for this fact have been postulated. One theory focuses on influenza B’s de novo 
mutation rate, which is believed to be half that of influenza A’s de novo mutation 
rate. This is due to experiments that indicate influenza B’s RNA polymerase com-
plex is less error prone than influenza A’s RNA polymerase complex. Another the-
ory is that a more significant population bottleneck occurs for influenza B when 
transmission occurs from host to host. This population bottleneck, defined as a sig-
nificant reduction in viral populations, would eliminate viruses with potentially 
advantageous mutations and prevent them from spreading [14].

2.2  Antigenic Shift

Antigenic shift is defined as the recombination of viral RNA segments from two 
distinct viral strains. This phenomenon, referred to as genetic reassortment, is pos-
sible due to influenza’s segmented genome. Antigenic shift only occurs in influenza 
A, as influenza B’s lack of an animal reservoir and slower mutation rate hinders 
recombination from two distinct strains.

As previously mentioned, successful antigenic shift results in an influenza virus 
with a novel combination of hemagglutinin and neuraminidase. These shifts can 
occur when avian strains recombine with mammalian strains in an avian host, as in 
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Fig. 2 Representation of antigenic shift and drift. (Created with BioRender)

the 1918 (H1N1) and 1968 (H3N2) pandemic. This recombination can also occur in 
swine populations, which was observed 2009 H1N1 pandemic.

When two viral strains coinfect the same cell, the eight genomic sequences can 
recombine in nearly any potential order. This results in 256 theoretical combina-
tions [15]. However, not every theoretical combination will result in a viable virion 
particle for reasons not completely understood. One in vitro study indicated a lack 
of compatibility among RNA polymerase subunits from different influenza strains. 
This lack of compatibility resulted in the inability of the virus to synthesize a func-
tioning ribonucleoprotein complex and thus prevented viral RNA synthesis [16]. 
Other speculated reasons for limited combination of genomic sequences include 
preferential packaging of distinct genomic sequences together [17]. However, more 
research needs to be completed to fully elucidate the nonrandom selection that 
occurs during antigenic shift. Figure 2 is a representation of antigenic shift and drift.

3  Preventative Medicine: Influenza Vaccine Development

3.1  Influenza Vaccine

The influenza vaccine is a biologically active therapeutic designed to confer acquired 
immunity to one (monovalent) or several (multivalent) strains of the influenza virus 
via stimulating antibody production to specific viral proteins, most commonly NA 
and the head domain of HA [18].

The development of the influenza vaccine began in the 1930s following the isola-
tion of the influenza A virus, which culminated in the creation of a monovalent 
inactivated vaccine for the influenza A virus [19]. Over the next several decades, 
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numerous advances led to the creation of multivalent influenza vaccines and differ-
ent vaccination paradigms, including split virion, subunit, live attenuated, virosome, 
and viral vectored influenza vaccines [19, 20]. Global monitoring of circulating 
influenza viruses by the WHO has enabled the development of seasonal influenza 
vaccines based on epidemiological data from previous influenza outbreaks [19, 21].

Vaccination against the influenza virus continues to be the most effective strategy 
for preventing influenza infection [18, 20, 22]. FDA-approved indications for influ-
enza vaccination include the prevention of influenza A and B in individuals older 
than 6  months [18]. The CDC recommends annual influenza vaccination for all 
individuals older than 6 months who have no counterindications [23]. The WHO 
recommends healthcare workers and high-risk individuals receive the influenza vac-
cine annually. Individuals considered at high risk for complications following influ-
enza infection include pregnant women, elderly individuals, children aged 6 months 
to 59 months old, individuals with specific chronic medical conditions, and health-
care workers [24].

The efficacy of the seasonal influenza vaccine varies substantially, ranging from 
10% to 60% [18]. This considerable variation in seasonal efficacy is primarily 
attributed to the antigenic relatedness of the vaccine strains and the presently circu-
lating influenza strains [25]. The lowest levels of efficacy are seen in years where 
there is a suboptimal match between the vaccine and circulating strains [18]. Other 
factors affecting seasonal efficacy include the host’s age and immune competence 
[18, 25]. The influenza vaccine is less effective in specific populations, including 
infants, the elderly, and immunosuppressed individuals; however, vaccination is 
considered beneficial due to reduced incidence of severe disease and hospitaliza-
tion [18].

The adverse events associated with influenza vaccination are generally mild and 
include fever, irritability, myalgia, and injection site reactions. In rare cases, the 
influenza vaccine has been associated with allergic reactions, urticaria, and anaphy-
laxis. Contraindications for receiving the influenza vaccine include infants younger 
than 6 months old, high fever, Guillain-Barre syndrome, or a history of allergy to 
any vaccine component. Toxicity related to the influenza vaccine is minimal, with 
no evidence of carcinogenicity or effects on fertility. No dose-dependent toxicity 
has been noted in the influenza vaccine nor toxicity related to components of the 
vaccine such as aluminum salt adjuvants [18].

3.2  Influenza Vaccine Paradigms

This section will discuss six major categories of experimental and commercially 
available vaccine strategies.
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3.2.1  Whole Inactivated Influenza Vaccine (WIIV)

Whole inactivated influenza vaccines (WIIV) contain the target viruses HA and NA 
domains but have been rendered unable to replicate by either heat or a chemical 
reagent. They are developed by initially infecting susceptible cells (usually chicken 
embryos) with the target virus. The virus is then allowed to replicate in the infected 
cells, followed by purification, concentration, and inactivation through heat or 
chemical reagents [20, 22]. A common strategy for developing WIIVs involves 
RNA virus reassortment, an evolutionary mechanism of segmented RNA viruses 
that allows for genetic recombination of multiple viruses when coinfecting a cell. 
This recombination can yield viral progeny with novel genome combinations [22, 
26]. RNA virus reassortment can be utilized in WIIV development by coinfecting a 
susceptible cell with the target virus and a separate high-growth RNA virus. After 
reassortment, a viral progeny expressing the target virus’s NA and HA domains 
with the high-growth virus’s six internal segments (PB2, PB1, PA, NP, M, and NS) 
is selected by neutralizing antibodies against the HA and NA domains of the high- 
growth virus. The selection of a viral progeny with the appropriate genetic reassort-
ments is confirmed by genetic sequencing. Finally, the product is purified and 
inactivated. Adjuvants can be added to the final product to increase immunogenic-
ity. Benefits of this strategy include a high safety profile and a strong humoral 
immune response. A significant drawback of this type of vaccine is the limited 
T-cell-mediated response [20, 22].

3.2.2  Split-Virion Influenza Vaccines

This subtype of influenza vaccine is prepared in a similar process to the 
WIIV. However, an additional step during the final processing of the vaccine requires 
splitting the viral envelope and further purification of the viral contents via remov-
ing large molecular weight proteins and nucleic acids while preserving the HA and 
NA proteins [20]. This process reduces adverse events associated with vaccine 
administration compared to whole inactivated influenza vaccines, especially in chil-
dren [19–21, 25]. Split-virion vaccines stimulate a robust humoral response and 
have an excellent safety profile. However, as with whole inactivated and subunit 
influenza vaccines, the T-cell response is minimal [20].

3.2.3  Subunit Influenza Vaccines

This subtype of influenza vaccine was initially developed from whole inactivated 
influenza vaccines and involved the same process as split-virion vaccines with addi-
tional purification steps and adjuvants added [20, 21]. Genetic cloning techniques 
can also produce this subtype of vaccine by engineering plasmids that contain the 
genes for antigenic influenza proteins and transferring these plasmids to another cell 
for production. The antigenic proteins produced from these plasmids can then be 
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purified. The risks and benefits of this type of vaccine are similar to those of split- 
virion vaccines [20].

3.2.4  Virosome Influenza Vaccines

Virosome influenza vaccines are prepared by solubilization of the influenza virus 
membrane in a detergent followed by removal of the viral nucleocapsid via centrifu-
gation. Subsequently, the detergent is extracted to allow reconstitution of the viral 
membrane without the nucleocapsid, which is necessary for viral replication [20]. 
The reconstituted viral membrane will retain structural surface glycoproteins and 
the ability to perform receptor-mediated endocytosis [27]. A unique benefit of viro-
some influenza vaccines is the capacity to deliver adjuvants or other small peptides 
directly to antigen-presenting cells by receptor-mediated endocytosis; however, 
despite this capacity, a significant T-cell-mediated response has not been noted. 
Structural surface glycoproteins will induce a humoral response and antibody pro-
duction [20].

3.2.5  Live Attenuated Influenza Vaccines (LAIV)

Live attenuated influenza vaccines (LAIV) contain a virus capable of intracellular 
replication and express the influenza virus’s HA and NA domains but that has been 
selected for low virulence and pathogenicity. This process is done similarly to the 
WIIV development beginning with the coinfection of a chicken embryo with the 
target influenza virus and a Master Donor Virus (MDV), followed by the selection 
of a viral progeny expressing the HA and DA domains of the target influenza virus 
with internal segments of the Master Donor Virus. The progeny is then repeatedly 
exposed to primary chicken kidney cells under low temperature and in the presence 
of antibodies to the MDV’s HA and DA domain until the progeny expresses specific 
mutations that result in a phenotype that is attenuated and has impaired replication 
at body temperature. LAIV are significantly more immunogenic, producing a T-cell- 
mediated response, systemic humoral response, and a mucosal humoral response. 
However, since the virus can actively replicate inside the host’s cells, there is a 
significant safety concern for genetic reversal of the attenuated phenotype, espe-
cially in immunocompromised individuals [22].

3.2.6  Viral Vectored Influenza Vaccines

Viral vectored influenza vaccines use genetic engineering to form a recombinant 
virus expressing the influenza virus antigens (notability HA and NA) within a dif-
ferent virus’s genome. Numerous viruses can be used as vectors, including adenovi-
ruses, baculoviruses, and arenaviruses. This type of vaccine will induce both a 
humoral and a cytotoxic response due to the active production of viral antigens 
inside the host cells, similar to live attenuated influenza vaccines [20]. A perceived 
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benefit of viral vectored influenza vaccines is the ability to administer the vaccine 
directly to the mucosa, thereby more effectively mimicking a natural infection [21]. 
Viral vectored influenza vaccines could also be developed to express antigens from 
multiple influenza subtypes within the same viral vector facilitating multivalent 
vaccine development [20].

3.3  Universal Flu Vaccine

The universal influenza vaccine is a vaccine that is meant to provide long-lasting 
immunity to influenza A and B regardless of antigenic shift or drift. Areas of interest 
in developing a universal influenza vaccine include highly conserved regions of the 
influenza virus, such as the stalk domain of HA, specific regions of NA, and the 
matrix 2 protein. A major barrier to the induction of antibodies to NA and the stalk 
domain of HA is the immunodominance of the HA head domain. Chimeric HA 
proteins with modified head regions and recombinant headless stem HA proteins 
have been created to overcome the head domain’s immunodominance. A potential 
option to improve antibody development to NA could be to increase the concentra-
tion of NA proteins inside the vaccine. While the matrix 2 protein has shown mini-
mal potential for mutation, one of the significant limitations of its use as a target in 
a universal influenza vaccine is decreased levels of antibody production due to low 
immunogenicity.

Other approaches include T-cell-based vaccines designed to allow recognition of 
highly conserved epitopes on the nucleoprotein and matrix 1 protein. Yet another 
significant challenge is protecting high-risk groups. Age-related changes in immune 
function can significantly alter vaccination effectiveness, which must be accounted 
for to achieve a universal influenza vaccine. While progress has been made toward 
developing a universal influenza vaccine, additional research in animal and human 
systems is necessary [15, 20, 28] (Tables 3 and 4).

Table 3 Selected available influenza vaccines on the market [29]

Drug (manufacturer) Type
Age 
indication Dosagea

Route of 
administration

Afluria Quadrivalent (Seqirus) IIV ≥6 months 15 μg IM
Fluarix Quadrivalent 
(GlaxoSmithKline)

IIV ≥6 months 15 μg IM

FluLaval Quadrivalent 
(GlaxoSmithKline

IIV ≥6 months 15 μg IM

Flublok Quadrivalent (Sanofi 
Pasteur)

VVIVb ≥18 yrs 45 μg IM

FluMist Quadrivalent 
(AstraZeneca)

LAIV 2 through 
49 yrs

10 fluorescent 
focus units

NAS

Table on clinical trials if any/for new vaccine candidates
aThe adult dosage is provided, dosages vary for children and the elderly
bThis vaccine uses a viral vector to produce the HA and NA antigens which are subsequently 
purified
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Table 4 Selected clinical trials for influenza vaccines [30–33]

Drug (manufacturer) Type Ages included Phase

GSK2321138A (GlaxoSmithKline) IIV 6–35 months 
old

3

MVA-NP+M1 (Vaccitech) Universal >18 y.o. 2b
VXA-A1.1 (Vaxart) VVIV 18–49 2
cH8/1 N1 LAIV, AS03-adjuvanted-cH5/1 N1 IIV, and 
cH5/1 N1 IIV

Universal 19–39 1

4  Neuraminidase Inhibitors Used in Influenza Treatment

4.1  Neuraminidase Inhibitors

Neuraminidase inhibitors (NAI) are a class of drugs that competitively inhibit viral 
neuraminidase (NA) in influenza A and B. Neuraminidase is a highly conserved 
surface glycoprotein present in both influenza A and influenza B. It serves the pur-
pose of cleaving the a-ketosidic bond linking a terminal neuraminic acid from an 
adjacent oligosaccharide moiety. This function is critical for viral penetration of 
respiratory tract mucus and virion liberation [34]. NA may also play a role in viral 
entry by facilitating viral movement toward endocytosis regions in the influenza A 
virus [35, 36]. The NA protein is targeted for developing influenza vaccines due to 
its abundance, highly conserved nature, and location as a surface glycoprotein 
[20, 28].

NAIs are considered an effective tool for preventing and treating influenza infec-
tions. NAIs have been shown to reduce the duration of the symptoms of influenza 
infections by 0.5–1.5 days and inhibit viral transmission if given within 2 days of 
the onset of symptoms [37]. NAIs are also approved for chemoprophylaxis and are 
the standard of care to treat influenza infection in severely ill hospitalized patients 
[37, 38]. NAI use may be considered for post-exposure prophylaxis, especially in 
the case of a nosocomial outbreak. Pre-exposure prophylaxis with NAI treatment 
may serve as a potential option to reduce the risk of influenza complications in high- 
risk patients such as organ transplant recipients [37].

4.2  Approved Neuraminidase Inhibitors

Zanamivir was the first developed NAI and is widely licensed to treat and prevent 
influenza. It has very poor bioavailability and is primarily administered as an inhal-
ant. IV administration of zanamivir is approved by the European Medicines Agency 
(EMA) for life-threatening influenza in individuals older than 6 months [37]. IV 
administration of zanamivir is eligible for consideration in emergency use protocol 
in the United States [39]. Zanamivir is primarily renally excreted in an unchanged 
form [40, 41]. Zanamivir tends to be well tolerated by individuals with minimal side 
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effects; however, its use is not recommended in individuals with underlying respira-
tory diseases, including asthma and COPD due to the risk of bronchospasm [41, 42].

Oseltamivir is another widely licensed NAI designed to treat and prevent influ-
enza. It differs from its predecessor zanamivir by increased bioavailability allowing 
oral administration. Oseltamivir is a prodrug that requires hepatic metabolism and 
is eliminated unchanged in the urine following its initial activation by hepatic ester-
ase [37, 43]. Oseltamivir is generally well tolerated by individuals; however, there 
is an increased risk of adverse effects, including nausea, vomiting, psychiatric, and 
renal events, compared to placebo. The increased toxicity of oseltamivir when com-
pared to zanamivir may be related to oseltamivir’s increased bioavailability [44, 45].

Peramivir is an NAI that was FDA and EMA approved for single-dose IV admin-
istration in 2014 and 2018 [37, 46]. However, the marketing authorization holder of 
peramivir withdrew marketing authorization from the EMA in December 2020. 
Peramivir is indicated for early treatment of uncomplicated influenza in individuals 
over 2  years old via IV administration [37]. Peramivir is renally excreted in an 
unchanged form and is generally well tolerated. The effectiveness of peramivir in 
reducing influenza symptoms is similar to that of oseltamivir [47–49].

Laninamivir octanoate is a long-acting NAI approved for influenza treatment and 
prevention in Japan only. Laninamivir is a nasally inhaled prodrug hydrolyzed into 
its active form by respiratory epithelial cells [37]. Laninamivir is well tolerated with 
a similar side effect profile to other NAIs, and its effectiveness is comparable to 
oseltamivir and zanamivir [50, 51].

4.3  Neuraminidase Inhibitor Resistance

NAI-resistant strains of influenza pose a substantial risk to public health as NAIs are 
currently the most widely used antivirals for influenza prophylaxis and treatment 
[52]. Presently, NAI-resistant influenza strains remain rare with an estimated preva-
lence of 0.2–0.5% based on WHO susceptibility testing [37]. High-risk groups for 
contracting an NAI-resistant infection include young children and highly immuno-
suppressed patients. NAI-resistant infections often emerge following prolonged 
NAI use in high-risk populations [52].

4.4  Adamantane Antivirals

Adamantanes are a class of antiviral used to treat influenza A infections by inhibit-
ing the M2 ion channel, which subsequently blocks the release of the influenza 
RNA from intracellular endosomes. This class of antiviral does not affect influenza 
B viruses due to structural differences in the M2 ion channel. However, this class of 
antivirals is rarely used clinically due to the emergence and worldwide spread of 
adamantane-resistant influenza A strains. Almost all human influenza A strains are 
resistant to adamantane, and its use as an antiviral is not recommended [37].
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5  Baloxavir: A First in Class Medication

5.1  Background

Despite the effectiveness of the neuraminidase inhibitors, evidence has shown that 
influenza strains can develop resistance to this drug class, as discussed in the previ-
ous section. The 2009 H1N1 influenza pandemic in Mexico, caused by the 
neuraminidase- resistant A/H1N1pdm09 strain, was the first global demonstration 
that neuraminidase-resistant influenza strains represent a notable public health con-
cern, as they do not display a significant fitness disadvantage when compared to 
nonresistant strains. Neuraminidase-resistant strains, including A/H1N1pdm09, 
continue to circulate and generate community outbreaks, thus underscoring the 
need to develop drugs that target distinct regions of the virus [53].

5.2  Mechanism of Action

Baloxavir marboxil (trade name Xofluza) was one drug designed to target an area of 
the influenza virus that had not been targeted before. Baloxavir is a prodrug that is 
metabolized to baloxavir acid before it can exert its effect as a small molecule inhib-
itor of the polymerase acidic (PA) subunit of the influenza viral polymerase [54].

To understand the mechanism of action of baloxavir, a brief review of the func-
tion of influenza’s polymerase is necessary. Influenza’s polymerase is a complex 
consisting of three subunits: PA, polymerase basic protein 1 (PB1), and polymerase 
basic protein 2 (PB2). Transcription of the influenza viral genome requires the use 
of a 5′ cap; however, the virus does not carry the machinery to produce this cap by 
itself. As a result, influenza engages in a phenomenon known as “cap-snatching” in 
which it cleaves the 5′ cap from host mRNA and uses it as a primer for the transcrip-
tion of its own viral RNA. The PB2 subunit functions to bind the 5′ cap of host 
mRNA, and the PA subunit acts as an endonuclease to cleave this cap. The resulting 
free 5′ cap, with 8–14 nt attached, is then used as a primer for viral transcription by 
PB1, which is an RNA-dependent RNA polymerase [55]. This process is summa-
rized in Fig. 3.

This process is important because it is conserved across IV strains and plays a 
critical role in viral replication. Influenza A, B, and C strains use the same PB1 and 
PB2 proteins; however, the influenza C strain utilizes a unique protein known as P3 
instead of the PA protein. It is important to note that the function of P3 is identical 
to that of PA, which allows for an identical replication process to occur in influenza 
C strains when compared to A and B strains, despite the difference in this pro-
tein [55].
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Fig. 3 Simplified diagram demonstrating the influenza viral life cycle with emphasis on the mech-
anism of viral transcription. RNA, RNA polymerase; RNP, ribonucleoprotein. (Created with 
BioRender, adapted from Ref. [56])

5.3  Clinical Uses

Baloxavir is currently approved for treatment of acute, uncomplicated flu in indi-
viduals 12 years and older within 2 days of symptom onset. It is also approved for 
use in flu post-exposure prophylaxis in this population. A major clinical benefit of 
baloxavir is that it is effective in strains of influenza resistant to neuraminidase 
inhibitors. In addition, its efficacy is similar to that of oseltamivir, with some studies 
showing a slightly more rapid time to alleviation of symptoms (TTAS) and reduc-
tion in viral load with baloxavir [57].

Of note, baloxavir is currently contraindicated in children under 12 years old, 
which is significant because this population is at an increased risk of developing the 
flu. This sets baloxavir apart from oseltamivir, which is approved for children after 
2 weeks of age. Clinical trials are currently underway to assess the safety and effi-
cacy of baloxavir in this population [58].

5.4  Pharmacology

Baloxavir is given as a single-dose tablet, which may improve adherence when 
compared to oseltamivir, which is given twice daily for 5 days. Dosing is based 
upon weight, wherein a 40 mg dose is given to those weighing between 40 and 
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80 kg, and an 80 mg dose is given to those weighing 80 kg or greater. With respect 
to elimination, baloxavir is metabolized principally via UGT1A3, with a minor con-
tribution of CYP3A4. Excretion is largely through the feces (80%), with a small 
amount excreted in urine (15%). Studies have not yet been conducted to assess the 
safety and effect on baloxavir metabolism of those with liver or kidney failure [58].

5.5  Side Effects

Baloxavir was associated with a lower frequency of adverse events, when compared 
to oseltamivir, peramivir, and zanamivir. Adverse events were found to occur in 
about 25% of those treated. The most common side effects were, in order of decreas-
ing frequency, diarrhea, bronchitis, nasopharyngitis, headache, and nausea. Studies 
have not yet been conducted on the safety of baloxavir in individuals who are preg-
nant, breastfeeding, severely immunocompromised, or have a comorbid compli-
cated chronic disease, and, as a result, it is not recommended for use in any of these 
populations [57].

5.6  Resistance

Mutations in the PA protein were found to confer resistance to baloxavir, resulting 
in a reported reduction in efficacy varying from 11- to 57-fold. A mutation at I38T/
M/F in the PA protein was discovered in 10% of patients treated, with other PA 
mutations occurring at a rate of 8% [54].

6  Drugs for the Treatment of Hypercytokinemia

6.1  Definition

Hypercytokinemia, also called “cytokine storm,” refers to an aberrant immune 
response characterized by the systemic release of cytokines, which can progress to 
multiple organ failure and death. Causes of cytokine storm vary broadly from iatro-
genic causes like chimeric antigen receptor T-cell (CAR-T) therapy to hereditary 
autoimmune disorders like hemophagocytic lymphohistiocytosis (HLH) and to 
pathogenic causes like sepsis. The definition of what is considered a cytokine storm, 
as opposed to a normal immune response, is difficult to determine given that the 
systemic release of cytokines can represent a feature of a healthy immune response. 
Only when the cytokine release is considered maladaptive is the term cytokine 
storm applied. In addition, the effects observed with a cytokine storm vary based on 
the underlying cause. For example, a cytokine storm observed in the presence of a 
nonpathogenic cause (e.g., CAR-T therapy) may cause a lower total cytokine release 
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when compared to a cytokine storm observed in the presence of a pathogenic cause 
(such as influenza), since there is a greater adaptive role for cytokines when a patho-
gen is present [59].

6.2  Significance in Influenza

With respect to influenza, cytokine storms play a critical role in flu-related mortal-
ity. Deaths from severe influenza infection occur most frequently by either bacterial 
superinfection or primary viral pneumonia. In the latter case, the increasing viral 
load in the lower respiratory tract is often associated with the cytokine storm phe-
nomenon, which further exacerbates the patient’s condition and contributes to a 
greater observed mortality [60].

During the infamous 1918 flu pandemic, there was an unusually high number of 
flu-related deaths in previously healthy young adults (ages 15–30). This phenome-
non has been hypothesized to have been the result of influenza-induced dysregula-
tion of the immune response and subsequent cytokine storm production in these 
individuals. Similarly, the H1N1 virus from the 2009 pandemic and the avian H5N1 
virus have been shown to produce a similar dysfunctional immune response in ani-
mal models. In a retrospective analysis of the 2009 influenza pandemic, an associa-
tion was discovered between patients with known HLH mutations causing increased 
susceptibility to cytokine storm production and flu-related mortality secondary to 
coagulopathies. This association suggests that genetic susceptibility may also play 
a role in a subset of cases [61].

6.3  Clinical Features

The first sign of cytokine storm is often fever, which can be followed by numerous 
other systemic symptoms. These include tachypnea, tachycardia, headache, myal-
gias, fatigue, rash, diarrhea, and delirium. The patient’s condition may then deterio-
rate quickly into disseminated intravascular coagulation (DIC), hypotensive shock, 
ARDS, and possibly death. With respect to lab values, the CRP is frequently ele-
vated, which serves as a nonspecific marker of inflammation. Blood counts typically 
show abnormalities such as leukocytosis/leukopenia, anemia, and thrombocytope-
nia. Additionally, increased D-dimer and ferritin levels may be observed.

6.4  Pathogenesis

The pathogenesis of cytokine storm is related to aberrant immune system activation. 
In general, it is mediated by an imbalance between pro-inflammatory and anti- 
inflammatory signals, resulting in the favoring of pro-inflammatory functions and 
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the stimulation of a runaway process without negative feedback. This type of run-
away positive feedback may be due to a number of factors, including the antigenic-
ity of the virus itself, as well as host characteristics [59].

6.5  Pharmacology

Pharmacological agents for the treatment of cytokine storm in influenza are cur-
rently under investigation. As of now, clinical guidelines do not recommend the use 
of adjuvant immunomodulatory therapy for severe influenza infection. Listed below 
are several of the most promising treatments that are currently being studied [62, 63].

 1. Hyperimmune Intravenous Immunoglobulin (IVIG): IVIG is an antibody-blood 
product derived from roughly 10,000 pooled donor serum samples. Hyperimmune 
IVIG is the same product but derived specifically from patients who have been 
exposed to a pathogen of interest, ensuring that antibodies to that pathogen are 
present. In addition to providing passive immunization, IVIG has demonstrated 
immunomodulatory effects that have made it a useful treatment for inflamma-
tory conditions. These effects function to dampen the immune system through 
the inhibition of macrophage activation, inhibition of neutrophils and eosino-
phils, and enhanced regulatory T-cell (T-reg) activity. Most recently, one ran-
domized controlled trial (RCT) across five hospitals has shown decreased viral 
load and mortality in severe A(H1N1)pdm09 infections with the use of hyperim-
mune IVIG [64].

 2. Oseltamivir, Clarithromycin, and Naproxen Combination Therapy: Oseltamivir 
is a neuraminidase inhibitor as discussed in a previous section, clarithromycin is 
a macrolide antibiotic, and naproxen is an NSAID. It has been shown that mac-
rolide antibiotics, in addition to inhibiting the bacterial 50S ribosomal subunit, 
also exhibit anti-inflammatory effects. Naproxen has been shown to demonstrate 
various anti-inflammatory effects via its reversible inhibition of COX-2. A RCT 
conducted in 2015 demonstrated that this triple combination therapy reduced 
mortality at 30 and 90 days and produced a more rapid reduction in viral load in 
patients who were hospitalized with A(H3N2) infection [63].

 3. Sirolimus: Sirolimus is an mTOR inhibitor traditionally used as an immunosup-
pressant. However, mTOR mediates several pathways, which allows sirolimus to 
exhibit its effects within these various immune pathways. One of which includes 
the indirect inhibition of PI3K by sirolimus, which has been shown to decrease 
viral replication. A 2014 RCT studied patients placed on ventilators due to 
 complications of A(H1N1)pdm09 infection and found that use of adjuvant siro-
limus reduced ventilator time and resulted in more rapid viral clearance [65].

In addition to the three treatments listed above, several other therapies have been 
investigated with mixed or inconclusive results. These include peroxisome 
proliferator- activated receptor (PPAR) agonists, statins, mycophenolate mofetil, 
and the anti-C5a antibody.
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It is important to note that corticosteroids have been shown to have deleterious 
effects when used in influenza cases, as they can potentially increase mortality and 
risk of nosocomial pneumonia. Corticosteroids have also been shown to increase the 
risk of opportunistic infections like aspergillosis, as well as the risk of fracture and 
venous thromboembolism (VTE). Unfortunately, corticosteroids are widely pre-
scribed in severe influenza infections under the assumption that their immunosup-
pressive properties function to counteract the cytokine storm associated with 
infection.

Table 5 summarizes the available pharmacological therapies under investigation 
for cytokine storm along with their associated recommendations.

Table 5 Summary of different immunomodulatory drugs under investigation for use in severe 
influenza infection

Recommendation Drug Proposed mechanism Findings

May improve 
patient outcome

Hyperimmune 
IVIG

Passive immunization, 
anti-inflammatory

Lower mortality

May improve 
patient outcome

Oseltamivir, 
clarithromycin, and 
naproxen 
combination 
therapy

Naproxen inhibits viral 
replication, clarithromycin is 
anti-inflammatory, and 
oseltamivir blocks viral 
neuraminidase

Lower mortality, more 
rapid viral clearance

May improve 
patient outcome

Sirolimus Inhibition of mTOR, 
inhibition of viral replication

Shorter duration of 
IMV

Unclear PPAR agonists Inhibition of lipid and 
inflammatory CK production

Reduced inflammation 
and lower mortality in 
mouse model

Unclear Statins Inhibition of HMG-CoA, 
inhibition of T cell activation

Epidemiological data 
showing lower 
mortality following 
long-term use

Unclear Mycophenolate 
mofetil

Immunosuppressant, antiviral 
activity via inhibition 
IMPDH

Reduced viral titer in 
mouse model

Unclear Anti-C5a antibody Sequestration of C5a, which 
initiates lung remodeling in 
ARDS

Reduced ALI and 
inflammation in 
monkey model

Likely harmful Systemic CCS Immunosuppression via 
blockage of LTs and PGs, 
inhibition of inflammatory 
CKs, and inhibition of WBC 
migration

Increased mortality, 
risk of nosocomial 
pneumonia, and risk of 
opportunistic 
infections

CCS corticosteroids, LT leukotriene, PG prostaglandin, CK cytokine, WBC white blood cell, IMV 
invasive medical ventilation, ALI acute lung injury, IMPDH inosine monophosphate dehy-
drogenase
Adapted from Ref. [63]
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7  Drugs for Treatment of Flu Symptoms

In treating influenza, several drugs have been developed with the goal of reducing 
the presence of symptoms associated with infection. Examples of these drugs 
include neuraminidase inhibitors (oseltamivir, zanamivir, peramivir, and laninami-
vir) and cap-dependent endonuclease inhibitors (baloxavir marboxil) [37]. These 
drugs attempt to reduce the time necessary for symptom alleviation, the viral load, 
and the number of laboratory-confirmed influenza cases, especially among those 
who may be high risk for complications of influenza [37].

7.1  Neuraminidase Inhibitors

Among the neuraminidase inhibitors (NAI), oseltamivir, zanamivir, and peramivir 
are three WHO-approved first-generation antiviral drugs that have been used exten-
sively in the reduction of influenza symptoms. Oseltamivir is available as an oral 
capsule or powder and is highly recommended for both the prophylaxis and treat-
ment of adults, children, and full-term infants due to its high oral bioavailability [37, 
66]. Dobson et al. examined the association between oseltamivir use and resolution 
of symptoms and found that, when compared to placebo, oseltamivir reduced the 
symptom duration by 25.2 hours or 1.05 days [67]. In addition, oseltamivir admin-
istration led to fewer lower respiratory complications, including pneumonia and 
bronchitis, and reduced subsequent antibiotic use in patients 48 hours after random-
ization [67]. An additional study conducted by Hayden et al. compared oseltamivir 
to placebo based on similar outcomes as Dobson et al.’s study. This study found that 
the oseltamivir group had a 1.75-day reduction in symptoms when compared to 
placebo, in addition to a reduction in upper respiratory complications and abnor-
malities in middle ear pressure [68].

Peramivir is an intravenous NAI that has also been shown to alleviate influenza- 
associated symptoms when compared to placebo. In Kohno et al., individuals hos-
pitalized with influenza were randomized into groups receiving 300  mg IV 
peramivir, 600 mg IV peramivir, or placebo [69]. Among the peramivir groups, the 
study found that the time to symptomatic alleviation was 59.1 hours (300 mg) and 
59.9 hours (600 mg) [69]. In the placebo group, time to symptom alleviation was 
82 hours, suggesting that peramivir’s use helped reduce the overall symptomatic 
duration by approximately 22 hours [69]. Ison et al. evaluated two different perami-
vir regimens among hospitalized patients, 300 mg twice daily versus 600 mg once 
daily, and found no significant difference in symptomatic or virologic end points 
between the two groups, concluding that either regimen is satisfactory in treating 
inpatient influenza cases [70]. Potential adverse effects associated with peramivir’s 
use were documented in Komeda et al.’s post-marketing analyses and included nau-
sea, vomiting, and diarrhea; however, these adverse events were mild and were not 
reported as serious among the study population [71, 72].
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Zanamivir is approved for use in adults and children over the age of 5 and is 
available via intravenous administration [37, 73]. Hedrick et al. sought to evaluate 
zanamivir’s efficacy in reducing the number of days of symptomatic infection and 
found that among cases of confirmed influenza infection in children ages 5–12, 
zanamivir’s use was associated with a reduction of 1.25 symptomatic days when 
compared to placebo [73]. This study also found that patients tolerated the zanami-
vir well and required fewer additional relief medications than those in the placebo 
group [73]. A similar study conducted by Hayden et al. examined the relationship 
between the time of symptom onset and zanamivir administration in patients under 
13 years old [74]. These patients had been experiencing symptoms for less than 
48 hours, including fever, cough, myalgias, and sore throat [74]. The study found 
that zanamivir’s use resulted in reduction of 0.7 symptomatic days among patients 
who were afebrile upon presentation and 1.4 days among febrile patients [74]. The 
study also found that if patients were treated within 30 hours of symptom onset, 
there was an associated reduction of 1.9 symptomatic days compared to placebo 
[74]. Other studies have evaluated the reduction of symptomatic days following 
zanamivir’s use and have found values ranging from 1.25 to 4.5 days when com-
pared to the placebo group [75, 76]. It is important to note that zanamivir has been 
found to increase the risk of bronchospasm among patients with COPD and other 
restrictive airway diseases and is thus contraindicated in these individuals [41, 42].

Despite the success of oseltamivir and zanamivir in reducing symptoms among 
influenza patients, there has been an emerging resistance to neuraminidase inhibi-
tors among certain strains of influenza, most frequently against oseltamivir. This 
resistance can be seen in community-based clusters of influenza; however, resis-
tance was observed on a global scale during the 2008–2009 H1N1 influenza A out-
break [53]. This pattern of resistance prompted the development of additional 
antiviral agents, such as the cap-dependent endonuclease inhibitors, to provide 
adequate management of influenza patients and their associated symptoms.

7.2  Cap-Dependent Endonuclease Inhibitors

One commonly used cap-dependent endonuclease inhibitor is baloxavir marboxil, 
which selectively targets the PA protein subunit within influenza’s polymerase com-
plex [77–79]. The polymerase complex consists of 3 protein subunits: PB1, PB2, 
and PA [77–79]. The PB2 protein binds to the cap on host pre-mRNA, which allows 
the PA subunit to subsequently cleave this cap, providing influenza with the RNA 
primers necessary for its replication [80]. Baloxavir marboxil inhibits PA, ulti-
mately preventing influenza from completing a necessary step in its replication pro-
cess. The endonuclease inhibitor also provides a broad spectrum of coverage and 
provides an alternative treatment for influenza strains exhibiting resistance against 
neuraminidase inhibitors [81].

