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PREFACE

Bacteria, viruses, fungi, protozoa, or parasites are the causative agents for various infectious
diseases and are responsible for morbidity and mortality at large scale worldwide. Although
remarkable accomplishments have been achieved in recent years in developing new anti-
infectives, the widespread emergence of drug resistance has been the main obstacle and
continues to provide a strong stimulus to develop new strategies in drug design and discovery.
For instance, despite the exuberant therapeutic success of antibiotics, acute infections are still
responsible for 25% of deaths worldwide, killing around 17 million people per year. Apart
from de novo drug discovery, the re-positioning, and re-engineering of existing drugs or
drug-like molecules with known pharmacokinetics and established target profiles have now
become ideal starting points for identifying new chemical entities as new anti-infectives. The
quantum of research in this field has shown a tremendous increase in recent years and thus
keeping oneself abr/east of recent developments is rather challenging.

The book series “Frontiers in Anti-infective Agents” is aimed to update the scientific
community on recent accomplishments and provide critical commentaries on the most
exciting developments in the field of anti-infectives. The present volume 5 of the series has
six comprehensive reviews, contributed by leading practitioners in these fields. These reviews
broadly cover the clinical use of Vikut® for chronic and non-chronic wounds, drug delivery
systems for ocular drug targeting, aspects of vaccination against SARS-CoV virus categories,
nanotechnological interventions for the diagnosis and treatment of infectious diseases,
repurposing and re-engineering of various drugs for targeting SARS-CoV-2 and a bilayer
tablet approach for the treatment of sexually transmitted diseases.

The 1% chapter by Durgun et al. explicates ocular drug targeting as one of the most
challenging research areas because of the presence of natural barriers of the eye. It discusses
in detail the various drug delivery systems approved by USFDA for the treatment of ocular
infections wherein the bioavailability is enhanced using micro and nano-carriers. The 2nd
chapter by Rani et al. includes the various aspects of vaccination, its importance in the current
scenario, and methods of implementation specifically targeting SARS-CoV virus categories.

The 3™ chapter by Lara-Esqueda et al. describes the healing properties of each of the
components of Vikut® and the results of its use in the clinical case obtained by healthcare
professionals in the treatment of both chronic and non-chronic wounds. Sonia Sethi discussed
the nanotechnological interventions for the diagnosis and treatment of infectious diseases,
particularly resistant to conventional antibiotics, in the 4" chapter. In particular, the use of
nanomaterials with intrinsic anti-infective properties as carriers for targeted and site-specific
delivery of potential drugs is discussed in detail.

Mohan and Venugopal, in the 5™ chapter, highlight the successful repurposing and re-
engineering of various drugs for assessing their activities on SARS-CoV-2 and are in various
phases of clinical trials. A particular emphasis was given on protease inhibitors, polymerase
inhibitors, antimalarial drugs, rheumatoid drugs, and lipid-lowering statins with promising
SARS-CoV-2 activities. The 6™ chapter by Gaikwad and Patil delineats a bilayer tablet
approach for the treatment of sexually transmitted diseases. The combination of Cefixime and
ofloxacin was employed to prepare the bilayered tablets to maintain the peak plasma level of
the drug.

We are indeed grateful to all the authors of the above-cited articles for their excellent
contributions and hope that these contributions will help readers in gaining a better
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understanding of this field. We would also like to express our gratitude to the entire team of
Bentham Science Publishers, particularly Ms. Fariya Zulfigar (Manager Publications), and
Mr. Mahmood Alam (Editorial Director), for the timely production of the 5" volume.
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CHAPTER 1

Anti-Infective Agents in Ocular Treatment and
New Approaches

Meltem Ezgi Durgun'’, Sevgi Giingdr' and Yildiz Ozsoy'

" Department of Pharmaceutical Technology, Faculty of Pharmacy, Istanbul University, Istanbul,
Turkey

Abstract: Ocular drug targeting is one of the most interesting and challenging research
topics due to the presence of natural barriers of the eye that attract pharmaceutical
technologists. It is important to treat ocular infections, which are frequently
encountered and affect people of all ages, in order to protect the integrity of the eye.
For this reason, anti-infective agents used in the treatment of ocular infections are
frequently the subject of ocular drug delivery system studies. The ocular bioavailability
of anti-infective agents is also increased, thanks to micro and nano-carriers, where the
dose strength of drugs and frequency of administration can be reduced. On the other
hand, the fact that there are products approved by the USFDA among these delivery
systems which have completed clinical phase studies shows that these drug delivery
systems are promising in the ocular field.

Keywords: Anti-infective agents, Ocular drugs, Ocular drug delivery systems,
Nanotechnology, Ocular anatomy, Ocular physiology, Pharmacokinetic.

INTRODUCTION

The eye, the organ of vision, is located in the orbita and is protected by the orbital
bones. It is one of the most complex organs in the human body due to its anatomy
and physiology and consists of three different layers as fibrous, vascular, and
neural structures. Since the eye is in contact with the external environment, it
contains natural protective mechanisms. The protective mechanisms known as
ocular barriers are tear film, cornea, conjunctiva, sclera, blood-aqueous humor,
and blood-retina barrier. They are mainly tasked with minimizing the toxic effects
of external agents such as liquids and dissolved molecules on the eyes. However,
these protective mechanisms also reduce ocular bioavailability of drugs. Different
drug delivery strategies have been developed in order to eliminate the effect of
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ocular barriers, which are more effective in topically applied drugs, and thus
increase ocular bioavailability. However, most of Ocular drugs are differentiated
into conventional dosage forms and drug delivery systems. 90% of commercial
products are conventional dosages and are applied topically to the eye. In
response to these drugs with low ocular bioavailability, the development of new
drug delivery systems is one of the most interesting and challenging areas for
scientists. These systems can cross the ocular barriers, accumulate in the target
area, show a longer retention time, and do not cause systemic toxicity. Micro and
nanoparticles, microemulsions, nanosuspensions, solid lipid nanoparticles,
liposomes, cubosomes, dendrimers, niosomes, hydro-gelling systems, ocular
lens/inserts/implants, and micelles have been developed as ocular drug delivery
systems.

Depending on the anatomical and physiological structure of the eye, any ocular
disease or disorder can easily trigger a secondary disease/disorder. In particular,
ocular infections can quickly involve other tissues. Also, alterations in tissue
because of infection cause activation of opportunistic pathogens and aggravation
of infection. To maintain the structural integrity of the eye, it is imperative to treat
ocular infection quickly, accurately, and -effectively. Otherwise, serious
complications such as visual loss or spreading of infection to different organs can
be seen. The primary group of commercial ocular products is intended to treat
ocular infections. Artificial tears and lens solutions are used for the treatment of
dry eye disease. However, both dry eye disease and lenses that are not used or
stored properly cause ocular infection. For this reason, we can evaluate artificial
tears and lens solutions as prophylactic products against ocular infection.

The development of new dosage forms for the treatment of ocular infections is
one of the main topics in pharmaceutical science. The subject of these studies may
be anti-infective agents that have been used for a long time in the treatment of
ocular diseases, and those the effectiveness of which has been proven byin
vivoexperiments. Also, newly developed anti-infective agents that have not yet
been studied in the ocular field may be a subject. All studies have the aim of
increasing the ocular bioavailability of anti-infective agents with a suitable drug
delivery system.

In this chapter, anti-infective agents used in the treatment of ocular infections,
commercial products, and new approaches to anti-infective therapies will be
examined. Also, the anatomy and physiology of the eye will be discussed with the
aspects that affect the ocular bioavailability of drugs and should be considered in
the development of new ocular drugs. This chapter will be informative for people
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working on drug delivery systems for ocular targeted drugs and anti-infective
agents. It will also provide insight for clinicians who follow promising new
approaches among treatment options and participate in clinical trials.

ANATOMY, PHYSIOLOGY, AND PHARMACOKINETIC OF EYE

The eye, the organ of vision, is located in the orbita and is protected by the orbital
bones. The lens divides the eye into two as anterior and posterior segments. The
eyeball consists of three layers, from the outside to the inside, the tunica fibrosa
bulbi, the tunica vasculosa bulbi, and the tunica interna bulbi [1]. Inside the
eyeball limited by these three layers, the corpus vitreum, lens, and aqueous humor
are located. Tunicae Fibrosa Bulbi (Corneal-Scleral Layer) is the fibrous layer of
the eyeball. Tunica vasculosa bulbi is the vascular layer, and tunica interna bulbi
is the innermost neural layer [2]. The anatomy and segments of the eye are shown

in Fig. (1).
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Fig. (1). Anatomy of the eye and ocular drug administration routes.

The eye contains natural barriers that limit the passage of liquids or dissolved
substances into the anterior and posterior segments of the eye, depending on its
anatomy and physiology. These barriers also affect the ocular absorption and the
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bioavailability of drugs. These barriers are in an anatomical order; tear film,
cornea, conjunctiva, sclera, blood-aqueous humor or iris-ciliary body, lens, and
blood-retinal barriers. While tear film acts as the first barrier for the drugs applied,
it dilutes the drugs due to continuous production of tear fluid and nasolacrimal
drainage. The cornea has a lipophilic and hydrophilic character at the same time
due to tight junctions and collagen fibers in its structure. For this reason, the
corneal epithelium acts as a barrier for hydrophilic drugs, while the stroma
prevents the passage of lipophilic drugs to internal tissues. The sclera also acts as
a barrier to lipophilic drugs with the collagen fibers it contains [3 - 6]. Besides,
the pores of the cornea and sclera affect the passage of drugs to internal tissues.
Drugs with particle size smaller than 100 nm and particle sizes in the range of 20-
80 nm, respectively, can pass through the cornea and sclera [7, 8].