Hayden et  al.’s study attempted to evaluate baloxavir marboxil’s efficacy in 
reducing influenza-associated symptoms and time to recovery [54]. To achieve this 
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goal, the study compared baloxavir marboxil and a placebo group in both children 
and adults and included populations from both Japan and the United States [54]. 
The study found a 26.5-hour reduction in symptom duration among the adult bal-
oxavir group and a 38.6-hour reduction in the child baloxavir group [54]. In addi-
tion, the study found a larger difference in the time needed for symptom resolution 
when patients began baloxavir treatment within 24 hours after symptom onset (32.8 
fewer hours needed for symptom resolution with baloxavir) versus starting treat-
ment later (13.2 fewer hours with baloxavir), when compared to the placebo group 
[54]. Adverse events associated with baloxavir marboxil most commonly include 
diarrhea but may also include headaches and elevated liver transaminases [82].

7.3  Treatment Indications

In treating influenza among healthy patients, there has been no proven benefit to 
combining NAIs or cap-dependent endonuclease inhibitors or administering higher 
than recommended dosages; however, among patients with comorbidities, a pro-
longed course of treatment may be indicated [62, 83]. Among patients that develop 
lower respiratory disease as a complication of influenza infection, treatment resis-
tance should be suspected in addition to natural disease progression [83].

8  Drugs in Development and Future Research Directives

There have been no new FDA-approved pharmaceuticals approved in the past 
2–3 years for influenza. The newest was approved in Baloxavir®, in 2018. However, 
Several new anti-influenza therapeutics have recently been developed and are cur-
rently being studied to determine efficacy and potential resistance mechanisms. 
Examples of the recent developments include cyanovirin-N, conjugated sialidase, 
thiazolides, and small interfering RNA (siRNA).

8.1  Cyanovirin-N

Cyanovirin-N, initially developed as an anti-HIV therapeutic agent, is currently 
being evaluated for potential antiviral effects exhibited against influenza A and B 
strains [84]. Cyanovirin-N demonstrates its antiviral effects by binding in a 
concentration- dependent manner to oligosaccharides with high-mannose content on 
cell surface glycoproteins, specifically the HA glycoprotein on influenza, and pre-
vents viral entry into cells [84, 85]. Cyanovirin-N is limited in its use due to its 
dependence on the glycosylation of hemagglutinin, as influenza strains lacking this 
glycosylation (e.g., 2009 H1N1 pandemic) can display resistance to this treatment 
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[86]. Among animals infected with strains containing glycosylated HA proteins, 
however, cyanovirin-N was associated with a reduction in viral titers among lung 
and nasal samples [87].

8.2  Conjugated Sialidase (DAS181)

In initiating infection among respiratory epithelial cells, influenza must first bind to 
sialic acid residues present on epithelial cells [85]. DAS181 is a conjugated siali-
dase that functions to remove sialic acids present on host epithelial cells, thus ren-
dering influenza incapable of entering and infecting respiratory epithelial cells [85]. 
DAS181 was created as a conjugate protein consisting of a sialidase enzyme from 
Actinomyces viscosus and a respiratory epithelial anchoring domain and is primarily 
administered in an inhaled form [88]. The conjugated sialidase has been shown to 
reduce viral titers in lung and nasal washes of mice and ferrets, respectively, and has 
also been shown to demonstrate inhibitory effects on the H5N1 influenza A strain, 
as well as the H1N1 strain of the 2009 pandemic [89, 90]. In addition, DAS181 has 
also shown beneficial effects among oseltamivir-resistant strains, suggesting a 
potential use as a prophylactic and therapeutic agent for treating influenza [91].

8.3  Thiazolides

Thiazolides, specifically nitazoxanide, comprise a drug class that was initially 
developed to treat parasitic infections; however, drugs within this class have been 
shown to exhibit antiviral activity against DNA and RNA viruses [92, 93]. 
Nitazoxanide interferes with the terminal glycosylation of the HA glycoprotein, 
which prevents its translocation from the endoplasmic reticulum to the cell surface 
[94]. Studies are currently being conducted regarding nitazoxanide’s use in vivo; 
however, in vitro studies against influenza, hepatitis B, and hepatitis C have demon-
strated beneficial antiviral effects with limited resistance potential [95].

8.4  Small Interfering RNA (siRNA)

The final drug class under development for influenza treatment includes the small 
interfering RNAs (siRNAs). siRNAs are short sequences of single-stranded RNAs 
that target double-stranded influenza mRNA [96]. In in vitro and animal models, 
siRNAs have shown inhibitory effects on influenza’s replication, and in vivo effects 
have been elicited through inhaled and IV administration [97–100]. However, stud-
ies have shown a potential resistance mechanism to siRNAs through influenza’s 
high mutation rate, so the addition of host targets may be beneficial in decreasing 
the resistance potential [85, 101–103].
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9  Conclusion

The influenza virus is a negative sense single-stranded RNA virus within the 
Orthomyxoviridae family. Influenza A and B are both responsible for high rates of 
mortality and morbidity, and effective treatments for these viruses remain elusive 
due to the intrinsically high mutation rate of these strains [1]. This high mutation 
rate has prevented the development of a universal influenza vaccine and has resulted 
in the development of yearly influenza vaccines with efficacies ranging from 10% 
to 60% [18]. In addition, influenza’s genetic instability has also led to resistance 
against adamantanes, resulting in the discontinuation of this drug class.

Treatment of influenza can focus on direct inhibition of viral replication and/or 
symptom management. Drugs inhibiting viral replication include neuraminidase 
inhibitors and the viral polymerase inhibitor, baloxavir marboxil. Evidence-based 
medicine indicates that these drugs should be administered within 2 days of symp-
tom onset, when viral loads are still elevated [37]. Other interventions that lower 
mortality and/or ventilation time include hyperimmune IVIG, sirolimus, and a com-
bination therapy of oseltamivir, clarithromycin, and naproxen [63–65]. Of note, the 
use of systemic corticosteroids is associated with an increased risk of mortality and 
should be avoided [63]. In diagnosing a patient with acute influenza pneumonia, 
clinicians should use an evidence-based medicine approach that emphasizes antivi-
ral drugs and specific immunosuppressants [37].
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COVID-19: Molecular Pathogenesis 
and Prospective Therapeutic Interventions

Priya Shrivastava and Suresh P. Vyas

Abstract COVID-19 is a catastrophe taking a massive toll on humanity across the 
world. It is a highly transmissible airborne infection. The pathogen responsible for 
causing COVID-19 is severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV- 2). Coronaviruses (CoV) are named owing to the existence/appearance of the 
crown-like spike proteins on their surface. In the twenty-first century, they have 
emerged as severely devastating, transmissible, and pathogenic coronavirus to human 
community after the SARS-CoV (severe acute respiratory syndrome coronavirus) and 
the MERS-CoV (Middle East respiratory syndrome coronavirus). The symptoms of 
COVID-19 are typically similar to viral pneumonia. It is spreading persistently to 
almost all countries, with more than 457 million infected people resulting in more 
than 6 million deaths reported globally. The COVID-19 outbreak has been labeled a 
global pandemic by the world health organization (WHO). The pathogen (SARS-
CoV-2) targets the epithelial cells of the respiratory system, resulting in diffuse alveo-
lar damage. Here, in this chapter, we have comprehensively reviewed the information 
regarding SARS-CoV-2 infections, its molecular basis of pathogenesis, and prospec-
tive therapeutic interventions for the treatment of COVID-19 infection.

Keywords COVID-19 ·  SARS-CoV-2 ·  Molecular pathogenesis ·  Nanoparticles 
·  Vaccines

1  COVID-19: A Global Emergency

History shows that infectious diseases are a recurrent problem resulting in sheer 
devastation, of human lives, and also the economic front [1]. The world is aware of 
the Spanish flu of 1918 resulted in the death of nearly 50 million people worldwide 
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and a severe economic depression [2]. Even during the influenza pandemics of 1957 
and 1968, the development of vaccines was delayed, failing to provide effective 
protection during the severe phases of the outbreaks [3]. The pandemic has led to 
the spread of infection on a large scale. As a result, morbidity and mortality have 
increased greatly over a wide geographic area. This causes significant economic and 
social concerns [4].

Today, the world is facing a severe existential challenge as novel coronavirus 
disease has turned out to be a psychophysical and social crisis of unprecedented 
magnitude [5]. The novel coronavirus like any other virus is not a complete living 
being and depends on the cell machinery of the host for its survival, yet it has 
gripped the whole planet barring a few isolated islands [6]. World Health 
Organization (WHO) declared this as a global pandemic on March 12, 2020, and 
with the rising toll of precious human lives, the United Nations Secretary-General 
called this humanity’s worst crisis since World War II. This is a new version of 
world war not among the nations but along the nations of the world.

The coronavirus disease 2019 (COVID-19) is a highly transmittable airborne 
infection. Pathogenic SARS-CoV-2 is the causative organism. The emergence of 
highly pathogenic coronaviruses in 2003 SARS-CoV, in 2012 MERS CoV, now in 
2019 pathogenic SARS-CoV-2, is associated with a global “pandemic” situation. 
Patients with COVID-19 show clinical manifestations including fever, fatigue, 
myalgia, nonproductive cough, dyspnea, decreased leucocyte counts, and radio-
graphic evidence of pneumonia, which are similar to the symptoms of MERS-CoV 
and SARS-CoV infections. In humans, the effects of these viruses are correlated 
with viral pneumonia and severe respiratory tract infections [7].

The entry of the viral particle relies on the fine interplay between the virion and 
the host cell [8]. The initiation of the infection depends on the cross talk between 
viral spike (S) glycoprotein and angiotensin-converting enzyme 2 receptor (ACE2, 
cell surface receptor) [9]. ACE2 receptor is excessively expressed in airway epithe-
lial cells (AECs). This initial binding with the receptor mediates the viral entry into 
airway epithelial cells (AECs) and establishes host tropism [10]. After their binding 
with the receptor, enveloped viruses undergo fusion with the host cell membrane to 
deliver their nucleocapsid to the target cell [11]. The viral spike glycoprotein plays 
a pivotal role in entry into the host cell by facilitating receptor binding and mem-
brane fusion. The process of fusion entails the large conformational alterations of 
the viral spike glycoprotein. Apart from the viral receptor interaction, the proteo-
lytic cleavability of S glycoprotein has also been considered as an important deter-
minant of disease severity [12].

A plethora of literature reported the occurrence of impaired host immune 
response and production of an exaggerated inflammatory response particularly 
cytokines against viral infection. The term cytokine storm is now closely associated 
with the development and progression of SARS-CoV-2 infection. The cytokine 
storm can lead to excessive production of inflammatory mediators resulting in dam-
age to the host cells. The pro-inflammatory cytokine IL-6, in particular, is consid-
ered one of the pivotal mediators during SARS-CoV-2 infection and in an early 
phase of virus-receptor interaction [13]. The understanding of the high virulence 
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capacity of SARS-CoV-2 and the molecular and cellular factors involved in immune 
dysregulation will help in the development of potential targeted therapy against it. 
The three key principles in the management of the COVID-19 pandemic are (i) 
prevention, (ii) early detection, and (iii) targeted treatment [14]. “Drug repurpos-
ing” and “molecular docking analysis” are also considered attractive and emerging 
alternative strategies in analyzing suitable therapeutic candidates to address 
COVID-19 infection. Vaccine-based prevention has already been proven to be an 
effective way to stop infectious diseases and is currently instrumental in controlling 
the pandemic. Early detection of infected patients is crucial to identify the infection 
hotspots and accelerate treatment. Finally, targeted treatment might destroy the 
virus while minimizing damage to healthy tissue. Hence, novel technologies to 
facilitate prevention and early detection followed by targeted treatment of COVID-19 
are of paramount importance for global health. The purpose of this chapter is to 
focus on the clinical features, pathogenesis, diagnosis, and options and opportuni-
ties in the treatment of COVID-19.

2  Molecular Basis of Pathogenesis of COVID-19 Infection

2.1  Virology of SARS-CoV-2

SARS-CoV-2 are positive-sense, single-stranded enveloped RNA viruses from the 
Coronaviridae family. The genome of the coronavirus encodes two major groups of 
proteins, namely, (A) structural proteins, such as Spike (S) glycoproteins marking 
all coronaviruses, nucleocapsid (N) that protects the genetic information of virus, 
matrix (M), and envelope (E), and (B) replicase complex encoding nonstructural 
proteins, such as proteases (nsp3 and nsp5) and RdRp (nsp 12) [15]. This enzyme is 
an ideal target as it helps the virus to replicate, meaning that the viral replication and 
virulence depend on protease. Recent studies revealed that coronavirus, in particular 
SARS-CoV-2, shares a similar type of genomic organization with other beta coro-
naviruses. Like others, it produces ~800 kDa polypeptide upon transcription of the 
genome. The proteolytic processing is facilitated by papain-like protease (PLpro) 
and 3-chymotrypsin-like protease (3CLpro). It leads to the production of various 
nonstructural proteins required for the replication of viral particles. These enzymes 
could serve as a potential target site for the inhibitors of COVID-19 infection [16].

The SARS-CoV-2 exploits host machinery to produce its lipoprotein envelope, 
which is comprised of several S proteins that give the virus a crown-like appear-
ance. The M glycoprotein is also called the viral matrix protein. These proteins are 
associated with the envelope, linking the capsid to the viral glycoproteins inserted 
into the lipid bilayers. The N protein is pivotal for the morphogenesis phase of the 
life of a virus. The viral transmembrane spike (S) glycoprotein belongs to a trimeric 
class I fusion protein. It facilitates the entry of SARS-CoV-2 into the cell. It plays 
an essential role in facilitating cell attachment and subsequently its fusion with the 
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host cell membrane. It comprises of two distinct major domains, the RBD (receptor 
binding domain) at the amino-terminus of the S1 subunit and the carboxy-terminus 
(CTD) of the S2 subunit, which facilitates the fusion of the virus with the host cell 
membrane [17]. SARS-CoV and SARS-CoV-2 share a highly conserved S protein 
RBD with 79.5% genome sequence identity [18].

Previous research has demonstrated that the activity of spike glycoprotein 
depends upon its cleavage into the S1 and S2 subunits by host proteolysis enzyme. 
The coupling of the viral particle is promoted by the S1 subunit, whereas the S2 
subunit aids in the fusion of the virus with the host cell membrane. Furthermore, the 
N-terminal domain (NTD) and the C-terminal domain (CTD) of the S1 subunit can 
function as receptor-binding entities [19]. Both SARS-CoV and MERS-CoV use 
the CTD region of the S1 subunit to recognize the RBD; however, the region respon-
sible for SARS-CoV-2 S-glycoprotein-hACE2 receptor interaction is not yet known. 
Each monomer of S-glycoprotein has revealed that it has 22 N-linked glycosylation 
sites and 4 predicted O-linked glycosylation sites, according to a comprehensive 
genomic analysis. Cryo-electron microscopy (Cryo-EM) studies have demonstrated 
that 14–16 N-glycans exist on 22 potential sites in S-glycoprotein [20]. These are 
accountable for proper protein folding and priming of the host proteases. It is worth 
mentioning that the glycosylation pattern of the S-glycoprotein is one of the essen-
tial features that serve as a potential site for mutation. Moreover, it also allows 
SARS-CoV-2 to circumvent both innate as well as adaptive immune responses. 
According to a recent study, the prognosis of spike glycoprotein of SARS-CoV-2 
has a significant impact on the understanding of mechanism of cell entry as well as 
viral camouflage [21]. Additionally, it may promote the design and development of 
new bioactive(s), antibodies, vaccines, and screening of the human host targets.

2.2  Role of ACE2 Receptor in SARS-CoV-2 Infection

Angiotensin-converting enzyme 2 (ACE2) receptor protein is the common binding 
site for both SARS-CoV-2 and SARS-CoV to gain an entry into the host cell, 
whereas MERS-CoV bind to dipeptidyl peptidase 4 (DPP4 (a host receptor)) 
through the RBD (CTD) region [22]. ACE2 exists on the surface of the membrane 
of the host cells. After viral particle-ACE2 receptor binding, proteolytic activity is 
pivotal for the fusion of the S protein; its exposure allows the fusion of the virus 
with the host cell membrane. Subsequently, the S protein is proteolytically cleaved 
into S1 and S2 subunits. The proteolytic cleavage is achieved by the activity of the 
transmembrane protease serine 2 (TMPRSS2) and human airway trypsin-like prote-
ase (HAT). The S2 subunit of the S protein consists of a fusion peptide (FP) and 
heptad repeat domains HR1 and HR2. After insertion of the hydrophobic FP into the 
membrane of the cell, the three HR1 regions arrange into a coiled coils trimer. The 
three HR2 regions bind to the hydrophobic grooves of the HR1 trimer in an antipar-
allel manner. They interact and undergo irreversible conformational changes. As a 

P. Shrivastava and S. P. Vyas



273

result, the formed assembly that contains both HR1 and HR2 domains is known as 
a fusion core or six-helix bundle. The conformational rearrangement brings the viral 
particle and host cell membrane in close proximity to initiate the fusion events [23].

Several newly reported studies revealed that the three factors are the possible 
contributors to the virulence of SARS-CoV-2 infection. They could impact the 
pathogenicity of the infection. They include the following: (1) variations/differ-
ences in the RBD of the S protein, (2) variations/differences in characteristics of 
accessory proteins, and (3) the insertion of a polybasic cleavage site in the S protein. 
It is found that five of the six critical amino acids in the RBD of the S protein are 
pivotal for the S protein-ACE2 receptor cross talk/interaction. They are different in 
the case of SARS-CoV-2 and SARS-CoV. The S protein of the SARS-CoV-2 shows 
a stronger binding affinity for the ACE2 receptor as compared to the S protein of the 
SARS-CoV [24]. This could have reportedly rendered higher transmissibility and 
contagiousness to SARS-CoV-2 during the current pandemic.

2.3  Pathogenesis and Immunopathology of COVID-19

Once the viral particle enters the cells, its antigens will be presented to the antigen 
presentation cells (APC) in association with MHC 1, which is a crucial part of the 
body’s antiviral immunity. In humans, antigenic peptides are presented by major 
histocompatibility complex (MHC) or human leukocyte antigen (HLA). They are 
recognized by virus-specific cytotoxic T lymphocytes (CTLs). The antigen presen-
tation of SARS-CoV primarily relies on MHC I molecules. However, MHC II also 
contributes to its presentation.

The S protein present in the membrane of SARS-CoV-2 is considered as the most 
potent virus entry determinant into the host cell through the ACE2 receptor. 
According to study reported by Belouzard and coworkers, a significant cleavage 
event occurs by proteolytic enzymes (TMPRSS2 protease) at position S20 of S 
protein of the SARS-CoV-2. This results in membrane fusion as well as viral infec-
tivity followed by the release of viral RNA [25]. Other studies reported that the 
entry of viral RNA into the host cell is dependent not only on membrane fusion but 
also on the clathrin-dependent and/or clathrin-independent endocytosis [26]. When 
the viral RNA genome is released into the cytoplasm, it is translated into two struc-
tural proteins and poly-proteins which help in viral replication. Upon infection with 
the SARS-CoV-2 genome, the host cell is activated. A rapid and well-coordinated 
immune response, i.e., an innate and adaptive immune response, occurs. It repre-
sents the defense mechanism against viral infection. In endosome, membrane- 
specific pattern recognition receptors (PRRs), like Toll-like receptors (TLR3, TLR8, 
TLR7, and TLR9), secretary type PRRs like Mannose-binding lectin (MBL), and 
C-reactive protein (CRP) or the cytosolic RNA sensor, RIG/MDA5 can recognize 
viral RNA as pathogen-associated molecular patterns (PAMPs) [27].

Interferon (IFN) type 1 induces a potent innate immune response against viral 
infection and also elicits an effective adaptive immune response. This recognition 
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initiates a complex signaling cascade by recruiting adaptor proteins like mitochon-
drial antiviral-signaling protein (MAVS), IFN-β (TRIF), and stimulator of inter-
feron genes protein (STING) and activates downstream cascade molecules including 
adaptor molecule MyD88. This interaction activates transcription factors such as 
nuclear factor-κB (NF-κB) and interferon regulatory factor 3 (IRF3) and thus helps 
in nuclear translocation. In the nuclei, these transcription factors induce the produc-
tion of type I interferons (IFN-α/β) and a plethora of pro-inflammatory cytokines 
especially IL-6 [28]. Thus, interactions/cross talk between the host cell and virus 
build a complex set of first line of defense against the virus at the entry site. Type I 
IFN-mediated activation of the JAK-STAT pathway initiates the transcription of 
IFN-stimulated genes (ISGs) under the control of the IFN-stimulated response ele-
ment (ISRE). Accumulation of type I IFN can suppress viral replication and serves 
as an immune modulator that promotes phagocytosis of antigens by macrophage, as 
well as NK cell-mediated restriction of infected cells. Thus, blocking the production 
of IFNs or disorder of the JAK-STAT signaling pathway or altered expression of 
macrophages has a direct effect on the survival of the virus within the host cell [15].

Generally, Th1-mediated immune response plays a predominant role in adaptive 
immunity against viral infections. The responses of the T cell primarily rely upon 
the presence of the APC (antigen-presenting cells)-mediated cytokine microenvi-
ronment. CD8+ cytotoxic T cells (CTLs) are essential for the eradication of virus- 
infected cells. They carried out their killing function by secreting a cluster of 
molecules such as perforin, IFN-γ, and granzymes. Nevertheless, CD4+ helper T 
cells are the most important cells in adaptive immunity. They facilitate the overall 
adaptive immune response by assisting cytotoxic T cells. Furthermore, B-cell- 
mediated humoral immune response plays a protective role by producing the neu-
tralizing antibody and also impedes reinfection [29].

Some recent reports suggest that, in SARS-CoV-2-infected patients, an elevated 
level of chemokines and plasma cytokines, like interleukins (IL-1, IL-2, IL-4, IL-7, 
IL-10, 1L-12, 1L-13, and IL-17), IP-10, hepatocyte growth factor (HGF), macro-
phage colony-stimulating factor (MCSF), MCP-1, GCSF, TNF-α, IFN-γ, MIP-1α, 
etc., are associated with disease severity [30]. Like in SARS and MERS, the exis-
tence of “cytokine storm” and “lymphopenia” may have a significant or important 
role in the pathogenesis of COVID-19. Additionally, the persistence of cytokine 
storm might stimulate necrosis or apoptosis of T cells and may lead to their exhaus-
tion like in cancer and other chronic infections. This “cytokine storm” is account-
able for commencing viral sepsis followed by lung injury induced due to 
inflammation, which may manifest in other complications like acute respiratory 
distress syndrome (ARDS), pneumonitis, respiratory failure, sepsis shock, organ 
failure, and potentially death. Patients associated with severe COVID-19 infection 
showed a marked decrease in the number of circulating B cells, CD8+ cells, CD4+ 
cells, and natural killers (NK) cells, as well as a decrease in eosinophils, monocytes, 
and basophils [31].
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Table 1 Variants of SARS-CoV-2 that are currently designated as variants of concern

Variant 
name Lineage Status

Alpha 
(α)

B.1.1.7 It was first identified in the United Kingdom in December, and it is 
estimated to be 50% more contagious. Now it is the dominant variant in 
the United States

Beta (β) B.1.351 In December, it appeared in South Africa. Against this variant, the 
effectiveness of some vaccines is reported to be limited

Gamma 
(γ)

P.1 In late 2020, it appeared in Brazil. The variants are comparable to those 
found in B.1.351

Delta B.1.617.2 It is very prevalent in India. Among all other variants, only this variant 
carries the L452R spike mutation

Omicron B.1.529 Detected in Botswana, South Africa, and Hong Kong in November 2021, 
it has emerged as a new SARS-CoV-2 variant of concern

Omicron 
XE

BA.1; 
BA.2, 
BA.3

Omicron has since continued to evolve to have multiple different 
lineages or genetically related subvariants. This includes the original 
Omicron BA.1 and also BA.2 and BA.3. These are the recombinant 
variants of omicron. A “recombinant” variant has emerged “Omicron 
XE,” which is the result of two omicron strains merging together in a 
single host and then going on to infect others. BA.2 is more infectious 
than BA.1 and has now taken over or outcompeted BA.1 to become the 
new dominant form of the SARS-CoV-2 virus worldwide

2.4  Coronavirus Variants and Mutations

Invariably coronavirus possess almost 30,000 RNA letters. In the course of infec-
tion, this genetic information is used by the virus to replicate within infected cells. 
Mutations arise when the virus amplifies in the host cell. If the developed mutation 
doesn’t induce excessive variations, lineages are formed. A new strain is formed if 
diverse mutations arise in a lineage and may significantly change the viral epidemi-
ology. COVID-19 is caused by a new coronavirus, which belongs to the SARS- 
CoV- 2 strain. Scientists are concerned about various SARS-CoV-2 variants 
produced throughout the outbreak because they can culminate into prolonged pan-
demic and reduced the effectiveness of vaccines. Many variants of this novel virus 
have been identified, but scientists are more concerned about four more dangerous 
and five designated variants of interest [32–34]. Table 1 presents these four variants 
that are currently designated as variants of concerns.

3  Diagnosis of COVID-19

The current standard molecular technique that is used to detect SARS-CoV-2 infec-
tion (COVID-19) is the real-time reverse transcription-polymerase chain reaction 
(rRT-PCR), which detects RNA from SARS-CoV-2 and provides accurate results 
[35]. However, the technique has some limitations of requiring sophisticated 
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equipment and a laboratory with biosafety level 2 or above. Furthermore, the time 
required to obtain the results is up to 3 days. The method is time-consuming. It is 
not exceptionally suitable for public health emergencies such as the one we are 
presently experiencing after the release of SARS-CoV-2 [36]. Several alternative 
testing techniques targeting different parts of the SARS-CoV-2 genetic profile have 
been developed worldwide, e.g., the rapid antigen test (RAT), enzyme-linked 
immune sorbent assay (ELISA), and chemiluminescence immunoassay [37]. 
However, critical issues related to the low accuracy and reliability of some of these 
test kits, especially at the beginning of the outbreak, were reported, affecting health 
care systems globally. Additionally, the huge amount of reagents required for test-
ing has also become a bottleneck.

In the present scenario, the development of point-of-care (PoC), low cost, and 
efficient devices, capable of providing robust, fast, and reliable responses, is urgently 
needed. The tools and methods developed for this purpose should be simple enough 
to be used on-site and in the field. These should not necessarily require trained spe-
cialists to operate them.

4  Treatment Strategies for COVID-19

The new coronavirus (SARS-CoV-2) has claimed lives of more than a million peo-
ple and is affecting thousands daily. Clinical trials are testing different drugs to find 
a potential therapeutic cure for COVID-19. They are being carried out in which 
potential antiviral treatment targets are being explored, such as restraining viral 
proteins identified for genome replication or blocking viral sections into human 
cells. There are numerous pharmacological strategies that may possibly fight against 
the SARS-CoV-2 virus including drug-based therapies or drug repurposing, stem 
cell therapies, plasma therapies, monoclonal antibodies, immunization/vaccines, 
and nanotechnology-based targeted therapies. Effective solutions against coronavi-
rus can be based on their active component: those which act on viral proteins and 
proteins involved in RNA replication and union and those which act on the viral 
auxiliary proteins, restraining self-assembly or blocking the infection. The S protein 
could be a prime target for vaccine development. The possible treatment strategies 
for SARS-CoV-2 infection including drug therapy, plasma therapy, vaccine method-
ology, and nanotechnology-based targeted therapy are discussed in this chapter.

4.1  Repurposed Drug-Based Therapy

Vaccines are essentially protective; however, they are not entirely effective in pre-
venting serious illness or the spread of the virus, especially in the case of newer 
variants. Some of the drugs that are being applied as investigational medicines 
against SARS-CoV-2 infection are repurposed medications primarily designed to 
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cure other viral diseases. Chloroquine (CQ) is a drug that is widely used against 
malaria, and in 2006 it was observed that it has an antiviral potential too [38]. The 
functional mechanism of CQ is that it reportedly increases the endosomal pH and 
thus arrests the endosomal maturation, and as a result cytosolic entry of the virus is 
inhibited. This also interferes with the glycoproteins of cellular receptors of SARS- 
CoV- 2 which bind to their targets. Consequently, by interfering with the binding of 
viral particles to the host cell surface receptors, CQ can disrupt the pre-entry step of 
the viral cycle [39, 40]. A study demonstrated the efficiency of chloroquine against 
SARS-CoV-2 infection. In vitro infection studies were carried out on Vero E6 cells 
at a multiplicity of infection (MOI) of 0.05. Chloroquine was found significantly 
effective in reducing viral replication. It can block SARS-CoV-2 infection at a low 
concentration (half-maximal effective concentration (EC50) of 1.13 μM and a half- 
cytotoxic concentration (CC50) larger than 100 μM [41].

Another study reported that the in vitro replication of HCoV-229E in epithelial 
lung cell cultures was inhibited upon treatment with chloroquine. It is also effective 
in vitro against the Middle East respiratory syndrome coronavirus (MERS-CoV) 
[42]. Hydroxychloroquine (HCQ) is a derivative of chloroquine. It is one of the 
antirheumatic bioactive(s). It is used for healing many rheumatic diseases. It dem-
onstrates a strong immunomodulatory capacity which prevents inflammation flare- 
ups and organ damage. Both chloroquine and hydroxychloroquine can raise the 
intracellular pH and inhibit the fusion process between viruses and endosomes. 
They can also inhibit nucleic acid replication, glycosylation of viral proteins, virus 
assembly, new virus particle transport, virus release, and other processes to achieve 
antiviral outcomes [39]. The pharmacological activity of chloroquine and hydroxy-
chloroquine was checked out in one study. The Vero cells were infected with SARS- 
CoV- 2. In vitro studies revealed that hydroxychloroquine (EC50 = 0.72 μM) was 
more potent than chloroquine (EC50  =  5.47 μM) with relatively low EC50 value 
[43, 44].

Successful and effective pharmacotherapeutic strategies against COVID-19 
infection can be explored either using specialized therapies to block viral spike con-
nections like peptide fusion inhibitors or utilization of the broad-spectrum antiviral 
bioactives like protease inhibitors that cleave the bonds between long strings of 
protein subunits. These subunits are used by the SARS-CoV-2 to make the proteins 
needed for its replication within human cells. Without them, the virus cannot multi-
ply [45].

Anti-SARS-CoV-2 neutralizing monoclonal antibodies and anti-ACE2 monoclo-
nal antibodies are potential pharmacotherapeutic alternatives. Clinical trial-based 
reports indicate that a few antiviral drugs, such as favipiravir, remdesivir, and mol-
nupiravir, are helpful in some cases. Molnupiravir is a new antiviral bioactive which 
demonstrated activity against SARS-CoV-2. It has been proven that the drug is safe 
and has antiviral activity in humans. It is under phase 3 clinical trial. Favipiravir is 
another drug that has been used for treating SARS-CoV-2 infection that may reduce 
hospitalization time and may exclude the need for mechanical ventilation [46]. 
Favipiravir inhibits RNA-dependent RNA polymerase. Besides its action against 
the influenza virus, this antiviral drug can inhibit the replication of other RNA 
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viruses. Once it enters the cells, it gets transformed into an active form by becoming 
phosphoribosylated (favipiravir-RTP). It inhibits viral RNA polymerase by recog-
nizing its activity. Thus, favipiravir could be the potential drug candidate for SARS- 
CoV- 2 infection. Previous studies have demonstrated that the drug is independently 
demonstrated its role in fast and active viral clearance. It showed significant prog-
nosis in chest imaging. Moreover, the drug has a positive impact on patients with 
COVID-19 positive tests. However, it should be noted that patients with mild-to- 
moderate COVID-19 have shown a better prognosis than patients with severe dis-
eases. Favipiravir probably has no beneficial effect on mortality in the general group 
of patients with mild-to-moderate symptoms of COVID-19 [47, 48].

In October 2020, FDA approved the antiviral bioactive remdesivir for the treat-
ment of COVID-19. It is an adenosine nucleoside analog. Vero E6 cells were used 
for testing remdesivir’s antiviral activity. In vitro infection studies demonstrated that 
the EC50 value of remdesivir against SARS-CoV-2 was 0.77 μm, and the EC90 was 
1.76 μm. SARS-CoV-2-infected patients in Washington, USA, demonstrated clini-
cal improvement after treatment with remdesivir. No noticeable side effects were 
observed. The result of real-time RT-PCR analysis from the oropharyngeal swab 
was negative for SARS-CoV-2 after 13 days of treatment with remdesivir. Clinical 
trials showed that, in these patients, remdesivir can moderately accelerate/improve 
recovery time [49, 50]. Ribavirin is another bioactive that is easily available at low 
cost; thus, this may support its potential for positive in the treatment of COVID-19 
infections. Ribavirin is a nucleotides derivative that competes with physiological 
nucleotide RNA-dependent RNA polymerases active site [51]. One of the studies 
reported that the EC50 against SARS-CoV-2 for ribavirin was found to be 
109.5 μM. The combination of IFN and ribavirin reduces the viral replication and 
severity of the SARS-CoV-2 infection in animal models [52]. Similarly, nitazoxanide 
has been found to inhibit both cell entry and viral particle assembly. Thus, it could 
improve viral clearance in patients with symptomatic COVID-19 [53].

Dexamethasone is a glucocorticoid drug preferably used to treat rheumatic prob-
lems, some skin conditions, severe allergies, asthma, chronic obstructive pulmonary 
disease, brain swelling, and eye pain after eye surgery and as an adjunct therapy for 
tuberculosis. Remdesivir and dexamethasone are said to be alternative therapies that 
are effective against SARS-CoV-2-related diseases. Dexamethasone has been found 
to reduce the incidence of death in ventilated patients [54].

Angiotensin-converting enzyme 2 (ACE2) is an essential severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) receptor. It protects multiple tissues, 
including the lung, from injury as a regulator of the rennin-angiotensin system. 
Thus, ACE2 has become the target for drug design and development for the treat-
ment of COVID-19 infection [55]. Human recombinant soluble ACE2 (hrsACE2) 
was developed by APN01 [Apeiron Biologics Vienna, Austria] in one of the newly 
developed drug moieties [56]. It has two modes of action that seem be of benefit in 
SARS-CoV-2 infection. The first includes binding or linking the viral spike protein 
to the receptor and thereby neutralizing SARS-CoV-2, and the second it minimizes 
injury to multiple organs, including the lungs, kidneys, and heart because of 
unabated rennin-angiotensin system hyperactivation and increased angiotensin II 
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concentrations. hrsACE2 has been tested in 89 patients, with an acceptable safety 
profile including healthy volunteers in phase I studies and in patients with acute 
respiratory distress syndrome (ARDS) in phase 2 clinical studies. Moreover, 
hrsACE2 could reduce SARS-CoV-2 load by a factor of 1000–5000 when tested in 
in vitro cell-culture experiments and engineered organoids. This demonstrates that 
the ACE2 can effectively neutralize SARS-CoV-2. PF-07321332 is a completely 
different drug that prevents the virus from multiplying within the host. Pfizer devel-
oped this drug in the early 2000s as a potential treatment for SARS caused by the 
SARS-CoV corona virus. At the beginning of the COVID-19 epidemic, they 
retrained it against SARS-CoV-2, which has similar biology. When the drug was 
given orally to mice, it could effectively block the coronavirus [57–60]. Tables 2 and 
3 present the drug-dosage form regimens for COVID-19 in adults and children.

4.2  Plasma-Based Therapy

Convalescent plasma therapy, often referred to as COVID plasma therapy, is an 
experimental procedure to cure SARS-CoV-2 infection. The treatment involves the 
collection of plasma from a person who has recovered from the COVID-19 infec-
tion and injected into a person who is suffering with the disease [72]. The plasma 
contains the antibodies that help a patient in fighting the pathogen and recovering 
from the infection. The USFDA has given emergency authorization for convalescent 
plasma therapy with high antibody levels to treat SARS-CoV-2 infection. The ther-
apy may be given to people with COVID- 19 who are in the hospital and are an early 
stage of their illness or have a weak immune system. This may help people recover 
from COVID-19. It may alleviate the severity or shorten the length of the disease. 
However, this therapy is also associated with certain drawbacks. These include 
allergic reactions, lung damage and difficulty in breathing, infections such as hepa-
titis B and C and, HIV, etc. It’s not yet known if this therapy could be an effective 
treatment for SARS-CoV-2 infection. However, the therapy is yet to be explored for 
its use in COVID-19 infection [73].

4.3  Vaccine-Based Therapy

In January 2020, the genetic sequence of the coronavirus (SARS-CoV-2) that causes 
COVID-19 was identified. The genetic sequencing motivated global initiations for 
making an efficient vaccine for this disease. The impact of the COVID-19 outbreak 
on humanity and the economy globally necessitated the development and evaluation 
of next-generation vaccine technology. The first COVID-19 vaccine candidate 
entered a human clinical trial for testing with unprecedented quickness was on 
March 16, 2020 [74]. According to the WHO report, there were 320 vaccine candi-
dates in progress, as of October 8, 2021, with 194 in the preclinical development 
stage while 126 in clinical progressions.
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Table 2 Overview table: Drug-dosage form regimens of treatment for adults for SARS-COV-2 
infection

Bioactive(s) (monoclonal 
antibodies, repurposed drugs, etc.) Targets

Mechanism of 
action/description Dose/administration

Refer-
ences

Drug-dosage form regimens of treatment for adults

Repurposed USFDA-approved bioactive(s)

Favipiravir Viral RNA 
polymerase

Blocks purine 
analog in order to 
synthesize viral 
RNA

Doses vary based on 
indication. Available 
as 200-mg tablet. 
Administration: 
Tablets can be 
crushed or mixed with 
liquid, 
bioavailability>95%

[61]

Remdesivir 200 mg × 1100 mg 
every 24 h IV 
infusion. Available as 
5-mg/ml vial. 
Administration: 
30-min IV 
(intravenous) infusion

[62]

Ribavirin It is a guanosine 
(ribonucleic) 
analog used to 
block viral mRNA 
capping and 
ultimately viral 
synthesis

500 mg IV BID 
(twice a day) or TID 
(thrice a day)

[63]

Umifenovir/Arbidol SARS- CoV- 2 
spike 
glycoproteins

It impedes 
trimerization of 
SARS-CoV-2 
spike 
glycoproteins and 
inhibits host cell 
adhesion. It is 
being trialed for 
prophylactic 
action against 
SARS-CoV-2 
infection

200 mg every 8 h by 
mouth 7–14 days (d). 
Available as 50 mg 
and 100 mg tablets, 
capsules, and 
granules.

[64, 
65]

(continued)
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Table 2 (continued)

Bioactive(s) (monoclonal 
antibodies, repurposed drugs, etc.) Targets

Mechanism of 
action/description Dose/administration

Refer-
ences

Chloroquine/hydroxychloroquine Heme 
polymerase 
and ACE2

It increases 
endosomal pH and 
terminal 
glycosylation of 
ACE2 in order to 
inhibit SARS-
CoV-2 entry

Chloroquine
500 mg by mouth 
12–24 h × 5–10 d. 
Available as 250-mg 
tablets (salt), 500-mg 
tablets (salt), and 
500-mg tablets of 
chloroquine 
phosphate 
(salt) = 300-mg 
chloroquine base
Hydroxychloroquine
400 mg by mouth 
every 12 h × 1 d and 
then 200 mg by 
mouth every 12 h × 4 
d. Alternative dosing: 
400 mg by mouth 
daily×5 d or 200 mg 
by mouth 3times/d for 
10 d

[66]

Lopinavir Viral protease It inhibits PLpro 
and 3CLpro, 
thereby disrupting 
the process of 
viral replication in 
SARS-CoV-2 
infection

400 mg/100 mg by 
mouth every 12 h for 
up to 14 d. Available 
as lopinavir/ritonavir, 
200 mg/50 mg tablets

[67]

Nitazoxanide Glutathione-
S-transferase

It alters pH and 
inhibits viral 
maturation. 
Previously used in 
protozoan 
infection, 
helminthic 
infection, and 
tuberculosis

500–600 mg twice 
daily for 5 d

[61]

Ritonavir Cytochrome 
P450 3A

It binds to the 
protease active 
site and inhibits 
the enzyme’s 
activity

400 mg/100 mg by 
mouth every 12 h for 
up to 14 d. Available 
as lopinavir/ritonavir, 
200 mg/50 mg tablets

[68]

Monoclonal antibody therapy

Tocilizumab IL-6 receptor Obstructs 
IL-6-mediated 
signal 
transduction

400 mg IV or 8 mg/
kg × 1–2 doses. 
Second dose 8–12 h 
after first dose if 
inadequate response. 
Available as IV 
infusion injections 
(20 mg/ml)

[69–
71]
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Table 3 Overview table: Drug-dosage form regimens of treatment for children for SARS-COV-2 
infection

Bioactive(s) Targets Age
Drug-dosage form regimens of 
COVID-19 in children

IFN-α Enhances interferon- 
stimulated gene 
expression (ISG) via 
JAK/STAT signaling. 
They hinder viral 
multiplication and 
shedding

Nebulization: using 
with caution in 
neonates and infants 
younger than 
2 months

Nebulization: 200,000–
400,000 IU/kg or 2–4 μg/kg in 
2 ml sterile water, twice daily for 
5–7 d. Spray: 1–2 sprays on each 
nostril 8–10 sprays on the 
oropharynx, once every 1–2 h, 
8–10 sprays/d for 5–7 d

Remdesivir Viral RNA polymerase ≥3 to <40 kg 5 mg/kg IV dose on day 1, 
followed by 2.5 mg/kg IV every 
24 hours

Arbidol SARS-CoV-2 spike 
glycoproteins

≥2 years for 
influenza in Russia

No recommendation

Lopinavir/
ritonavir

Lopinavir:
viral protease
Ritonavir: cytochrome 
P450 3A

China: oral solutions 
≥6 months, tablets 
≥2 years. USA: oral 
solutions ≥14 days, 
tablets ≥6 months

Body weight (kg)
7–15: 12 mg/3 mg/kg/time, 
twice daily for 1–2 weeks

Chloroquine 
diphosphate

Heme polymerase and 
ACE2

Using with caution No recommendation

Ribavirin Viral RNA polymerase China: oral dosage 
forms ≥6 years. 
United States and 
Europe: oral dosage 
forms ≥3 years

Intravenous infusion at a dose of 
10 mg/kg every time (500 mg 
every time), 2–3 times daily

The vaccine candidates that recently received clinical approval by international 
and national agencies/authorities differ in their design. They include subunit vac-
cine, deactivated vaccine, nucleic acid vaccine, live-attenuated vaccine, and viral 
vector vaccine [75]. Inactivated or killed viral vaccines are referred to a type of vac-
cine that contains pathogens (virus/bacteria) which have been killed applying a 
physical or chemical process. They are capable of replicating in human or animal 
bodies [76]. The physicochemical agents that are used in the process include heat 
treatment, radiation (e.g., gamma radiation), pH, formaldehyde, glutaraldehyde, etc. 
The live-attenuated vaccines consist of the weakened forms of the virus that can 
poorly replicate in the cell but can’t cause a severe disease. These vaccines have 
been used by billions of people and usually offer immunity for decades [77]. 
Another type of vaccine is subunit vaccines which are based on viral particles. 
These vaccines typically contain adjuvants or molecules that increase the magni-
tude with moderate immune response. The conjugated vaccines such as 
polysaccharide- based antigens are carried by protein carriers. This type of vaccine 
can be classified as a subclass of subunit vaccines [78]. Another class of vaccine is 
viral-vector-based vaccine. They can enhance immunogenicity without an adjuvant. 
They elicit robust cytotoxic T lymphocyte (CTL) response to eliminate the cells 
infected with viruses. The typical/conventional viral vectors are adenoviruses, 

P. Shrivastava and S. P. Vyas



283

poxviruses, recombinant bacteria, plasmid DNA and RNA, etc. RNA- or DNA-
based vaccines are expressed in the host cell instead of direct injection of the anti-
gen or complete virus particles [79].

Vaccines are potentially designed to make numerous diverse antibodies to iden-
tify special parts of the virus. So, if one particle of the virus mutates, the antibodies 
could figure out another part of the virus [80]. In view of the ongoing COVID-19 
outbreak, the vaccine companies are making a new class of vaccines that ought to 
work against the latest strains of SARS-CoV-2.

4.3.1  Mechanisms of Vaccines Against SARS-CoV-2

US FDA has approved various types of vaccines that are being used globally. The 
functional mechanism of each vaccine in the body is different and unique. In this 
section, we briefly introduce the major mechanisms of vaccines against novel coro-
navirus (SARS-CoV-2).

mRNA-Based Vaccines

The dynamic element that encodes for viral spike glycoprotein (s) of SARS-CoV-2 
is the nucleoside-modified messenger mRNA (modRNA). This mRNA acts as a 
template for producing the specific protein that initiates the host’s immune response 
against the virus. The mRNA in mRNA vaccines is wrapped in lipid nanoparticles 
(LNPs), which aids in the RNA transport and protects it from degradation with salts 
that function as a buffer. Another consideration is sucrose, which serves as a cryo-
protectant [81]. The LNP-mRNA cargos enter the muscle cells via endocytosis 
shortly after infusion, and then the mRNA is transcribed. Subsequent to, invading 
antigen-presenting cells (APCs) can be recruited by a network of blood arteries next 
to the muscles [82]. The vaccine molecules then collide with the membrane and 
penetrate the cells. Afterward, the mRNA is released and then translates inside the 
host to form the SARS-CoV-2 S glycoprotein [83]. Spike proteins are then assem-
bled to form spikes that travel to the cell’s surface and stick out their tips from the 
membrane. Apart from this, the vaccinated cells start fragmentation of a few spike 
proteins so that the immune system can recognize them. When a vaccinated cell 
dies, it leaves a lot of spike proteins and protein fragments behind as debris. They 
are then picked up by specialized immune cells called APCs. The APCs display the 
pieces of the uptaken spike proteins on their surface. Subsequent to MHC-associated 
presentation, helper T cells, another type of immune cell, detect these pieces and 
send out the signals for the B cells which offer assistance to fight the infection by 
synthesizing antibodies. When B cells come in contact with coronavirus spikes on 
the surface of vaccinated cells or free-floating spike protein, they get attached to it, 
draw it inside, and show spike protein fragments on its surface. If these B cells are 
activated by helper T cells at that point, they will multiply and produce antibodies 
against the spike proteins from joining alternative cells. APCs can also activate a 
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Fig. 1 Schematic representation of immunological mechanism of lipid nanoparticle-based mRNA 
vaccines against SARS-CoV-2

type of immune cell known as killer T cells with spike protein fragments on their 
surfaces [84]. The mechanism is shown in Fig. 1.

Adenovirus-Based Vaccines

This vaccine has been produced by adding the coronavirus spike gene into different 
adenoviruses, such as Ad26 and Ad5. These adenoviruses can invade cells but can’t 
replicate [85]. In the Gamaleya vaccine, both of these adenoviruses have been used. 
In the CanSino vaccine, the coronavirus spike protein gene was converted to AD5, 
and, in Janssen, AD26 was utilized. However, the basis of Oxford-AstraZeneca has 
been ChAdOx1, a modified variant of a chimpanzee adenovirus. After vaccination, 
these adenoviruses strike the cells. Subsequently, they plug into their surface pro-
teins. The virus is then endocytosed by the cell. Afterward, the viral RNA migrates 
to the nucleus, and the cell begins to produce spike proteins. Some spike proteins 
get fragmented and travel to the surface of the cells where they stick out through 
their tips. As said above, the antigens are recognized by specialized immune cells 
(APCs, T helper cells, and B cells), and antibodies are produced. If the virus inva-
sion happens again, antibodies can lock onto neutralizing coronavirus spikes, label 

P. Shrivastava and S. P. Vyas



285

Fig. 2 Diagrammatic representation of immunological mechanism of adenovirus vector-based 
vaccines against SARS-CoV-2

the virus for destruction, and inhibit the infection [86, 87]. The mechanism is shown 
in Fig. 2.

The major problem that researchers are concerned about is that the immune sys-
tem could respond to an adenovirus vaccine by producing antibodies, causing the 
second dose ineffective. The Russian vaccine, i.e., the Sputnik V vaccine, has solved 
this problem [88]. The vaccine is two doses vaccine consisting of two components. 
It utilizes two adenoviruses. Recombinant Ad26 is used in the first injection and 
Ad5 for the second dose to boost the vaccine’s effect. The adenovirus-based vac-
cines against COVID-19 are more durable than Pfizer and Moderna’s mRNA vac-
cines, because, one, the adenovirus’s strong protein shield helps safeguard the 
genetic information (DNA) within and, two, RNA is much more sensitive and deli-
cate than DNA. Therefore, adenovirus-based vaccines should be stored in the refrig-
erator. Nevertheless, the vaccine does not require minimum storage temperatures 
(−80 °C). A list of different vaccines developed so far against COVID-19 is dis-
cussed in Table 4.

5  Nanotechnological Interventions in COVID-19 
Vaccine Development

Nanotechnology-based approaches could help in providing potential solutions to 
combat SARS-CoV-2 infection. Nanodiagnostics, for example, depend on the bind-
ing of nanoparticles to the targeting moiety of interest to induce a quantifiable/
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measurable signal, allowing the recognition or identification of biomarkers or 
pathogens [89]. This approach enables the modulation and assessment of single 
molecules. It relies on the use of smaller devices, and platforms to exploit nanoscale 
attributes resulted as a consequence of interactions or cross talk between surfaces 
and biomolecules. With innovative nanotechnological developments, the diagnosis 
is being carried out on a molecular level. This leads to the utilization of handheld 
devices that are easy to use, simple, and marketable. Additionally, they are stable, 
highly sensitive, and accurate. Rapid testing and the detection of diseases or infec-
tions at early stages could be possible by using this technology. Besides, in case of 
nanodiagnostics (especially biosensors), the amount of chemical reagents needed 
for the analysis is significantly reduced. In addition to this, the established method-
ologies do not necessitate specialized apparatus or instrumentation. This could pave 
the way to attain simple-comprehensive responses in the biosensors.

In regard to vaccination, the most remarkable strategy for the development of 
nanosized vaccines relies on virus-like particles (VLPs). They are macromolecular 
complexes formed by structural viral proteins. They are capable of mimicking the 
virus. However, they lack the genome, and therefore VLPs do not replicate and are 
noninfective. The potential benefits of vaccines based on VLPs include increased 
safety (in comparison to whole virus-based vaccines), high immunogenicity owing 
to their complexity (in comparison to soluble antigens), and the preservation of the 
native antigenic determinants. Consequently, robust and protective immune 
responses could be achieved [90].

The vaccines’ development against COVID-19 is under progress, and several 
clinical trials are underway; most of them are based on nucleic acids given their 
simpler production when compared to protein-based vaccines. The most advanced 
candidates are RNA vaccines expressing the spike (S) protein. They are considered 
an attractive target to lead to virus neutralization by antibodies elicited by vaccina-
tion [91]. An efficient packing mechanism is essential to avoid RNA degradation 
before delivery to the host translational machinery. Cationic lipid nanoparticles, 
initially designed for nucleic acid delivery in cancer immunotherapy and other vac-
cine applications, can help meet this need. Using cationic lipids, mRNA is effi-
ciently condensed into solid-lipid nanoparticles which are taken up by the host 
APCs through endocytic or phagosomal routes. On the other hand, full-length spike 
protein or viral components can be encapsulated or self-assembled into nanoparti-
cles as an option for using nanoparticles for vaccine development against SARS- 
CoV- 2 [92]. Nanoparticles not only protect the native structure of the antigen but 
also enhance antigen delivery and presentation to APCs. Many biological systems, 
including viruses (particularly SARS-CoV-2) and proteins, are nanosized. Therefore, 
vaccination via nanocarriers provides some advantages. Nanoparticles can be 
administered via subcutaneous, oral, intranasal, and intramuscular routes. They are 
being developed to overcome the tissue barriers such as epithelial barriers (airway, 
nasal, gastrointestinal, etc.) and target critical sites such as lymph nodes and muco-
sal sites. Another application of nanotechnological strategies in vaccine develop-
ment is VANs (vaccine adjuvant nanoparticles), which are considered to increase an 
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overall effectiveness and safety of the elicited immune response. Vaccine adjuvants 
are essential, especially in the case of the SARS-CoV-2 infection, for decreasing the 
needed antigen dosage (dose-sparing), allowing for the manufacture of more units, 
and making it available to a broader population [93, 94]. Various other emerging 
vaccinology trends are entering the scene to produce innovative candidates that are 
safe, accessible, and easy to administer.

6  COVID-19 Global Vaccination Campaign

The current COVID-19 vaccination program seeks to attain worldwide vaccination 
coverage, which will be great support in pandemic control. As a result, individuals 
who refuse to get vaccinated or neglect COVID-19 vaccination may slow overall 
vaccination coverage. This leads to lower vaccination rates [95]. Moreover, this 
may impede worldwide efforts to control the spread of SARS-CoV-2. The unvac-
cinated individuals may act as SARS-CoV-2 reservoirs, producing more outbreaks. 
According to the WHO, vaccine hesitancy is one of the most serious threats to 
global health. The importance of social attitudes in developing herd immunity can-
not be overstated. It is important to note that, in order to achieve a successful and 
effective vaccination program, governments and social media platforms should 
motivate individuals to work together or collaborate to address the public health 
problems [96]. They should also provide information to alleviate their fears and 
anxieties. Concerns about the distribution of vaccinations and how they are deliv-
ered are also significant issues for COVID-19 immunization. People are sorted into 
groups based on their vaccination priority. First, this is critical for ensuring a fair 
and equitable distribution of vaccinations worldwide to respond effectively to the 
SARS-CoV-2 outbreak [97]. A proper vaccination distribution, according to the 
centers for disease control and prevention (CDC), will contain the following: phase 
1a involves vaccination of healthcare personnel and long-term care residents, 
phase 1b involves essential frontline employees and persons over the age of 75, 
and phase 1c involves people aged 65–74 or 16–64 with underlying medical prob-
lems and other essential workers. Following that, when vaccination doses become 
available, more categories will be included. The affluent nations have already 
secured 60% of the entire COVID-19 vaccine supply for their populations. Vaccine 
dosages adequate to vaccinate their people several times have been preordered in 
some of these nations. The worldwide vaccination coverage will be attained only 
by guaranteeing equitable access to COVID-19 vaccines. COVAX is a worldwide 
movement by WHO, the coalition of Epidemic Preparedness Innovations, and 
Gavi, the Vaccine Alliance, that guarantees equitable access to COVID-19 vac-
cines [98, 99].
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7  Conclusion and Future Prognosis

The ongoing global COVID-19 outbreak is an emerging global pandemic threat. 
Global attention is urgently required to prevent more disasters, including significant 
social, psychological, and economic dilemmas. It can cause severe permanent respi-
ratory syndromes and other organ malfunctionality and in some cases death. It has 
become a potential clinical concern to healthcare workers and the general public 
worldwide. The knowledge and information about this novel coronavirus are still 
limited, and we are still learning more and more about it. Therefore, the abovemen-
tioned challenges urgently require the development and availability of fast, cheap, 
reliable, and accurate diagnostic tools and techniques and effective therapeutic 
strategies for the prevention and cure of SARS-CoV-2 infection. More research and 
studies are needed to further investigate and explore the transmission and pathoge-
nicity mechanism of the emerging novel coronaviruses. Antiviral therapy and vac-
cination are actively being evaluated and developed as viable and effective options. 
However, there is a lack of specific or effective antiviral bioactive(s) for many 
SARS-CoV-2 strains. Several clinical trials are going on, and lots of potential 
herbal/chemical therapies are being used. However, among all mentioned therapies, 
vaccination seems to be the most promising approach to reduce mortality and per-
manent side effects of this disease. The development of nanodiagnostic tools and 
nanoscale drug delivery systems for the detection or inactivation of the virus is the 
need of the hour. They are expected to play a paramount role in the success of pro-
phylactic and therapeutic strategies. SARS-CoV-2 infection is not only a critical 
threat for the population with risk factors but also generates a dramatic economic 
impact and drift in terms of morbidity and the overall interruption of economic 
activities. What we can do now is to explicitly implement measures to control the 
infection and to prevent the spread of the SARS-COV-2 via human-to-human trans-
mission. Perspectives on how vaccines and antiviral nanosystems can be imple-
mented to fight against COVID-19 infection should be well reviewed and envisioned. 
The approaches that can be implemented in the short term and those that deserve 
long-term research to cope with respiratory viruses-related pandemics in the future 
should be identified. Public health officials or authorities may recommend addi-
tional actions. They should keep monitoring the situation, as the more we learn 
about this novel SARS-CoV-2 virus and its associated outbreaks, the better we can 
respond and prepare to square up the problems.
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Nano-Drug Delivery Systems 
for COVID- 19 Drug Delivery

Komal Parmar and Jayvadan Patel

Abstract Currently, SARS-CoV-2 (COVID-19) is the dominant disease in the 
globe. It has resulted into major economic disruption and social disturbance all 
around the world. Many antivirals are under trial for the treatment of the infection. 
However, efficacy of drugs is often limited due to certain factors associated with the 
drug. Such problems can be overcome by using novel drug delivery systems employ-
ing nanotechnology. These delivery systems can be manipulated for the desired site 
of action and performance. This chapter outlines the detail about SARS-CoV-2, 
novel nano-drug delivery systems specific to nanoparticles that can be utilized for 
the delivery of antiviral drugs.

Keywords SARS-CoV-2 ·  COVID-19 ·  Nanotechnology ·  Viral treatment ·  
Nano-drug delivery

1  Introduction

SARS-CoV-2 (severe acute respiratory syndrome-coronavirus-2) has become a seri-
ous pandemic, contributing to the current increase in morbidity and fatality rates 
around the world. Coronavirus gets its name from the crown-like spikes on the 
virus’s outer surface [77]. SARS-COV-2 has been categorized as the seventh mem-
ber of the corona virus family linked with human infection by the International 
Committee on Taxonomy of Viruses [16], after the World Health Organization’s 
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(WHO) classification of SARS-COV-2 as a worldwide epidemic [50]. The seafood 
wholesale market in Wuhan, China, in 2019 was linked to one of the first instances 
of SARS-CoV-2 infection. In just a few months, the outbreak swept through China 
and then the rest of the world [33].

Coronaviruses are enclosed, single-stranded, positive-sense m-ribonucleic acid 
(RNA) viruses that have a distinctive look that resembles a sun corona due to the 
protrusion of their characteristic crown-like spikes (Fig. 1) and has a very unusual 
replication method that causes mutations in some strains and is lethal to humans 
[24]. There are four classes of coronavirus, namely, alpha, beta, gamma, and delta. 
SARS-CoV-2 (COVID-19) virus belongs to the Coronaviridae family, the 
Nidovirales order, and the coronavirus genus Beta class [64, 95]. Beta class corona-
virus was also responsible for earlier outbreaks, viz., severe acute respiratory syn-
drome (SARS) in 2002 and the Middle East respiratory syndrome (MERS) in 2012 
[80]. The virus is quite small, measuring 65 to 125 nanometers in diameter. It has a 
single-stranded RNA nucleic material with a length of 26 to 32 kbs [59]. SARS- 
CoV- 2 shares 80% of its genome with SARS-CoV and 96% with BatCoV RaTG13 
[95]. Four proteins keep the SARS-CoV particle intact: (i) the S protein (spike gly-
coprotein) that promotes SARS-CoV entrance into host cells by allowing the virus 
to bind to host cells followed by membrane fusion; (ii) the abundant M protein 
(membrane) that maintains the membrane integrity of the viral particle; (iii) the E 
protein (envelope) which is the smallest protein and has a structural role in assembly 
and budding; and (iv) the N protein (nucleocapsid) which predominantly binds to 
the SARS-CoV [48, 55]. COVID-19 infection has a broad clinical spectrum, rang-
ing from asymptomatic through hospitalization and respiratory assistance [92]. 
COVID-19 causes a human infection with clinical manifestations such as fever, loss 

Fig. 1 Mechanism of SARS-COV-2 infecting the cell

K. Parmar and J. Patel



297

of smell and taste, sore throat, cough, weariness, gastric problems, breathlessness, 
and lymphopenia [10, 17, 90]. Human infections can sometimes induce complica-
tions, such as pneumonia, organ dysfunction, and even death [22, 53, 93]. The trans-
mission rate of SARS-CoV-2 (COVID-19) has been shown to be high due to a 
genetic recombination event at S-protein in the receptor-binding domain region, 
which may have boosted the virus’s ability to transmit [78]. There are many variants 
of coronavirus reported till date. Among them, delta strain (emergence in India) has 
remained the deadliest, responsible for increased hospitalization or deaths [49]. 
However, recently, the new variant of concern is Omicron. It is reported to be more 
transmissible than all other variants of SARS-CoV-2. It was emerged from South 
Africa and is now spreading around the world [27]. SARS-CoV-2 is diagnosed by 
reverse transcription polymerase chain reaction testing, albeit false-negative test 
findings can occur in patients, depending on the quality and timing of the tests [6, 
42, 44]. According to pathological findings, SARS-CoV-2 penetrates the alveolar 
epithelial cells of the lower lung by passage through the respiratory system, starting 
with mucous membranes in the nasopharynx [26]. SARS-CoV-2 utilizes the 
angiotensin- converting enzyme 2 (ACE2) receptor as its primary receptor, same like 
SARS-CoV [32, 47, 70]. It is largely expressed in vascular endothelium, respiratory 
epithelium, alveolar monocytes, and macrophages [66, 85]. COVID-19 is found to 
be associated with coagulation disorder in patients which is characterized by eleva-
tions in fibrinogen and D-dimer levels and mild prolongation of PT/aPTT. This is 
found to be attributed to activation of coagulation system by release of cytokines 
like IL-6 and in-turn suppression of fibrinolytic system [3]. Furthermore, a defective 
coagulation system boosts the aggressive immune response which can result into 
autoimmune and inflammatory diseases such as respiratory failure, immune throm-
bocytopenic purpura, paralysis, kidney and liver failure, deep vein thrombosis, pul-
monary embolism, and stroke [14, 21, 94].

COVID-19 infection is split into three phases based on its clinical course: vire-
mia/presymptomatic phase, acute respiratory phase (pneumonia phase), and severe 
(multisystemic clinical syndrome with impaired/disproportionate and/or defective 
immunity) or recovery phase [54, 84]. Patients with good immune function and no 
risk factors like comorbidities were able to withstand the infection and suppress the 
virus in the first or the second phase with immune hyper-reaction. COVID-19 indi-
viduals with immunological malfunction, on the other hand, may have a higher 
probability of losing the initial phase and becoming a critical type with a higher 
mortality rate. As a result, COVID-19 therapy should be chosen by the patients’ 
stage. COVID-19 infection is linked to an increase in the number of people infected 
every day, and its management is found to be exceedingly difficult due to the virus’s 
high infectiousness in some situations, a lack of effective antivirals and vaccines, 
and the possibility of a large asymptomatic population [11, 58]. There are currently 
few particular therapeutic methods for the treatment of SARS-CoV-2 [13, 15]. 
Considering the huge economic loss and rising infection rate, studies to aid in the 
development of specialized therapeutics to manage the virus is important for reduc-
ing the mortality due to COVID-19 pandemic or any such outbreaks in the future.
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2  Role of Novel Drug Delivery in COVID-19

The term “novel drug delivery” refers to a modern technique that combines innova-
tive preparations, better technology, and unique methodology for effectively deliv-
ering bioactive molecules in the body as required to produce their desired 
pharmacological effects. The purpose of the novel drug delivery is to enhance effi-
cacy and safety of drug, to provide site specificity with an optimum dose, to decrease 
toxicity, and to fulfil the patient’s needs [4]. Till date, various novel drug delivery 
approaches are reported with antiviral agents for the improved performance against 
viral infections [67, 76]. Clinical evidence of drug resistance has been found in 
antiviral drugs [81]. Drug resistance is primarily caused by nonspecific cell target-
ing and inadequate concentration of the drug at the target location. In addition, 
unsatisfactory pharmacodynamic physicochemical and biological characteristics 
including poor aqueous solubility, poor permeability, strong affinity for plasma pro-
teins, short biological half-lives, and rapid elimination from the blood circulation 
are the major governing factors that determine subpar drug concentration at the 
specific site, which may lead to drug resistance development. The efficacy of sev-
eral drugs and medications in treating SARS-CoV-2 is now being studied in clinical 
trials. Various medications include antiviral drugs that inhibit virus replication, e.g., 
remdesivir, favipiravir; immunomodulators, e.g., tocilizumab; human antibodies 
including immune globulin (IVIG) and monoclonal bevacizumab; corticosteroids 
such as methyl-prednisolone and dexamethasone; and antibiotics including azithro-
mycin and ivermectin. Table  1 tabulates the possible medications used for the 
COVID-19 management. The COVID-19 situation necessitates a thorough exami-
nation of all existing nanotechnology-based approaches.

3  Nanostructured Novel Drug Delivery Systems (NNDDS)

Various antiviral-based NNDDS have been reported in recent years as a treatment 
for HIV, herpes zoster, viral C hepatitis, and other viral illnesses. They are typically 
constituted of lipids, polymers, metals, and inorganic nanoparticles [18]. Such 
nanostructured systems can be prepared using synthetic and natural materials. Small 
particle sizes and large specific surface areas characterize nanoparticle delivery sys-
tems, which can be advantageous for various applications due to their quick diges-
tion, penetration, and absorption. Furthermore, nanoparticle composition, structure, 
and interfacial properties can be tailored to increase the dispersibility and stability 
of bioactive substances enclosed within them. For SARS-CoV-2, NNDDS can be 
used to target viral proteases (3CLpro and PLpro) and RNA polymerase (RdRp) or 
interact with viral S protein in general which will lead to inhibition of virus replica-
tion or virus entry into the cell. The antiviral activity of NNDDS made up of lipids, 
such as liposomes, solid lipid nanoparticles, nanostructured lipid carriers, and nano-
emulsions, and polymers, such as nanoparticles, cyclodextrins, and dendrimers, has 

K. Parmar and J. Patel



299

Table 1 Therapy medications for COVID-19 disease

Medication Mechanism of action References

Remdesivir It is an intravenous nucleotide prodrug of an adenosine 
analog. It inhibits RdRp (RNA-dependent RNA 
polymerase)

[25]

Favipiravir A purine nucleic acid analog and broad spectrum 
RdRp inhibitor

[40]

Lopinavir/ritonavir 
combination

Lopinavir inhibits enzyme 3-chymotrypsin-like 
protease, thereby disrupting the process of viral 
replication

[57]

Umifenovir Causes the viral glycoprotein to become structurally 
stiff, limiting the conformational changes that occur 
during membrane fusion and virus penetration

[61]

Camostat mesylate Inhibits human transmembrane surface protease, 
TMPRSS2

[9]

Baricitinib Prevents viral endocytosis and inhibition of the 
cytokine release blocking JAK1/2

[65]

Saquinavir Inhibits dimeric SARS-CoV2 main proteinase [7]
Tocilizumab Reduces inflammation by blocking the interleukin-6 

receptor
[12]

Sotrovimab Prevents entry of virus into the cell by binding the 
spike protein of SARS-CoV-2

[30]

Bamlanivimab and 
etesevimab combination

Both types of antibody target the surface spike protein 
of SARS-CoV-2

[19]

Hydroxychloroquine and 
azithromycin

Inhibition of replication of SARS-CoV-2 [31]

been described. Figure 2 illustrates few nanoparticles for the antiviral drug delivery. 
The potential of nanoparticles to encapsulate and transport antivirals has been 
established by a number of earlier studies (Table 2). Further, the review focuses on 
the mentioned NNDDS as possible drug delivery for SARS-CoV-2.

3.1  Liposomes

Liposomes have been widely employed to encapsulate antiviral drugs for various 
applications. Liposomes are made up of a bilayer of phospholipid molecules with 
nonpolar tails on the inner side and hydrophilic head groups on the outer side. 
Antivirals can be encapsulated by adding them to phospholipids prior to the creation 
of liposomes or by introducing them into the liposomes after they have been formed. 
Furthermore, liposomes’ surfaces can be functionalized by integrating specific 
ligands, improving their capacity to deliver antivirals to specific targets. The ability 
of PEGylated liposomes was investigated for targeted delivery of interferon alpha-
 2b (IFN α-2b) to inhibit human papilloma virus. The study showed that surface- 
functionalized liposomes could penetrate the epithelium more easily than the free 
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Fig. 2 Various nanoparticles for antiviral drug delivery

Table 2 Antiviral medicines delivered via various nanoparticle delivery systems

Nanoparticle Antiviral drug References

Lipid-coated mesoporous silica 
nanoparticles

ML336, chemical inhibitor of Venezuelan 
equine encephalitis virus

[45]

Nanoemulsion Polyprenols from ginkgo leaves [87]
Nanoemulsion Curcumin [56]
Niosomes Nevirapine [89]
Solid lipid nanoparticles Zanamivir [79]
Micelle Cidofovir [52]
Solid lipid nanoparticles Ritonavir [37]
Surfactant-based nanoparticles Ritonavir [35]
Polymeric nanoparticles Lopinavir [39, 68]
Polymeric nanoparticles Efavirenz [74, 83]
Nanoemulsion Efavirenz [41, 73]
Solid lipid nanoparticles Lopinavir [69]
Proliposome Lopinavir [63]
Nanoemulsion Lopinavir [29, 62]
Nanoemulsion Darunavir [28, 34]

form of IFN α-2b [38]. Antibody-coated nanoliposomes were produced in another 
investigation to improve the efficacy of dapivirine, an antiviral drug. The nano-
construct demonstrated efficient binding affinity to HIV-1 envelope glycoprotein 
gp120 and neutralizing ability for HIV virus [88].
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3.2  Nanoemulsions

Nanoemulsions are type of nanostructured colloidal systems with relatively small 
droplet size, i.e., <200 nm, and have a great potential to encapsulate and deliver the 
antiviral drugs [36]. They are typically prepared from oil, water, emulsifier, and co- 
surfactants as stabilizer. Nanoemulsions can be utilized to deliver antiviral medi-
cines through any of the major routes of administration. In a study, w/o/w 
nanoemulsion encapsulating acyclovir was reported for dermal delivery against her-
pes [72]. In another similar type of research, self-nanoemulsifying drug delivery 
was prepared for dermal permeation for herpes simplex virus infection. 
Nanoemulsion system was prepared using garlic oil, mixture of tween 20 and span 
20 as surfactant, and propylene glycol as co-surfactant. Ex vivo skin permeation 
study demonstrated a 2.3-fold augmented permeation of acyclovir [5].

3.3  Micelle

Micelles are surfactant-based nanoparticles with a diameter of 5–100 nm that can be 
used to create thermodynamically stable antiviral and other active drug delivery 
systems. This colloidal dispersion is normally made from the bottom up by combin-
ing the right types and amounts of surfactant, oil, and water in the right environment 
(e.g., temperature, pH, and ionic strength). The surfactants are arranged in such a 
way that their hydrophilic head groups get into interface with water, while their 
hydrophobic tails form a nonpolar core within the particle. In one study, polymeric 
prodrug micelles for delivery of acyclovir were synthesized using hydrophilic 
methoxy poly(ethylene glycol)/chitosan [71]. Stearic acid-g-chitosan oligosaccha-
ride micelles encapsulating lamivudine stearate were developed. The prepared 
micelle showed high entrapment efficiency and drug loading. In addition, micelles 
presented significant drug release and high cellular drug uptake [46].