Drugs are administrated to the eye with different methods in order to increase
bioavailability in the presence of ocular barriers. In addition to topical application,
subconjunctival, scleral, and intravitreal injection are other ocular drug
administration routes. However, the difficulty of applying these methods and
possible complications limit their use.

OCULAR INFECTIONS

Keratitis

Keratitis is one of the most common causes of visual impairment among adults. It
is a rapidly progressing disease. Corneal opacification due to keratitis is the fourth
underlying cause of blindness [9]. Contact lenses, ocular surgery, physical or
chemical injury, diabetes, immunosuppressive diseases, topical steroids and
agricultural activities in developing societies may be the predisposing factors of
keratitis formation. The type of microorganism that causes keratitis depends on
the geographical location and climate of the region where the person lives.
Keratitis is divided into three main groups as infectious, interstitial, and non-
infectious, as shown in Table 1 [10 - 15].

Conjunctivitis

Conjunctivitis is an infection of the conjunctiva due to bacteria, viruses, irritant
substances, or allergens. It is a common ocular disease that affects people of all
ages and socio-economic segments. The fact that 70% of acute conjunctivitis
cases present to primary care centers or emergency services instead of an
ophthalmologist is one of the data showing the prevalence of the disease [20 - 23].

Fungi species do not play a role in the development of conjunctivitis. However,
conjunctival involvement can also be seen in allergic conjunctivitis or in cases of
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fungal keratitis and/or scleritis [24 - 26]. Depending on the pathogen type, topical
drugs are preferred in the treatment.

Table 1. Classification of keratitis.

Type Subtype Treatment Agents References
Bacterial Top_lcal ant{blohcs, tetracycline group antibiotics, and [11,12]
corticosteroids
Viral Trifluridine, acyclovir, and ganciclovir [11,12]
5% natamycin, 0.3-0.5% amphotericin B (AMB), 1%
Infectious Fungal voriconazole, oral, intravenous (i.v.) or intrastromal [12]
Keratitis VRC and intracameral AMB

Combined treatment with 0.1% propamidine and 1%
neomycin, 0.02% concentration of

Acanthamoeba |polyhexamethylene biguanide (PHMB) and topical [11,12,16,17]
neomycin, miconazole, prednisolone and
metronidazole, oral ketoconazole

Since it is a multidisciplinary disease, a
multidisciplinary approach is essential in its
Interstitial treatment: corticosteroids such as prednisolone,
keratitis methotrexate, cyclophosphamide, azotropine,
infliximab, rituximab, cyclosiporin a, anti TNF-a,
tocilizumab, etanercept, and adalimumab are included

Medical therapy: steroids Physical intervention:
Exposure keratitis | Bandaging to eliminate eyelid looseness, application [19]

Non-Infectious of amniotic membrane

keratitis

Neuroparalytic | Topical steroids or nonsteroidal anti-inflammatory
keratitis drugs (NSAIDs) to relieve eye infection

Endophthalmitis

It is an infection of the intraocular cavities, the aqueous humor, and the vitreous
humor that fills these cavities. It is basically divided into two groups as infective
and non-infective. The infection seen in infective endophthalmitis is usually of
bacteria or fungus origin. The development of viral or parasitic infections is not a
common condition [27].

Infectious endophthalmitis is divided into exogenous and endogenous
endophthalmitis. Exogenous endophthalmitis is a type of endophthalmitis that
occurs after eye surgery or trauma. Possible contamination in sterile equipments
and solutions used during intravitreal injection and surgical procedure, the risk of
contamination from the personnel of the surgery, and the flora of the eyelid or
conjunctiva may be factors in the development of infection [27 - 30]. Endogenous
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Endophthalmitis accounts for 5-15% of total endophthalmitis cases. The
infectious agent is bacteria or fungal. It occurs when a possible infectious agent in
any tissue reaches the eye. Gram positive bacteria such as S. aureus, streptococci
and Gram negative bacteria such as Pseudomonas and E. coli [28]. Infectious
endophthalmitis is treated with antibiotics or anti-fungal agents, depending on the
type of pathogen. These drugs are the same as the active ingredient used in the
treatment of infectious keratitis and are applied topically, systemically, or
intravitreally [28].

Non-infectious endophthalmitis is an uncommon type of endophthalmitis seen
with infection caused by an allergen substance independent of any microorganism
infection. Corticosteroids are used in their treatment [31, 32].

Uveitis

Upveitis is the infection of the uvea, or vascular layer of the eye due to various
reasons. Although it is defined as ocular infection, it is actually a
multidisciplinary disease since it may develop due to another underlying disease.
Determining the agent by performing a detailed examination in an individual
diagnosed with uveitis can enable the diagnosis of another disease [33 - 35]. It is
thought that more than 2 million people in the world are affected with uveitis and
10% of blindness worldwide is due to uveitis. The incidence in the age range of
16-65, defined as the working population, is higher than in other age groups [35 -
39].

The International Uveitis Working Group (IUSG) classifies uveitis clinically into
infectious, non-infectious, and masked uveitis [40]. In some sources,
endophthalmitis is considered uveitis [35, 41].

Infectious uveitis is a type of uveitis that develops due to bacterial, viral,
protozoal, fungal, helminthic, or intestinal worms. Its incidence is 50% more
common in less developed and / or tropical countries than in developed countries.
It is seen in the USA and European countries with a rate of 13-21%. While
varicella-zoster, herpes simplex, or toxoplasma are the main factors in the USA
and European countries, mycobacterium leprae, Mycobacterium tuberculosis,
toxoplasma, and onchocerciasis causing river blindness are the main factors in
tropical and/or underdeveloped countries [35 ,42]. Infectious uveitis is generally
seen in the posterior segment. Therefore, the main drug administration method in
treatment is intravitreal injection. It is extremely important to determine the
pathogen type to choose the correct active ingredient. Ganciclovir and foscarnet as
anti-virals, vancomycin, gentamicin, ceftazidime, moxifloxacin, and amikacin as
anti-bacterials, clindamycin, and Trimethoprim/sulfamethoxazole as an
antiprotozoal, AMB and VRC as anti-fungal are preferred [35].
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Non-infectious uveitis is associated with systemic disease [40]. In the absence of
systemic disease, uveitis may develop due to trauma, an ocular surgical
procedure, idiopathic diseases, and the use of drugs such as cidofovir or rifabutin.
Diseases such as sarcoidosis, juvenile idiopathic arthritis, and Behget's disease are
given as examples of uveitis due to systemic diseases [35]. Treatment in non-
infectious uveitis is generally performed with corticosteroids or alternative agents
that will suppress the immune system [35].

Masked uveitis is a type of uveitis that develops due to cancer. It is divided into
neoplastic or non-neoplastic [40].

Scleritis

Scleritis is a type of ocular infection that is centered in the sclera and can often
involve adjacent tissues such as the episclera, cornea, and uvea. It is a rare ocular
disease with severe pain and blinding potential [43 - 45].

Considering the etiology, the incidence of the systemic disease has been reported
to be 39-50% in individuals with scleritis [46 - 48]. Posterior scleritis is more
likely to be associated with anterior scleritis in an individual with underlying
systemic disease [46]. Infection, autoimmune diseases, surgical interventions,
intraocular tumors such as melanomas, conjunctival tumors, lymphoma, trauma,
congenital erythropoietic porphyria after allogeneic bone marrow transplantation,
rare systemic diseases such as graft- versus -host disease can cause scleritis [43,
49,50].

Infection is a rare cause of scleritis (5-10%). However, it is a common belief that
infected scleritis begins with an autoimmune basis and appears with a
progressively worsening condition and has worse results than autoimmune
scleritis. Although the reason for this is not known exactly, it is thought to be
caused by the late diagnosis or the aggressiveness of the pathogens causing the
infection. Bacteria, protozoa, fungus, coinfections are the most common causes of
scleritis due to infection. Many pathogenic organisms have been shown to be
among the possible causes of scleritis in cases seen over the years [43,44]. Fungal
scleritis generally gives worse results than bacterial or viral scleritis [ 51]. Studies
showed that despite the treatment, rapid cataract, serous retinal or choroidal
detachments, or endophthalmitis were observed in many patients [43].

Surgery (pterygium, cataract, glaucoma, vitroretinal or conjunctival tumor
surgery) [45], immunosuppressants [52,53], traumas, Mitomycin C, and radiation
use [54 - 59] are among the most common infectious scleritis factors.
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Watson and Hayreh classified the scleritis by anatomy. This classification system
is considered to be the most common predisposing factors of infectious scleritis.
Table 2 includes the agents used in this classification and treatment [45].

Table 2. Classification of scleritis.