3.4  Lipid Nanoparticles

Solid lipid nanoparticles (SLN) are made up of lipid phase which is completely 
solidified into a highly regular crystalline structure, whereas nanostructured lipid 
carriers (NLC) are oil in water type of emulsion with oil phase as solid lipid. 
Hydrophobic bioactive components are encapsulated within the solidified lipid 
matrix of SLN/NLC [20]. The presence of a solid lipid phase can impede molecular 
mobility, preventing bioactive components from being degraded or released. Both 
SLN and NLC are non-biotoxic as the lipids employed are biodegradable. SLNs and 
NLCs have been utilized to encapsulate and deliver antiviral agents. Recently, acy-
clovir solid lipid nanoparticles were investigated for the efficient therapy against 
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herpes simplex infection using a mouse model. Sustained drug release was obtained 
with single dose of drug-loaded SLN in comparison to 400 mg of three times a day 
dose for 5 days [43]. In another study, acyclovir-loaded solid lipid nanoparticles 
(ACV-SLNs) were formulated to target the brain. Chitosan and Tween 80-coated 
SLN were prepared and studied for in vivo pharmacokinetic parameters. The values 
of AUC0-∞ and MRT of coated ACV-SLNs were higher than free drug by about 
twofold, 233.36 ± 41.56 μg.h/mL, and 1.81 ± 0.36 h, respectively. Results indicated 
the effectiveness of ACV-SLNs for brain targeting [23]. Nanostructured lipid carrier 
encapsulating adefovir dipivoxil were prepared via solvent emulsification diffusion 
technique employing Geleol, Gelucire 50/13, Precirol ATO-5, Gelucire 44/14, and 
Compritol 888 as lipid polymer. Results suggested efficient liver targeting with 
improved oral bioavailability [1]. In another study, chitosan-coated nanostructured 
lipid carriers were developed for the ocular delivery of acyclovir. NLCs were fabri-
cated by the hot microemulsion technique. Corneal bioavailability of NLC-loaded 
acyclovir studied in albino rabbits was enhanced by 4.5-fold as compared to com-
mercially available preparation [75].

3.5  Polymeric Nanoparticles

Polymeric nanoparticles are small particles with a diameter ranging from 1 to 
1000 nm that can encapsulate drug or be surface-adsorbed onto the polymeric core. 
Biodegradable/synthetic polymers are widely employed for fabrication of nanopar-
ticles [2]. Synthetic polymers like poly(N-isopropylacrylamide), poly(N- 
isopropylacrylamide- co-acrylic acid), and poly(ethylene glycol)-b-poly (methacrylic 
acid), whereas biodegradable polymers like poly(lactic-co-glycolic acid) (PLGA), 
polylactic acid, chitosan, and albumin, are used as potent vectors for drug delivery 
[8]. Recently, antiviral activity of curcumin-loaded PLGA nanoparticles was evalu-
ated against Zika virus. Results showed reduction in virus yield as well as viral 
RNA synthesis and protein expression demonstrating efficiency of formulation in 
comparison to free drug [60]. In another study, antiviral activity of chitosan nanopar-
ticles encapsulating curcumin was evaluated against hepatitis C virus genotype 4a 
(HCV-4a) in human hepatoma cell line. Curcumin-chitosan nanocomposite inhib-
ited HCV-4a entry and replication compared to curcumin alone [51].

Antivirals can also be encapsulated and delivered with the help of protein-based 
nanoparticles. Suwannoi and coresearchers produced acyclovir-loaded bovine 
serum albumin (BSA) nanoparticles to treat ocular herpes viral infections. Results 
demonstrated improved transport of acyclovir through the multilayers of corneal 
epithelial cells [82]. In another study, bovine serum albumin-coated tellurium 
nanoparticles showed enhanced antiviral activity against porcine reproductive and 
respiratory syndrome virus, a model of arterivirus, and porcine epidemic diarrhea 
virus, a model of coronavirus [96].
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4  Conclusion

Currently, remdesivir is the antiviral drug approved by US FDA. Many researchers 
have investigated various nano-systems for the efficient delivery of remdesivir [86, 
91]. However, in vivo studies are needed for the pharmacokinetics and pharmacody-
namics information. Furthermore, other antivirals are under trials for the positive 
outcomes, and further research should be carried out for the application of such 
novel drug delivery systems in order to improve the therapeutic efficacy of the drugs 
used in COVID-19 management.
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Exploring the Link Between Malaria 
and COVID-19

Orhan E. Arslan

Abstract Several observations, some supported with statistical and clinical data, 
have been put forth regarding the prevalence of COVID-19  in malaria-endemic 
countries. There is a remarkable difference between the industrialized nations and 
developing countries, particularly malaria-endemic African countries, in the inci-
dence and mortality rate of COVID-19. Many factors enter into the equation when 
these observations are analyzed including cultural norms, testing availability, pre-
paredness tools, and outreach programs. The restriction placed on close contacts in 
COVID-19-stricken areas rendered the malaria control measures, such as indoor- 
spraying of insecticide, use of insecticide-treated nets (ITNs), and chemopreven-
tion, less effective. Population demographics and age structure may play a role in 
widening the gap in morbidity and mortality rate of COVID-19 between economi-
cally advanced countries and countries with limited per capita income.

As the discussion in this article will show, the difference in the prevalence of 
COVID-19 among populations is correlated uneven propagation of the ACEI/D and 
the ACE2 (C1173T substitution) polymorphisms. The similarity of presentations 
between malaria and COVID-19 and the possibility of simultaneous dual infections 
by both pathogens can pose a diagnostic challenge to health practitioners. This 
study intended to examine the link between malaria endemicity and reported reduc-
tion in COVID-19 mortality.
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1  Background

The life-threatening condition that results from malaria infection is caused by the 
parasitic infection of the genus Plasmodium. The rapid transmission of the disease 
by Anopheles mosquitoes accounts for the persistent global health threat it poses. 
With the identification of a new coronavirus in 2019 (COVID-19), and the epidemic 
proportion of respiratory infection associated with this virus that caused global 
health emergency, the virus is termed as “severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2).” Later the infection became a worldwide pandemic.

The commonly shared symptoms between malaria and COVID-19 have created 
challenges to physicians and other health practitioners in the diagnosis of malaria 
versus COVID-19. The appearance of COVID-19 and the limitations imposed on 
the population and health delivery system logistically hindered prevention and ther-
apeutic methodologies used to counter malarial infection, including treatment by 
insecticide of bed nets and chemoprevention of the disease.

Also, minimizing risks to healthcare workers during the COVID-19 pandemic 
while addressing public health issues associated with malaria endemics must be 
achieved to maintain key healthcare delivery services and essential public health 
functions. To preserve continuity of health services, an active social support by the 
community is needed including prevention, diagnosis, and treatment of malaria. 
This will have additional critical role in the response to COVID-19 pandemics, but 
the advantage-disadvantage analysis must be carefully considered when determin-
ing the optimum delivery methods for healthcare.

2  Morbidity and Mortality of COVID-19

COVID-19 is a contagious viral disease caused by a SARS-CoV-2. The outbreak 
began in China in 2019, and it was proclaimed a pandemic by the World Health 
Organization (WHO). COVID-19 is transmitted through air by infected droplets 
from breathing, sneezing, coughing, and talking of infected individuals. Patients’ 
manifestations may vary from fever or chills, headaches, cough, fatigue, dyspnea, 
ageusia, anosmia smell, back pain, and sore throat. It has been strongly recom-
mended that the public adhere to certain standards, such as use of face masks, social 
distancing, isolation, frequent hand washing, and travel restrictions.

When the morbidity and mortality rates associated with COVID-19 infection are 
examined, a clear demarcation appears between industrial nations and that of devel-
oping countries. Reports indicate that the population in Western countries with 
higher per capita income and social standards experiences higher rates of COVID-19- 
related mortality. This is in contrast to low-income population in developing coun-
tries where the rate is significantly lower. The latter finding is associated with age 
and life expectancy. The markedly large elderly population in developed nations, 
which is prone to developing malignancy, hypertension, and diabetes, poses risk of 
death due to COVID-19 infection [1].
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The variation in the COVID-19 morbidity and mortality seems in direct correla-
tion with the age of the affected population. This fact becomes more evident when 
median youngest age of European inhabitants is compared to that of Africa. This 
comparison demonstrates a remarkable age difference of two decades in favor of 
African communities, an interesting finding that may shed the light on the perceived 
or actual gap between these diverse groups of individuals [2].

Age may not be the only factor in this regard considering other elements, such as 
limited space, overcrowding, work environment, issue of literacy, unusual lifestyle, 
culture, and belief systems, as well as socioeconomic factors. Recent reports 
revealed that the age-related mortality was fourfold more in European countries and 
North American continent when compared to the age group in Africa. Similarly, 
age-related deaths in Africa, the second largest and most populated continent, 
appears to be far less, nearly twofold, when compared to similar age populations in 
South America and also Asia.

To overcome shortcomings of targeted examination and inspection, accurately 
assess the prevalence of SARS-CoV-2 infections in urban, suburban, and rural set-
tings within a region, a well-prepared study must be put into action to identify 
asymptomatic or mildly symptomatic COVID-19 patients.

Studies have shown that rate of spread of COVID-19 is slower in developing and 
malaria-endemic societies. This low prevalence led to the assumption that hydroxy-
chloroquine, used in the treatment of malaria, may have a protective immune effect 
on the spread of COVID-19 and its manifestations. Several research studies dis-
missed the possible positive impact of this drug; others maintained that low rate of 
COVID mortality is associated directly or indirectly with malaria endemics, a fact 
supported by the disparity in mortality rates between European and African 
nations [3].

Several disease control and prevention organizations in developing countries 
embarked on serious effort to ascertain the validity of argument that drugs used in 
treatment and prevention of malaria endemic, such as hydroxychloroquine (HCQ) 
and chloroquine (CQ), antibodies, and angiotensin-converting enzyme 2 (ACE2,) 
have a role in reducing COVID-19 in malaria-endemic populations. These efforts 
fell short of achieving lasting changes due to the instability that COVID-19 caused 
in basic public health delivery system and the ability to respond to crisis in a timely 
manner, and thus the low mortality rate as envisioned in the past may not be feasible 
in the future [4].

3  Malaria vs. COVID-19 Presentations

As indicated above, patients with COVID-19 may be asymptomatic and mildly 
symptomatic or exhibit severe manifestations. They are commonly febrile, dys-
pneic, and fatigued with dry or productive cough. Several other presentations may 
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be exhibited by the patients including myalgia, headache, joint pain, vomiting, and 
nausea [5].

It is conceivable to have, as studies have shown, cross immunity, where one 
malaria pathogen provides immunity against another pathogen [6, 7].

Some of these signs and symptoms are also shared by malaria patients, such as 
fever, headache, fatigue, joint paint, and vomiting, but in addition to the above they 
also present chills, sweating, and diarrhea [8].

Because of the shared presentations between these two clinical conditions, a 
greater chance of misdiagnosis can occur. Additionally, multi-organ failure, acute 
respiratory distress syndrome (ARDS), and septic shock can develop as complica-
tions associated with both COVID-19 and malaria. Although symptom-based 
screening of COVID-19 patients seems a valid approach, it fails to identify one half 
of COVID-19 cases even in areas with robust health systems [9].

The inclination to evaluate a patient with fever is skewed toward COVID-19 
rather than malaria. Thus, a febrile patient may be assessed for COVID-19 but not 
malaria, opening the door for a deadly malaria infection.

4  Syndemic of Malaria and COVID-19

This phenomenon refers to a combination of two or more concomitant or sequential 
disease clusters in a population with biological interfaces that leads to worsening 
disease processes and prognosis. The possibility that a patient may have coinfection 
with both COVID-19 and malaria (syndemic) will add enormous complications to 
treatment methodologies and limit the extent of success in eradicating these 
diseases.

Malaria or COVID-19 may coexist with one or more infections that produce far 
more complications than either infection can cause. HIV Plasmodium falciparum 
syndemic presents with combined increase in HIV viral load and acute manifesta-
tions of malaria that are more frequent and severe. Malaria may induce B-lymphocyte 
replication and increase in the viral load of Epstein–Barr virus (EBV) when coin-
fection occurs in the same patient.

When it comes to COVID-19, the onset of presentation may vary between 4 and 
14  days [10]. However, an acute deterioration of patient’s condition (cytokine 
storm) may occur within a week through a surge of cytokines and other mediators 
[11]. This surge, which involves a drastic increase in the levels of tumor necrosis 
factor (TNF) and interleukins (IL), is responsible for acute respiratory distress syn-
drome (ARDS) [12].

Reports indicate that manifestations may be critical to advance to multiple organ 
failure and septic shock [13].
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5  Pathogenesis of Malaria and COVID-19

In malaria, the merozoites, which are uninuclear cells that originate from ruptured 
multinucleate Schizonts of the Plasmodium, gain access to the blood and invade the 
erythrocytes through a coordinated approach and eventually mature into schizonts. 
The latter disintegrates, freeing new generations of merozoites into the systemic 
circulation, accompanied by the release of TNF, interleukin, and interferon-gamma, 
which are responsible for the common manifestations observed in malaria patients 
[14, 15]. Studies have shown that interferons produced by lymphocytes in response 
to malaria pathogen appear to be effective against COVID-19 in vitro and in vivo 
[16, 17].

Thus, a crucial balance between pro-inflammatory Th1 (Type 1 helper cell) 
response, which includes tumor necrosis factor (TNF), interferon-gamma, interleu-
kin- 6 and interleukin-12, and that of the anti-inflammatory Th2 (Type 2 Helper cell) 
response, which primarily encompasses interleukin-4 and interleukin-10, is 
achieved. When this critical balance shifts in favor of the Th2 response, severe 
 manifestations of malaria will be experienced by the patient leading to poor 
 prognosis [18].

Similar events have been proposed for COVID-19 and that a surge in pro- 
inflammatory responses is responsible for the acute presentations. Respiratory man-
ifestations associated with P. falciparum malaria can be mild or progress to acute 
respiratory distress syndrome (ARDS) in adults, particularly in pregnant women, 
but rarely in young children [19]. Research data identify several key factors in the 
development of acute respiratory distress syndrome (ARDS) experienced by chil-
dren and adult populations with severe form of P. falciparum malaria including 
metabolic disorder, adhesion of infected erythrocytes to the lumen of the pulmonary 
vessels, presence of pneumonia pathogens, and hemopoietic disorder, such as 
 anemia [20].

Alveolar damage in ARDS is related to the cytokines-induced endothelial injury 
and subsequent increase in the permeability of capillaries. These pathologic changes 
are seen individually in both SARS-CoV-2 and Plasmodium species infections; 
however, the worsening of patient’s condition with serious complications and sub-
optimal prognosis are more evident when coinfection occurs. A differentiating fac-
tor here is that ARDS manifestations continue well beyond treatment regiments [20].

Both COVID-19 and malaria infections cause a procoagulant state. SARS- 
CoV- 2 produces a procoagulant state by impeding the function of the endothelium, 
activating the Toll-like (pattern recognition) receptors, and increasing von 
Willebrand factor levels. Other findings are also detected, such as elevated levels of 
D-dimer, fibrin degradation, and lengthening of prothrombin time, and the presence 
of latter indicators is usually correlated with a poor prognosis [21].

Poor prognosis is also associated with the hypercoagulable state induced by 
COVID-19, in which venous and arterial thrombosis including pulmonary embo-
lism may occur [22, 23].

Exploring the Link Between Malaria and COVID-19



316

Overactivation of coagulation cascades in COVID-19 causes platelet lysis, and 
the development of thrombocytopenia [24] further increases the likelihood for 
developing disseminated intravascular coagulation (DIC) particularly in severe 
cases leading to high mortality [25, 26]. In malaria, the extent of activation of coag-
ulation cascade is proportionate to disease progression and activation of IL-6 and 
TNF [27] and usually produces microthrombi and less frequently macrothrombi in 
the pulmonary trunk and cerebral veins [28, 29].

Coagulopathy becomes more pronounced, and disease manifestations intensify 
and assume more severe form when SARS-CoV-2-Plasmodium spp. coinfection 
occurs. Thus, steps must be taken by healthcare workers, particularly in malaria- 
endemic countries, to timely explore and assess the potential of coinfections by 
COVID-19/malaria and conduct test/screening accordingly to lessen the impact of 
these diseases.

The angiotensin-converting enzyme-2 (ACE-2), a type I transmembrane amino- 
peptidase, has been identified as the receptor for the SARS-CoV-2 viral entry into 
the host cells. Thus, it became the center of renewed attention in the development of 
antiviral medications against SARS-CoV-2. ACE2 was first discovered as an ACE 
homologue sharing homology with angiotensin-converting enzyme 1 (ACE1) and 
expressed on the apical surfaces of several pulmonary structures, such as type II 
alveolar cells as well as extrapulmonary cell types, including cardiac, vascular, 
renal, gastrointestinal, and endothelial cells [1]. When the latter cells are infected by 
SARS-COV-2, systemic vasculitis, disseminated intravascular coagulation (DIC), 
and thromboembolism may ensue causing “cytokine storm.” Corollary to this fact, 
blockers of angiotensin II receptors (ARBs) are widely utilized in the treatment of 
hypertension and related cardiovascular diseases.

In addition to the membrane-bound form, ACE-2 also exhibit soluble forms in 
the plasma and urine. ACE-2 receptors produce the lung-protective Ang- [1–7] from 
angiotensin II (ANG II) and transform angiotensin I to angiotensin- [1–9].

ANG II—the substrate for ACE2—begins to accumulate when the activity of 
ACE-2 receptor undergoes downregulation. Accumulated ANG II produces neutro-
philia that increases vascular permeability leading to pulmonary edema and eventu-
ally ARDS [30]. Studies have demonstrated that ANG II causes a reduction in the 
accumulated sporozoites in the salivary glands of mosquitoes by directly disrupting 
the membrane of the parasite [31]. However, other reports have demonstrated a pos-
sible protective role for ANG II in malaria.

Further, the frequency of intron variants rs72717040 and rs17400517 of FCGR2A 
is associated with the prevalence of COVID-19. FCGR2A encodes a member of 
immunoglobulin family located on the surface of macrophages and neutrophils and 
involved in the process of phagocytosis and clearing of immune complexes and has 
also been associated with severe malaria that occurred in Gambia and in Kenya 
[32, 33].

The genetic deletion/insertion (D/I) polymorphism in intron 16 of ACE-1 enzyme 
is variable [34] and directly correlated with the levels of freely circulating and 
tissue- bound forms of ACE.  As such, diminished expression of ACE2 receptor 
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occurs when the D is the dominant allele. The decreased expression of ACE2 recep-
tor may play a protective function against COVID-19 [34]. It has also been reported 
that the mild form of malaria is associated with an increase in the level angiotensin 
II due to the presence of D-allele of ACEI/D polymorphism.

Research data indicate that the log-transformed prevalence of COVID-19 infec-
tion was seen to be inversely proportional to the ACE D allele frequency. Data 
indicate that individuals of African ancestry show ACEI/D polymorphism with a 
remarkable increase in the plasma levels of ANG II. Studies report that geographi-
cal variation of D/I polymorphism may account for the difference in COVID-19 
infection prevalence [35], and COVID-19 related mortality. This is evident by the 
low frequency of D allele in countries where the spread of COVID-19 reached a 
peak level, such as China and Korea.

Another phenomenon that contributes to the variable spread of COVID-19 is the 
ACE-2 polymorphism (C1173T substitution). This type of polymorphism boosts 
the level of ANG II by lowering the ACE2 receptor expression in the presence of T 
allele leading to an increased in the concentration of ACE2.

A concerning polymorphism is the ACE2 polymorphism (C1173T substitution), 
which reduces ACE2 receptor expression in the presence of the T allele and conse-
quently increases ANG II. Since ACE2 receptors are primarily responsible for trans-
forming angiotensin II to Ang- [1–7], a reduced expression in ACE2 would produce 
an increase in angiotensin II. Despite the lack of a clear-cut answer, this type of 
polymorphism may serve as an additional element that potentially explains the 
enigma surrounding the difference in the rate of COVID-19 spread among countries.

In addition to the above, polymorphisms have been linked to the natural selection 
process [36]. Case in point, hypertension presents an advantage from an evolution-
ary point of view protecting persistently subjected populations to malaria infec-
tions. Epidemiological findings demonstrate that people with African ancestry have 
a higher incidence of hypertension contrasted to whites from malaria-free areas [37, 
38]. Therefore, hypertension could serve as a safeguard for people from developing 
nervous system malaria [39].

6  Control Mechanisms of COVID-19 Pandemic 
in Malaria Endemic

Since exposure to malaria does not confer life-long immunity, control of malaria 
endemic is accomplished through public health measures and facilities, mass educa-
tion, as well as effective control programs. The equitable coverage of malaria- 
stricken population requires unhindered coordination, an interrupted access and 
communication, and the ability to conduct examination and offer individual treat-
ment. Unfortunately, the outbreak of COVID-19 and the many restrictions brought 
with it have adversely impacted the campaign against malaria leading to inadequate 
treatment and subsequent rise in morbidity and mortality rates of this condition. To 
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alleviate the strain on core health services in malaria endemic, several measures 
may have to be implemented through massive campaign and individualized medical 
care. These measures include indoor insecticide spraying, establishment of 
insecticides- treated net, seasonal malaria chemoprevention, preventive treatment 
directed specifically toward children and infant, as well as pregnant women. The 
implementation of the programs must consider the goal of safeguarding the com-
munities and health delivery personnel as well as reducing mortality. At the same 
time, measures must be enforced to protect individuals and community from 
COVID-19 [40].

7  Interferons Efficacy in Malaria and COVID-19 Outbreak

Research data demonstrate that the lymphocyte-generated interferons as an immune 
response to malaria infection have in vivo and in vitro neutralizing effect on coro-
naviruses including COVID-19 [16, 17, 41]. Plasmodium-specific antigens induce 
the development of IgG antibodies in malaria-infected patients that aim at the gly-
cosylphosphatidylinositol (GPI) molecules, which in turn activate the leukocytes 
initiating the release of pro-inflammatory cytokines. This chain of events continues 
with the upregulation of the adhesion molecules via Toll-like receptors 2 and 4. 
Thus, anti-GPI antibodies may be utilized to render the toxic effects of plasmodium 
GPI inactive. Membrane GPs, spike GPs, and GPs that possess acetyl esterase and 
hemagglutination characteristics in the SARS-CoV-2 enable anti-GPI antibodies to 
recognize and inactivate them.

It must also be noted that suppression of GPI after initial exposure to malaria 
parasitic infection does not provide full protection against the disease, as evidenced 
by the frequency of infections confronted by individuals in malaria-endemic 
regions, yet the intensity, duration, and severity of the symptoms remain less than in 
nonimmune patients [42].

Furthermore, SARS-CoV-2 has various glycoproteins (GPs): spike and mem-
brane GPs, as well as GPs that have acetyl esterase and hemagglutination features. 
These GPs could be identified and neutralized by the anti-GPI antibodies producing 
some degree of immunity or rendering the disease progression less severe [43].

8  Therapeutic and Preventive Roles of Hydroxychloroquine 
and Chloroquine

A vigorous worldwide research are being conducted on the efficacy of vaccines 
against the spread of COVID-19. At present, some antiviral medications have been 
adopted to treat COVID-19, but development of these specific drugs is a time- 
consuming endeavor. Hence, the general view of scientific community is to 
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repurpose available drugs, such as antimalarial therapeutics, as they offer safety, 
cost-effectiveness, and accessibility, have an antiviral property for off-label use 
[44], and provide a quick method of treatment. Repurposing of drugs is promising 
for treating and reducing the symptoms of the disease, and it a fast, easy, and safe 
method to address the crisis, because of their previously known applications. For 
instance, antimalarial drugs have been repurposed because of the positive results 
in vitro and in vivo [45–47].

In order to develop new effective antiviral drugs that curtail the spread of 
COVID-19, large funding resource and years of effort are required, and the chance 
of success remains [48]. Further development of drugs comprises: discovery, in vitro 
and in vivo research studies, FDA review, and post-approval monitoring. In con-
trast, repurposing of drugs necessitates identification, acquisition, and clinical 
research, followed by FDA market monitoring [49].

In vitro and in vivo studies are still defined, effective treatments and their recov-
ery approaches are urgently needed to overcome this pandemic disease. Moreover, 
developing a new effective drug takes time to examine its biotherapeutics, and this 
is unacceptable especially for the current difficult situation. So, repurposing of med-
ication is needed because of its known side effects, pharmacokinetics, safety, and 
exact dosage; as a result, their usage will be faster with low cost of clinical trials 
[45–47]. However, although many antiviral and anti-inflammatory drugs have been 
used, no drug has been confirmed as an effective treatment (553). Besides, the 
development process of the new effective drug needs more than a billion dollars 
taking from 10 to 15 years to be produced with only a 2.01% of success rate [47].

Drug development includes five steps: discovering, in vitro studies, in vivo stud-
ies, FDA reviewing, and finally FDA post-market monitoring of the safety. However, 
drug repurposing follows less complicated process: compound identification, com-
pound procurement, clinical research, and FDA safety post-market monitoring [48]. 
There is global pressure to discover a cheaper and faster solution for this pandemic 
disease. Also, there is a global agreement to use repurposed drugs as a faster solu-
tion [3, 16, 17, 21–51]. Thus, re-tasking, i.e., repurposing, enables the use of preap-
proved or preapproved but discontinued or investigational compounds to contagious 
diseases [52–58].

Through repurposing, a single drug will be able to act on several targets includ-
ing new targets, and these targets correlate with a disease pathogenesis that furthers 
the development of new application avenues [47]. Thus, repurposing is a cost- 
effective, efficient, and fast treatment methodology [52, 59].

Upon analysis of the repurposing process, three orderly steps have been deter-
mined, (1) recognition of the contender drug for the identified purpose, (2) early on 
determination of the effectiveness of the drug in preclinical phase, and (3) efficacy 
in phase II clinical trials, in order to achieve the desired results in recognition of 
target interactions, molecular docking (models the interaction between a molecule 
and a target protein at a binding site), signature matching (analysis of gene expres-
sion whereby an expression profile used to identify previously systematically 
arranged and listed biological conditions most related to their profile), genetic asso-
ciation method, data source screening, and pathway mapping. Similarly, 
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experimental approaches may be employed, such as phenotypic screening and bind-
ing essay [60].

A number of challenges face the repurposing process; some are technical while 
others relate to the dosage and preclinical records that render the process prohibi-
tively costly and cumbersome. Presence of a gap between the speed with which 
biomedical data are collected and the ability to interpret, analyze, and integrate the 
data also poses an issue in data entry and incorporation. The dissimilarity and het-
erogeneity in the collected data, the selection of the optimal doses when the indica-
tions are variable, and the unsuitability of the drug for the new indication because of 
a history of toxicologic and preclinical data pose additional challenges [60]. The 
choice of antimalarial drugs for repurposing against SARS-CoV-2 is based on the 
immunomodulatory and anti- inflammatory properties, wide usage across age 
groups, and the record of effectiveness in therapy and prophylaxis [61, 62].

9  Chloroquine (CQ)

This drug is a quinine derivative used commonly in the treatment of malaria. It was 
recommended for the treatment of COVID-19 in China [10, 12]. Studies in vitro 
conducted in 1960 revealed the antiviral properties of this drug and particularly 
against coronavirus [63, 64]. It reduced hospitalization period and has been proven 
to be more efficacious in patients previously treated with lopinavir and ritonavir. 
This was evident in the improvement of lung detected in radiologic examination 
[65]. CQ evaluated on animal models and in vitro exhibited favorable results [34]. 
COVID-19 patients treated with CQ exhibited positive outcomes [66].

The rate of COVID-19 spread and associated high mortality created extraordi-
nary public health predicaments. Absence of vaccines or antiviral medications and 
urgent need for medical intervention forced medical practitioners to repurpose 
approved drugs currently in the market to counter this disease. Potential drugs that 
received the US Food and Drug Administration (FDA) certification were chloro-
quine (CQ) and hydroxychloroquine (HCQ). In 2020, an Emergency Use 
Authorization was declared for HCQ in COVID-19 treatment which was later 
rescinded by the FDA. Clinical trials of chloroquine, hydroxychloroquine, remdesi-
vir, lopinavir, and ritonavir were conducted by the World Health Organization 
(WHO) but soon discontinued. Here, we will attempt to present a critical assess-
ment of the clinical trials and assess the efficacy of repurposed drugs. Immense 
efforts have been directed into the development of antiviral drugs and vaccines and 
that target SARS-CoV-2 [67].

Due to lack of FDA-approved drugs for COVID-19 treatment, control measures, 
such as isolation, social distancing, and enforcement of travel restrictions to limit 
the spread of the disease, affected patients received supportive medical care such as 
intravenous fluid infusion, extracorporeal oxygen supplementation, and mechanical 
ventilatory assistance [68].
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Based on early clinical findings of COVID-19 therapy regiments of patients, 
several FDA-approved drugs have been repurposed, including chloroquine (CQ), 
hydroxychloroquine (HCQ) [69], lopinavir [70], ritonavir [71], remdesivir [72], 
ribavirin [73], griffithsin [74], tocilizumab [75], sarilumab [76], interferon [77], 
immunoglobulins [78], and corticosteroids [79], to hinder lung injury by decreasing 
viral load. Below is a discussion of the logic behind repurposing CQ and HCQ, their 
in vitro and in vivo antiviral impacts on coronaviruses, an insight to clinical trials on 
COVID-19 patients, and analysis of the process for FDA and WHO approval and 
disapproval of drugs for use in therapy of specific diseases.

CQ, an affordable and most widely prescribed medicine has been utilized and 
considered as the most widely prescribed medicine for the treatment of malaria 
throughout the past seven decades [80]. It is chemically represented as N4-(7-
chloroquinolin-4-yl)-N1,N1- diethylpentane- 1,4-diamine, and its pharmacological 
effect is not restricted to antimalarial activity but encompasses a wide range of 
actions as anti-inflammatory, immunomodulatory, and antiviral activities [81].

CQ’s antiviral activity was discovered in vitro for the first time in the late 60s  
and in the subsequent years several published works on this specific property of CQ 
[82, 83]. The anti-COVID-19 activities of both CQ and HCQ represented in growth 
inhibition of coronavirus in cell culture was reported by Vincent et al. [84]. CQ also 
produced a significant reduction in the expression of pro-inflammatory cytokines, 
interferons (IFN-β and IFN-g), tumor necrosis factor (TNF-α), and interleukins 
(IL-6 and IL-12) [85].

It has been reported that use of 50 mg/ml of CQ caused a significant reduction in 
virus production in dengue (DENV-2)-infected U937 cells. However, the same dose 
did not cause any toxic or harmful effects on normal cells [86]. Kevarerts et  al. 
reported the in vivo antiviral effect of CQ against human coronavirus OC43 [87]. 
Other researchers documented CQ in vivo action against enterovirus EV-A71 [88], 
Zika [89], and influenza A H5N1 viruses [90].

Despite the efficacy of CQ in vitro antiviral activity on numerous viruses, the 
in vivo effectiveness on CHIKV-infected primates was unsatisfactory. In fact, CQ 
worsens the disease progression by exacerbating the acute fever and delaying the 
cellular immune response to an incomplete CHIKV viral clearance [85]. In view of 
the above, CQ exhibited efficacy in in vitro antiviral activities against a number of 
viruses; however, the compiled data has yet to be assessed in preclinical studies.

The ability of CQ, with an effective concentration (EC50) of 0.306 ± 0.0091 μm 
and a lethal concentration (LD50) of 419 ± 192.5 μm, to inhibit the replication of a 
human coronavirus (HCoV-OC43) in HRT-18 cells has been documented. Further, 
the wide safety margin of CQ is evident in the selectivity index of SI. 1369 [91].

Further, the highest survival rate of 98.6% has been achieved in an in vivo study 
conducted by the administration of CQ to a newborn C57BL/6 mice infected with a 
lethal HCoV-OC43. Overall, the data support the efficacy of CQ against 
HCoV-OC43 in in vitro and in vivo antiviral effects [91]. CQ’s antiviral effect on 
other viruses, such as SARS-CoV-2, has shown similar efficacy in in vitro studies 
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which led to the notion that CQ may serve a potential therapy for patients infected 
with SARS-CoV-2 and thus become part of the treatment protocols of COVID-19 
patients [72].

10  Hydroxychloroquine (HCQ)

HCQ is a hydroxylated derivative of CQ and proven to be an effective antimalarial 
agent [92]. HCQ utilization is not restricted to malaria treatment but includes the 
treatment of autoimmune diseases, such as rheumatoid arthritis and systemic lupus 
erythematosus [93]. The fact that HCQ maintains a wider safety profile than CQ 
makes it more acceptable than CQ in COVID-19 patients [94]. Control of the cyto-
kine storm in severe forms of SARS-CoV-2 infection may be accomplished by the 
immunomodulatory activity of HCQ [95].

11  In Vitro and In Vivo Comparison of Antiviral Activity 
of CQ and HCQ

In vitro studies conducted by Yao et  al. have evaluated the antiviral activity and 
prophylactic effect of CQ and HCQ. To foresee drug concentrations under different 
treatment regimens, the authors established physiologically based pharmacokinetic 
models (PBPKs) for CQ and HCQ [95].

SARS-CoV-2-infected Vero cells were used in vitro to assess the antiviral activ-
ity of HCQ and CQ. The EC50 values of CQ in Vero cells were estimated at 23.90 
and 5.47  μm at 24 and 48  h, respectively. It was also determined that HCQ 
(EC50 = 0.72 μm) remained more active than CQ (EC50 = 5.47 μm) [95]. Unlike CQ, 
the EC50 values for HCQ ranged between 6.14 and 0.72 μm at 24 and 48 h, respec-
tively. Research data indicate that EC50 values for CQ in the drug pretreatment 
method were >100 and 18.01 μm at 24 and 48 h, respectively, while the values for 
HCQ ranged between 6.25 and 5.85 μm at 24 and 48 h, respectively. CQ’s inhibition 
rate remained around 50% irrespective of the concentration assessed.

Inhibition of viral replication appears concentration-dependent function for both 
CQ and HCQ. These data indicate that HCQ is superior in vitro inhibition of SARS- 
CoV- 2 compared to CQ [95]. In vitro and in vivo studies show that HCQ maintains 
clear edge over CQ as a potent antiviral drug against coronaviruses [95]. This char-
acteristic is also attributed to the immunomodulatory function of HCQ as well as 
clinical safety within suitable doses which lend support to the inclusion of HCQ in 
the treatment of COVID-19 [96].

Yet, other data add caution to the short-term use of HCQ in COVID-19 treatment 
as it causes cardiac arrhythmias, hypoglycemic episodes, seizures, and dermato-
logic complications and thus creates concerns over its use [97].
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Water solubility and less toxicity of HCQ than CQ make it most appropriate for 
repurposing. In addition, the safety margin combined with antiviral effect of HCQ 
against SARS-CoV-2 renders it as an ideal candidate for COVID-19 treatment. 
Despite the distinct differences, both CQ and HCQ have been utilized in the treat-
ment of malaria and inflammatory disease.

12  Clinical Trials of Chloroquine and Hydroxychloroquine

The experimental application of CQ and HCQ in the treatment of severe forms of 
COVID-19 during the pandemic was the result of intolerable and rapid high mortal-
ity and enormous challenge faced by public health delivery systems to bring about 
an effective cure for this lethal disease [98].

In an effort to obtain credible data on the therapeutic efficacy and safety margin 
of effective cure for COVID-19, a large number of clinical trials were conducted 
across the world on the repurposed drugs [99]. By the end of 2020, hundreds of 
clinical trial databases worldwide were recorded for CQ and HCQ individually  
or collectively and in combination with specific drugs in the treatment of 
COVID-19 [100].

In a news briefing by a Chinese agency in February 2020, Gao et al. announced 
the outcomes of the initial clinical trials of CQ using over one hundred COVID-19- 
infected patients. The research group asserted the findings that CQ phosphate short-
ened the disease course, enhanced a virus-negative conversion, curtailed worsening 
signs of pneumonia, and improved disease-related pulmonary radiographic changes 
with no adverse effects [64].

The findings are a compilation of data from different clinical trials at various 
hospitals across China and clinical remain unsupported within the scientific com-
munity. In a retrospective triple therapy study of low-dose HCQ, azithromycin and 
zinc were assessed on 141 COVID-19 in outpatient clinics. This trial study which 
lasted 5 days showed four of the patients were hospitalized and only one death in the 
treatment group compared to 13 patients in the untreated cohort group. There were 
no recorded cardiac side effects in this study [101].

The clinical benefits of HCQ in the treatment of COVID-19 patients were evalu-
ated through randomized clinical trial in a pilot study conducted on 30 confirmed 
COVID-19 patients. In this trial, patients were randomized 1:1 to both HCQ group 
and control group and were given an HCQ plus conventional therapy or conven-
tional treatment alone. On day seven of the clinical trial, 13 patients were given 
HCQ, and in the control group 14 patients were negative for COVID-19 nucleic acid 
in throat swabs. Improvements are also observed in both groups with regard to clini-
cal manifestations such as fever considering the time needed to attain normal tem-
perature and in pneumonia. In the treatment group, there were limited adverse 
effects to HCQ as it occurred in one patient who was administered HCQ and devel-
oped severe pulmonary complications. The limited participants in this open-label 
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clinical trial did not yield convincing data on the therapeutic and preventive value of 
HCQ on COVID-19 patients [102].

Another clinical trial conducted within a university setting in France included 
hospitalized COVID-19 patients treated with HCQ alone and also a combination of 
HCQ plus azithromycin. In this trial that lasted 2 weeks, a single-arm practice (a 
design in which a group of patients with a targeted condition subjected to an experi-
mental therapy and observed over specific time) was implemented in which partici-
pants administered 600 mg of HCQ daily with viral load testing on a daily basis 
through nasopharyngeal swabs. The regular HCQ treatment was supplemented with 
azithromycin on the clinical presentation of COVID-19 patients [103].

On day six of the clinical trial, the endpoint was determined by the presence or 
absence of SARS-CoV-2 virus in nasopharyngeal swabs. A significant reduction of 
the viral load has been observed in 20 of the COVID-19 patients treated in this study 
compared to control groups. The combination of azithromycin and HCQ was more 
effective in virus elimination.

Given the circumstances, the study concluded that combination drug of HCQ and 
azithromycin was effective in eliminating 100% of viral load as compared to a 
group that received HCQ alone, which represented 57.1%. The recovery rate in the 
control group was limited to 12.5%. The most important outcome of this clinical 
trial was that all the patients treated with a combination of HCQ and azithromycin 
evaluated negative for COVID-19 on day 6 and that the synergistic effect of azithro-
mycin boosted the pharmacologic effect of HCQ in the treatment of SARS-CoV-2 
infection [103]. Despite the findings, scientific community’s endorsement of the 
results was tenuous [104].

The possible therapeutic and preventive role of hydroxychloroquine (HCQ), 
chloroquine (CQ), and other antimalarial medications on COVID-19 came under 
scrutiny when the rate of COVID infection in malaria-endemic population appears 
to lag far behind the malaria-free populations. Among the reasons attributed to this 
inverse phenomenon is the widely utilized hydroxychloroquine (HCQ), chloroquine 
(CQ) in malaria-endemic areas [104].

The efficacy of these drugs as a therapy of corona virus diseases has been the 
topic of scientific research in the past [83, 105]. Some scientists suggested that spe-
cific therapy plan of HCQ be implemented for certain period to counter the adverse 
effects of corona virus infection [94].

The use of HCQ in the treatment of SARS-Cov-2 has also been proposed at twice 
daily doses of 400 mg in the first day with subsequent 200 mg daily for 4 days [106].

An in vitro research study conducted by Vincent et al. revealed a prophylactic 
role for CQ through its inhibitory action against SARS-CoV in healthy and diseased 
cells [105]. Although yet to be supported by in vivo and in vitro studies, there is an 
indication that both CQ and HCQ share both the molecular mechanism and the 
effect on prevention and progression of the disease processes [107].

Later, an alarming finding was made through clinical investigations that the risks 
associated with HCQ or CQ administration in the treatment of COVID-19 outweigh 
the benefits. This finding and associated data were later challenged, and the pub-
lished paper consequently was withdrawn [104, 108].
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Despite the lack of evidence relative to the efficacy of CQ and its derivative, the 
drug resistance that patients develop in malaria-endemic areas and the WHO rec-
ommendations against it utilization, the use of CQ remains popular [104]. Some of 
the above factors may have solidified the belief that the consumption of antimalarial 
drugs, which are readily available, serve as unintended chemoprophylaxis against 
SARS- CoV- 2 and that it could slow down coronavirus infection rate among health-
care practitioners [109, 110]. The possible role of HCQ in protecting personnel of 
the health maintenance system and COVID patients placed on isolation has been the 
topic of investigation by clinicians [111]. No noted difference in COVID prevention 
have been documented between groups of asymptomatic yet high-risk patients 
administered placebo and those who received HCQ in the context of double-blind 
studies [112].

To determine the impact of HCQ treatment on the rate of death and hospital 
admission in outpatient clinics, the National Institute of Health (NIH) undertook a 
phase 2b placebo-based clinical trial. The results of which were supported by the 
findings of a randomized clinical trial study in Europe in which patients are divided 
into two groups, with one group of patients receiving HCQ, while the second group, 
which represented a large population, administered a routine medical care for 
COVID-19. The variance in the treatment outcome between HCQ group and stan-
dard care group appeared negligible. The table below shows selective clinical trial 
studies on the efficacy of chloroquine and hydroxychloroquine in COVID-19 
patients and the in vitro investigations on SARS-CoV-2.

Research 
reference Population (n Patients)

Therapeutic 
methodology Key outcomes

[112] In vitro research study 
with SARS_CoV2- 
infected Vero cells

Infected Vero cells were 
treated with CQ or 
HCQ at 0.032, 0.16, 
0.80, 4, 20, or 100 μM 
for 24 or 49 h

CQ and HCQ reduced viral 
replication in a concentration- 
dependent manner
EC50 values for CQ were 23.90 
and 5.47 μM at 24 and 48 h, 
respectively
EC50 values for HCQ were 6.14 
and 0.72 μM at 24 and 48 h, 
respectively

[113] In vitro study with Vero 
cells

Vero cells were 
pretreated with CQ or 
HCQ at 0.032, 0.16, 
0.80, 4, 20, or 100 μM 
for 2 h and were then 
infected with SARS- 
CoV- 2 and incubated 
for 24 or 48 h

HCQ showed a higher in vitro 
antiviral impact in comparison 
with CQ
EC50 values for CQ were 
greater than 100 and 18.01 μM 
at 24 and 48 h, respectively
EC50 values for HCQ were 6.25 
and 5.85 μM at 24 and 48 h, 
respectively

(continued)
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Research 
reference Population (n Patients)

Therapeutic 
methodology Key outcomes

[114] In vitro study with 
African green monkey 
kidney VeroE6 cells

SARS-CoV-2-infected 
cells at four different 
multiplicities of 
infection (MOI) and 
treated with CQ or 
HCQ up to 50 μM for 
48 h

CC50 values of CQ and HCQ 
were 273 and 250 μM, 
respectively, indicating lack of 
significant difference
At all MOI (0.01, 0.02, 0.2, and 
0.8), EC50 for HCQ (4.51, 4.06, 
17.31, and 12.96 μM) was 
higher than that of CQ (2.71, 
3.81, 7.14, and 7.36 μM
Statistical values of the 
variations in EC50 were 
significant at MOI of 0.01 
(P < 0.01)

[115] In vitro study with Vero 
E6 cells

Cells were infected 
with SARS-CoV-2 at 
MOI (multiplicity of 
infection) of 0.05 in the 
presence of different 
concentrations of CQ, 
penciclovir, ribavirin, 
nafamostat, 
nitazoxanide, 
remdesivir, favipiravir, 
and chloroquine

EC50, SI index, and CC50 values 
for CQ were 1.13 μM, > 
100 μM, and 88.5
These values were higher for 
ribavirin (EC50 = 110 μM, 
CC50 > 400 μM, and SI > 3.65), 
penciclovir (EC50 = 96.0 μM, 
CC50 > 400 μM, SI > 4.17), and 
favipiravir (EC50 = 61.9 μM, 
CC50 > 400 μM, SI > 6.46), 
nafamostat (EC50 = 22.50 μM, 
CC50 > 100 μM, SI > 4.44) and 
were comparable to 
nitazoxanide (EC50 = 2.12 μM; 
CC50 > 35.53 μM; SI > 16.76) 
and remdesivir 
(EC50 = 0.77 μM; 
CC50 > 100 μM; SI > 129.87) 
for EC50

[116] Age >12 years and 
positive for SARS- 
CoV- 2. Patients with 
HCQ or CQ allergy were 
excluded or had another 
recognized 
contraindication for 
treatment with the drug. 
Pregnant and 
breastfeeding patients 
were excluded

Oral HCQ 200 mg 
TD × 10 days (n = 20)
Symptomatic treatment 
and AZT (n = 6; 
500 mg/d on day one 
then 250 mg/d for next 
4 days) with HCQ. 
Patients (n = 16) who 
rejected the treatment 
or had relegation 
criteria, served as 
controls

Control patients were younger 
than HCQ-treated patients 
(37.3 years vs.51.2 years)
At day 6 post-inclusion, 70% of 
HCQ-treated patients were 
negative compared with 12.5% 
in the control group (P = 0.001)
At day 6 of post-inclusion, 
1005 of patients treated with 
combination of HCQ and AZT 
were negative compared with 
57.1% in patients cured with 
HCQ only and 12.5% in the 
control group

(continued)
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Research 
reference Population (n Patients)

Therapeutic 
methodology Key outcomes

[117] Confirmed COVID-19 
patients. Thirty patients 
were randomly chosen 
and assigned to treatment 
and control groups

Oral HCQ sulfate 
400 mg OD × 5 days 
(n = 15)
NO HCQ was provided 
to patients (n = 15)

On day 7, the number of 
negative samples did not differ 
and was (13 (86.7%) in the 
HCQ group versus 14 (93.3%) 
in the control group; P > 0.05)
The period from hospitalization 
to virus-free nucleic acid cells 
did not differ (4 ± 1, 9 days in 
HCQ versus 2 ± 1.4 days in the 
control group; P > 0.05)
The time for body temperature 
normalization was comparable 
(1 ± 0.2 day one HCQ group 
versus 1 ± 0.3 days in the 
control group)
Radiological progress was 
noted on CT images in 7 cases 
(46.7%) of the control group 
and 5 cases (33.3%) of the 
HCQ group, and all patients 
revealed amelioration in 
follow-up examinations
Three cases (20%) of the 
control group and four cases 
(26.7%) of the HCQ group 
showed abnormal liver function 
and transient diarrhea 
(P > 0.05)

[118] COVID-19-exposed 
patients (211 containing 
22 healthcare workers 
and 189 patients) with 
negative PCR tests for 
COVID-19 in a long-term 
care hospital in Korea. 
Four patients and one 
coworker were not finally 
completed

COVID-19-exposed 
patients were 
administered HCQ at 
400 mg OD×14 days 
during the quarantine. 
There were no control 
groups

At the ending of 2 weeks of 
quarantine, follow-up PCR 
tests were negative
A sum of 32 individuals 
(15.6%) mentioned one or more 
symptoms through 
postexposure prophylaxis
The most common symptoms 
were the skin rash (4.3%), 
loose stool or diarrhea (9%), 
bradycardia (0.95%), and 
gastrointestinal disorders 
(0.95%). Postexposure 
prophylaxis was terminated in 
5 patients (2.7%) because of 
the requirement for fasting, 
bradycardia, and 
gastrointestinal disorder

(continued)
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(continued)

Research 
reference Population (n Patients)

Therapeutic 
methodology Key outcomes

[119] Patients (n = 95) were 
18 years of age or older 
and suspected of having 
COVID-19 disease

Loading dose of CQ 
was 600 mg followed 
by 300 mg BD (starting 
12 h after the loading 
dose), for the next 
4 days

CQ treatment in patients with 
COVID-19 markedly extended 
the QTc interval by 34–35 ms; 
23% of the patients had QTc 
interval exceeding 500 ms. 
Statistically distinct effects 
were recorded on QRS interval 
(mean difference 6 ms), PR 
interval (mean difference 6 ms), 
PR interval (mean difference 
8 ms), and heart rate (mean 
difference-10 bpm)

[120] A retrospective 
investigation of 251 
patients having 
COVID-19

HCQ was orally 
administered at 400 mg 
BD for 1 day (loading 
dose) then 200 mg BD 
for 4 days. AZT was 
orally administered for 
5 days at a dose of 
500 mg OD

QTc interval extended from a 
baseline of 439 ± 29 ms to a 
maximum value of 473 ± 36 ms 
(P < 0.001), which happen on 
day 4.1 ± 2 of treatment
Extreme novel QTc interval 
extension to >500 ms revealed 
in 23% of patients
One patient showed 
polymorphic ventricular 
tachycardia

[121] A retrospective 
investigation of 1376 
patients having 
COVID-19

HCQ (n = 811) was 
provided at 600 mg BD 
on day 1, followed by 
400 mg/d for 4 in the 
succeeding days. 
Control group patients 
were less adversely 
affected at baseline than 
the HCQ-treated cohort 
group (n = 565; the 
ratio of the partial 
pressure of arterial 
oxygen to the fraction 
of inspired oxygen, 223 
vs 360)

HCQ use was not accompanied 
with a markedly lower or 
higher hazard of death or 
intubation (hazard ratio, 1.04; 
95% Cl, 082 to 1.32)
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(continued)

Research 
reference Population (n Patients)

Therapeutic 
methodology Key outcomes

A retrospective 
investigation of 368 
patients having 
COVID-19

HCQ (n = 97) alone 
and HCQ+ AZT 
(n = 113) in 
combination. In the 
control group (n = 158), 
no HCQ was provided

The hazard of death from any 
reason was elevated in HCQ 
group (adjusted hazard ratio, 
2.61; 95% Cl, 1.10 to 6.17; 
P = 0.03)
The risk of death was similar in 
the HCQ+AZ group (adjusted 
hazard ratio, 1.14; 95% Cl, 
0.56 to 2.32: P = 0.72)
The hazard of ventilation was 
comparable in the HCQ group 
(adjusted hazard ratio, 1.43; 
95% Cl, 0.53 to 3.79; P = 0.48) 
and the HC + AZ group 
(adjusted hazard ratio, 0.43; 
95% Cl, 0.16 to 1.12; P = 0.09)

[122] A retrospective 
investigation of 181 
patients having 
COVID- 19 and requiring 
oxygen ≥2 L/min.

HCQ (n = 84) 600 mg/d 
for 7 days; in the 
control group (n = 97), 
no HCQ was provided

20.2% of the patients in HCQ 
group died within 7 days or 
moved to the ICU vs. 22.1% in 
the no-HCQ group (16 vs. 21 
events, the relative hazard of 
0.91, 95% Cl 0.47–1.80) in the 
HCQ group
The death of 2.8% of the 
patients was within 7 days vs. 
4.6% in the no-HCQ group 
(3–4 events, the relative risk of 
0.61, 95% Cl 0.13–2.89)
27.4% in the HCQ group 
versus 24.1% in the control 
group patients developed acute 
respiratory distress syndrome 
within 7 days (24 vs. 23 events, 
relative risk of 1.14, 95% Cl 
0.65–2.00)
8 patients receiving HCQ 
(9.5%) revealed 
electrocardiogram 
modifications requesting HCQ 
stop

[123] A retrospective 
investigation of 181 
patients having 
COVID-19

HCQ at 200–600 mg 
OD/BD (n = 271) 
alone; HCQ+AZT 
(n = 735) in 
combination; AZT 
200–500 mg once/OD/
BD (n = 211). And no 
drug (n = 221)

The death of patients treated 
with AZT alone, 21/211 (10.0% 
(95% CI, 5.9–14.0%)), the rate 
HCQ+ AZT was 189/735 
(25.7% (95% CI, 22.3–
28.9%)), HCQ alone, 54/271 
(19.9% (95% CI, 15.2–
24.7%)), and neither drug, 
28/221 (12.7% (95% CI, 
8.3–17.1%))
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Research 
reference Population (n Patients)

Therapeutic 
methodology Key outcomes

[124] A retrospective 
investigation of 181 
patients having 
COVID- 19 and treated 
with HCQ

HCQ 400 mg/d 
(200 mg BD) for 
7–10 days (n = 48)
In the control group 
(n = 520), no HCQ was 
provided

Mortalities reduced in HCQ 
group (18.8% (9/48) versus 
45.8% (238/520) in control 
group (P < 0.05)
The level of inflammatory 
cytokine IL-6 markedly 
decreased from 22.2 (8.3–
118.9) pg/ml (P < 0.05) in the 
HCQ group, but there is no 
alteration in the control group

[125] An ongoing randomized 
controlled trial of more 
than 11,000 COVID-19 
patients to date

HCQ (200 mg tablet 
containing 155 mg base 
equivalent) received a 
loading dose of four 
tablets (800 mg) at zero 
and 6 h, then two 
tablets (400 mg) at zero 
and 6 h, then two 
tablets (400 mg) 
starting at 12 h after the 
initial dose, and then 
every 12 h for the next 
9 days or until 
discharge

28-day mortality was 26.8% 
and 25% in the HCQ and 
standard of care groups
HCQ treatment was markedly 
accompanied with an elevated 
length of hospital stay and 
elevated hazard of developing 
to death

[126] An ongoing randomized 
controlled trial of more 
than 5000 COVID-19 
patients to date

HCQ standard care Not available; details were not 
published

[127] An internet-based 
randomized controlled 
trial in nonhospitalized 
patients in the United 
States and Canada

HCQ (800 mg once, 
followed by 600 mg in 
6–8 h, then 600 mg 
daily for 4 more days) 
placebo

Symptom severity did not 
significantly differ over 14 days 
(−0.27 points (95% CI, −0.61 
to 0.07 points): P = 0.17)
At 14 days, 24% of the 
participants receiving placebo 
(P = 0.21)
Medication adverse effects 
occurred in 43% of HCQ group 
compared to 22% in the 
placebo group (P < 0,001)

Abbreviations: HCQ hydroxychloroquine, CQ chloroquine, OD one a day, BD twice a day, TD 
thrice a day, CI confidence interval, hrs. hours, EC50 half maximum effective concentration, CC50 
50% cytotoxic concentration, SI selectivity index, Moi multiplicity of infection, AZT 
azidothymidine

Nevertheless, the cellular immunity is a key element in deterring viral infection 
and comes to action when the virus enters our system. First, the invading virus 
encounters the antigen-presenting cells (APCs) whose main function is to present 
the virus mediated by major histocompatibility class II (MHC II), a pathway 
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regarded as integral to the T-lymphocyte activation and key determinant in patho-
physiology of COVID-19 [128].

Scientists who adopt the view that HCQ and CQ has a positive role in malaria 
treatment, and prevention of COVID-19 indicate that these drugs disrupt this path-
way reducing T-cell activation, thus hindering the release of inflammatory cytokines 
as well as the signals that co-stimulate this process [129].

Reports that documented the possible additional mechanisms through which 
HCQ exerts a positive role in reducing COVID-19 indicate that the high pH of this 
drug causes inhibition of the lysosomes and consequently prevents antigen presen-
tation within major histocompatibility class II (MHC II) and T-cell activation, which 
are considered elements essential for inflammatory cytokine release. Moreover, 
altered intracellular pH (pHi) will interfere with Toll-like receptors (TLR) particu-
larly TLR7 and TLR9 [130, 131].

The latter receptors are expressed in dendritic and epithelial cells, macrophages, 
and fibroblasts, considered as the frontier immune mechanism that neutralize patho-
gens and endogenous substances liberated by necrotic cells. In order to accomplish 
this function, they utilize the cGAS-STING pathway that activates interferon 
(inflammatory) genes. HCQ produces a weakened inflammatory response by dis-
rupting the above pathway. In view of this mechanism, massive immune response is 
observed in SARS-Cov-2 patients within cytokine release syndrome (CRS) [107].

Upon successful binding of the virus-ACE2 receptor, the SARS-Cov-2 virus 
uses endosomes to enter host target cells. The fusion process occurs through lyso-
somal proteases which cleave the virus spike proteins and initiate viral replication. 
Lysosomal proteases activity is dependent upon low pH, and therefore a high pH 
will hinder the process [132, 133].

Because of the characteristically low pHi of the endosomes, administered HCQ 
and CQ enter the cell, accessing the endosomes and eventually heightening endo-
somal pHi. This chemical alteration disrupts the endosomes and SARS-Cov-2 viral 
fusion process [105]. The HCQ and CQ also act against COVID-19 infection by 
impairing the ability of the virus to bind to host ACE2 receptors and to the mem-
brane fusion process [107]. In addition to disruption of ACE2-virus binding, both 
these drugs impair the attachment of the virus spike proteins to the cell receptors by 
inducing alterations in the glycosylation of ACE2 receptors.

13  Synopsis

The above discussion points to an important fact that the of HCQ and CQ not only 
counter the malaria infection but may also play a role in limiting COVID-19 spread 
in the affected population. This contrast between malaria frequency and COVID-19 
is correlated with the mechanism of action of these medications. As preventive and 
therapeutic drugs, HCQ and CQ halt disease progression through direct antiviral 
function and impediment of viral replication by altering the intracellular pH and 
also by suppressing cytokine release and associated storm by lessening T 
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lymphocyte stimulation. Antimalaria medications have been revised, and artemisi-
nins class of drugs have been proven to be efficacious against malaria including 
drug-resistant strains but not against COVID. Artemisinins, extracted from sweet 
wormwood (Artemisia annua), seem to be highly effective against phylogenetically 
different parasitic infections such as schistosomiasis.

14  Conclusion

Despite the potential dual role of HCQ and CQ as a therapy and prevention against 
SARS-CoV2, a clear-cut evidence is yet to be established. Several factors affect the 
progression of COVID-19 infection in malaria-endemic populations. Aside from 
healthcare delivery system and the availability or lack of associated organization, 
the difference in the prevalence of these diseases could be linked in part to ACEI/D 
and ACE2 polymorphism. The fact that malaria patients naturally form anti- 
glycosylphosphatidylinositol (GPI) antibodies that recognize the SARS-CoV-2 gly-
coproteins may be responsible for a protective and suppressive role preventing or 
lessening the severity of symptoms caused by the virus.
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The Use of Azithromycin 
and Lopinavir- Ritonavir in the Treatment 
of COVID-19

Andang Miatmoko, Yulistiani, Melanny Ika Sulistyowati, Dwi Setyawan, 
Devy Maulidya Cahyani, and Purwati

Abstract Coronavirus disease 2019 (COVID-19) is a new type of disease first 
identified in 2019 which is caused by the Sars-CoV-2 virus that can cause illness 
with mild-to-severe symptoms. A common symptom of COVID-19-infected indi-
viduals is that of acute respiratory distress, such as fever, cough, and shortness of 
breath. COVID-19 causes pneumonia, acute respiratory syndrome, renal failure, 
and even, in severe cases, death. Clinical symptoms reported as presented by patients 
with this condition include fever, breathing difficulties, and double pneumonia 
affecting both lungs as confirmed by a patient’s X-ray results. Curative therapy can 
be administered using antiviral agents such as those drugs prescribed during the 
MERS and SARS pandemics, one being a combination of lopinavir/ritonavir. An 
antibiotic such as azithromycin is additionally utilized. The combination of these 
drugs has been studied through both in vitro and clinical trials; the results of which 
have confirmed its potential application as part of COVID-19 treatment therapy. In 
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vitro tests conducted on Vero cells indicated that a combination of lopinavir/ritona-
vir and azithromycin is highly effective in inhibiting viral replication of the SARS- 
CoV- 2 virus previously isolated from patients at Universitas Airlangga Hospital, 
Indonesia.

In vitro studies of mesenchymal cells have confirmed the low cytotoxicity of this 
drug combination. Moreover, molecular docking studies have shown the effective-
ness of the combination of lopinavir/ritonavir and azithromycin at several stages of 
the viral infection cycle. Clinical trials involving COVID-19 patients confirmed an 
accelerated improvement in their clinical symptoms and virus clearance with high 
levels of safety within kidney and liver function parameters. The combination of 
these drugs has also been shown to reduce the effect of IL-6 and TNF-α as pro- 
inflammatory markers, as well as an enhanced anti-inflammatory response charac-
terized by an increase in IL-10 cytokines. The combination of lopinavir/ritonavir 
and azithromycin represents an effective drug combination for managing the 
COVID-19 virus or future viral pandemic outbreaks.

Keywords COVID-19 · Virus · Lopinavir/ritonavir · Azithromycin · Illness

1  Introduction

In December 2019, a public health crisis was caused by the SARS-CoV-2 virus 
whose rapid spread can cause coronavirus (COVID-19), a severe respiratory system 
disease. The first case appeared in Wuhan, China, before it spread exponentially to 
produce an international pandemic. Since the World Health Organization (WHO) 
classified COVID-19 a global pandemic in October 2021, 237,196,253 positive 
cases have been reported, culminating in 4,840,189 deaths.

Coronavirus forms part of the Coronavirinae subfamily within the Coronaviridae 
family of the Nidovirales order. Spherical in shape, the virus has a surface which is 
sealed by the protein spike (S), a membrane (M), and an envelope (E); the latter two 
of which are located between the protein S [1]. SARS-CoV-2 is a virus with single- 
stranded RNA that has a distinctive crown-like shape due to the presence of glyco-
proteins on the envelope under an electron microscope [2]. This virus enters the 
human body through the angiotensin-converting enzyme 2 (ACE-2) receptor [3].

Coronavirus has spherical shapes belonging to the Coronavirinae subfamily in 
the Coronaviridae family in the order Nidovirales. The surface of the virus is cov-
ered with spike (S), membrane (M), and envelope (E) proteins, which are between 
the S proteins [1]. SARS-CoV-2 is a virus with single-stranded RNA that has a 
distinctive crown-like shape due to the presence of glycoproteins on the envelope 
under an electron microscope [2]. This virus enters the human body through the 
angiotensin-converting enzyme 2 (ACE-2) receptor [3].
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SARS-CoV-2 is transmitted directly via droplets produced by coughing, sneez-
ing, or talking and contact leading to the direct infecting of others. Transmission can 
also be indirect through physical contact with the contaminated surfaces of objects 
or the use of aerosols in enclosed spaces [4].

Patients infected with SARS-CoV-2 may experience reactions ranging from 
being asymptomatic, through mild symptoms, to presenting severe ones. However, 
the virus primarily affects the respiratory system, producing fever, dry cough, and 
dyspnea. It is widely known that the symptoms of COVID-19 are extremely diverse, 
encompassing mild symptoms to hypoxia with acute respiratory distress syndrome 
(ARDS) [5]. Patients experiencing mild cases may present upper respiratory tract 
infection with a dry cough, low-grade fever, nasal congestion, sore throat, headache, 
muscle aches, and malaise [6]. In moderate cases, the patient experiences respira-
tory tract disorders as indicated by symptoms such as a cough, shortness of breath, 
and tachypnea [6]. Patients with severe symptoms may experience severe pneumo-
nia, ARDS, sepsis, and septic shock [6].

Patients with cases of mild severity can progress rapidly to severe or critical ones 
[6], while the over-65 s run a greater risk of progressing to a more severe phase [7]. 
Elderly patients and individuals with comorbidities tend to succumb to the virus, 
one underlying reason being that abnormal lung tissue causes dysfunctional matura-
tion of dendritic cells, resulting in activation of damaged T cells [8].

The severity of COVID-19 is associated with an increase in inflammatory media-
tors, including cytokines such as interleukin (IL)-2, IL-7, and IL-10 and tumor 
necrosis factor (TNF), among others [9]. Within the many elevated inflammatory 
mediators, blood levels of IL-6 are strongly correlated with COVID-19-induced 
death. This disease is characterized by cytokine storm-induced cytokine release 
syndrome (CRS) producing a high mortality rate [10]. Cytokine storm is an acute 
hyper inflammatory response responsible for critical illnesses such as viral infec-
tions, as in the case of SARS-CoV-2. Critically ill COVID-19 patients who develop 
cytokine storms are known to have a poor prognosis and an increased mortality 
rate [11].

The therapy management aimed at treating COVID-19 is supportive in nature, 
treating the symptoms experienced by the patient as a means of preventing respira-
tory failure. Current therapeutic management using several drugs, including 
lopinavir- ritonavir, remdesivir, azithromycin, and hydroxychloroquine, has been 
clinically trialed. However, none has proven to be a definitive therapy. Therefore, 
determining the appropriate drug therapy is very important in dealing with the 
COVID-19 pandemic. Azithromycin is one of the proposed drugs for the treatment 
of COVID-19 [12]. On the other hand, the drug combination lopinavir-ritonavir is 
also used in COVID-19 therapy due to its ability to inhibit the SARS-CoV 3C pro-
tease enzyme [13].
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2  Etiology

2.1  The Entry Stage of the Virus

COVID-19 is transmitted through droplets expelled from the respiratory tract or 
aerosols from an infected person produced while coughing or sneezing. Droplets 
from infected individuals can spread across a distance of up to 2 meters and adhere 
to surfaces which would subsequently become potential sources of transmission of 
the virus to healthy individuals who touch their mouth, nose, and/or eyes with 
unsanitized hands. Moreover, asymptomatic carriers can also spread the COVID-19 
virus [15]. A study conducted by Lirong et al. [16] reported that SARS-CoV-2 sur-
vives in aerosols for 3 h. In addition, the stability of this virus enables it to survive 
on plastic, stainless steel, copper, and cardboard surfaces where it can be detected 
for up to 72 h. Therefore, the transmission of SARS-CoV-2 via both aerosols and 
surfaces is possible because the virus can survive for any length of time from hours 
to several days.

The virus infiltrates the host’s body by binding to a host receptor through endo-
cytosis or fusion [17]. As shown in Fig. 1, coronavirus consists of four protein struc-
tures, namely, spike, membrane, envelop, and nucleocapsid [18]. Spike has two 
functional subunits: the S1 subunit functions to bind to host cell receptors, while the 
S2 subunit plays a role in viral and cellular membrane fusion, as shown in Fig. 2. 
The functional receptor for SARS-CoV-2, angiotensin-converting enzyme 2 
(ACE-2), is found in the heart, ileum, kidney, and bladder [19, 20]. Through these 
receptors, viral S protein initiates host cell invasion. After SARS-CoV-2 binds to the 
ACE-2 receptor, the S protein is activated through protease cleavage, followed by 
fusion of the virus and host membrane. The virus enters pulmonary alveolar epithe-
lial cells post-fusion, thereby releasing viral content. In the host cell, the virus 
undergoes replication and the formation of RNA through transcription. After the 

Fig. 1 Schematic structure of SARS-CoV-2 [14]
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Fig. 2 The trimeric 
structure of the SARS- 
CoV- 2 S protein [14]

new RNA is formed, new proteins continue to be synthesized in the cytoplasm of 
the cell [17].

2.2  Incubation Stage

It was reported that the immune response due to SARS-CoV-2 infection includes 
two clinical phases, incubation and infection. The World Health Organization 
(WHO) states that the postinfection incubation period for SARS-CoV-2 ranges 
from 1 to 14 days and may vary between individuals. An adaptive immune response 
is required during the incubation phase to eliminate the virus and prevent progres-
sion of the disease to a more severe stage [21].

It is important to increase the immune response at this stage since if it is compro-
mised the virus can spread causing massive damage to the affected tissues, espe-
cially in organs with a high ACE-2 expression. Damaged cells induce inflammation 
mediated by pro-inflammatory macrophages and granulocytes. This inflammation 
causes pneumonia which can be life-threatening at an advanced stage [21]. Due to 
the targeting of SARS-CoV-2 in the respiratory system during the incubation stage, 
this virus attacks epithelial cells in the respiratory tract, producing symptoms in the 
respiratory system [22].

2.3  Stage of Infection

The most common symptoms experienced by patients include fever, dry cough, 
shortness of breath, fatigue, nausea/vomiting, diarrhea, and myalgia. Furthermore, 
the patient also presented other symptoms such as disorders in the digestive tract, 
anosmia being one of the prominent symptoms in COVID-19 patients [23].
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When SARS-CoV-2 successfully infects the host cell, the genome of the uncoated 
virus enters its cytoplasm. Coronaviruses have an RNA genome that can directly 
produce proteins from the new genome in the cytoplasm. Host cell ribosomes func-
tion in translating viral RNA into RNA polymerase proteins. RNA polymerase then 
reads the positive strand to make single-stranded negative-sense RNA (ssRNA-) 
which is used as a template by RNA polymerase to make other ssRNA+. Host cell 
ribosomes read strand RNA on the endoplasmic reticulum to make structural com-
ponents of the virus [24, 25].

Virus replication in alveolar cells induces tissue damage and an inflammatory 
response; the latter of which is also triggered by the entry of the virus. Damage to 
alveolar cells also induces the release of interferon, cytokines, and several other 
intracellular components. Furthermore, these inflammatory cells lead to a cytokine 
storm that causes the organ damage and multi-organ failure seen in severe cases [26].

It is well established that COVID-19 infection is accompanied by an aggressive 
inflammatory response due to the release of large numbers of pro-inflammatory 
cytokines known as “cytokine storms.” The immune response of patients infected 
with SARS-CoV-2 is hyperactive, triggering an excessive inflammatory reaction. It 
was reported that the cytokine profile of COVID-19 patients confirmed that the 
onset of a cytokine storm was directly related to lung damage, multiple organ fail-
ure, and a worsening prognosis of COVID-19 [27].

Certain patients experienced more severe symptoms including hypoxia and the 
development of pulmonary infiltrates which progress to more severe disease. The 
patient’s condition can rapidly deteriorate leading to organ damage and death in 
patients with severe cases. Some patients with dyspnea and hypoxemia may develop 
acute respiratory distress syndrome (ARDS), septic shock, blood clotting dysfunc-
tion, and even organ failure within a period of 1 week [28].

3  Clinical Pathology of COVID-19

3.1  Clinical Symptoms

Common clinical symptoms in adults with COVID-19 include fever, dry cough, 
sore throat, headache, fatigue, myalgia, and shortness of breath. However, some 
infected patients may not present any symptoms at all. With the global spread of the 
disease, resulting in an increase in the number of patients, other symptoms began to 
be reported [29].

A standard clinical parameter among COVID-19 patients is that of a rise in body 
temperature, the degree of that increase reflecting the severity of inflammation 
experienced. It was reported that fever was the most common symptom observed in 
patients with an increase in body temperature indicating a response to a foreign 
substance [29].
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Shortness of breath also represents a typical symptom in COVID-19 patients. 
The virus can cause respiratory problems, including lung dysfunction with reduced 
oxygen saturation leading to acute respiratory distress syndrome (ARDS). There are 
three main mechanisms through which SARS-CoV-2 causes patients to experience 
shortness of breath, inflammation of the alveoli and lung tissue, thrombosis, micro 
cloths, and neuroinvasion [30]. Inflammation of the alveoli and lungs causes distur-
bances in the gas diffusion capacity with the result that the patient experiences 
hypoxemia [31].

The targeting of the respiratory tract by the SARS-CoV-2 infection can cause 
damage resulting in numerous health problems; one of which is hypoxia. A number 
of patients were found to have silent hypoxia, a condition involving a decrease in 
oxygen saturation (~50–80%), yet did not subsequently experience difficulty breath-
ing. Normally, the respiratory rate of hypoxic patients is elevated, but this symptom 
was not present [32].