Type Subtype Treatment Agents References
Diffused Artificial tears, topical corticosteroids, and
Episcleritis topical nonsteroidal anti-inflammatory drugs [49,60,61]
Nodular (NSAIDs)
Diffused
Nodular Topical corticosteroids, oral NSAIDs (COX
Anterior Necrotized inhibitors), oral corticosteroids, [24.47,62 - 64]
scleritis  With infection immunosuppressive agents, and subconjunctival T
» Without infection corticosteroid injection
* Scleromalasia
perforans
Diffused
Poste¥'1.or Nodular oral.NSAID.s (COX. inhibitors), oral . [24.62,65]
scleritis corticosteroids and immunosuppressive agents
Necrotized

ANTI-INFECTIVE AGENTS USED IN OCULAR TREATMENT

The eye is separated from other organs due to its unique anatomy and physiology.
It has a small size and volume but has rich vascular and neural networks. On the
other hand, tear, aqueous humor, and vitreous humor turnover are rapid. Due to
this unique anatomy and physiology, it is common for an infection that begins in
any ocular tissue to spread to other ocular tissues. Also, as ocular immunity is
suppressed by infection, the eye becomes suitable for the activation of other
opportunistic pathogens. Therefore, the treatment of ocular infections should be
done quickly with a suitable agent. Anti-bacterial, anti-viral, anti-fungal, and anti-
parasitic drugs are used in the treatment of ocular infections. The anti-infective
agent should be selected according to the type of pathogens that caused the
infection. For this reason, it is very important to be able to isolate the strain that is
the cause of infection. Anti-infective agents used in ocular infection, approved by
the USFDA, are listed in Table 3.

Most of the commercial products used in the treatment of any disease are in a
conventional dosage form. 90% of the products in the treatment of ocular diseases
are also included in this group. Conventional dosage forms applied to the eyes are
solutions, suspensions, ointments, and gels (4-6). These dosage forms, also known
as traditional medicines, generally target the anterior segment of the eye and do
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not show much effect on a possible disease in the posterior segment. On the other
hand, the ocular bioavailability of these drugs is low due to the ocular barriers.
Because of their low bioavailability, the dose frequency during the day is high,
and this reduces patient compliance. Also, the fact that gels and ointments cause
blurry vision is another factor that reduces patient compliance. To address these
issues, drug delivery systems targeting ocular tissues have been developed.

OCULAR DRUG DELIVERY SYSTEMS

Microparticles and Nanoparticles

Microparticles and nanoparticles are colloidal drug delivery systems with particle
sizes between 1-10 um and 10-1000 nm, respectively [66, 67]. They are often
preferred for ocular drug targeting. Prolonged drug release and slow ocular
drainage due to particle size are important advantages compared to conventional
dosage forms. Because the particle size of microparticles is larger than
nanoparticles, their ocular tolerability is less than nanoparticles [68 - 70].

Cortesi et al prepared acyclovir loaded microparticles using different Eudragit
types. It was found that the prepared microparticles had an extended release for 8
hours, and their anti-viral activity was similar to that of acyclovir solution [71].
Gavini et al. produced ciprofloxacin loaded microparticles using chondroitin 6-
sulfate or lambda-carrageenan. Also, they examined the mucoadhesion properties
by adding carbomer (Carbopol 934P-) to the microparticles. They reported that the
microparticles were suitable for ocular application in terms of particle size, and
high mucoadhesion was seen in all formulations, although it was higher in those
with carbomer added [72].

Liu et al prepared cyclosporin A loaded poly-lactic acid (PLA) nanoparticles and
compared them with Restasis-, which is used to treat dry eye disease. It has been
observed that nanoparticles have a longer retention time with ocular tissues than
Restasis thanks to their mucoadhesion feature and significantly reduces the dose
of cyclosporine A to be used (50- to 100-fold). Although Restasis* is normally
used twice a day, it was determined that nanoparticles were applied once a week
to eliminate infection. In addition, it has been reported that goblet cells regenerate
within one month in the treatment applied with nanoparticles, and this
regeneration is not seen in the treatment with Restasis® [73]. Poly(lactic-c-
-glycolic acid) (PLGA) is a copolymer commonly used in the preparation of
ocular delivery systems [74]. Gupta et al. produced levofloxacin loaded PLGA
nanoparticles and compared with a commercial product. It has been determined
that the nanoparticles remain in the pre-corneal area for 24 hours and their
efficiency is better than the commercial product in in vivo rabbit model [75]. In
another ocular study with PLGA, acyclovir loaded nanoparticles were produced
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using PLGA combined with TPGS. Alkholief et al. reported that AUC,,, t,, (h),
and MRT,,, values of nanoparticles were 2.78-fold, 1.71-fold, and 2.2-fold
higher, respectively, compared to acyclovir solution [76]. Clarithromycin is
another anti-infective agent studied with PLGA. In anti-fungal activity studies, the
minimum inhibitory concentration (MIC) of nanoparticles on S.aureus was 8-fold
lower than clarithromycin solution. Although this study was not conducted with
direct ocular drug targeting, Mohammadi ef a/. underlined that the nanoparticles
were suitable for ocular application due to their particle size (in the range of 180-
280 nm) [77].

Table 3. Anti-infective agents approved by the USFDA.

Active Ingredient Dosage Form
Azithromycin Solution
Bacitracin/ Zinc/ Hydrocortisone Acetate/ Neomycin Sulfate/ Polymyxin B Ointment
Sulfate
Bacitracin/ Zinc/ Neomycin Sulfate/ Polymyxcin B Sulfate Ointment
Bacitracin/ Zinc/ Polymyxin B Sulfate Ointment
Bepotastine Besilate Solution
Besifloxacin Hydrochloride Suspensions
Ciprofloxacin Hydrochloride Ointment
Cyclosporine Solution / Emulsion
Cysteamine Hydrochloride Solution
Dexamethasone/ Neomycin Sulfate / Polymyxin B Sulfate Ointment/ Suspension
Dexamethasone/ Tobramycin Ointment/ Suspension
Erythromycin Ointment
Gancyclovir Gel
Gatifloxacin Solution
Gentamicin Sulfate Solution/ Ointment
Gentamicin Sulfate/ Prednisolone Acetate Solution/ Ointment/ Suspension
Gramicidin/ Neomycin Sulfate/ Polymyxin B Sulfate Solution
Hydrocortisone/ Gramicidin/ Neomycin Sulfate/ Polymyxin B Sulfate Suspension
Ketorolac Tromethamine Solution
Levofloxacin Solution
Loteprednol Etabonate/ Tobramycin Suspension
Moxifloxacin Hydrochloroide Solution
Natamycin Suspension
Ofloxacin Solution
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Active Ingredient Dosage Form
Polymyxin B Sulfate/ Trimethoprim Sulfate Solution
Povidone - Iodine Solution
Prednisolone Sodium/ Sulfacetamide Sodium Solution
Sulfacetamide Sodium Solution/ Ointment
Tobramycin Solution/ Ointment
Trifluridine Solution
Tropicamide Solution

Solid Lipid Microparticles and Nanoparticles

Despite the advantages of micro and nanoparticles, their use is limited because of
the long-term potential toxicity of the polymers used in their preparation. Solid
lipid microparticles (SLM) and solid lipid nanoparticles (SLN) are drug delivery
systems developed in the 1990s as an alternative to the emulsion, polymeric
nanoparticles, and liposomes. Their lipid part formed by the liquid lipid (oil) has
been substituted by a solid lipid. While SLNs have smaller diameters than 1 pm,
SLMs have a larger particle size [78, 79].

SLM or SLN are often preferred for ocular targeting of anti-bacterial drugs.
Wolska et al. prepared SLMs of cyclosporine A using Compritol 888 ATO and
Tween 80, and emulsions of cyclosporine A using soybean oil or castor oil for
comparison. In the studies, the concentration of cyclosporin A in the precorneal
tissues in the SLM groups was found to be higher than the therapeutic value and
emulsion groups [80]. Gokge et al. also developed SLN drug delivery systems
containing cyclosporine A. It has been shown that the cumulative corneal
permeation value of cyclosporin A of these formulations was higher 2-fold than
the cyclosporin A solution, and the formulations were not cytotoxic and did not
cause irritation in cell culture studies [81]. In studies conducted with another
antibiotic ofloxacin, it was observed that SLNs had extended release for 8 hours,
and in vivo corneal permeation of SLNs in rabbit eyes after 24 hours were 2.5-fold
higher than commercial eye drops (Oflox-) [82]. In the study done by Pignatello et
al. with ciprofloxacin, it was reported that SLNs have anti-bacterial effects on
different strains, even nine months after their production [83].

Tobramycin is an antibiotic with commercial ocular drops, suspension, and
ointment [84]. Chetoni ef al. applied the tobramycin SLNs they developed both
topically to the eye and intravenously to two separate groups. In these in vivo
rabbit studies, it has been observed that tobramycin SLNs accumulate in the
retina, regardless of the route of administration. It was also reported that SLNs



12 Frontiers in Anti-infective Agents, Vol. 5 Durgun et al.

show more bactericidal activity against Pseudomonas aeruginosa compared to
tobramycin solution [85].

Baig et al developed SLNs of levofloxacin using the Box-Behnken experimental
design. In comparative studies with levofloxacin commercial eye drops,
levofloxacin SLNs have been reported to provide extended release for 12 hours. It
has also been observed that SLNs, whose anti-fungal activity is similar to eye
drops, were not toxic with the hen's egg-chorioallantoic membrane test (HET-
CAM test) [86]. Khames ef al. also made a different SLN study using the Box-
Behnken experimental design. They produced natamycin SLNs with different
lipid types and chose the most appropriate formulation using the Box-Behnken
experimental design. It was shown that the final natamycin SLN had extended
release over 10 hours, and the anti-fungal activity of SLNs was 2.5-fold higher
than the natamycin suspension [87].

Valacyclovir is an anti-viral drug. ex vivo corneal permeation and ocular
bioavailability of valacyclovir SLNs were found to be 7-fold and 2-fold higher,
respectively, compared to valacyclovir solution. Also, HETCAM analysis was
demonstrated that the developed SLNs were non-toxic [88].