3.2  Clinical Laboratorium Test

COVID-19 presents clinically in a wide range of symptoms ranging from none 
through those of mild flu to severe life-threatening conditions. Therefore, laboratory 
testing is required to identify COVID-19 patients in its early phase. There are cur-
rently two types of testing for COVID-19; molecular tests to detect SARS-CoV-2 
viral RNA and serological/immunological tests. Molecular testing for viral RNA 
involves application of the polymerase chain reaction (PCR) technique. PCR assay 
was used to identify individuals infected with SARS-CoV-2 in its acute phase. 
Serological and immunological assays are based on the detection of antibodies pro-
duced through exposure to a virus or the detection of protein antigens in an infected 
individual. This test is used to identify an individual’s immune status, in addition to 
identifying those who have been able to develop antibodies against the SARS- 
CoV- 2 virus with the result that they become convalescent plasma donors [33].

The parameters of D-dimer, a fibrin degradation product widely used as a bio-
marker for thrombotic disorders, can also be used in the assay. A D-dimer value less 
than 0.5 g/mL is considered normal. The value of D-dimer becomes greater with age 
and in pregnant women. This parameter also increases with the intensifying severity 
of pneumonia [34]. During the current pandemic, D-dimer was identified as a poten-
tial indicator of the prognosis of COVID-19 disease in patients. The D-dimer 
parameter has been employed in several studies to predict disease severity. This 
value rises as the severity of COVID-19 increases. In a study by Yao et al. [35], there 
was a significant correlation between the increase in the value of D-dimer and dis-
ease severity which was grouped according to lung infection, oxygen saturation, 
and the clinical stage of the patient.

The occurrence of lymphopenia and cytokine release syndrome (CRS) is also 
associated with the severity of disease. CRS is triggered by several factors charac-
terized by increased pro-inflammatory cytokine interleukin-6 (IL-6) levels. Gorham 
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et  al.’s [36] study of 2020 reported that the IL-6 parameter increased above the 
normal range in COVID-19 patients. Moreover, it was also higher in patients with 
severe infection than those with mild-to-moderate cases.

Procalcitonin, a 116-amino acid precursor of the hormone calcitonin, can also be 
used as a parameter in laboratory tests. These biomarkers show increased inflamma-
tion in bacterial infections. Procalcitonin is also used to differentiate between strains 
of influenza involving bacterial infection and those without. In addition, it is also 
used to identify COVID-19 patients. It was recently reported that an increase in 
procalcitonin levels in such individuals was associated with the severity of the dis-
ease experienced by the patient [5, 7, 37]. In the study conducted by Hu et al. [38], 
the average procalcitonin level in SARS-CoV-2-infected patients presenting severe 
symptoms increased four times more than that in their counterparts presenting mod-
erate symptoms. Meanwhile, critically ill patients experienced an eightfold increase 
compared to those with moderate symptoms.

COVID-19 not only affects the respiratory tract but reportedly also other organs 
such as the liver due to an increase in alanine aminotransferase (ALT) and aspartate 
aminotransferase (AST) values. Furthermore, COVID-19 patients present moderate 
microvesicular steatosis together with mild lobular and portal activity. This suggests 
that SARS-CoV-2 may cause liver damage [39, 40] because the coronavirus can 
directly affect hepatocytes. Alternatively, the liver can be injured by an intensified 
inflammatory response due to increased immunity and the toxicity of therapeutic 
drugs administered which cause an increase in liver enzymes [41].

Coronavirus can reportedly exert a direct cytopathic effect on the kidneys. This 
is based on detection using a polymerase chain reaction (PCR) which identifies 
fragments of the coronavirus in the blood and urine samples of COVID-19-infected 
patients. An in vitro study found that the cytopathic effect of SARS-CoV-2 on proxi-
mal tubular cells can cause acute kidney damage in COVID-19 patients, especially 
those with high ACE-2 receptor expression [42]. The study undertaken by Li et al. 
[43] reported kidney structure abnormalities in 100% of patients infected with 
SARS-CoV-2.

In addition to the parameters above, in the study by Wang et al. [44], the most 
common laboratory abnormalities found in COVID-19 patients included decreased 
lymphocytes, prolonged prothrombin time, and increased lactate dehydrogenase. 
These abnormalities suggest that SARS-CoV-2 infection is associated with cellular 
immune deficiency, activation of coagulation, myocardial injury, liver injury, and 
kidney injury. Laboratory test results of COVID-19 patients show a reduction in 
lymphocytes, indicating that COVID-19 infection primarily affects lymphocytes, 
particularly T lymphocytes. Virus particles can spread and infect other cells, induce 
a cytokine storm in the body, induce a series of immune responses, and cause 
changes in peripheral white blood cells and immune cells such as lymphocytes. In 
certain patients, the disease progresses rapidly, causing ARDS and septic shock 
which lead to organ failure [45].

A. Miatmoko et al.



347

4  Azithromycin for COVID-19 Infection

4.1  Physicochemical Characteristics of Azithromycin

Azithromycin is a macrolide antibiotic commonly used to treat various bacterial 
infections (Fig. 3). This drug constitutes a broad-spectrum macrolide that is bacte-
riostatically active against numerous strains of gram-positive and gram-negative 
bacteria, including Mycoplasma pneumoniae, Treponema pallidum, Chlamydia sp., 
and Mycobacterium avium [46]. This antibiotic is deemed appropriate for the treat-
ment of respiratory tract, urogenital, and skin infections, in addition to specific ones 
caused by other bacteria that are sensitive to azithromycin. This antibiotic has a low 
plasma level [46] with only 37% drug bioavailability [47] reflecting its poor phar-
macokinetic profile.

On the other hand, the large volume of distribution of azithromycin enables it to 
achieve high tissue concentrations. The blood concentration of the drug decreases 
polyphasically with a relatively short half-life indicating that azithromycin is rap-
idly distributed in tissues. One of the highest drug concentrations was found in the 
lungs [47]. Therefore, this drug can be delivered efficiently to the infection site. 
Compared with other macrolides, it is more stable in acidic media and has a longer 
half-life enabling its possible administration once a day [46]. Azithromycin is not 
metabolized by cytochrome P450. The main elimination route of this drug is through 
biliary excretion of the unchanged drug. Between 5% and 14% of the unchanged 
drug is excreted in the urine [48].

Azithromycin can be administered orally at a dose of 500 mg for 3–5 days or 
500 mg as an initial dose followed by 250 mg delivered orally on Day 2 for a further 

Fig. 3 Chemical structure of azithromycin
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5 days [49]. However, at the time of writing, the most optimal dose in treating viral 
infections remains uncertain.

4.2  Action Mechanisms for COVID-19

Azithromycin has recently been shown to act on the binding of SARS-CoV-2 to 
respiratory cells [50] while also reported to possess anti-inflammatory properties. 
This drug is cationic, can accumulate in acidic cellular compartments, and binds to 
phospholipids, thereby increasing lysosomal pH and inducing phospholipidosis 
[51]. The increase in lysosomal pH due to azithromycin can also change the process 
of endocytosis and the function of lysosomal proteases, including cathepsin or furin, 
which complicates the fusion process. Reduction of furin activation by azithromy-
cin can prevent the entry of SARS-CoV-2 into human epithelial cells [51].

In addition to antibacterial activity, azithromycin exhibits antiviral and immuno-
modulatory activity in treating viral infections, including COVID-19 therapy. 
Azithromycin is also thought to possess antiviral properties that work synergisti-
cally with antiviral drugs. Preclinical studies have found that these macrolide anti-
biotics can produce antiviral effects against Zika virus and induce an antiviral 
response to bronchial epithelial cells [52, 53]. Azithromycin has an anti- inflammatory 
effect that, particularly if administered early to patients, can reduce cytokine levels, 
in turn, preventing tissue damage and COVID-19 symptoms from becoming 
severe [54].

In addition, azithromycin can resemble ganglioside which has the same geomet-
ric volume and chemical properties. Spike protein in SARS-CoV-2 can bind to gan-
glioside, while azithromycin can inhibit SARS-CoV-2 infection by binding to the 
site. This prevents the viral spike protein from binding to gangliosides on the host 
plasma membrane [55].

4.3  The Use of Azithromycin in COVID-19 Patients

The use of azithromycin in the treatment of COVID-19 is based on the drug’s mech-
anism and previous evidence of its use in treating pneumonia due to other virus 
infection, chronic lung disease, and inflammatory disorders [56]. Azithromycin has 
been proposed as a potential therapy in the treatment of COVID-19 because it has 
antiviral and immunomodulatory activities and a strong safety profile [46]. As pre-
viously explained, this drug has interesting pharmacological and therapeutic prop-
erties with the potential to treat COVID-19. Azithromycin can be widely distributed 
throughout tissues, especially those in the lungs, where its level in both extracellular 
and intracellular fluids is higher than that in plasma [57].

The desirable characteristics of azithromycin, together with its high safety pro-
file, promote the therapeutic prescribing of this drug to COVID-19 patients. 
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Fig. 4 Chemical structure of (a) lopinavir and (b) ritonavir

Azithromycin’s anti-inflammatory effect can reduce levels of cytokines, thereby 
preventing tissue damage and the dramatic progression of COVID-19, especially 
early in the course of the disease [58].

5  Lopinavir-Ritonavir for COVID-19 Infection

5.1  Physicochemical Characteristics of Lopinavir-Ritonavir

Lopinavir, an antiviral belonging to the protease inhibitor class with molecular 
structures shown in Fig. 4, is generally used in fixed-dose combinations with other 
protease class inhibitors such as ritonavir (lopinavir-ritonavir) in the treatment of 
human immunodeficiency virus [59].

Twice-daily administration of lopinavir-ritonavir 400/100  mg produces peak 
plasma concentrations at 12 h. Lopinavir given as a capsule or as a liquid dose is 
highly bound (98–99%) to plasma proteins [60]. The administration of lopinavir in 
combination with ritonavir at low booster doses can improve the pharmacokinetics 
of lopinavir by decelerating hepatic metabolism through inhibition of the cytotrope 
P450 3A4 enzyme [61]. Combination with ritonavir also decreases the elimination 
of lopinavir by inhibiting CYP3A4 in the liver [62]. The recommended daily dose 
of lopinavir in adults is 800 mg in combination with 200 mg of ritonavir, generally 
administered separately twice a day [61].

5.2  Mechanism of Action Lopinavir-Ritonavir 
for COVID-19 Therapy

Lopinavir inhibits the peptidomimetic HIV type 1 aspartate protease by binding to 
its catalytic site, thereby preventing the cleavage of the viral precursor polyprotein 
into mature functional proteins for viral replication [61]. Lopinavir-ritonavir has 
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been shown to have antiviral effects on SARS-CoV and MERS-CoV by inhibiting 
protease activity of the coronavirus [63]. The drug combination demonstrated sig-
nificant anti-SARS-CoV-2 activity both in terms of preventing cytotoxicity and 
reducing the viral load [64].

The SARS-CoV-2 virus is a single RNA virus similar to SARS-CoV and MERS- 
CoV which enters the body by replicating numerous copies of its genetic material. 
On the other hand, an enzyme 3-chymotrypsin-like protease (3CLpro) plays an 
important role in processing viral RNA. Lopinavir, a member of the protease inhibi-
tor class, can inhibit the action of 3CLpro, interfering with the replication and 
release of the virus from host cells [65, 66].

5.3  The Use of Lopinavir-Ritonavir in COVID-19 Patients

The lopinavir-ritonavir combination is one of the drugs used in the treatment of 
COVID-19. Several studies have shown that the combination of lopinavir-ritonavir 
as an initial therapy in COVID-19 patients produces clinical improvement and treats 
acute respiratory disease effectively [67, 68]. The study conducted by Choy et al. 
[69] reported that the use of lopinavir could reach a working concentration of 
26.63 M against SARS-CoV-2 in Vero E-6 cells. Meanwhile, single ritonavir did not 
produce in vitro activity against SARS-CoV-2. However, combining lopinavir and 
ritonavir produces significant antiviral activity. The current use of lopinavir- ritonavir 
is based on previous experience of its application in the treatment of SARS and 
MERS [64].

Lopinavir demonstrated inhibitory activity against the main protease SARS- 
CoV- 2. The role of the nonstructural protein of the coronavirus, the main protease, 
or 3C-like protease (3CLpro), affects the proteolytic process of polyprotein replica-
tion and is crucial to viral maturation. CL-pro is a target drug in the treatment of 
coronavirus infections. Both Lopinavir and Ritonavir effectively interact with resi-
dues at the SARS-CoV-2 3CLpro active site [13, 70].

6  Antibiotic/Antiviral Combination as a Therapy 
for COVID-19 Infection: In Vitro Study

6.1  Evaluation of Antivirus Efficacy

Combining the two drugs azithromycin and lopinavir-ritonavir enhanced effective-
ness with regard to reducing the viral copy number. In this study [71], an evaluation 
of the drug combination was carried out by testing it on Vero cells previously co- 
cultured with COVID-19 virus isolated from patients and testing them for IC50 at 
points 24, 48, and 72 h after the virus inoculation. It was reported that a combination 
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of the two drugs proved more effective in reducing viral load, with the IC50 value 
decreasing in the infected cells after incubation for 24, 48, and 72 h.

6.2  Cell Cytotoxicity Test for Safety Evaluation

The combination of azithromycin with lopinavir-ritonavir at a ratio of 1:1 and 1:2 
was reported as reducing the cytotoxicity of each drug in mesenchymal cells. The 
CC50 value for the combination of azithromycin with lopinavir-ritonavir (1:1) was 
1.8 × 103 μg/mL, while for lopinavir-ritonavir (1:2) it was 1.15 × 1010 μg/mL, as 
analyzed using ComboSync. Combining these two drugs can reduce the risk of 
cytotoxicity of each on mesenchymal cells [71].

6.2.1  Analysis of Pro- and Anti-Inflammatory Marker Levels on Cells 
Co-incubated with Virus

The combination of azithromycin and lopinavir-ritonavir has also been reported as 
increasing levels of IL-10 and reducing those of IL-6 and TNF-α [71]. In the study 
undertaken by Sugiyama et al. [72], azithromycin can significantly increase IL-10 in 
dendritic cells. The anti-inflammatory effect of azithromycin is demonstrated by an 
increase in levels of IL-10 which is known to have the potential to successfully treat 
disease.

The evaluation of a combination of azithromycin with lopinavir-ritonavir indi-
cated that it produced effective antiviral therapy in COVID-19 patients by reducing 
the copy number of the SARS-CoV-2 virus. Based on the cytotoxicity test results, a 
reduction in the toxicity of each single drug, either azithromycin or lopinavir- 
ritonavir, was also reported. Evaluation of pro- and anti-inflammatory markers also 
showed that the combination of these drugs resulted in a decrease in IL-6 and TNF-α 
levels and an increase in IL-10. This indicates a clinical improvement resulting from 
the use of azithromycin combined with lopinavir-ritonavir.

7  Antibiotic/Antiviral Combination as Therapy 
for COVID- 19 Infection: Clinical Study

7.1  Evaluation of Antiviral Study

Evaluation of the clinical efficacy study was carried out by monitoring the improve-
ment in clinical symptoms, including fever, cough, runny nose, shortness of breath, 
and sore throat. Patients treated with a combination of azithromycin and 
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lopinavir-ritonavir reported an improvement in their clinical symptoms, and it was 
found that their medical conditions were no longer present on Day 4 [73].

There is a high expectation of rapid negative viral conversion in patients when 
managing COVID-19 cases. This is intended to inhibit an excessive physical reac-
tion in response to the development of the virus within the body which can cause a 
dangerous cytokine storm. During a qualitative PCR examination of patients treated 
with a combination of azithromycin and lopinavir-ritonavir, 92.2% were negative 
on Day 3 [73].

Quantitative analysis was undertaken to find a significant reduction in the num-
ber of virus copy numbers from Day 1 to Day 3 and Day 7. Compared with the 
control group which only received azithromycin therapy, combination therapy 
involving lopinavir- ritonavir significantly reduced the viral load [73].

7.2  Safe Use Evaluation by Monitoring Adverse Events

Patients treated with a combination of azithromycin and lopinavir-ritonavir com-
plained of dizziness, palpitations, impaired hearing function, and abdominal pains 
[73]. Regarding the evaluation of the combined use of azithromycin and lopinavir- 
ritonavir on renal function, an increase in serum creatinine was confirmed during 
clinical evaluation of COVID-19 patients. However, application of a combination of 
azithromycin and lopinavir-ritonavir in the treatment of COVID-19 produced no 
significant difference in patients’ serum creatinine [73].

Liver function evaluation through analysis of SGOT and SGPT levels showed 
that the combination of azithromycin with lopinavir-ritonavir decreased these levels 
in 7 days, indicating an improvement in liver function [73]. This shows that the 
combination regimen of both drugs is capable of improving liver function by reduc-
ing the amount of virus circulating systemically in patients.

7.3  Evaluation of Pro- and Anti-inflammatory Marker Levels 
in Patients

Further analysis of the blood levels of cytokines including IL-6, IL-10, and TNF-α 
was evaluated in patients. There was a reduction in IL-6 values from Day 1 to Day 
7  in patients treated with a combination of azithromycin and lopinavir-ritonavir. 
This combination of drugs was also reported as significantly increasing the IL-10 
levels on Day 7. The TNF-α level was also found to decrease on Day 7 compared to 
patients who received a single dose of azithromycin, while the TNF-α value rose 
significantly [73].

IL-10 is a type 2 cytokine that inhibits the production of pro-inflammatory cyto-
kines, including IFNγ, TNFα, IL-1β, and IL-6 [74]. A significant reduction in 
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cytokine storm was characterized by a decrease in IL-6, an increase in IL-10, and a 
reduction in TNF-.

7.4  Molecular Docking Study

During the current COVID outbreak, computational drug screening has emerged as 
a rapid and efficient tool that is already available with the result that healthcare 
systems around the globe can deal with a highly contagious outbreak. In silico 
approaches and docking studies have become promising drug discovery and devel-
opment tools. Molecular docking is an in silico approach to identifying virtual inter-
actions between proteins and ligand molecules with low conformational energies. It 
involves identification of the target compound, optimization of the main compound, 
and virtual screening.

The SARS-CoV-2 virus that causes COVID-19 has important proteins, prote-
ases, and spike glycoproteins, for infection and replication. The RBD (receptor- 
binding domain) of the spike glycoprotein (RBD-S) can bind to the ACE-2 (receptor 
on the protease (PD) domain (PD-ACE2) of the host cell, subsequently causing a 
viral infection.

The study was conducted by molecular docking using the MOE 2010 program. 
The protein targets selected were RBDS (PDB ID: 6LXT), PD-ACE2 (PDB ID: 
6VW1), and the SARS-CoV-2 protease (PDB ID: 6LU7). The bond affinity formed 
is represented as a docking score. Molecular docking studies were chosen as the 
tool to screen the binding affinity of several natural compounds of the product to the 
SARS-CoV-2, RBD-S, PD-ACE2, and SARS-cov-2 marker proteins. Molecular 
docking studies comprising docking simulations, RMSD calculations, and visual-
ization of binding interactions were performed using MOE 2010. The RBD-S model 
employs a crystal structure reported with PDB ID 6VSB due to information from 
the spike structure of a refused glycoprotein containing a single receptor binding 
domain. PDB ID 6VW1 was used as a PD-ACE2 model in a complex with SARS- 
CoV- 2 RBD. For the crystal structure of the SARS-CoV-2 protease, PDB ID 6LU7 
which informs the structure of the protease domain in complex with the protease 
inhibitor was employed. The molecular docking results describe the affinity repre-
sented by the docking score and the binding interaction of each compound on the 
target protein [75].

Ligand interactions visualized protein-ligand interactions of stably tethered lopi-
navir with major protease complexes. Lopinavir demonstrated hydrogen bonding 
interactions with Glu 166, GLN 189, and GLY 143 and pi-pi stacking with His 41 
(Fig. 2a, b) and successfully docked with the highest docking score of 9.918, glide 
energy of 8.023, and glide of e-model 76,898 (Table 1). Therefore, from this in 
silico approach, the US FDA-approved drug, lopinavir, can be tested in vivo as a 
potent drug against SARS-CoV-2 [76].

The main protease SARS-CoV-2 (PDB ID: ALU6) is a ~306 amino acid princi-
pal protease whose crystal structure with a resolution of 1.93 A has been elucidated. 
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The main protease enzyme is the optimum target for inhibiting the SARS-CoV-2 
virus. This protease breaks the spike and is further formed by penetration. The 
results showed that all ligands, lopinavir, ritonavir, and azithromycin, can interact 
with the main viral proteases. It is possible that these compounds inhibit the process 
of viral replication and translation and may have a highly significant impact on 
controlling the viral load in infected individuals [71].

Since the main protease (Mpro) is a critical protein in the viral life cycle, Mpro 
is presented as one of the essential targets of antiviral treatment. Mpro inhibitors 
bind to Mpro and prevent the replication of this virus and block the proteolytic 
cleavage of protein precursors essential for early infection. For comparative pur-
poses, the docking of protease inhibitor drugs such as lopinavir and ritonavir has 
been carried out. The 2D interactions of these protease inhibitors indicate that most 
of the interactions are electrostatic and van der Walls forces [77].

Azithromycin was evaluated in silico against several viral target proteins, namely, 
ADP ribose phosphatase (ADPRP, PDB:6WO2), main protease (Mpro, PDB:6LU7), 
endoribonuclease (NSP15, PDB: 6WLC), papain-like protease (PLpro, PDB: 
6WXR), RNA-dependent RNA polymerase (RdRp, PDB: 7BV2), spike protein 
(S-protein, PDB:6LZG), adapter-associated kinase 1 (AAK1 PDB:4WSQ), cathep-
sin L (GDP: 2YJC), furin (GDP: 6EQX), and cyclin-G-associated kinase (GAK, 
PDB: 4Y8D). Of the various human and virus-based target proteins obtained by the 
protein data bank, only two target proteins have lower docking values: Mpro and 
S-protein [78].

Rachakulla and Rachakulla [79] have studied virtual interactions and docking 
involving the major COVID-19 protease (PDB ID 7BRP) with lopinavir and ritona-
vir. The docking test was carried out by measuring ten observation modes. After 
successfully docking these two drug compounds into the COVID-19 protease main 
pathway in the complex, the results showed different modes of drug-protein interac-
tion generated by docking scores. The binding mode with the least binding energy 
is considered to be the most effective because it is the most stable for the ligand, i.e., 
mode 1. The presence of F-hydrogen bonds and F-π interactions and also the pres-
ence of β-unsaturated ketones are thought to be responsible for showing the affinity 
binding to lopinavir which also exhibits greater binding affinity than other drug 
candidates docked in the study [79].

Barros et al. [80] carried out molecular docking tests to determine the interaction 
of three selected ligands with four SARS-CoV-2 receptors, namely, the Nsp9 repli-
cation protein, the main protease, NSP15 endoribonuclease, and also one of the 
SARS-CoV-2 receptors with homology modeling of spike protein (S-protein) and 
human ACE2 receptors. A total of 96 molecular docking calculations were com-
pleted, and criteria for interaction efficiency were defined as the complex formation 
with a binding energy value of better or equal to −7 kcal/mol. Azithromycin did not 
interact with the four selected receptors when the binding energy value was less 
than −7 kcal/mol. This may indicate that the drug acts at a different stage in the viral 
cycle than the one involving the protein in this study. Lopinavir and ritonavir showed 
interactions in two of the four receptors, viz., NSP15 endonuclease and S-protein- 
ACE2, with binding energy values greater than −7 kcal/mol at both receptors [80].

A. Miatmoko et al.



357

8  Conclusion

Since the outbreak of the COVID-19 pandemic, urgent efforts have been made and 
various studies undertaken to identify the most effective means of eradicating the 
virus. A considerable body of research related to various tests on the use of combi-
nation drugs in COVID-19 patients exists.

The in vitro evaluation of the use of the drug combination, azithromycin with 
lopinavir-ritonavir, can increase antiviral effectiveness by reducing the copy num-
ber of the SARS-CoV-2 virus. The cytotoxicity test results of the combination of 
these drugs are reported as capable of reducing the toxicity of every single drug, 
thereby increasing the safety profile in their use. In addition, there was also a 
decrease in IL-6 and TNF-α levels and an increase in IL-10 in the use of azithromy-
cin with lopinavir-ritonavir which reflected the clinical improvement in patients.

In this clinical study, a combination of the two drugs was shown to be capable of 
producing high clinical effectiveness by accelerating clinical improvement and 
eradicating patient illnesses. Moreover, with regard to the PCR examination, in 
patients with mild severity treated with a combination of azithromycin with 
lopinavir- ritonavir, 92.2% were found to be negative on Day 3. In addition, clinical 
improvement was also achieved with a significant reduction in cytokine storm char-
acterized by a decrease in IL-6, an increase in IL-10, and a decrease in TNF-α.
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Abstract The outbreak of the novel coronavirus disease (COVID-19) has created 
global crisis. It originated from Wuhan, China, and has outspread globally. The 
higher infectivity and asymptomatic transmission is the major concern for this dis-
ease. The primary mode of transmission is by droplet and fomite. The symptoms are 
fever, dry cough, fatigue, shortness of breath, sore throat which advances to respira-
tory failure, septic shock, and multiple organ failure. As the current treatment for 
COVID-19 is not available, the preventive measures are the only available options 
at an individual level to combat COVID-19. In this review, we have discussed tradi-
tional prophylactic measures, diagnosis, and therapeutics for management of 
COVID-19. The traditional medicines, herbs, vitamins, and essential minerals hav-
ing antiviral and immunobooster activity known for the prevention of COVID-19 
are summarized in the article. Currently used therapeutics for COVID-19 like rem-
desivir, chloroquine, and hydroxychloroquine, lopinavir/ritonavir, ribavirin, favipi-
ravir, Arbidol, convalescent plasma therapy are discussed.
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1  Introduction

The global health emergency has been created due to novel coronavirus 2019 
(COVID-19) caused by severe acute respiratory syndrome coronavirus-2 (SARS- 
CoV- 2) [1]. It originated in Wuhan, Hubei Province, Central China, in November 
2019. In about 1 year, it has migrated across the world affecting billions of people 
and mortality to greater extent.

Coronavirus affects the individual by entering through respiratory system by 
droplets formed during coughing and sneezing. The spike protein on the surface of 
SARS-CoV-2 binds to the catalytic domain of angiotensin-converting enzyme-2 
(ACE2) receptor on type II alveolar cells of the host. The virus multiplies in host 
cell through RNA replication and is released to infect nearby cells. The immune 
system of the body gets activated to attack the SARS-CoV-2 virus. Thus, the initial 
symptoms of sore throat, cough, fever, headache, body ache, and chills begin to 
appear. The fluid begins to accumulate in alveoli causing pneumonia and shortness 
of breath. Further progression of the virus leads to severe stage where patient may 
experience dyspnea and/or hypoxemia. The virus advances from the respiratory 
tract to the extrapulmonary organs by exocytosis [2]. The ACE2 receptors are also 
located on the cells of other organs such as the heart, kidney, liver, gastrointestinal 
tract, and bladder, increasing its susceptibility to virus. Due to the spread of infec-
tion to other organs and aggravated immune response of the body, it reaches to the 
critical stage of multiple organ failure and respiratory failure, and septic shock 
occurs. The rapid viral replication causes increase in pro-inflammatory cytokines, 
chemokine response, and inflammatory cell infiltration. Cytokine release syndrome 
is known to aggravate disease progression. Severe COVID-19 patients show increase 
in IL-6 and IL-10 level while lower CD4 + T and CD8+ level [3]. Thus, immuno-
compromised patient or elderly patients are more prone to the infection and has 
higher mortality rate.
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The contact transmission is also reported by direct contact with infected person 
or indirect contact with virus-contaminated surfaces or object. The person gets 
infected when he touches the eyes, nose, or mouth with these contaminated hands. 
SARS-CoV-2 remains in air for 3 hours and on plastic and stainless steel for 24 to 
72 hours. Thus, frequent washing of the hands, sanitization, and avoidance of touch-
ing eyes, nose, and mouth are recommended [4].

The mean incubation period of SARS-CoV-2 is 5  days (ranging from 1 to 
14 days), so symptoms may start to develop after 14 days of infection which com-
plicates it by causing difficulty in early diagnosis and treatment. Thus, active moni-
toring or quarantine of suspected patient for 14  days is recommended by the 
WHO [4].

This small invisible virus has caused massive destruction in terms of healthcare, 
employment, economy, and many more. The entire world is looking for the effective 
treatment and vaccine for the earliest rescue against COVID-19. In this chapter, we 
have summarized the preventive approach using traditional medicines, diagnosis, 
and currently used therapeutics against COVID-19.

2  Diagnosis

Real-Time Reverse Transcription-Polymerase Chain-Reaction (RT-PCR)
Currently, RT-PCR is the method of choice for the diagnosis of COVID-19. Nasal 
swab or oropharyngeal swab is used in this test to detect COVID-19. This assay is 
based on different primer and probe sets which are specific for SARS-CoV-2 
genome. The common target genes for assay are RNA- dependent RNA polymerase 
(RdRp)/helicase (Hel), ORF1a, ORF1ab, envelope (E), spike (S), and nucleocapsid 
(N) genes of SARS-CoV-2. Chan et al. compared the performance RdRp/helicase 
(Hel), spike (S), and nucleocapsid (N) genes in RT-PCR assay. The COVID- 
19-RdRp/Hel assay was found to be effective, and no cross- reactivity with other 
human pathogenic coronaviruses and respiratory pathogens were observed [5]. 
Despite its high sensitivity, it is complex, expensive, and time-consuming.

Reverse Transcription Loop-Mediated Isothermal Amplification (RT-LAMP)
In this method, reverse transcription of RNA is followed by isothermal amplifica-
tion reaction. The amplification of a target sequence is carried out with four to six 
primers under isothermal conditions (63–65  °C), using a polymerase with high 
strand displacement activity. The advantage is that the result of the test is deter-
mined through naked eyes by observing the change in color of the sample. This 
method has high sensitivity and specificity with the ability to provide positive results 
in as little as 5 minutes and negative results in 13 minutes [6].

Serological Methods
The infection with coronavirus develops the antibodies in the body. The IgG and 
IgM antibodies are developed against immunogenic N  protein and S protein of 
SARS-CoV-2. This can be analyzed by different serological tests, including ELISA 
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(enzyme- linked immunosorbent assay), lateral flow immunoassays, IIFT (indirect 
immunofluorescence test), and neutralization tests. However, the limitation of sero-
logical test is that the antibodies against COVID-19 are generated 5–6 days or more 
after the onset of illness. Thus, during this lag time, even if the infected person is 
tested, the negative result will be obtained. Moreover, the cross-reactivity with other 
virus can lead to positive result. As a result, though it is quick, the reliability of the 
test is less [6].

CT Scan
The chest CT scan of COVID-19-infected patients shows ground-glass opacities in 
the lung and bilateral pulmonary infiltrates. The other common CT features of 
COVID-19 patients are consolidation with or without vascular enlargement, sur-
rounding halo sign, air bronchogram, and interlobular septal thickening [7]. The CT 
scan of other viral infection of the same family may result into similar features of 
CT, and thus the expertise of the radiologist is an important parameter.

3  Therapeutics

3.1  Chloroquine and Hydroxychloroquine

Chloroquine and hydroxychloroquine are widely known for their antimalarial activ-
ity. Currently, few reports have shown their effectiveness against COVID-19 due to 
its immunomodulatory activity. Various mechanisms are reported for its efficacy 
against SARS- CoV-2. Chloroquine lowers the expression of phosphatidylinositol 
binding clathrin assembly protein (PICALM), which is responsible for the endocy-
tosis of SARS-CoV-2. It also hinders viral binding by impairing terminal glycosyl-
ation of the ACE2 receptor. Additionally, it increases the endosomal pH, which 
prevents fusion of virus with host cell [8].

Gautret et al. reported that COVID-19 patients show efficient clearing of viral 
nasopharyngeal carriage of SARS-CoV-2 by hydroxychloroquine in 3–6 days, in 
most of the patients. The combination therapy of hydroxychloroquine and azithro-
mycin is effective to cure the infection and to minimize the transmission of the virus 
to other people [9]. Gao et al. stated that treatment with chloroquine phosphate in 
more than 100 patients have demonstrated improved lung imaging with negative 
virus results indicating the shortening of diseases [10]. On contrary, Boulware et al. 
studied the postexposure prophylaxis with hydroxychloroquine after 4  days of 
exposure with COVID-19 patients. They found that hydroxychloroquine did not 
prevent illness compatible with COVID-19 or confirmed infection [11]. Geleris 
et al. performed similar study on hospitalized COVID-19 patients and observed no 
significant improvement in the condition of COVID-19 patient on treatment with 
hydroxychloroquine [12].

However, these drugs exhibit narrow margin between the therapeutic and toxic 
dose. Chloroquine poisoning may lead to life-threatening cardiovascular disorders 
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of QTc prolongation with ventricular dysrhythmia. The other adverse effects on the 
hematologic, hepatic, and renal systems are also observed. Thus, these drugs should 
be used carefully, and self-treatment is not advisable; hydroxychloroquine decreases 
the severe progression of COVID-19 by suppressing T-cell activation and inhibiting 
cytokine storm. It also has lesser side effects compared to chloroquine with same 
antiviral efficacy [13].

3.2  Lopinavir/Ritonavir

Lopinavir/ritonavir combination (Kaletra) was previously found to be effective in 
SARS-CoV and MERS-CoV, so its use for treatment of COVID-19 is attempted 
clinically [1].

Lopinavir/ritonavir combination is used as HIV-1 protease inhibitors which 
might inhibit the protein synthesis of the SARS-CoV-2. The combinational of lopi-
navir with other effective drugs against COVID-19 virus might increase synergy 
and reduce the inhibitory concentration of lopinavir [14].

In vitro studies show that lopinavir is a potent inhibitor of HIV-1 than ritonavir. 
However, lopinavir has poor bioavailability in vivo due to rapid catabolism by the 
cytochrome P450 3A4 enzyme system. Ritonavir inhibits HIV-1 protease as well as 
cytochrome P450 3A4 enzyme and thereby extends the bioavailability of lopinavir 
in vivo when given in combination.

According to Cao et al., the randomized control trial was conducted of 199 severe 
COVID-19 patients of which 99 were treated with lopinavir/ritonavir combination 
and 100 as standard control. They found no significant benefit of lopinavir/ritonavir 
in hospitalized COVID-19 patients compared to standard care. The time for clinical 
improvement, mortality at 28 days, and viral loads at different time were similar 
between both the groups [15]. Cheng et al. showed that lopinavir/ritonavir combina-
tion did not shorten the duration of SARS-CoV-2 viral shedding in patients with 
mild pneumonia [16].

3.3  Remdesivir

Gilead Sciences has developed an antiviral drug, remdesivir (GS-5734), which is a 
ray of hope for COVID-19 treatment. Remdesivir is a nucleoside analog drug which 
was previously found to be effective against SARS-CoV, MERS-CoV, and Ebola 
virus infection. Remdesivir is RNA-dependent RNA polymerase (RdRp) inhibitor, 
which inhibits the replication of SARS- CoV-2  in respiratory epithelial cells. It 
evades proofreading of viral exoribonuclease leading to premature termination of 
viral RNA transcription. It has been reported that remdesivir competes with natural 
counterpart adenosine triphosphate, confuses viral RdRp, and acts as a delayed 
RNA chain terminator [17].
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Remdesivir has shown good safety and pharmacokinetics in both phases I and II 
clinical trials [2]. However, it has not been approved in any country as its safety and 
effectiveness must be confirmed by further clinical trials.