Although tuberculosis is a disease that generally affects the lungs, orbital and
external eye infections were detected in 15% of 6.3 million tuberculosis cases in
2016 [89]. Isoniazid is used in the treatment of tuberculosis caused by
Mycobacterium tuberculosis. Singh et al. prepared SLNs of isoniazid considering
this situation. Compared to isoniazid solution, SLNs with extended release for 48
hours increased ex vivo corneal permeability and ocular bioavailability of
isoniazid 1.6-fold and 4.2-fold, respectively. The MIC value was also five-fold
lower than isoniazid solution [90].

Microemulsions and Nanoemulsions

Micro and nanoemulsions are systems that are created by means of an aqueous
phase, an oily phase, one or more surfactants. Despite the different definitions in
the literature, microemulsions generally define systems with a droplet size of less
than 100 nm and nanoemulsions with a droplet size higher than 100 nm. However,
there is still a use of the definition of nanoemulsion for systems smaller than 100
nm. Microemulsions are thermodynamically more stable than nanoemulsions
[91].

Seyfoddin ef al reported that the acyclovir nanoemulsions increased the anti-viral
activity of acyclovir 3.5-fold after 24 hours. It was observed that nanoemulsions
increase the bioavailability of acyclovir by 4.5-fold in comparative in vivo rabbit
studies performed with commercial acyclovir ophthalmic ointment [92].
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Bharti et al/ showed that the moxifloxacin microemulsions remained stable for
three months. Microemulsions were found to be more effective than commercial
moxifloxacin eye drops in in vivo rabbit studies [93].

Kumar et al examined the voriconazole microemulsions in terms of toxicity and
ocular permeability. It was found that the microemulsions developed are suitable
for ocular use, and ex vivo corneal permeation is higher than voriconazole
suspension. Also, in vivo studies showed that microemulsions had less
nasolacrimal drainage than suspension [94].

Nanosuspensions

Nanosuspensions are colloidal systems formed by suspending poorly soluble or
insoluble drugs in a suitable dispersion medium. Their stability is provided by
surface-active agents. They do not show the potential irritant properties of
microemulsions, as their size is smaller than 1 um [69, 95, 96].

Mugdil et al compared their moxifloxacin nanosuspensions with commercial eye
drops. It has been observed that the nanosuspension structure increases the
corneal permeability of moxifloxacin in vitro by almost 2-fold compared to
commercial eye drops. Also, the anti-bacterial activity of nanosuspensions was
also found to be high [97]. Ambhore et al. prepared nanosuspensions of
sparfloxacin using hydroxypropylmethylcellulose (HPMC) or chitosan. It has
been observed that chitosan nanosuspension had sustained drug released for 9
hours, while HPMC nanosuspensions had 6 hours. The effectiveness of
nanosuspensions, which were well tolerated by ocular tissues, were proven by in
vivo rabbit studies [98]. When the cyclosporine A nanosuspension developed by
Kim et al. was compared with the commercial eye product in terms of toxicity,
both products were found to be irritating in the Draize test, while in the Schirmer
tear test, the nanosuspension was found to be safer than the commercial product
[99].

Maged et al produced a series of nanosuspensions of econazole nitrate using
different surfactants. It was observed that the nanosuspension containing
hydroxypropyl-B-cyclodextrin and Tween 80 was stable for one year at room
temperature. This selected formulation was suspended in chitosan HCI to improve
bioavailability by increasing mucoadhesion. In in vivo studies, the AUC values of
econazole nanosuspension and nanosuspension added to chitosan HCL were 2.5-
fold and 5-fold higher, respectively, than econazole suspension [100].
Voriconazole was used in another nanosuspension study with anti-fungal agents.
It was observed that the nanosuspension increased the anti-fungal effect of
voriconazole and produced more inhibition in less concentration on the Candida
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albicans strain. Also, nanosuspensions showed better ocular permeability than
commercial voriconazole injection in both in vitro and in vivo studies [101].

Micelles

Micelles are another nanocarrier frequently used in ocular drug targeting. Micelles
are self-emulsifying systems containing amphiphilic copolymer or surfactant. The
hydrophobic core and hydrophilic shell of micelles provide an advantage for
targeting hydrophobic drugs to hydrophilic environments. Therefore, the
lipophilic property of micelles made them pass through the corneal epithelium
more easily [102].

Micelles are easy to manufacture and scale-up. For this reason, micellar carrier
systems are very likely to turn into commercial products. Cequa- is one of the
most recent examples of this. Phase III studies of cyclosporine A loaded micellar
eye drops developed by Mandal et al have also been successfully completed.
USFDA approved Cequa- in the treatment of dry eye disease [103 - 105]. Apart
from Cequa-, cyclosporine A emulsions are also used in the treatment of dry eye
disease [84]. For this reason, many micellar carrier system studies have been
conducted with cyclosporine A for the treatment of dry eye disease. It has been
reported that the corneal permeation of the lyophilized cyclosporine A micelles
developed by Yu et al. was better than the cyclosporine A emulsion and the
micelle structure reduces the elimination of cyclosporine A [106]. Luschmann et
al. examined the effectiveness of cyclosporine A loaded micelles in an in situ
porcine model. It has been reported that micellar structure increases cyclosporine
A uptake 3.5-fold and 3-fold, respectively, compared to cyclosporin A in olive oil
and Restasis* (cyclosporine nanoemulsion) [107]. The micelles developed by Li et
al. increased the corneal penetration of cyclosporine A in vitro and in vivo mice
model [108].

Kanoujia et al developed a micellar ocular delivery system with another anti-
bacterial drug, gatifloxacin. They have shown that micelles increase corneal
permeation of gatifloxacin compared to commercial eye drops and gatifloxacin
solution [109]. In a study conducted with Neomycin B, Kanamycin B, and DNA
aptamers, it has been shown that micelles increase corneal permeation and inhibit
bacterial growth. Willem de Vries et al. reported that micelles could be applied to
the human eye [110].

Micelles are also suitable carrier systems for anti-fungal drugs. Triazole group
anti-fungal agents, which are used as the first choice in the treatment of fungal
infections [111], may be the subject of ocular targeted micellar drug delivery
systems. Sertaconazole nitrate loaded micelles developed by Younes et al
increased corneal permeation and corneal uptake of sertaconazole 2-fold
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compared to sertaconazole suspension [112]. Posaconazole, which has a similar
chemical structure to itraconazole and has the most penetrating spectrum of
triazole agents, is used off-label in cases of severe keratitis and sclerokeratitis [10,
113, 114]. Durgun et al reported that optimized posaconazole loaded micelles that
had extended drug release in simulated tear fluid for 8 hours and increased the
total amount of drug released 30-fold to 110-fold compared to posaconazole
suspension [115]. Terbinafine is an anti-fungal agent not included in the triazole
group. Terbinafine hydrochloride loaded micelles developed by Zhou et al
increased corneal permeation compared to oily terbinafine hydrochloride.
However, it has been reported that the micelle structure did not change the ocular
bioavailability of terbinafine [116].

Aciclovir, ganciclovir, famciclovir, valaciclovir, and trifluorothymidine are drugs
used in the treatment of viral ocular infections [117]. Varela-Garcia et al reported
that acyclovir loaded micelles and acyclovir solution were similar to corneal
permeation coefficients, but micelles significantly shortened the permeation lag
time through the cornea. In ex vivo studies, it was observed that the total amount
of acyclovir in the cornea and sclera tissues was 6-fold and 4-fold higher in
micelles, respectively, compared to acyclovir solution. It has also been reported
that the scleral permeation of micelles is 10-fold higher than the corneal
permeation [118]. Biotinl2Hydroxystearicacid-Acyclovir (B-12HS-ACV) is a
prodrug of acyclovir. Vadlapudi ef al. reported that B-12HS-ACV loaded TPGS
micelles had extended release and were compatible with human corneal epithelial
cells [119]. Cidofovir and its cyclic analogs (cCDF), unlike other anti-viral drugs,
are used in the treatment of viral retinitis in AIDS patients [120, 121]. Mandal et
al. produced Biotinl2Hydroxystearicacid-cCDF (B-12HS-cCDF) is also a
prodrug loaded micelles. In studies conducted with human retinal pigment
epithelial, human corneal epithelial, and human conjunctival epithelial cells, they
found that B-12HS-cCDF micelles are compatible with human ocular tissues and
their intracellular uptake is higher than free cCDF [122].

Liposomes

Liposomes are drug delivery systems in which a hydrophilic center is surrounded
by one or more phospholipid layers. It is an effective dosage form for both
hydrophilic and lipophilic drugs because it contains hydrophilic and lipophilic
structures together [68,96]. They are an effective dosage form in the ocular field
because of their high ocular penetration and low ocular elimination.

Abdelbary produced a total of 19 different liposomes of ciprofloxacin
hydrochloride by using different lipids, and a total of 9 different chitosan-coated
liposomes of 3 different formulations selected from these 19 liposomes. In vivo
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studies have shown that certain liposomal and chitosan-coated liposomal
formulations had a long retention time in the eye compared to the ciprofloxacin
commercial eye drops (Ciprocin-) [123]. Fusidic acid is a commercially available
anti-bacterial agent used in the treatment of ocular infections [117]. The efficacy
of fusidic acid liposomes developed by Nicolasi et al. was investigated in vitro on
different gram-positive and gram-negative strains. It has been reported that
liposomes have lower MIC values than free fusidic acid and also showed
therapeutic efficacy on strains where free fusidic acid did not show anti-bacterial
activity [124].

Fresta et al showed that liposomal structure increased acyclovir concentration in
rabbit aqueous humor by 40-fold compared to free acyclovir in their study with
acyclovir in 1999 [125]. In another study, Chetoni et al. compared the acyclovir
liposomes with acyclovir ointment and its aqueous solution. It was observed that
the AUC value of liposomes increased 12-fold and 7-fold, respectively, compared
to ointment and an aqueous solution having the same amount of acyclovir as the
liposome. The AUC value of Zovirax ointment, which contains almost 10-fold
more acyclovir than liposomes, was only 2-fold higher than liposomes. With this
study, it was shown that liposomes reduce ocular elimination, achieving higher
ocular bioavailability with lower doses [126]. Ferreira et al developed
moxifloxacin liposomes and reported that liposomes reached their maximum
concentration 2 hours after intracameral administration and that the therapeutic
moxifloxacin concentration in ocular tissues was maintained for 24 hours [127].
In another study, Ren ef al found that the corneal permeability of azithromycin
ion-pair liposomes, which they developed for use in the treatment of dry eye
disease, was 2-fold higher than the azithromycin solution. In in vivo rat
pharmacodynamic studies compared with commercial hyaluronic acid sodium eye
drops, they showed that liposomes were better than commercial products in
reducing the main symptoms of the disease [128].

Distamycin A is an antibiotic that acts on the Herpes simplex virus and Varicella
zoster virus by a mechanism different from acyclovir and its analogues [129].
Chetoni et al. developed distamycin A liposomes. They reported that the amount
of distamycin A in the tear fluids of rabbits after application of liposomes was
found in therapeutic concentrations, and the liposome structure also reduced the
toxicity of distamycin A [130].

Different ocular drug delivery systems of voriconazole, an anti-fungal agent in the
triazole group, are being studied frequently. De Sa et a/ developed voriconazole
liposomes with cholesterol, soybean phosphatidylcholine, and 1,2-dioleoyl-
3-trimethylammonium-propane. When they applied the liposomes to the ex vivo
porcine cornea, they reported that the amount of voriconazole permeated to the
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cornea at the end of 30 minutes was above the therapeutic concentration based on
the the MIC value [131].

Niosomes

Niosomes are the dosage form developed because of the chemical stability
problems of liposomes. It has a double-layer structure composed of non-ionic
surfactants and has a size of 10-1000 nm. Because of its amphiphilic character,
both lipophilic and hydrophilic drugs can be loaded in it. It is structurally non-
toxic and has high biocompatibility [69, 95].

Khalil et al examined the effectiveness of lomefloxacin niosomes in vivo (rabbit).
The anti-bacterial efficacy and the AUC value in the first 12 hours of niosomes
was higher than commercial lomefloxacin eye drops (Orchacins). There was a
significant improvement in therapeutic response has been noted after eight days of
treatment [132].

The natamycin-loaded niosomes developed by El-Nabarawi et a/ had extended
release over 24 hours. In comparative studies with ketoconazole and natamycin
commercial ocular suspensions (Natacyn-), it was reported that liposomes showed
similar anti-fungal activity with commercial products, whereas free natamycin
failed. in vivo rabbit studies, liposomes had better results on corneal infiltration
and hypopyon level compared to ketoconazole and natamycin commercial ocular
suspensions [133]. Clotrimazole is another anti-fungal agent. Basha et al/
compared clotrimazole niosomes to clotrimazole suspension in in vivo rabbit
model. It was reported that niosomes had a 3-fold higher AUC value than the
suspension without any ocular toxicity [134].

Spanlastics

Spanlastics are drug delivery systems that were first developed by Kakkar and
Kaur by giving elasticity to the vesicles of conventional niosomes with surfactants
[135]. These aimed to increase the corneal permeation with the increase of the
elasticity of niosomes. Kakkar and Kaur developed the spanlastics and
conventional niosome of ketoconazole. In studies with ex vivo porcine cornea, it
was found that the corneal permeation of spanlastics was 1.3-fold and 1.8-fold
higher than conventional niosome and ketoconazole suspension, respectively. In
in vivo studies, spanlastics was detected in ocular tissues without any deformation
after the application of 2 hours. Spanlastics, which may have a safety risk due to
their high surfactant content, were found to be compatible with ocular tissues in
cytotoxic studies. EIMeshad et al., found that spanlastics increased the ex vivo
permeation of itraconazole from conventional niosomes by 1.34-fold in their
studies with itraconazole spanlastics and conventional niosomes. Also, it was
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observed that the structure of spanlastics significantly increased the inhibition
zone of itraconazole in in vitro anti-fungal activity studies [136].

Bilosomes

Since a drug delivery system with bioadhesive property penetrates the target
tissues better, it is expected to increase the bioavailability of the drug. Bile salts
are widely used in the pharmaceutical industry as a natural penetration enhancing
agent. Bilosomes are carrier systems formed by the amphiphilic bilayer of
niosomes containing bile salt [137]. In fact, although they were developed with
the aim of increasing oral bioavailability, different tissue-targeted bilosomes have
been developed over time [138, 139]. Bilosomes have also been used in ocular
drug targeting in recent years.

Yousry et al developed ocular targeted terconazole bilosomes. It was observed
that the structure of the bilisome significantly reduced the cytotoxic effect of the
suspension and solution of terconazole. IC50 dose of bilisomes was found 11-fold
higher than suspension and solution in in vitro cell culture studies. in vivo studies
have also supported these results. After that, researchers prepared the integrated
nanovesicular / self-nano emulsifying system (INV/SNES) of these bilosomes. It
was found that INV/SNES is more effective than the terconazole suspension in
treating ocular fungal infections in in vivo efficacy studies [140]. Another study
with terconazole was done by Abdelbary et al. Developing the conventional
niosomes and bilosomes of terconazole, they also developed the ultradeformable
bilosomes (UBs) carrier system, which increases corneal permeation by providing
extra flexibility to the vesicles of the bilosomes. After examinations, it was found
that ex vivo corneal permeation of UBs was 1.5-fold, 2-fold, and 3-fold more than
conventional bilozomes, niosomes, and drug suspension, respectively. Also, it has
been observed that UBs are compatible with ocular tissues in vivo studies [141].

Cubosomes

Nanoparticles produced with liquid crystals are called cubosomes [96]. Anti-
fungal drugs come to the fore in studies of ocular cubosomes. Fluconazole
cubosomes have been evaluated ex vivo and in vivo . ex vivo corneal permeability
of cubosomal fluconazole was found to be 2-fold higher than the fluconazole
solution. Also, in in vivo studies, cubosomes reduced corneal opacity 2-fold more
than fluconazole solution [142]. Younes et al reported that corneal permeation of
sertaconazole nitrate cubosomes was better than sertaconazole suspension in both
ex vivo and in vivo studies [143]. In studies conducted with natamycin, it was
observed that cubosomal structure increased ex vivo corneal permeation compared
to the suspension dosage form [144].
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Dendrimers contain a nucleus at their center and functional groups attached to this
nucleus. These structures resemble trees. For this reason, they got their name from
the word “dendro,” which means tree in Greek. These functional groups can be
single or they can repeat themselves by being connected to each other. If
functional groups are connected to each other and branched, other generations
occur, and the repetition of these groups is called the “number of generations.”
The generation number is expressed with “G.” If there is only one functional
group directly connected to the nucleus, these dendrimers are called G-0, i.e .the
zeroth generation. If the number of branches of a functional group that is directly
connected to the center is 2, for example, that dendrimer is called the 2nd
generation or G-2 [69,95,145].

Polyguanidylated translocators dendrimers (DPTs) are formed triolyl branches
and surface guanidine groups [146]. Durairaj et al.produced gatifloxacin
dendrimers using DPTs. Dendrimers were found to have anti-bacterial activity 3-
fold faster than free gatifloxacin. In cell uptake studies, it was observed that
dendrimers showed permeability to human corneal epithelial cells within 5
minutes and to bovine sclera-choroid-retina pigment epithelium within 6 hours
[147].

Ciprofloxacin-triazine dendrimers, developed by Vembu ef al., were found to be
5-fold more effective than the ciprofloxacin standard in the anti-bacterial activity
test performed on different strains [148]. Although ocular permeation and
penetration studies of these dendrimers have not been performed, it was predicted
that dendrimers would increase the ocular bioavailability of ciprofloxacin.

Hydrogels

Hydrogels are drug delivery systems that are produced by polymers forming
three-dimensional networks in water and increase ocular bioavailability by
extending the drug retention time in the conjunctival cul-de-sac [69,145].
Hydrogels are differentiated into two groups as pre-gelled systems and In-situ
systems [149]. Pre-gelled systems are simple viscous solutions applied to the eyes
[150]. In-situ gels are drug delivery systems that are becoming gel form after
being applied as a solution depending on the pH, temperature, and ion balance of
the range of application. Hydrogels are safe, simple, and repeatable products,
especially for anterior eye diseases [151]. HyloTM (Candorvision, Montreal, QC,
Canada), Aqualarm® (Bausch + Lomb, Bridgewater, NJ, USA), Vismed®” (Horus
Pharma, Saint-Laurent-du-Var, France), and Geltim® (LP, Thea, Clermont-
Ferrand, France) are examples of commercial ocular hydrogel products [150].
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Hydrogels can be prepared either directly from a free drug with gelling agents or
with any ocular drug delivery system. There are many hydrogel studies in the
literature for ocular drug targeting. Some of these studies are summarized in Table
4 below. Proniosomes in compact liquid crystal gel form, which can be easily
obtained from niosomes by means of hydration [152], are also included in this

group.
Ocular Inserts, Implants, Lenses And Other Devices

Although ocular implants and inserts are described as the same dosage form in
many sources, they differ mainly in the way they are applied to the eye. Ocular
inserts are the dosage form placed right between the eyelid and the sclera on the
conjunctival ridge. Implants are systems that are surgically placed in the eye
[167]. Ocusert: containing pilocarpine for use in the treatment of ocular
hypertension is the first known successful ocular insert [168].