In the United States, the first COVID-19 patient treated with remdesivir showed 
significant improvement in clinical symptoms within 24 hours of treatment. Grein 
et al. reported the compassionate use of remdesivir for severe COVID-19 patient. 
The clinical improvement was observed in 36 of 53 patients indicating 68% suc-
cessful result [18]. Wang and colleagues found reduction in time to clinical improve-
ment but no statistically significant clinical benefits in severe COVID-19 patient 
[19]. Antinoti et al. stated better clinical outcome with fewer adverse effect by rem-
desivir for COVID-19 patients hospitalized outside the ICU [20]. Beigel et  al. 
reported the randomized clinical trial with 1059 patients enrolled where 538 
received remdesivir and 521 had placebo. The mean recovery time with remdesivir 
was found to be 11 days while with placebo it was 15 days. Thus, remdesivir reduced 
the duration of illness in hospitalized COVID-19 patients [21]. The duration of 
treatment for 5 days and 10 days with remdesivir to severe COVID-19 patients did 
not show significant difference [22].

3.4  Ribavirin

Ribavirin is a guanosine analogue that prevents replication of RNA viruses by sup-
pressing inosine monophosphate dehydrogenase activity which is responsible for 
the synthesis of guanosine triphosphate. In vitro studies have shown that ribavirin 
inhibits replication of MERS-CoV and HCoV-OC43 [23]. However, the significant 
effects are produced at high dose leading to severe adverse effects like hemolysis, 
increased bilirubin, hepatotoxicity, etc. Thus, it is used in combination with other 
drugs in order to minimize the therapeutic dose of the drug. Hung et al. reported 
phase 2 trial for the treatment of 127 COVID-19 patients with triple combination of 
ribavirin, interferon beta-1b, and lopinavir–ritonavir. The combination was found to 
improve the symptoms and shorten the duration of viral shedding and hospital stay 
of mild-to-moderate COVID-19 patients [24].

3.5  Favipiravir

Favipiravir is a purine nucleosides analogue which competes with nucleoside and 
interferes with viral replication by incorporation into the virus RNA and thereby 
inhibiting the RdRp of RNA viruses [25].

It is a substitute for the compassionate use in COVID-19 patients. The drug is 
under clinical trials. It has been used in Japan to treat influenza, and now it is 
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approved as an experimental treatment for COVID-19 infections. Cai et al. reported 
the clinical trials of favipiravir against lopinavir/ritonavir as control for the treat-
ment of COVID-19 patients. A shorter viral clearance time and significant improve-
ment in chest imaging was observed for the favipiravir along with fewer adverse 
effects compared to control [26]. Chen et al. conducted randomized clinical trial to 
compare the efficacy of favipiravir and Arbidol for 7 days. They observed favipira-
vir did not improve clinical recovery rate at day 7 (61.21%) compared to Arbidol 
group (51.67%). However, it remarkably improved the latency to cough relief and 
decreased duration of pyrexia [27].

3.6  Arbidol

Arbidol is an indole derivative which blocks viral fusion with host cell and also 
regulates the immune system by inducing the production of interferon and the acti-
vation of macrophages. Previous studies have shown its efficacy against, Zika, 
Ebola, influenza A and B viruses, and hepatitis C viruses. In vitro studies have also 
shown its efficacy against SARS-CoV [16].

Li et al. studied the efficacy of Arbidol in COVID-19 patients. The results indi-
cated the efficacy of Arbidol depends on the severity of COVID-19 patients. For 
patients with mild illness, Arbidol was found to enhance the viral clearance, 
improve focal absorption on radiologic images, and reduce the need for oxygen 
therapy in hospitalization. However, for patients with severe illness at admission, 
Arbidol presented no apparent advantages on virus clearance or clinical and 
radiologic recovery [28]. Zu et al. reported the superiority of Arbidol compared to 
lopinavir/ritonavir therapy as no viral load was detected in Arbidol group after 
14 days compared to 44.1% in lopinavir/ritonavir group. However, no difference 
in fever duration or apparent side effects were observed in both group [29]. Deng 
et  al. investigated the combination therapy of Arbidol and lopinavir/ritonavir 
compared to lopinavir/ritonavir alone for 33 COVID-19 patients. After 7 days, 
SARS-CoV-2 was undetectable in the nasopharyngeal specimens of 75% patient 
with combination therapy compared to 35% in monotherapy. However, after 
14 days, it improved to 94% patient with combination therapy compared to 53% 
in monotherapy. The chest CT scans showed improvement after 7  days in the 
combination group [30]. The combination of Arbidol along with IFN-a2b was 
also studied. However, no significant difference in COVID-19 RNA clearance and 
hospitalization was observed with Arbidol and IFN-a2b combination compared to 
IFN-a2b monotherapy [31].

Few other drugs reported for COVID-19 treatment are listed in Table 1.
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Table 1 Drugs effective against COVID-19 based on in vitro studies

Therapeutic 
drugs Mechanism of action Remarks References

Teicoplanin It inhibits the low pH 
cleavage of the viral S 
protein by cathepsin L in 
endosomes. Therefore, 
preventing the release of 
viral RNA into the 
cytoplasm of the host cell 
and inhibiting replication of 
virus

Reported to be effective against Ebola 
virus and able to block the MERS and 
SARS virus

[32]

Ivermectin It inhibits IMPα/
β1-mediated nuclear import 
of viral proteins

The single addition to Vero-hSLAM 
cells with SARS-CoV-2 was found to 
effect ~5000-fold reduction in viral 
RNA at 48 hours

[33]

Interferon-α 
(IFN-α)

IFN-α suppresses virus 
infection by directly 
interfering with viral 
replication and thereby 
promoting both innate and 
adaptive immune responses 
to infection

The clinical trials are under progress 
for combination of lopinavir/ritonavir 
and IFNα2b (ChiCTR2000029387) or 
a combination of IFNβ1b with 
lopinavir/ritonavir and ribavirin 
(NCT04276688) for the treatment of 
COVID-19

[34]

3.7  Angiotensin II Receptor Blockers

Few reports have also suggested the use of angiotensin-converting enzyme inhibi-
tors and angiotensin II receptor blockers (ACEIs/ARBs) for the treatment of 
COVID-19 patients. The SARS-CoV-2 virus uses angiotensin-converting enzyme 2 
(ACE2) as a receptor to bind the virus to the bronchial cell membrane. Neprilysin 
inhibitor and ACE2 receptor blocker (sacubitril and valsartan) reduces the concen-
tration of pro-inflammatory cytokines and neutrophils with simultaneous increase 
in lymphocyte count [35]. Gurwitz et al. suggests the use of angiotensin receptor 1 
(AT1R) blockers, such as losartan, might reduce the aggressiveness and mortality 
from SARS-CoV-2 virus infections [36]. However, no clinical evidences on the 
effectives of these drugs are reported till date. Table 2 shows the few marketed prod-
ucts of the above drugs for COVID-19.

4  Convalescent Plasma

Earlier convalescent plasma (CP) therapy was found to be effective against SARS, 
Ebola, H1N1, and Spanish flu. In convalescent plasma therapy, the plasma contain-
ing antiviral antibodies produced from COVID-19-recovered patients can be used to 
treat severely ill COVID-19 patients. The immunoglobulin antibodies present in the 
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Table 2 Marketed products of the drugs used for COVID-19 [37]

Drug
Brand 
name Dosage form Company

Chloroquine, 
hydroxychloroquine

Aralen,
Plaquenil

Tablet Sanofi-Aventis

Lopinavir and ritonavir 
combination

Kaletra Tablet, capsule, and 
oral solution

AbbVie Corporation

Remdesivir Veklury Injection Gilead Sciences
Ribavirin Virazole Inhalation solution Bausch Health

Moderiba Tablet AbbVie Corporation
Favipiravir Fabiflu Tablet Glenmark Pharmaceuticals

Avigan Tablet FUJIFILM Toyama 
Chemical Co., Ltd.

Umifenovir Arbidol Tablet Pharmstandard

plasma of patients recovering from COVID-19 infection might suppress viremia in 
critical patients. The administration of CP has shown to shorten the hospital stay 
and mortality in severely ill COVID-19 patients. Duan et al. reported the effective-
ness of CP in 10 severe COVID-19 patients. The clinical symptoms were improved 
within 3 days along with increase in lymphocyte count and decrease in C-reactive 
protein. The radiological examination presented varying degrees of absorption of 
lung lesions within 7 days. The viral load was undetectable after 7 days of transfu-
sion without any severe adverse effect [38]. Sui et al. reported the successful treat-
ment of a severe COVID-19 patient by plasma exchange immunoglobulin therapy 
[39]. Shen et al. investigated effectivity of CP therapy on five severely ill COVID-19 
patients. After plasma transfusion, the body temperature was reduced in 3  days, 
viral load was decreased in 12 days, and neutralizing antibody titers increased in 
7 days [40].

5  Prevention

Considering the current scenario of lack of specific treatment against SARS-CoV-2 
and emergence of second wave of COVID-19, the only available option is preven-
tion. The preventive approach is mask, social distancing, frequent sanitization, and 
immunity booster. Various approaches to boost the immunity of an individual are by 
different traditional medicines. Few commonly used natural products in China for 
COVID-19 management are hesperidin, glycyrrhizin, baicalin, and quercetin. 
Hesperidin inhibits the entry of the virus through ACE2 receptors, minimizes the 
release of inflammatory mediators, improves the cellular immunity, and prevents 
venous thromboembolism [41]. Glycyrrhizin is also known to inhibit viral absorp-
tion, penetration, and replication of SARS-CoV and so might be useful against 
SARS-CoV-2 also [42]. In India, the Ministry of Ayush has recommended few 
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Indian traditional medicines to fight against COVID-19 infection. According to 
Ayurveda, the decoction of Cinnamomum zeylanicum, Zingiber officinale, Piper 
nigrum, and Ocimum sanctum is suggested in order to improve the immunity of the 
individual. The consumption of turmeric, onion, ginger, and garlic is also advised 
considering its antioxidant, anti-inflammatory, antiviral, and immunomodulatory 
activity. Garlic represses the production and secretion of pro-inflammatory cyto-
kines, suppresses TNF-α and C reactive protein, stimulates NK cells, and increases 
cytotoxic and helper T-cell concentration [43].

The decoction of Andrographis paniculata can be useful for COVID-19; which 
is widely used against Chikungunya and dengue. Andrographis paniculata sup-
presses the increased NOD-like receptor protein 3, interleukin-1β, and caspase-1 
which are involved in the pathogenesis of coronavirus [44].

According to homoeopathic medicine, Arsenicum album 30 can be used as pre-
ventive measure against flu-like illness including coronavirus. The formulation con-
taining Arsenicum album has shown to decrease NF-κB hyperactivity in HT29 cells 
and decrease TNF-α release in macrophages [45].

The vitamin C, vitamin D, and vitamin E supplements are reported for protection 
against COVID-19. Vitamin C reduces the susceptibility of lower respiratory tract 
infection. Vitamin E increases NK cells activity, enforces B cells as well as antibody 
responses, and initiates T-cell activation signals [46]. Vitamin D modulates adaptive 
immunity and increases cellular immunity thereby reducing the cytokine storm 
induced by the innate immune system [47].

Moreover, the application of sesame oil or coconut oil in both the nostrils aids to 
prevent the spread of SARS-CoV-2. Sesame oil has lower interfacial tension and 
thus coats the nasal mucosa and might disrupt the structure of virus. Additionally, it 
has high boiling point, so it remains on the surface for longer time [48].

The micronutrients like selenium and zinc is known to be beneficial for 
COVID-19 infection. Selenium inhibits the entry of viruses into the host cell and 
abolishes their infectivity. Organic form of selenium like sodium selenite oxidizes 
the thiol groups in the virus protein disulfide isomerase; consequently, it prevents 
the exchange reaction with disulfide groups of cell membrane proteins which inhib-
its its entry in host cell. It also increases the proliferation of natural killer (NK) cells. 
However, the toxicity should be considered as mild toxicity may result in reversible 
form of hair loss and nail [49]. Zinc-deficient populations showed higher suscepti-
bility to infectious diseases, including viral infections. Zinc exhibits antiviral activ-
ity through the generation of both innate and acquired (humoral) immune responses, 
inhibition of viral entry, and replication through interference with the viral genome 
transcription, protein translation, polyprotein processing, viral attachment, and 
uncoating [50]. Here, we have outlined that a few traditional prophylactic approaches 
might be helpful against COVID-19. However, further evidence-based research is 
necessary to derive a final conclusion.
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6  Conclusion

The COVID-19 pandemic has created public health emergency at global level. The 
transmission and treatment of COVID-19 has increased strain for healthcare sys-
tem. The vigorous research for vaccine and specific drug against SARS-CoV-2 is 
under progress. Remdesivir is a hope for people, but still complete clinical trial 
needs to be done in order to get a final conclusion. Chloroquine and hydroxychloro-
quine along with azithromycin, favipiravir, and ivermectin are the current treatment 
strategy for the treatment of COVID-19. For convalescent plasma therapy, risk to 
benefit ratio needs to be considered before implementing.

Due to high infectivity and no specific treatment, prevention is the only possible 
option for the individual. Social distancing, frequent hand wash, and wearing of 
mask are the few precautionary measures to prevent infection. The decoction of 
Cinnamomum zeylanicum, Zingiber officinale, Piper nigrum, and Ocimum sanctum 
is suggested in order to improve the immunity of the individual. Additionally, 
immunity boosting agents like Arsenicum album, sesame oil, garlic, and 
Andrographis paniculata are recommended to fight against COVID-19. It is 
expected that the discovery of new medicine and vaccine could only nullify the 
corona virus totally.
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Phytomolecules and Novel Drug Delivery 
Approach for COVID-19

Mittal Maheshwari, Bharat Patel, and Niyati Acharya

Abstract Coronavirus disease 2019 (COVID-19) has been a recent pandemic 
where very rarely few therapeutic modalities are effective in the treatment and man-
agement of the complications. Some of the pharmacological treatment approaches 
still in use include hydroxychloroquine/chloroquine, repurposed antiviral medica-
tions, monoclonal antibodies or IL-6 pathway inhibitors, corticosteroids, convales-
cent plasma, and cell and biological therapy. It has been shown that type I and type 
II interferons have antiviral action, and it is thought that the human immune system 
contributes significantly to the viral eradication process.

Numerous herbal drugs such as tulsi, ginger, clove, dalchini, garlic, ashwa-
gandha, giloy, black pepper, black cumin, amla, turmeric, and garlic have been cited 
in Ayurvedic texts for their diversified use as anti-inflammatory, antioxidant, and 
immunomodulatory agents. Many herbs and natural phytoconstituents are efficient 
home remedies for COVID-19 therapy for quick recovery and immune modulators 
as a preventive measure. In this chapter, we’ve discussed the value of natural sub-
stances in the treatment of COVID-19 as well as contemporary integrated pharma-
ceutical therapies that use herbal formulations and their clinical results. So many 
studies have been done in recent years to demonstrate the antiviral efficacies of 
medicinal plant extracts and secondary metabolites. We discussed the safety and 
effectiveness of phytomolecules, conventional medication’s quality problems, and 
analytical challenges with a new delivery approach combined with polymer science, 
pharmaceutics, bioconjugate chemistry, and molecular biology. It also emphasizes 
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the use of newly developed drug delivery systems of already developed therapeutic 
agents to address the gaps left by latent targeted administration.

Keywords COVID-19 · Phytoconstituents · Antiviral · Herbal drugs · Giloy · 
Ashwagandha

1  Introduction

Coronavirus disease 2019 (COVID-19) caused by the severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) was initially identified in December 2019 at 
Wuhan, China [1]. In India, 43 million confirmed cases and 516.3 lakhs deaths have 
been reported till March 2022 [2].

The structural contribution of SARS-CoV-2 is an enveloped β-coronavirus with 
a large positive-sense, single-stranded RNA genome ranging from 26 to 32 kb in 
size. The four secondary components present in the virus are the spike (S) protein, 
envelope (E), membrane (M) protein, and nucleocapsid (N) protein. The spike pro-
tein interacts with the host cell membrane, allowing the virus to enter despite the 
infections [3, 4]. Angiotensin-converting enzyme 2 (ACE2) is among the potential 
target receptors for SARS-CoV-2 in the human body. It is distributed in various tis-
sues such as the heart, gastrointestinal tract, vessel, intestine, liver, kidney, spleen, 
and skin [5, 6]. This could contribute to the possible involvement of numerous 
human organs in the short and long term. It was also a challenge to battle the newly 
evolving viruses and its variants. Viral RNA polymerase has a high risk of mutation 
due to the lack of capacity to proofread [7], and this function helps RNA-genome 
viruses establish resistance to existing antiviral drugs [8]. COVID-19 has a high 
replication rate because the RNA-dependent polymerase RNA (RdRP) jumps and 
continuously generates transcription errors [9]. Because of its high levels of muta-
tion, COVID-19 is zoonotic pathogens that can infect different humans and animals, 
resulting in a broad variety of clinical characteristics ranging from acute to multi- 
organ failure [10, 11]. Currently, there are no appropriate therapeutic approaches 
available for treating COVID-19 infection, and there is an inadequate amount of 
research reported in this field. Non-corona viral therapies attack either the human 
cells or the virus themselves. Human immune system is considered to play a major 
role in destroying the virus and research has shown that the type I and type II inter-
feron antiviral efficacy. Interferon-beta (IFN-β) has been proven to decrease Middle 
East respiratory syndrome coronavirus (MERS-CoV) replication in vitro [12]. The 
other targets in human cells are blocking the cell surface receptors for coronavirus 
binding and the cell signaling pathways that aid in viral replication. ACE2 is among 
the targets suggested to promote drug target therapy to avoid virus infection. Anti- 
ACE2 monoclonal antibodies, anti-SARS-CoV-2 neutralizing monoclonal antibod-
ies, peptide fusion inhibitors, and anti-proteases therapy will invade cell entry via 
ACE2 receptors [13, 14].
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The COVID-19 study has shown in recovering patients that it influences quality 
of life, but this deadly respiratory virus may have long-lasting adverse effects. Viral 
load may have been reduced for many, but some common symptoms such as cough, 
sore throat, and weakness may continue for weeks after fighting the disease, and 
even the recovered patients may return to the hospital with complaints of cardiac 
attacks, emotional illness, and comorbid condition. It is therefore much more impor-
tant that researchers not only wait for a vaccine to conquer the COVID-19 tide but 
also take rigorous steps to ensure the safety for the community. In Ayurveda, 
Acharya Charaka clarified that Panchakarma (five purification procedures), 
Sadvritta (good behavior), and Rasayana dravyas (immunomodulators) of Ayurveda 
could be used for immune modulation, prevention, and reduction in burden of vari-
ous diseases [15–17]. We have explained the importance of natural ingredients in 
the management of COVID and current integrated pharmacological interventions 
using herbal formulations with their clinical outcomes.

2  Methodology

Literature review was performed on PubMed, Google Scholar, and ScienceDirect 
by Boolean, and specific searches to identify terms included “coronavirus,” “severe 
acute respiratory syndrome”, “COVID-19,” “novel formulations drug delivery sys-
tem,” and “phytoproducts” in combination with “treatment” and “pharmacology 
action.” The data was collected from different reviews, case reports, case series, and 
research articles published on some of the mentioned topics. Ongoing clinical trials 
were cited from the official website of Clinical Trial Registry of India (CTRI).

3  Pathology and Current Pharmacological Intervention 
for COVID-19

Various pharmacological treatment options still going on are hydroxy-
chloroquine/chloroquine, repurposed antiviral medications, monoclonal antibodies 
or IL-6 pathway inhibitors, and corticosteroids along with the convalescent plasma 
and cell and biological therapy.

To date, no specific medicines have been developed to prevent COVID-19, and 
the drugs being used are only to help in reducing the viral load and to offer symp-
tomatic treatment. The US Food and Drug Administration (US FDA) has granted an 
antiviral drug remdesivir emergency use authorization, while the UK government 
has approved the use of low-cost steroidal medication [18] to manage respiratory 
conditions. India has also approved the use of immunosuppressive tocilizumab and 
convalescent plasma therapy off label on specific patient groups apart from oxygen 
or mechanical ventilation. In addition, India is also using favipiravir and 
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Table 1 Pharmacological target for the COVID-19

Synthetic drugs Targets

Hydroxychloroquine sulfate/chloroquine 
phosphate

Inhibit terminal glycosylation

Lopinavir/ritonavir 3 cl (chymotrypsin-like protease)
Umifenovir S-protein/ACE2, membrane fusion 

inhibitor
Remdesivir RNA polymerase inhibitor
Favipiravir RNA polymerase inhibitor
Tocilizumab IL-6 inhibitor in cytokine storm

hydroxychloroquine as prophylaxis drugs. Hydroxychloroquine also has role with 
azithromycin which collapsed with time in treating COVID-19 patients [19].

It is useful to know what drug should be given at what time and stage of the dis-
ease for, e.g., tocilizumab when the levels of IL-6 (IL-6 is among the main cytokine 
storm mediators) are significantly high. The drug tocilizumab is still under investi-
gation as a treatment for COVID-19, but the outcomes of phase-three trials have 
reportedly shown no clinical or mortality advantage [20]. The use of antiviral drugs 
(lopinavir and ritonavir) for further treatment was investigated in the beginning 
phases against COVID-19; however, both have wasted favors [21]. Patients only 
have supporting treatment like IV fluids, ventilation systems, and steroids. The con-
valescent plasma therapy showed mild improvement but did not reveal better results 
in overall condition. The function of the anticoagulants has become increasingly 
important in patients with mild and severe disease or with low risk of internal bleed-
ing are also being prescribed [22] (Table 1).

4  Overview of the Phytoproducts

Ayurveda is a 5000-year-old medicine system that originated in India. Some theo-
ries stated that it is one of the oldest healing sciences. In Ayurveda, integrated ther-
apy includes phytoproducts (mostly obtained from nature that involves metal and 
mineral products), diet, and exercise, meditation, and lifestyle modification. Because 
of its potential usefulness and safety, the use of traditional compounds was also 
found for this perspective in view of the medicinal benefits. Some of the potent 
bioactive compounds including curcumin, Withania alkaloids, cannabidiol, etc. are 
a perfect example of the bioactive compound’s multi-mechanistic mode of action 
for favorable therapy. It acts against infectious diseases including inflammatory dis-
eases, neurological diseases, cardiovascular diseases, pulmonary diseases, meta-
bolic diseases, liver diseases, and cancers. There has been increasing evidence on 
the antiviral efficacy of the traditional compounds, and also Ayurvedic therapy and 
home remedies support to increase the immune system preventing the viral disease 
from spreading.
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4.1  Ashwagandha

Withania somnifera (WS), widely known as ashwagandha, is an Ayurvedic herb that 
has recently gained recognition as a treatment for anxiety and stress in India. WS is 
classified as an anti-inflammatory supplement with antioxidant and immunomodu-
latory bioactives. The WS is also classified as an adaptogen, indicating its capacity 
to control physiological processes and stabilize the response of the body to stress 
[23]. Generally, traditional medical practitioners were using natural constituents of 
the WS plant called withanolides to treat various diseases. Withaferin shows real 
potential as a treatment modality to treat or prevent COVID-19 spread due to the 
recorded interaction with the host receptor binding of the viral S-protein; however, 
there is a lack of effect on ACE2 expression in the respiratory system [24]. Research 
investigated that WS extract-treated rats responded better to symptoms of induced 
chronic stress, similar to those of standard benzodiazepines [25]. The results of this 
specific study show that herbal supplementation is equally effective in anxiety man-
agement as are standard prescription drugs in a rodent model, without the harmful 
adverse effects. In people with mild cognitive impairment, WS may be effective in 
improving both immediate and general memory as well as improving cognitive 
function, recognition, and speed for processing of information. WS root extract is 
also being used as a rejuvenating agent for enhanced muscle strength, fatigue resis-
tance, exercise recovery, and as an energy booster. In healthy athletic adults, the oral 
administration (high concentration) of WS root extract improves cardiovascular 
dynamics by increasing the maximum levels of oxygen and thus improving cardio-
respiratory endurance as well as improving quality of life (QOL) in healthy 
adults [26].

4.2  Tulsi

Ocimum sanctum is not only an immunity boosting herb; it is also the most com-
monly found plant in Indian households. There are different variants of tulsi like 
Rama tulsi, Krishna tulsi, and Vana tulsi that can be consumed for different health 
benefits. Active phytoconstituents of tulsi have been proven to significantly inhibit 
the key protease COVID-19 [27]. Compounds such as ursolic acid, carnosol, rosma-
rinic acid, cirsilineol, apigenin, eugenol, and cirsimaritin present in Ocimum sanc-
tum increase the concentration of hemoglobin and increase the sheep red blood cell 
agglutinin titer; decrease the activity of cyclo-oxygenase-2, lipoxygenase-5, and 
NF-3B pathway; and increase the IL-2, IFN-γ, and TNF-alpha regulations [28]. 
Tulsi improves the defense mechanism against infection by boosting immune reac-
tion. Several studies stated that tulsi extracts have antimicrobial (including antibac-
terial, antiviral), antioxidant, anti-inflammatory, cardio-protective, analgesic, 
antipyretic, and immune-modulatory properties [29].
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Tulsi is known as the Elixir of Life in Ayurveda for its healing capacity and 
promising potential to cure various conditions, i.e., bronchitis, pyrexia, rheumatism, 
asthma and microbial infections, gastric and hepatic disorders, etc. The role of tulsi 
in post COVID-19 control to treat pain, diarrhea, cough, and fever which are com-
mon symptoms associated with COVID-19 is still not clear. Tulsi has significant 
importance and role in boosting the immune system that assists the human body to 
fight against unwanted microbial strangers including bacteria and viruses. This 
study confirmed that the use of tulsi extract against COVID-19 is due to inhibition 
of replication of SAR-CoV with ACE2 blocking properties [30].

4.3  Curcumin

Curcumin is said to be one of the most effective Ayurvedic herbs as it has bioactive 
compounds with medicinal properties. Curcumin may even have promising impacts 
toward COVID-19 infection through its ability to alter the diverse molecular com-
ponents that lead to SARS-CoV attachment and internalization to organs [31]. 
Curcumin may also regulate pathways for regulating cellular activities such as 
inflammation, apoptosis, and transcription of RNA. In infection with COVID-19, 
curcumin may also suppress pulmonary edema and associated pathways to fibrosis. 
The anti-inflammatory and immunomodulatory activity of curcumin together with 
proof of this phytochemical’s anti-fibrotic and pulmonary protective activity on the 
lung tissue renders it a suitable candidate for the management of post COVID-19. 
Curcumin has reported strong inhibitory effects on NF-kB and other pro- 
inflammatory cytokines that can be particularly useful as an adjunct in preventing 
the destructive cytokine storm [32]. Curcumin as an antiviral and anti-inflammatory 
agent can be helpful in both the prevention and treatment of new emerging 
COVID-19 symptoms. Nonetheless, excellently designed clinical trials are needed 
to demonstrate curcumin’s possible effectiveness against post COVID-19 
complication.

4.4  Cannabidiol

Cannabidiol (CBD), a non-psychotropic phytocannabinoid, has the potential for so 
many rationales to limit the severity and disease progression. High cannabidiol lev-
els can reduce the expression of the two main SARS-CoV2 receptors in several 
human epithelial models [33–35]. Cannabidiol has a wide range of immunomodula-
tory and anti-inflammatory effects and can reduce the excessive production of cyto-
kines responsible for acute lung injury. It can demonstrate direct antiviral activity as 
a PPARγ agonist which is a regulator for activation of fibroblast/myofibroblast and 
can prevent the development of pulmonary fibrosis [34]. Significant protective func-
tion for CBD during ARDS can expand CBD by reducing cytokine storm, 
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protecting lung tissues, and re-establishing inflammatory homeostasis as part of 
COVID-19 therapy [34, 35].

Recent results suggesting the ability of CBD in the treatment of acute respiratory 
distress syndrome (ARDS) in a follow-up study indicate that CBD can improve the 
symptoms of ARDS through upregulation of apelin, a peptide with an important 
role in the central and peripheral regulation of immunity, CNS, metabolic, and car-
diovascular system [36].

Anxiety and PTSD linked to COVID-19 are likely to be a major long-term prob-
lem arising from the current pandemic. Research assumes that CBD, a product with 
reported anxiolytic properties extracted from Cannabis sativa may be a therapeutic 
alternative for the treatment of anxiety disorders linked to COVID-19. Anxiety, 
stress, depression, and sleep disorders are consistently the primary reasons indi-
viduals use CBD in the regional over-the-counter. Observational and preclinical 
evidence also support the therapeutic value of CBD in enhancing sleep (increased 
duration of sleep/quality and decrease in nightmares) and depression, frequently 
followed by anxiety. Together with these CBD characteristics, it is an attractive new 
therapeutic choice for COVID-19-related PTSS that merits study and testing through 
carefully regulated randomized controlled trials.

Immune support or boosting is one of the most common claims for 
CBD. Immunomodulation can be mediated by cannabinoid receptors or by various 
other pharmacological targets. These net effects can be summarized as anti- 
inflammatory and for a number of immune-mediated disorders, including autoim-
mune conditions and neurodegeneration, are the sought-after therapeutic effects of 
CBD [33].

4.5  Giloy

Tinospora cordifolia, a very important medicinal plant, is also known as Guduchi in 
Sanskrit and Galo in Gujarati. Giloy stems are widely used in folk and Ayurvedic 
systems of medicine. The chemical constituents of T. cordifolia are classified into 
different classes that include alkaloids, steroids, glycosides, diterpenoid lactones, 
polysaccharides, aliphatic compounds, phenolics, and sesquiterpenoids. It appears 
that T. cordifolia improves the phagocytic function. It will also occur without affect-
ing the humoral or cell-mediated immune system. It is categorized as Rasayana and 
used for its anti-inflammatory, immunomodulatory, anti-allergic, and anti-diabetic 
properties, etc. [37]. The whole plant is utilized medicinally; however, the stem is 
approved and useful in medicine as listed by the Ayurvedic Pharmacopeia of India. 
This is due to higher alkaloid content in the stems than in the leaves. Guduchi Ghana 
(concentrated form of decoction) is the secondary Kalpana (formulation) derived 
from the primary Kalpana, i.e., Kwatha (decoction). Several research works have 
been carried out regarding the anti-inflammatory activity of the decoction, alcohol 
extract, and water extract of the stem of Giloy. The water extract of the plant is 
found to be more potent than the other extract. Hence, it has been planned to study 
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the comparative anti-inflammatory activity of classically prepared and market sam-
ples of Guduchi Ghana.

Until now, three countries, including India, China, and South Korea, have issued 
guidelines on traditional regimens for the prevention and management of COVID-19.

The Indian Traditional System of Medicine is one of the oldest systems of medi-
cal practice in the world. India has the exclusive distinction of its own recognized 
traditional medicine: Ayurveda, Yoga, Unani, Siddha, and Homeopathy (AYUSH). 
Approaches of these systems are holistic, and the pharmacological modalities are 
based on natural products of plants, animals, and/or mineral origin. After the suc-
cessful treatment of plague, cholera, and Spanish flu with the help of AYUSH, to 
combat the current deadly pandemic of COVID-19, repurposing the traditional uses 
of Indian medicinal plants and formulation is a need [21, 38].

AYUSH suggested a few known traditional formulations of immunity modula-
tors, which were in use for centuries in some allergic conditions and respiratory 
disorders. The Government of India has listed a few of them as prophylactic mea-
sures in red zones and containment zones as well as for corona warriors. A few of 
them are under clinical trials now for COVID-19 patients. Some antiviral medicinal 
plants are listed (Table 2).

Some homeopathic formulations like arsenic album, Bryonia alba, and Rhus 
toxicodendron were also used for management of COVID-19.

Ashwagandha, Giloy, ginger, cinnamon, tulsi, black pepper, black cumin, amla, 
turmeric, garlic, flax seeds, etc. are routinely used common Indian medicinal plants 
for management of COVID-19 (Table 3).

5  Prospective Phyto-ingredients for COVID-19 and Their 
Possible Mode of Action

The emergence of infectious diseases caused by novel viral strains that are resistant 
to common antiviral drugs is a major worldwide issue. Interestingly, herbal medi-
cines, also known as phytomedicines derived from traditional Chinese, Japanese, 
Indian, and European herbal medicine systems, are promising candidates for the 
discovery and development of novel antiviral drugs. Therefore, in recent years, a 
huge number of experiments confirming the antiviral efficacies of medicinal plant 
extracts and secondary metabolites (i.e., such as flavonoids, naphthodianthrones, 
and anthraquinones) have been conducted. Particularly, in the last two decades, a 
number of medicinal plant extracts and/or related physiologically active ingredients 
have been reported to exhibit antiviral activities. Some of the phytochemicals proven 
effective against the viruses or symptoms related to what is shown by COVID-19 
along with mode of action are discussed in this section.

Chinese traditional medicine (TCM) is highly recommended by the government 
of China for the eradication of SARS-CoV-2. It was reported that the following 
medicinal plants and their derived formulations have been used in 23 provinces of 
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Table 2 Potential traditional Indian/AYUSH formulations for the management of COVID-19 [38]

Sr 
no.

Type and name 
of formulations Constituents Sources Activity

Ayurvedic approaches
1 AYUSH 

KWATH
(“AYUSH 
Kudineer” or 
“AYUSH 
Joshanda”) 
[39–50]

Ocimum sanctum L. 
leaves,
Cinnamomum verum 
J. Presl. stem barks,
Zingiber officinale Roscoe 
rhizomes
Piper nigrum L. fruits

Powder and 
tablet

Boost immunity; antiviral 
remedies

2 Samshamani 
Vati
(Guduchi Ghan 
Vati) [51–53]

Tinospora cordifolia 
(Willd.) Miers (family 
Menispermaceae)

Powder extract Antipyretic and anti- 
inflammatory remedy

3 AYUSH-64 
[54–56]

Alstonia scholaris (L.) 
R. Br. bark, Picrorhiza 
kurroa Royle ex Benth. 
rhizomes,
Swertia chirayita (Roxb.) 
H. Karst. whole plant,
Caesalpinia crista L. seed 
pulp

Tablet Antiviral, anti-asthmatic, 
and immune boosting

4 Agastya 
Haritaki
(Avaleha 
kalpana)

More than 15 herbal 
ingredients including 
Chitrak, Apamarga, 
Haritaki, Shankhpushpi, 
Kachur, Dashamoola, and 
Pushkarmool

Avaleha Antiviral, anti-asthmatic, 
anti-inflammatory, and 
immunomodulatory 
activities

5 Anuthaila Leptadenia reticulata
Ocimum sanctum L.
Sesamum indicum L. oil
S. indicum seeds with 
Trachyspermum ammi (L.) 
Sprague seeds

Oil Anti-allergic
Anti-fever, cough, malaria; 
migraine and respiratory 
infections; lung disease

Unani approaches
6 Tiryaq-e-Arba 

[57–59]
Laurus nobilis L. berries, 
Bergenia ciliata Sternb. 
stem, Aristolochia indica 
L. roots,
Commiphora myrrha 
(Nees) Engl.

Powder form Detoxifying agent; potent 
antiviral agent against 
SARS-CoV, hepatitis C, 
HIV virus

7 Roghan-e- 
Baboona [60]

Flowers of Matricaria 
chamomilla L

Liquid 
preparation

Anti-asthmatic and 
inflammatory and against 
acute viral nasopharyngitis, 
as well as for sore throat

8 Arq-e-Ajeeb 
[61, 62]

Thymol, menthol, and 
camphor

Liquid 
preparation

Topical antiviral agent; 
anti-inflammatory; proven 
against swine flu

(continued)
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Table 2 (continued)

Sr 
no.

Type and name 
of formulations Constituents Sources Activity

9 Khamira-e- 
Banafsha [63, 
64]

Decoction of flowers of 
Viola odorata L. to a sugar 
or sugar with honey base

Semisolid Treatment of ailments of 
respiratory system and 
chest diseases, bronchitis, 
whooping cough; decrease 
viral load

10 Laooq-e- 
Sapistan [65, 
66]

Ripe fruit of Cordia myxa 
L. and Ziziphus 
mauritiana fruit and Viola 
odorata L.