Ocular lenses are thin, transparent, curved and round systems according to the
shape of the eyeball, placed directly on the eye surface. They increase the contact
time of the drug with the ocular tissue. It is one of the applicable methods for the
treatment of anterior ocular diseases. Oxygen permeability is one of the most
important challenging steps in its production. The risk of contamination is their
major disadvantage, and they can cause any ocular infection to develop in the
event of possible contamination [150,169].

Table 4. Hydrogelling ocular drug delivery system studies.

Hydrogel Polymers/ Surfactants/
Loaded Drug Based Lipids Comments References
Nanocarrier

Tween: 80/ Poloxamer 188/ |¢ Increased transcorneal and
Glycerin/ Precirol ATO 5/ |permeability compared to

Ciprofloxacin N.a qostuc@red Oleic acid/ ciprofloxacin nanolipid [153]
lipid carriers . .
Gellan gum carriers and commercial eye
drop.

Pluronic P123/ TPGS/ Gellan |« Increased cumulative
Curcumin Micelles gum corneal penetration ( ex vivo [154]
rabbit cornea).
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Span- 60/ Span® 80/ Castor
oil/ Olive oil/ Soya oil/

* Increased bioavailability of
fluconazole 2-fold compared

compared to nanoparticle or
free levofloxacin In-situ gel
in in vivo rabbit models.

Niosomes Tween” 80/ PEG 400 to fluconazole microemulsion [153]
in in vivo rabbit models.
Hyaluronic acid/ Lipoid S100/ |+ Increased corneal
Cholesterol Tween 80/ permeability of fluconazole
Fluconazole Transcutol HP/ Caproyl 90 [2.99-fold and 4.18-fold
compared to fluconazole
Liposomes liposome and suspension, [156]
respectively.
* Retention in therapeutic
dose for fluconazole in ocular
tissues for 24 hours in in vivo
(rabbit) studies.
Pluronic F127/ Pluronic F68/ |« Increased ex vivo corneal
Carbopol 934P permeation 5-fold compared
to itraconazole eye drops
(Itral*) and pure drug
suspension
* Increased in vitro [157]
mucoadhesive strength 40-
fold higher than the ocular
shear stress.
Itraconazole Micelles « Increased in vitro anti-
fungal activity compared to
itraconazole eye drops (Itral-).
Synperonic: F108/ * Increase ocular permeation
Synperonic- P84/ 3- and anti-fungal activity of
cyclodextrin itraconazole compared to [158]
itraconazole suspension in ex
vivo and in vivo rabbit
models.
Span 20/ Span 60/
Spgn. 6 ;g/Sga?8702/ /gwse;;/&O/ * Increased bioavailability of
™ Pl{llﬂonic ™ ketoconazol 20-fold
Ketoconazole | Proniosomes F68/ Pluronic L121/ L-- compare.:d tg kf:toc'onazole. [159]
. ; suspension in in vivo rabbit
-phosphatidylcholine from
models.
egg
Yolk/ Cholesterol
PLGA/ Poly vinyl * Increased corneal
alcohol (PVA) permeability with
Levofloxacin | Nanoparticles nanoparticle /n-situ gels [160]
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Lomefloxacin

Proniosomes

Brij 35+/ Span 20/
Span 40/ Span 60/
Tween 80/

Brij 98/

Brij 72+/
Tween 40/
Tween 60/ Cholesterol

* Increased anti-bacterial
activity compared to
commercial lomefloxacin eye
drops (Orchacin-) in in vivo
rabbit models.

[152]

Niosomes

Span 20+/
Span 60/
Span- 80/ Poluronic: F127/
Poluronic: F68/ HPMC

* Increased corneal
penetration compared to
lomefloxacin solution.

* Increased lomefloxacin
concentration 2-fold to 5-fold
in ocular tissues compared to
commercial lomefloxacin eye
drops (Orchacin:) in in vivo
(rabbit) studies.

* Increased antimicrobial
efficacy of lomefloxacin 35-
fold compared to free
lomefloxacin.

[161]

Natamycin

Bilosomes

Sodium taurocholate/
Span 60+/ Cholesterol/ Gellan
Guny/ Xanthum gum

* Increased corneal
penetration in in vivo rabbit
models 9-fold and 1.5-fold
compared to commercial
natamycin ocular suspension
(Natacynr) and natamycin
bilosomes, respectively.

[162]

Transfersomes

Phospholipon: 90H/ TPGS/
Span 60/ Gellan Gum

* Increased transcorneal
permeability and ocular
disposition compared to
natamycin suspension
(Natacynr) in in vivo rabbit
models.

[163]

Ofloxacin

Micelles

Poluronic* F127/ Poluronic*
F68

* Increased in vitro and in
vivo (rabbit) retention time of
hydrogels based on micelles

[164]

Tobramycin

Microparticles

Chitosan/ Poloxamer 407

* Increased in vitro ocular
permeability of tobramycin 2-
fold compared to commercial
eye drop (Toba-).

[165]

Vancomycin

Niosomes

Tween 40/ Span 60/
Cholesterol/ Carbopol 934P/
HPMC

* Increased anti-bacterial
efficacy of vancomycin 180-
fold and 2.5-fold compared to
the untreated animals (rabbit)
and the animals (rabbit)
treated with the vancomycin
free drug solution,
respectively.

[166]
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Pawar et al. produced moxifloxacin inserts using different types of Eudragit. It
was found that inserts, which were observed to maintain their stability for 2 years,
release the drug from 7 hours to 9 hours, and ex vivo ocular permeation was high
[170]. Samanta et al.reported that the developed inserts released the ciprofloxacin
at the therapeutic dose for two days in in vivo rabbit studies [171]. Polat et al.
produced besifloxacin loaded nanofibers using cyclodextrin. They used Ussing
Chamber in ex vivo transport experiments, which is specially designed to measure
epithelial membrane properties by the Danish zoologist and physiologist Hans
Henriksen Ussing [172]. ex vivo transport of besifloxacin loaded nanofibrous
ocular inserts was similar to the commercial product (Besivance-) in rabbit cornea.
They also showed the anti-bacterial activity of nanofibrous in in vivo rabbit
models [173].

Bozdag Pehlivan et al. prepared implants of cyclosporine A nanoparticles
produced with PLGA or PCL using molding and electrospinning methods. They
showed that the release of cyclosporine A from the implants was extended
between 30 and 60 days. They also concluded that the implants were compatible
with ocular tissues due to relatively high cell viability (77.4% -99.0%). The
effectiveness of the implants was proven by in vivo studies (mice) [ 174]. Another
implant study with PLGA was done by Fernandes-Cunha et al. Clindamycin
implants have been shown to be non-toxic in cell culture and in vivo studies both
rabbit and rat [175].

Ciolino et al. loaded econazole in contact lenses. It has been observed that the
contact lenses were effective on the Candida albicans strain. They also found that
the amount of econazole-PLGA film loaded on contact lenses affects the
effectiveness of fungicidal activity [176]. Danion et al. reported that contact
lenses decorated with levofloxacin liposomes had an anti-bacterial activity for 24
hours [177].

Microneedles are drug delivery systems manufactured as solid, hollow, or soluble
needles ranging from 50-1000 wm in an area of 0.5-1.5 cm* [178]. Microneedles, a
suitable carrier system for large molecules, hormones, and proteins, have been
used transdermally in cosmetics and vaccine fields for years [179]. Examples of
approved products for microneedles are Dermaroller, BD Soluvia™ (BD
Company), and MicronJet 600™ (NanoPass Technologies Ltd) [180].
Microneedles are made into patch form using various materials such as metals,
ceramics, silicon, and polymers [178]. These patches are not only used
transdermally but are also preferred for drug targeting to different tissues [179,
181].



24 Frontiers in Anti-infective Agents, Vol. 5 Durgun et al.

The first study of microneedles in the ocular drug delivery was done by Jiang et
al. They coated 500-750 um length microneedles using protein, DNA, sodium
fluorescein, or pilocarpine [182]. They examined these microneedles both in the
human sclera they isolated from the cadaver and in in vivo rabbit experiments. It
was reported that the drug was rapidly dissolved from the needles in the scleral
tissue within 30 seconds after insertion. For sodium fluorescein microneedles, the
fluorescence concentration in the anterior segment of rabbits was 60 times higher
than that of topical application in studies with sodium fluorescein. The rapid and
widespread narrowing was observed in the rabbit pupil with pilocarpine
microneedles.

Bhatnagar et al. tested besifloxacin microneedles on human cornea isolated from
cadaver. They found that the application of microneedles for 5 min significantly
improved the besifloxacin deposition and permeation through the cornea
compared with free besifloxacin solution [183]. Roy et al. compared amphotericin
B microneedle ocular patch with amphotericin B liposomes and free amphotericin
B. Ocular patches were found to increase the ex vivo corneal permeation of
amphotericin B. Also, the anti-fungal activity of ocular patches was determined
by ex vivo and in vivo (rabbit) experiments [184].

CONCLUSION AND FUTURE PERSPECTIVES

Ocular infections may occur due to contamination with bacterial, viral, fungal, or
parasitic strains, as well as when an underlying systemic disorder activates
opportunistic pathogens. These infections that are not treated quickly with the
suitable agent can cause loss of visual function. For this reason, it is very
important to isolate the pathogen species causing the infection and to select the
appropriate anti-infective agent.

0% of commercial ocular products currently available are in a conventional
dosage form. For this reason, their ocular bioavailability is very low. Also,
different methods used in the administration of ocular drugs can cause
complications and decrease patient compliance. On the other hand, new drug
delivery systems developed to reduce the dose and frequency of drugs have a
potential to increase ocular bioavailability and patient compliance, also enable
drugs to be targeted to the organ or tissue. The development of ocular drug
delivery systems is one of the most challenging topic in pharmaceutical
technology due to the limitations of natural barriers created by the anatomy and
physiology of the eye.

Anti-infective agents are frequently the subject of ocular drug delivery systems.
The efficiency of many micro and nanocarriers developed in this field has been
demonstrated by in vitro and in vivo studies. The fact that there are products
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approved by the USFDA, EMA or other regulatory authority among these
delivery systems by completing phase studies that show that drug delivery
systems are promising in the ocular field. Some examples of approved drug
delivery systems are given in Table 5. In addition to Table 5, clinical studies of
cyclosporine products named PADciclo™ (a carbomer hydrogel), CyclASol-
(semi-fluorinated alkanes solution) and ApidSOL- (micelles) are ongoing [185].

Table 5. List of novel ocular products approved by different regulatory authorities.

Active Ingredient Trade Name Dosage Form Approved Authority References
Cequa USFDA [104]
Papilock mini-| Micellar eye drop PMDA [185]
TJ Cyporin- MEFDS [185]
) Restasis: USFDA [84]
Cyclosporine
Ikervis [185]
EMA
Vekaciar Nanoemulsions [186]
Clacier™ [187]
- MFDS
Cyporin N- [188]
] ) Retisert ) ) [84,189]
Fluocinolone acetonide Intravitreal implant USFDA, EMA
Tluvien: [84,190]
Ganciclovir Vitrasert Implant [84,191]

Thanks to the drug delivery systems, a drug known to have ocular toxicity can be
compatible with ocular tissues. However, the ocular safety of the polymers or
surfactants used in the preparation of drug delivery systems should also be
considered. Some of the polymers and surfactants are biocompatible, and their
ocular safety has been proven over the years. However, the ocular toxicity of
some polymers and surfactants that may be created by long-term use is still
unclear. Moreover, the long-term effects of high doses of lipids or surfactants
used in carrier systems produced with natural lipids are not known.

Based on the aforementioned background, together with the necessity of closely
monitoring their ocular safety, drug delivery systems appear to be important in
ocular drug targeting of anti-infective agents and increasing bioavailability.
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CHAPTER 2

Propitious Development of Vaccines for SARS-CoV
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Abstract: Anti-infective agents are effective for controlling infectious diseases by
killing or inhibiting infectious organisms. Anti-infective agent encompasses antibiotics,
antifungal agents and antiviral agents, efc. In this category, vaccines are major
contributors in recent years to preventing infectious diseases. The emergence of
COVID-19 (COronaVlIrus Disease 2019) pandemic has caused a resurgence of interest
in finding new vaccines. The vaccines are generally classified into conventional
vaccines and recombinant vaccines. In this context, the recent development of Vaccines
for SARS-CoV (Severe Acute Respiratory Syndrome Coronavirus) has to be focussed.
SARS-CoV is a human virus that comes under the order of Nidovirales and the family
of Coronaviridae. This virus primarily causes respiratory diseases by targeting ACE-2
(angiotensin-converting enzyme 2) receptor. This virus is categorized into SARS-
CoV-1 and SARS-CoV-2 (COVID-19). In this essence, the contents embrace the
various aspects regarding the common vaccine development pipeline, importance of
vaccination for prevention of infectious diseases, types of vaccine production methods
that are implemented for SARS-CoV virus categories, potential targets for SARS-CoV
vaccines, difficulties or feasibilities involved in vaccine production, phases
accomplished in vaccine production and involvement of vaccines in addressing the
global pandemic. In conclusion, this chapter confers the outline of vaccine progression
marked up-to-date for SARS-CoV.

Keywords: ACE-2 receptor, Animal model, COVID-19 vaccine, Nucleocapsid
Protein, RBD, Respiratory failure, SARS-CoV, Spike protein, Vaccine deve-
lopment.

INTRODUCTION

Even before the scientific community could offer a breakthrough in providing an
evident cure for the outbreak of SARS coronavirus-1 (SARS-CoV-1), the world is
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faced with yet another challenging outbreak of SARS variant, SARS-CoV-2,
posing a serious threat in the global community. Severe acute respiratory
syndrome (SARS) is a fatal, contagious respiratory disease with symptoms similar
to Pneumonia. SARS is caused by the coronaviruses that have a zoonotic origin
known for upper respiratory tract infections. SARS-CoV infections appeared in
2002 and no longer spread after 2004 with the distribution to 24 countries. The
variant SARS-CoV-2 is now spreading all over the world with an even higher
degree of transmission and recombination because of the higher viral load in the
upper respiratory tract, but the lethality of SARS-CoV-2 is comparatively lower
than that of SARS-CoV-1 [1]. This alarming rise in the transmission of SARS
virus has pushed us to identify new strategies to combat the novel coronavirus.
The existing antiviral drugs and treatments, although being implemented across
the world are found to be not promising enough to control the infection and
defend the immune system in humans on a long term basis. This limitation
encourages the researchers to develop a long term defense mechanism in a human
system to fight back against the virus, which can only be fulfilled by developing
therapeutic and prophylactic vaccines.

The parameters that are important for the SARS vaccine design are: (i) a long
term effective immune response eliciting T lymphocytes against the SARS viral
antigens which is crucial for viral infection/replication; (ii) the candidate
vaccine’s efficacy (>60%) is important so that it does not cause any serious
adverse effects and cross-reactivity thereby ensuring the safety and successful
herd immunity; (iii) the ease of administering the vaccine (preferably oral or
intranasal) and the amount of dosage required, have to be considered especially
for the pregnant/ lactating women/ in patients with other medical conditions such
as elderly population and immunosuppressed individuals; (iv) The proposed
vaccine should be easily scalable and the durability should also be ensured for
availability in underdeveloped nations; (v) cost of the vaccine should be
reasonable [2].

Existing knowledge on the mechanism of SARS virus, along with the
advancement of other genomic tools and technologies, which enabled the
availability of the genome sequence and structure of SARS-CoV-2 in a very short
time has paved the way for vaccine development strategies for SARS-CoV-2 [3].
This helped in the identification of potential molecular and immunogenic
determinants as targets for vaccines. This chapter will provide a brief walk
through about the genome and structure of the virus, pathogenesis and exclusively
about the vaccine development for SARS-CoV and the challenges faced while
developing vaccines and a better scope in the near future from the lessons learnt.
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SARS VIRUS

SARS Virus Family and Genome

SARS-CoV is a species of coronavirus classified from the genera
Betacoronavirus sub-classified under lineage B, Sarbecovirus. SARS-CoV under
Sarbecovirus is different from other genera by the presence of one papain-like
proteinase (PLpro) instead of two in the open reading frame ORF1 [4 - 6].

SARS-CoV is an envelope, positive sense, single strand RNA virus. The genome
of SARS-CoV is 29,740 base pairs in length. ORF1a and ORF1b encompass 75%
of the viral genome. They have overlapping open reading frames that provide
proteins needed for replication and transcription. The remaining part of the
genome codes for four structural proteins and other accessory genes are also
present in the structural region of the viral genome. These viral RNA have a high
degree of recombination and it forms new recombinant RNA when infected in the
host [7 - 9].

SARS Virus Structure

SARS coronaviruses are spherical to pleomorphic viral particles having an
average diameter in a range of 85 nm to 125 nm. The club-shaped spike
projections on the surface of coronaviruses under electron microscope recreates
the similar image of solar corona from which the name originates. The SARS
viruses have 4 structural proteins, namely E (envelope), S (spike), M (membrane)
and N (nucleocapsid) (Fig. 1). The envelope of the virus consists of a lipid bilayer
membrane embedded with Spike, Envelope and Membrane proteins. Envelope
and Membrane proteins are crucial for maintaining structural integrity. The inner
genome comprises nucleocapsid protein scaffolded around the viral RNA. The
outer spike protein enables the virus attachment to the receptor and facilitates host
pathogen interaction. It belongs to the family of Class 1 fusion proteins. Spike
protein has 2 subunits, namely, S1 subunit (head of spike protein which has
Receptor Binding Domain (RBD), that binds with ACE-2 receptor) and S2
subunit (acts as the stem which anchors spike head and RBD; plays a role in
receptor fusion following protease activity). The RBD has a Receptor Binding
Motif (RBM) which plays a main role in ACE-2 receptor and SARS-CoV-2
interaction [10].
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» Spike protein (S)
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Fig. (1). Structure of SARS-CoV.