Semisolid 
sugar-based 
polyherbal 
Unani 
formulation

Treatment of cold and 
cough, whooping cough, 
and phlegm; antiviral and 
antitussive immunity 
booster

11 Sharbat-e-Sadar 
[67, 68]

Trachyspermum ammi 
Sprague,
Adhatoda vasica
Bombyx mori, etc.

Unani syrup Common cold, cough and 
respiratory diseases; 
immunomodulator

12 Khamira 
Marwareed [69]

Compound sugar-based 
semisolid

Compound 
sugar-based 
semisolid

Immunomodulator; 
antiviral

13 Asgandh Safoof 
[68]

Asgand (Withania 
somnifera) root extract

Suspension Immunomodulation and 
antiviral

14 Habb-e-Bukhar 
[70, 71]

Cinchona bark,
Tinospora cordifolia

Poly herbal 
tablet

Elephantiasis and malarial 
fever; antiviral

15 Sharbat-e-Toot 
Siyah [72]

Morus nigra L. juice Liquid/juice 
with sugar 
base

Treat tonsillitis and sore 
throat; analgesics; 
immunomodulatory 
activity

16 Laooq-e-Katan 
[73]

Linum usitatissimum L. 
seed

Sugar-based 
semisolid

Antiviral, anti- 
inflammatory, and 
immunomodulatory 
activities

Siddha approaches
17 Nilavembu 

Kudineer [74]
Nilavembu Kudineer 
polyherbal formulation

Polyherbal 
formulation

Immunomodulator activity 
against the dengue fever 
and chikungunya, malaria, 
typhoid and viral fever

18 Ahatodai 
Manapagu [75]

Adhatoda vasica Nees. 
leaves

Juice, syrup To treat respiratory 
disorders and 
immunomodulator activity

19 Kabasura 
Kudineer [40, 
76, 77]

Kabasura Kudineer herbs More than 
herbs liquid 
formulation

Common respiratory 
complaints; for severe 
phlegm, dry cough, and 
fever; COVID-19 
symptomatic management

China and proved effective for the treatment of COVID-19. These include Agastache 
rugosa, Astragalus membranaceus, Radix platycodonis, Atractylodis rhizoma, 
Cyrtomium fortunei, Lonicerae japonicae, Glycyrrhiza uralensis, Fructus 
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Table 3 Routinely used common Indian medicinal plants and traditional Indian formulations for 
the management of COVID-19

Sr. 
no.

Type and name 
of formulations Part used Sources/forms Activity

1 Allium sativum 
L. (garlic) [78]

A. sativum peel Oil Immunomodulatory 
activity; antiviral; 
anti-inflammatory

2 Cinnamomum 
verum J. Presl. 
(cinnamon) or
Cinnamomum 
zeylanicum 
Blume [39]

C. verum bark
C. zeylanicum bark

Essential oil 
and powder;
bark extract

Antioxidant, 
immunostimulant, and 
antiviral activity; 
immunomodulatory 
activity

3 Curcuma longa 
L. (turmeric) 
[79, 80]

C. longa oleo resins Extract Immunomodulatory 
activity; allergic 
disorders; antiviral; 
anti-inflammatory

4 Linum 
usitatissimum L. 
(flaxseed) [81]

Heteropolysaccharide and 
phenolic compound from 
flaxseed

Extract Immunomodulatory; 
immunostimulant and 
vaccine adjuvant

5 Nigella sativa 
L. (black 
cumin) [82]

Seed of Nigella sativa Seed extract Inhibitors of COVID-19- 
associated disorder like 
obstructive lung diseases; 
immunosuppressive 
activity and 
immunomodulator

6 Ocimum 
sanctum L. 
(tulsi) [41]

Ocimum sanctum leaves Oil/leaves Antioxidant; 
immunomodulator; 
anti-allergic and 
anti-asthma

7 Phyllanthus 
emblica L. [83] 
(amla)

Fruits of Phyllanthus emblica Fruit extract Antioxidant; 
immunomodulator

8 Piper nigrum L. 
(black pepper) 
[84]

Piperamides isolated from P. 
nigrum fruits

Fruit extract Antioxidant; 
immunomodulator; 
anti-allergic and 
anti-asthma

9 Tinospora 
cordifolia 
(Willd.) Miers 
(giloe) [85, 86]

T. cordifolia silver 
nanoparticles

Stem; leaves 
extract

Proven against 
chikungunya virus; 
immunity booster; 
anti-inflammatory

10 Withania 
somnifera (L.) 
Dunal 
(ashwagandha) 
[87]

W. somnifera formulation 
(supplemented with minerals)

Leaves extract Antiviral and 
immunomodulatory

11 Zingiber 
officinale 
Roscoe (ginger) 
[40]

Z. officinale extract Soft gel 
capsule; oil

Antiviral and 
immunomodulatory

(continued)
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Table 3 (continued)

Sr. 
no.

Type and name 
of formulations Part used Sources/forms Activity

12 Chyawanprash 
[88, 89]

Polyherbal health supplement 
with amla fruit base and 
nutrient rich herbs and 
minerals

Semisolid 
paka 
preparation

Antioxidant, free radical 
scavenging, antibacterial, 
antiviral, anti- 
inflammatory, anti- 
allergic, and 
antithrombotic effects; 
pulmonary tuberculosis; 
immunomodulatory

13 Triphala [90, 
91]

Polyherbal Ayurvedic 
medicine consisting of equal 
proportions of fruits of 
Phyllanthus emblica L., 
Terminalia bellirica (Gaertn.) 
Roxb. and Terminalia chebula 
Retz.

Powder 
churna; tablet; 
capsules

Digestive disorders; 
antioxidants, anti- 
inflammatory, 
antineoplastic, 
antimicrobial, 
antidiabetic, etc.

14 Rooh Afza 
Sharbat [92, 93]

Seeds of khurfa (Portulaca 
oleracea L.),
kasni (Cichorium intybus L.), 
angoor (Vitis vinifera L.), 
nilofar (Nymphaea alba L.), 
Neel Kamal (Nymphaea 
nouchali Burm. f.), kamal 
(Nelumbo nucifera Gaertn.), 
Gaozaban (Borago officinalis 
L.), badiyan (Coriandrum 
sativum L.), fruits/juices of 
santara (Citrus sinensis (L.) 
Osbeck), ananas (Ananas 
comosus (L.) Merr.), seb 
(Malus domestica (Suckow) 
Borkh., berries (Rubus 
fruticosus L.), vegetables like 
palak (Spinacia oleracea L.), 
gazar (Daucus carota L.), and 
pudina (Mentha arvensis L.)

Concentrated 
squash 
prepared as 
sugar syrup

Refreshing; antiviral, 
immunomodulatory, and 
anti-allergic against 
respiratory disorders

forsythiae, Saposhnikoviae divaricata, and Rhizoma atractylodis. Although most of 
the treatments were found to lack proper statistical designs, effectiveness of these 
trials could be questioned. However, some TCM formulations and their possible 
mode of actions reported against novel coronavirus are listed in Table 4.

In addition to these formulations, many herbal extracts have been proposed as 
supplements to treat symptoms of COVID-19. For example, Tinospora cordifolia 
extract having an immunomodulatory effect against human immunodeficiency virus 
is effective to treat related symptoms. Similarly, herbal extracts of Anthemis hya-
lina, Nigella sativa, and Citrus sinensis decreased the coronavirus replication and 
downregulated TRP genes that may be involved in the survival of coronavirus in 
epithelial cells in a study conducted by Ulasli et al. [94]. Likewise, medicinal plants 
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Table 4 Phytochemicals from some medicinal herbs and their mode of action against treatment of 
COVID-19

Herbs Phytochemicals Mode of action Reference

Isatis indigotica Phenolic compounds like aloe 
emodin, hesperidin, quercetin, and 
naringenin in plant extract

Inhibition of the 
cleavage activity of 
SARS-3CLpro enzyme

[95]

Houttuynia cordata Phenolic quercetin 7-rhamnoside in 
plant extract

Inhibition of viral 
RNA-dependent RNA 
polymerase activity 
(RdRp)

[96]

Multiple herbs Isobavachalcone, herbacetin, 
helichrysetin, quercetin, 
3-β-glucoside

Inhibition of cleavage 
activity of MERS- 
3CLpro enzyme

[97]

Glycyrrhizae Radix Glycyrrhizin Inhibition of viral 
attachment and 
penetration

[98]

Litchi chinensis and 
Rheum palmatum 
(Chinese rhubarb)

Flavonoids such as rhoifolin, 
pectolinarin, epigallocatechin 
gallate, gallocatechin gallate, 
quercetin, and herbacetin

Inhibition of SARS- 
3CLpro activity

[99, 100]

Scutellaria 
baicalensis

Baicalin Inhibition of 
angiotensin-converting 
enzyme (ACE)

[101]

such as Heteromorpha spp. and Scrophularia scorodonia possess various phyto-
chemicals, for example, saikosaponins, a derivative of triterpene-oleanane found 
abundantly across many angiosperm families. It is reported to possess medicinal 
functions such as modulation of immune function, anti-inflammation, anti- 
hepatoma, and antimicrobial effects; therefore, it has been shown to be active 
against measles, herpes simplex, influenza, varicella zoster, and human immunode-
ficiency viruses and related symptoms. A study conducted by Cheng et al. [102] 
indicated that saikosaponin B2 has potent antiviral property against infection caused 
by human coronavirus 229E, and possible mode of action includes inhibitory effect 
on attachment, penetration, and replication of the novel coronavirus. Similarly, 
Zingiber officinale-derived phytochemical, 6-gingerol, showed promising anti- 
coronavirus properties due to its high binding affinity against multiple SARS-CoV-2 
targets, namely, RNA-binding protein, proteases, and spike proteins.

6  Herbal Formulations Used in Market for COVID-19

In this pandemic condition of COVID-19, it’s a requirement of human being for 
using herbal remedies to boost the innate and acquired immunity to fight against 
viruses. To boost the “immune system,” ways like active lifestyle, healthy diet, 
physical exercise, relaxation, and sound sleep are needed. Home remedies also 
played a vital role as immunity modulator agents. Ayurveda treatises have described 
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several herbal drugs like tulsi, ginger, clove, dalchini, turmeric, garlic, and Marich 
as effective home remedies for viral infections, as COVID-19 therapy for speedy 
recovery, and as immunity modulators as a preventive solution [103]. Herbal medi-
cine includes herbs, herbal materials (like plant parts) or preparations, processed 
and finished herbal products, and active ingredients [104].

Many herbal extracts are proposed as supplements to treat COVID-19 symptoms 
by different modes of action. For example, Tinospora cordifolia extract having an 
immunomodulatory effect against human immunodeficiency virus is used to treat 
related symptoms. Herbal extracts of Anthemis hyalina, Nigella sativa, and Citrus 
sinensis decreased the coronavirus replication and downregulated TRP genes. 
Likewise, plants such as Heteromorpha spp. and Scrophularia scorodonia have 
phytoconstituents, for example, saikosaponins, which has been proven to be active 
against measles, herpes simplex, influenza, varicella zoster, and human immunode-
ficiency viruses and like symptoms.

COVID-19 is emerging as a very severe danger to global health. Unfortunately, 
no agents (even currently approved remdesivir) are showing clinical efficacy against 
SARC-CoV-2 and its complications, thus needing a drug repurposing strategy or 
newer drug delivery systems. Pharmaceutical research shows a key role by imple-
mentation of novel formulations for old phytocompounds that are able to enhance 
the delivery of bioactives to the site of infection and also to improve safety by mini-
mizing the side effects for phytomolecules like dietary supplements, herbal com-
pounds, medical gas mixtures, etc.

6.1  Dietary Supplements, Micronutrients, 
and Herbal Medicines

Several dietary supplements, micronutrients, nutraceuticals, probiotics, and herbal 
medicine formulations were suggested as repurposed compounds for the manage-
ment of COVID-19. Although evidence of their benefit in viral infections (e.g., 
influenza, common cold, or SARS) is limited, different ongoing trials are currently 
investigating the efficacy of several dietary supplements and herbal compounds in 
COVID-19 when used alone or in combination with “traditional” repurposed agents. 
Notably, medicinal products are well defined for specific indications, and they must 
follow specific legislation to demonstrate quality, efficacy, and safety to obtain mar-
keting authorization. Dietary supplements, nutraceuticals, and herbal products do 
not follow a similar procedure, given that marketing authorization may be required. 
Thus, their efficacy remains poorly supported, and open questions sometimes 
remain on safety. As regards Chinese herbal medicine, different meta-analyses of 
randomized controlled trials reported a better outcome in patients treated with 
Chinese herbal medicine in association with traditional western medicine compared 
to traditional Western medicine alone, although significant biases in included stud-
ies existed. Herbal formulations exhibit a wide range of pharmacological functions, 
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including anti-inflammatory, antiviral, antipyretic, expectorant, anti-asthmatic, and 
antitussive effects. Licorice root (Gancao, Glycyrrhizae Radix) was the most com-
monly administered compound. Different formulations of Chinese herbal products 
exist, including decoction, granule, capsule, oral liquid, pill, and injection, with 
decoction being the most commonly used. However, it is noteworthy that more evi-
dence in terms of not only efficacy but also, above all, safety are required for these 
compounds. We focused on novel pharmaceutical formulations of dietary supple-
ments and herbal medicines (namely, zinc, essential oils, and glycyrrhizin) devel-
oped and implemented in COVID-19 setting.

6.2  Zinc Supplementation

Zinc exhibits a wide variety of direct and indirect antiviral activities against differ-
ent species, including rhinovirus and influenza virus, enhancing both immune and 
adaptive immunity, as well as affecting virus attachment and replication. Although 
the efficacy of zinc supplementation in treating the common cold caused by rhino-
viruses is debated, it is important to underline that intranasal zinc gluconate gel 
formulations exist, potentially providing for direct micronutrient delivery at the site 
of infection. The administration of intranasal zinc formulations could also be repur-
posed as adjuvant treatment in patients affected by COVID-19, particularly con-
cerning the prevention of disease transmission and the treatment of nasal symptoms. 
However, zinc toxicity involving the olfactory system was found in preclinical mod-
els, and several cases of zinc-induced anosmia syndrome were reported.

6.3  Essential Oils

Essential oils (EOs) include a complex mixture of volatile phytochemicals from 
diverse classes, including monoterpenes, sesquiterpenes, and phenylpropanoids, 
showing anti-inflammatory, immunomodulatory, bronchodilatory, and antiviral 
properties. EOs usually contain about 20–60 components showing widely different 
concentrations, of which two or three are present at higher concentrations (20–70%; 
major components) compared to the others (retrieved in trace amounts), thus deter-
mining the biological properties of the compound. The chemical profiles of the EOs 
differ not only in the number and type of molecules but also in their stereochemical 
structures and can be very different according to the selected method of extraction. 
Notably, EOs exhibited in vitro activity against several viruses, including influenza 
and other respiratory viral infections. Different EOs have been investigated through 
different repurposing approaches (including the in silico approach, in vitro assays, 
molecular docking) against COVID-19, being eucalyptus oil from Eucalyptus glob-
ulus, jensenone, and eucalyptol as major components and garlic oil, coupled with 
several single major components (viz., farnesol, anethole, cinnamaldehyde, 
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carvacrol, geraniol, cinnamyl acetate, L-4-terpineol, thymol, pulegone, eugenol, 
menthol, and carvacrol) the most promising compounds. EOs are usually used by 
external application (gargles or inhalation), with the respiratory tract exhibiting the 
most rapid route of administration, followed by the dermal pathway. However, unfa-
vorable chemical properties of EOs—namely, poor solubility, solvent toxicity, high 
volatility, low bioavailability, and physicochemical instability (responsible for deg-
radation of EOs components)—limit their use as active compounds in several for-
mulations. Consequently, the search for different novel formulations arose as an 
urgent need for pharmaceutical research in this area, also in order to potentially 
improve and implement the use of EOs in viral infections, including COVID-19, 
leading to the development of many nanotechnology-based carriers, namely, lipo-
somes, dendrimers, nanoparticles, nanoemulsion, and microemulsion. Encapsulation 
of bioactive and major compounds of EOs represents a feasible approach to modu-
late drug release, increase the physical stability of the active substances, protect 
them from interactions with the environment, decrease their volatility, enhance their 
bioactivity, reduce toxicity, and improve patient compliance and convenience. 
Currently, there are different ongoing trials investigating EOs in the management of 
COVID-19, including their efficacy for anosmia recovery in post-COVID infection.

6.4  Glycyrrhizin

Glycyrrhizin or glycyrrhizic acid is a natural product isolated from the roots 
(Glycyrrhizae Radix) of the plants Glycyrrhiza glabra (typically cultivated in 
Europe, henceforth called European licorice) and G. uralensis Fisch and G. inflata 
Bat (used in the Chinese pharmacopeia). It has been demonstrated to exhibit antivi-
ral (based on cytoplasmic and membrane effects) and anti-inflammatory/immuno-
modulatory properties (through the activation of multiple pathways involving 
Toll-like receptors and inhibition of pro-inflammatory cytokines), inhibiting in vitro 
isolates of SARS-associated coronavirus and other respiratory viruses.

However, the extensive first-pass metabolism strongly reduces plasmatic expo-
sure of glycyrrhizic acid, with the consequent achievement of inadequate serum 
concentrations, well below the IC50 for SARS-CoV. To overcome this issue, differ-
ent pharmaceutical approaches have been explored: (a) the modification of chemical 
structure of glycyrrhizic acid, in order to develop amide derivatives and amino-acid 
conjugates that may considerably enhance the activity against SARS-CoV but with 
increased cytotoxicity, and (b) the development of drug delivery systems consisting 
of the encapsulation of glycyrrhizic acid into nanoliposomes, hyalurosomes, or nio-
somes. The latter formulations not only may improve plasmatic bioavailability and 
exposure of glycyrrhizic acid but also facilitate the transportation and delivery of 
co-transported drugs, given the amphiphilic properties of vesicles, allowing for the 
enhancement of poorly soluble drugs and increasing the passive diffusion through 
cellular membranes of co-transported agents.
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As previously mentioned, hydroxychloroquine, a repurposed drug widely used 
in the first phase of the COVID-19 pandemic, is one of the compounds combined 
with glycyrrhizic acid in novel nano-formulation by virtue of the potential antiviral 
and anti-inflammatory synergism coupled with an improvement in delivery 
(Table 5).

7  Intention for Newer Novel Drug Delivery Approach

7.1  Gap or Loopholes for Phytomolecule in Terms of Safety 
and Effectiveness; Quality Issues, and Analytical 
Challenges for the Traditional Medicines [105]

• The current case study of Villena-Tejada M et al. [106] reported an association 
between 17 medicinal plants’ uses and prevention and treatment of the respira-
tory symptoms related to COVID-19; the major plants were eucalyptus, ginger, 
spiked pepper, chamomile, garlic, etc. It was observed that the population in the 
present study had used a greater number of plants for disease prevention when 
respondents were older and if one of the friends or family members came out 
from COVID-19. It was also found that respondents who achieved technical or 
higher education were using less plants for its treatment. The latent use of medic-
inal plants for respiratory conditions was approved but more and more research 
is essential to get solid confirmation of their effectiveness and standardized pro-
cess to isolate compounds to achieve their potential pharmacological use. A few 
studies are necessary to determine proper effective forms and their doses and 
potential combination of these plants [106].

• Phytoformulations, especially homeopathic formulations, are prepared by dilu-
tions in such a way that no single detectable molecule is present in the final for-
mulation, which results in controversy.

• Non-evidential rationale to determine the biological effects of solutions contain-
ing unmeasurable starting material led to criticism.

• Challenge is for a pharmacologist to validate the therapeutic claims of 
homeopathic- typed phytomedicines through experiments. Low acceptance of 
these formulations is due to the absence of standardized protocols to justify their 
pharmacological potential.

• The time and processes required to develop an herbal medicine of prime quality 
and consistency for therapeutic use with sufficient safety data is extremely pro-
tracted. This is due to the nature of medicinal plants having multiple phytochem-
icals, getting easily affected by agronomic factors [107].

• Even identifying, isolating, and producing reference standards required for the 
standardization of medicinal plants is difficult, compared to straight synthetic 
chemical entities. Standardization of herbal products based on bioactive markers 
remains vital to ensure consistency and efficacy for different batches.
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Table 5 Clinical trial on photoproducts on COVID-19 (ctri.nic.in)

Sr 
no. CTRI No. Intervention

Clinical outcome of the 
phytoproducts

Sample 
size

1 CTRI/2020/04/024882 Kashaya of Tinospora 
cordifolia added with 
2 gm dried powder of 
Piper longum fruit

Assess the effect of the 
Ayurveda drug combination of 
Tinospora cordifolia and Piper 
longum in the progression of the 
disease, its severity, and clinical 
outcome

60

2 CTRI/2020/05/024981 Dabur Chyawanprash Comparative assessment of the 
severity of COVID-19, changes 
in quality of life, assessment of 
incidence, and severity of 
disease

600

3 CTRI/2020/05/025171 1. Guduchi Ghana Vati
2. Anu Taila
3. Rock salt and 
turmeric

Improvement in Bala of an 
individual resulting in immune- 
stimulation, improvement in 
quality of life

50,000

4 CTRI/2020/05/025069 Sudarshana Ghana 
Vati or ashwagandha

Effectiveness of such preventive 
measures and Ayurveda 
advocacies

1324

5 CTRI/2020/05/025093 Yashtimadhu tablet/
ashwagandha tablet/
Guduchi tablet

Comparative assessment of 
occurrence of COVID-19 
infection, assessment of severity, 
assessment of subjects not 
requiring hospitalization, 
severity of symptoms

1200

6 CTRI/2020/05/025178 Tab Samshamani Vati, 
Herbal tea, Anu Taila 
(into nostrils), Haridra 
Khanda

Improvement in Bala of an 
individual resulting in immune- 
stimulation leading to 
nondevelopment of symptoms of 
COVID-19, improvement in 
quality of life

140

7 CTRI/2020/05/025156 AYUSH-64 as add-on 
to standard treatment

Clinical cure rate, duration of 
fever and each of the respiratory 
symptoms. Improvement in 
hematological and laboratory 
parameters, required invasive or 
noninvasive oxygen, progressed 
to multi-organ failure

60

8 CTRI/2020/05/025222 AOIM-Z Tablets Prevention of incidence of 
COVID-19 infection, 
comparative assessment of 
occurrence of COVID-19 
infection, assessment of severity, 
assessment of subjects not 
requiring hospitalization

275

(continued)
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Table 5 (continued)

Sr 
no. CTRI No. Intervention

Clinical outcome of the 
phytoproducts

Sample 
size

9 CTRI/2020/05/025341 Kwath (Kiratiktadi 
Kwath) and 
ashwagandha Churna 
along with yoga 
exercises (pranayama, 
Surya Namaskar

Management of mild and 
asymptomatic cases of 
COVID-19, rate of recovery

30

• Development of evidence-based validated methods and advancements in the tra-
ditional system to justify its measurable dilutions, which may help to understand 
the mechanism of action and these formulations.

• Due to the variation in the formulations existing for medicinal plants, there are 
ample safety and toxicity studies related to the formulation of importance. Due 
to so many challenges, it is highly unlikely to build up new products from scratch 
in time for emergency use during COVID-19 pandemic type of crises. In emer-
gency time, generally accelerated approvals for therapeutic molecules with 
proven safety with lowest risk of toxicity and having potential for benefits are 
considered [108].

7.2  Potentials of Novel Herbal Drug Delivery System 
for Traditional Medicines

• The novel drug delivery technology in herbal medicine may help to increase the 
efficacy of targeted active phyto-ingredient and even to reduce its side effects; 
untoward effects are likely to happen in phytomedicine, as people don’t know 
their limited dose and dosing frequency, and, of course, herbs may contain poly-
phytocompounds which may be less targeted to provide effectiveness and more 
to give side effects.

• Earlier times, herbal medicines were not being taken risk for development as 
novel formulations due to their lack of scientific justifications and their process-
ing problems, like standardization, extraction, and even identification of key 
components in polyherbal complex systems. Modern phytopharmaceutical 
research may be able to solve the scientific needs like pharmacokinetics determi-
nation, mechanism and mode of action, site of action, accurate dosing and dos-
age regimen, etc. of herbal medicines within novel drug delivery system, 
examples nanoparticles, microemulsions, matrix systems, solid dispersions, 
liposomes, solid lipid nanoparticles, etc.

• New drug delivery is an interdisciplinary approach that combines polymer sci-
ence, pharmaceutics, bioconjugate chemistry, and molecular biology. Novel drug 
systems can deliver a herbal drug constituent with significant efficacy. Some 
constituents have an optimal concentration range, which can bring its maximum 
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benefit, and above or below its concentration range may be toxic or unsafe or 
may have less or slow effect in severe disease. Henceforth, a multidisciplinary 
way of delivering key phytoconstituents to targeted site tissues, for required 
amount for required time by controlling the pharmacokinetics, pharmacodynam-
ics, nonspecific safety and toxicity, immunogenicity, biorecognition and efficacy 
of drugs came in existence.

A few case studies may be presented for reference [109].
Phytopharmaceuticals are pharmaceuticals using traditional compounds derived 

from botanicals instead of chemicals. Natural ingredients are more easily and more 
readily metabolized by the body. Therefore, they produce fewer, if any, side effects 
and provide increased absorption in the bloodstream resulting in more thorough and 
effective treatments. Pharmaceuticals made from chemical compounds are prone to 
adverse side effects. The human body will have a tendency to reject certain chemi-
cal compounds which do not occur naturally. These rejections occur in the form of 
side effects; some may be as mild as minor headaches and others as severe as to be 
potentially lethal. It is important to note that, while phytopharmaceuticals produce 
fewer to no side effects, chemical interactions with other prescription drugs 
can occur.

Furthermore, as they are single and purified compounds, they can be easily stan-
dardized making it easier to incorporate them in modern drug delivery systems 
compared to herbs.

8  Lipid-Based Drug Delivery Systems Have Proven Their 
Potential in Controlled and Targeted Drug Delivery

Pharmacosomes are amphiphilic phospholipid complexes of drugs bearing active 
hydrogen that bind to phospholipids. They impart better biopharmaceutical proper-
ties to the drug, resulting in improved bioavailability.

Phytosomes are novel compounds comprising of lipophilic complexes of compo-
nents of plant origin like Silybum marianum, Ginkgo biloba, ginseng, etc. with 
phospholipid [110]. They are also called as phytolipid’s delivery system. It has high 
lipophilicity and improved bioavailability and therapeutic effects. These are 
advanced forms of herbal extract having improved pharmacokinetic and pharmaco-
logical parameters, advantageous in treatment of acute liver diseases, either meta-
bolic or infective origin. Phytosomes have wide potential in cosmetology in Indian 
Ayurvedic medicines to combat serious ailments using both benefits like novel drug 
delivery and phytosomes.

Novel drug delivery systems like mouth dissolving tablets; mucoadhesive sys-
tems; sustained, controlled, prolonged, and extended release formulations; transder-
mal dosage forms; micro/nanoparticles; microcapsules; implants; etc. are 
exhaustively researched. A few have reached the market as well (Table 6).
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Table 6 Case studies of successful herbal novel drug delivery systems

Form of medicine
Solution of problem by 
mechanism of improvement Results

Asoka Lifescience Limited 
Res-Q, the world’s first 
poly-herbal mouth dissolving 
tablet

Dissolves in the mouth by mixing 
with the saliva and gets absorbed; 
drug reaches the blood directly 
and the first pass metabolism is 
bypassed; imparts increased 
efficacy for lung problems and 
other respiratory ailments

Relief from respiratory 
distress within 15 min; 
resembles the efficacy of 
Sorbitrate, a 
revolutionary mouth 
dissolving drug used in 
cardiac distress

Patented orally administrable 
matrix tablet/microcapsule in 
2-piece capsule for the 
controlled release or stable 
storage of a granulated herb

A granulated herb and a carrier, 
the formulation release of 75% of 
the active in between 4 and 18 h

Steady supply of the 
active components for a 
sustained period
So convenient oral 
dosage form for user 
compliance

Process and product US patented 
new stable Gingko biloba extract 
formulation in the form of 
sustained-release microgranules

Poor flowability and 
compressibility properties can be 
improved by excipients (pellets 
can be prepared by extrusion- 
spheronization, fluid air bed 
process, or a coating-pan method)

Product and process is 
improved without costly 
equipment

Palatal mucoadhesive tablet of 
sage, Echinacea, Lavender, and 
Mastic gum

Sustained release abilities of 
buccal tablets having 
mucoadhesive polymers

Effective in reducing oral 
malodor and VSC levels

Transdermal films of boswellic 
acid (Boswellia serrata) and 
curcumin (Curcuma longa)

Targeted action, avoids the first 
pass metabolism, no pain 
associated with injection, may be 
sustained drug delivery

Targeted action with 
patient compliance and 
effectiveness; new 
version of Ayurvedic 
turmeric poultice or lepa

Effect and mechanism of 
Shuanghua aerosol (SHA) 
checked on upper respiratory 
tract infections in children from 
3 to 14 years

SHA has obvious anti- 
inflammatory and antiviral effects 
and has proven good curative 
effect in treating infantile upper 
respiratory tract infections

SHA has obvious 
anti-inflammatory and 
antiviral effects and has 
proven good curative 
effect in treating infantile 
upper respiratory tract 
infections

Microparticles of Gugulipid—
oleo-gum resin of Commiphora 
wightii using chitosan, egg 
albumin, sodium alginate, ethyl 
cellulose, cellulose acetate, 
gelatin, and beeswax

Optimum physicochemical 
characteristics and HPLC showed 
distinct separation of E- and 
Z-guggulsterone; confirming 
entrapment of Gugulipid in 
microparticle

Good release can be 
achieved

(continued)
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Table 6 (continued)

Form of medicine
Solution of problem by 
mechanism of improvement Results

Sustained release implant of 
danshen (radix Salvia 
miltiorrhiza) extract using 
chitosan

In the CS/gelatin (1:2) matrix, 
drug release was effectively 
controlled by the drug amount 
loaded in the matrix
Film degradation was being seen 
in rats

Implant for the 
promotion of 
anastomosing and 
healing of muscles and 
tissues at the organic 
incision site in abdominal 
cavities

Nanoparticles of TCH 
(traditional Chinese herbs) 
peach seed, safflower, angelica 
root, Szechuan lovage rhizome, 
Rehmannia root, red peony root, 
leech, gadfly, earthworm, and 
ground beetle

The thrombolytic effects of 
nanoparticles of TCHs are much 
more intense than their non- 
nanoparticle form

Improve their absorption 
and distribution in the 
body, and so enhance 
their efficacies

ArthriBlend—SR is a 
proprietary clinically validated 
blend of glucosamine sulfate, 
Boswellin (Boswellia serrata 
extract), and Curcumin C3 
Complex (curcuminoids from 
Curcuma longa) natural actives 
for joint care applications

Slow release profile of 80–90% 
active ingredient release, in an 8-h 
period
Sustained release technology 
benefits the continuous 
management of symptoms of 
arthritis

Support healthy joints 
and connective tissues in 
the body
Relevant to the 
bioavailability of 
glucosamine

9  Novel Technologies for Drug Delivery Approach [111]

Novel drug delivery systems (NDDS) will be a boon for the better and target- specific 
delivery of repurposed drugs. Currently ongoing research exemplify the execution 
of NDDS in prevention and treatment of COVID-19 as well as in the vaccine devel-
opment process. Here, emphasis is on how NDDS of already developed therapeutic 
agents in the form of improved convenient delivery systems (dosage forms) fill the 
void spaces for latent targeted delivery. Therefore, NDDS and nanotechnology 
intervention in product development may play a vital safeguard to humanity in this 
difficult era.

• Novel drug delivery system (NDDS) for the delivery of vaccines

 – Transdermal vaccine
 – Oral vaccine
 – Intranasal vaccine
 – Biosynthetic nanoparticle-based vaccines

• NDDS in antiviral therapy

 – Microemulsions
 – Liposomes and ethosomes
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 – Microspheres
 – Iontophoresis

• Repurposing of drugs

 – Hydroxychloroquine
 – Remdesivir
 – Tocilizumab
 – Azithromycin
 – Convalescent plasma

• NDDS for drugs in treatment of COVID-19

 – Nanoparticles of drugs
 – Intranasal delivery nanoparticles

Plant-based supplements which are used in different countries other than India:

 1. Echinacea purpurea: Purple coneflower is one of the most popular herbal medi-
cines in form of extracts, tinctures, teas, and sprays used in Europe and North 
America due to several bioactive compounds present like chicoric acid and caf-
feic acids, alkylamides, and polysaccharides. A preliminary in vitro study found 
that Echinaforce®, an E. purpurea preparation, inactivated SARS-CoV-2 in a 
clinical trial in Iran on 100 adults based on chest computed tomography (CT) 
scan or x-ray analysis.

 2. Curcuma longa: Curcumin is an alkaloid from rhizomes of turmeric and is used 
for treatment for hypertension, which is the most common comorbidity in 
COVID-19 patients (23.7%) as per studies used across the globe.

 3. Cinchona bark (Cinchona species): Quinine alkaloids isolated from cinchona 
bark found in the Andean mountain forests, which were the most wanted drugs 
in the society for COVID-19 treatment.

 4. Xanthorrhizol: Java turmeric or Curcuma xanthorrhiza Roxb. is a herbal plant 
widely used as an immunosuppressant in the treatment for COVID-19. This 
plant is commonly found growing in Southeast Asian countries like Indonesia, 
Thailand, Philippines, Sri Lanka, and Malaysia; however, using xanthorrhizol 
for treatment and prevention in COVID-19 still requires more evaluation, espe-
cially in the clinical trial setting [112, 113].

 5. Andrographis paniculata: A few in vitro studies suggest that andrographolide 
isolated from andrographis might bind the main protease of SARS-CoV-2, 
thereby inhibiting its replication, transcription, and host cell recognition as 
observed in small clinical trial in Thailand; when given 3 times per day in 12 
people with mild-to-moderate COVID-19 symptoms, marked improvement was 
observed after patients started taking the low dose (60 mg) andrographis, and all 
patients recovered after 3 weeks.

 6. Sambucus nigra: Elder berry fruits growing in North America, Europe, and parts 
of Africa and Asia and having rich chemical profile including anthocyanins, fla-
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vonols, and phenolic acids. Owing to its antioxidant, anti-inflammatory, antivi-
ral, antimicrobial, and immune-stimulating effects, sales of supplements 
containing elder berry has been doubled shortly after the COVID-19 pandemic 
began in the United States.

10  Conclusion and Future Aspects

The active constituents of Ayurvedic/AYUSH origin for COVID-19 patients can be 
utilized in a better form with enhanced efficacy by involvement of modern dosage 
delivery forms. Phytotherapeutics require a scientific policy to deliver the key com-
ponents in a novel active manner to boost patient compliance and reduce repeated 
administration. Novel drug delivery systems utilized for formulations of COVID-19 
may not only reduce the frequent administration to conquer noncompliance but may 
also help to improve the therapeutic value by reducing side effects and toxicity and 
by increasing the bioavailability at required sites.

The medicinal plant species mentioned and categorized for preclinical and clini-
cal investigation may be further taken up by research organizations on priority basis, 
which may result in the development of key marker molecules against SARS-CoV-2 
and COVID-19.

By seeing the potential of AYUSH medicines and medicinal plants’ diversity in 
India, the herbal drug manufacturers and various government and nongovernment 
research organizations have developed essential strategies for proceeding with pre-
clinical and clinical research on these promising therapeutic remedies.

The potential use of various medicinal plants for respiratory and other symptom-
atic conditions were successfully acknowledged to be positive as a prevention and 
remedy for COVID-19, but more and more research is needed to have solid proof of 
their effectiveness for specific isolated compounds with budding pharmacological 
use. Furthermore, studies are needed to determine effective and safe doses, forms of 
formulation, and their effective combinations of medicinal plants. This may open up 
a new market for Ayurvedic pharmaceuticals.
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