Pathogenesis

The binding and infection mechanisms are similar for SARS-CoV-1 and SARS-
CoV-2. The SARS-CoV infection showed the peak of viral titers between 10-14
days of infection. SARS CoV-2 can generate 3.20 fold higher numbers of virulent
particles than SARS-CoV-1. The binding of SARS-CoV-2 with ACE-2 receptor
showed a higher affinity than SARS-CoV-1. SARS viruses are transmitted by
respiratory epithelial droplets, which could spread from one person to another
within 6 ft of distance by cough and sneeze, and indirectly transmitted via
contaminated surfaces. Recent studies also suggested that the transmission could
be airborne. Poor ventilation systems in hospitals are easily prone to the rapid
spread of infection and airborne transmission [11]. Stool and semen samples from
individuals showed viral RNA traces. The soaps and detergent have the ability to
degrade the lipid coat of the virus; thereby, it can be used for personal disinfection
[12 - 14].
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The entry of the virus is mediated by the Spike protein (S) of SARS-CoV. The
receptor binding domain (RBD) in spike protein binds with ACE-2 receptors in
the host cells. SARS-CoV-1 and SARS-CoV-2 are similar in cell tropism and
target the type 1 and 2 pneumocytes and alveolar macrophages (in lower and
upper respiratory tract) which are rich in the ACE-2 receptors [15, 16]. This
binding triggers the membrane and facilitates endocytosis. The released viral
RNA gets translated into viral polymerase and enables the viral replication. The
newly synthesized negative sense genomic RNA acts as a template for the
formation of subgenomic positive sense RNA which is utilized for structural
protein synthesis. The viral RNA and structural nucleocapsid proteins are
replicated, transcribed and translated in the cytoplasm whereas the other structural
proteins are transcribed and translated in Endoplasmic Reticulum (ER). The
different structural proteins and RNA synthesized are assembled in the ER-Golgi
intermediate compartment (ERGIC). Then the mature virions are released from
the host cells and propagate the infection (Fig. 2) [11].
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Fig. (2). Mechanism of infection by SARS-CoV (Structural proteins E- Envelope protein, N- Nucleocapsid
protein, M- Membrane protein, S- Spike protein; Assembly of virions by translation and transportation by
ERGIC - ER-Golgi intermediate compartment).
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The prognosis of infection causes respiratory failure and death. In some cases,
respiratory failure by brain stem damage is also observed. Autopsies of infected
persons show detectable amounts of viral particles in the Central Nervous System
(CNS). The virus may invade peripheral nerves which have low levels of ACE-2
receptors but the way of invading CNS remains unclear [17]. It can also cause
acute myocardial injury and severe damage to the cardiovascular system because
of the presence of ACE-2 receptors in the heart [18]. The evidence of thrombosis
and venous thromboembolism is also observed in some infected patients. The
mortality observed due to kidney failure was in about 30% of people who were
newly affected with kidney related complications, without having prior kidney
problems. Some autopsies also show Diffusive Alveolar Damage (DAD) [19].

Immune Response

The pathological effects in the lungs is due to the irregular innate immune
response results in elevated levels of inflammatory cytokines and chemokines,
such as: CXCL10 (IP-10), CCL2 (MCP-1), IL-6, IL-8, IL-12, IL-1 3, and IFN- y.
Host mechanism of sensing SARS-CoV remains unknown, but TLRs and RLRs
may be involved in the innate immune sensing. SARS-CoV proteins modulate the
innate immune responses, thereby antagonizing the IFN responses, which lead to
the escape of viruses from host sensing mechanisms. Significantly, the type I
IFNs are inhibited or delayed by the SARS-CoV infections. The usage of
pegylated IFN-a as a prophylactic treatment has demonstrated a great reduction in
the replication of SARS-CoV in lung infection. Regulation of IFN levels might
play a significant role in the control of SARS [20, 21].

The T cells against Spike protein S and nucleocapsid N show evidence in long
term memory and potent immune response. These responses also have an
association with IgG and IgM levels. T lymphocytes, mainly CD4+ T cells, and
CD8+ T cells were decreased in mild cases and also in severe cases, whereas
CD4+/CD8+ ratio increased in the course of infection. A group of studies
conducted on the direct ex vivo T cell assays using broad-based epitope pools and
assays capable of detecting T cells of any cytokine polarization from the infected
patients supports the evidence of a substantial increase in CD4+ T cell response
against the SARS-CoV-2 [22]. In contrast, a study on mice that lack cellular
immunity cleared the viral load in its body within 9 days of infection, thereby
suggesting that cellular immunity may not be needed for viral clearance [23 - 25].

The total antibodies, IgG, IgM observed had median seroconversion time of 11-14
days after the onset of disease. 50 to 90% of people maintain the antibodies
against SARS-CoV-1 up to three years after infection [23, 26], but the levels of
IgG and IgM neutralizing antibodies in SARS-CoV-2 recovered patients start to
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decrease within 2—4 months after infection [27, 28]. Durability of SARS-CoV-2
vaccines cannot be assured at this time but can be compared with the elicited T
cell immunity of genetically similar SARS-CoV-1, which confers immunity until
17 years post infection [29]. The neutralizing antibodies are developed in the body
against different regions of Spike protein (S1 and S2) in SARS-CoV-1 and against
the Nucleocapsid (N) and RBD in SARS-CoV-2 [30].

Clinical symptoms, Diagnosis and Treatment

The SARS-CoV-1 infection causes diseases in the lower respiratory tract that
covers fever, peripheral T cell lymphocytopenia, decreased platelet count,
prolonged coagulation profiles, gastrointestinal, urinary tract infection and mild
elevation of serum hepatic enzyme levels [31]. COVID-19 has varied symptoms
from patients to patients which include fever, nausea, cough, gastrointestinal
problems such as diarrhea, loss of appetite, and loss of taste and smell. Some
severe illness causes difficulty in breathing, fatigue, muscle and joint pains.
Approximately, 40 to 45% of the COVID-19 infection cases are asymptomatic
and undetectable [32]. The rate of intensive care and mortality depend upon the
age of the patients [33, 34].

The standard method of diagnosis for SARS-CoV is Real time Reverse
Transcriptase-Polymerase Chain Reaction (RT-PCR) for which the samples are
obtained from the upper and lower respiratory tract. Most of the PCR assays
target ORFlab (open reading frame), RdRp (RNA dependent RNA polymerase
gene), E (envelope protein coding gene), N (nucleocapsid protein gene) and S
(Spike protein gene). The envelope gene is highly conserved among Sarbecovirus
subgenus. Researchers proposed that the combinations of ELISA with real time
RT-PCR have enhanced sensitivity and efficiency. CT scans are also used in
serious cases of infection for “Ground Glass Opacities”. In the case of non-
availability of real time RT-PCR, newly advanced diagnostic kits like Lateral
flow assays and CRISPR based detection strips are used. Most of the serological
tests have low sensitivity; therefore real time RT-PCR is used as the confirmatory
test [35 - 37].

Specific treatments for SARS-CoV infections are not yet recognized and even
now there aren't any promising antiviral drugs available for the cure. General
medicines like Paracetamol (acetaminophen), antiviral drugs (Ribavirin,
Remdesivir), corticosteroids (Dexamethasone) are prescribed for early infections.
Other than medications, people are provided with supportive care including fluid
therapy, oxygen support (ECMO, ventilators) and treatments specific for affected
vital organs [38, 39]. The convalescent plasma therapy is yet another promising
solution to treat COVID-19 that has proved to be safe and effective without any
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serious threats [40, 41]. Even though the existing therapeutic drugs and treatment
are available, the control of the disease has not been successful. This encourages
the development of prophylactic approaches such as vaccines for the treatment
and prevention.

VACCINE DEVELOPMENT
Pipeline

It is well known that the vaccines for SARS-CoV-1 are still in the progress (Table
1) even after its outbreak for the past 10-15 years, the expectation for effective
production of vaccines against SARS-CoV-2 for COVID-19 is set high [42, 43].
Normally, the timeline for conducting clinical research is exhaustive. This
pandemic situation requires a reduced timeline for vaccine production by also
considering the essential strategies such as safety, efficacy and availability.
Various established organizations like World Health Organization (WHO), the
Coalition for Epidemic Preparedness Innovations (CEPI) and various other
government and private sources are trying to collaborate by providing funds to
innovative ideas for developing promising vaccines thereby reducing the timeline
of 10+ years of vaccine development to 12-18 months in this current pandemic
situation (Fig. 3). However, an appropriate timeline and strategy is required. Each
of these vaccine platform strategies may have its own strengths and flaws [3]. In
April 2020, the National Institutes of Health (NIH) announced the Accelerating
COVID-19 Therapeutic Interventions and Vaccines (ACTIV) as a public private
initiative to form an alliance with various pharmaceutical companies to develop a
strong coordinated strategy for vaccine development at the earliest [2].

In July 2020, WHO has suggested Solidarity Clinical Trials as a globalized
strategy which encourages randomized clinical trials enrolling worldwide
participants for the vaccine development in a reduced time (20% of the
conventional timeline). The development of vaccines should be based on
prioritization of the research and strategies to fill the gaps between preclinical
studies and manufacturing of final approved vaccines [44]. However, to produce
vaccines on a reduced timeline, the vaccine manufacturers are adopting a strategy
by employing the overlap of different phases of vaccine development without
even bothering about the financial risk involved. This reduced timeline will
overlap the phases of target vaccine candidate selection, preclinical studies (in
vivo and in animal models) and shortened clinical stage thereby producing large
capacity of vaccines when the results are observed with minimal (~70%)
prescribed efficacy and safety [45].
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and SARS-CoV-2

Vaccine Manufacturer Vaccine Platform Type of Candidate Vaccine Current Stage
of Development

Sinovac Biotech Ltd (/Beijing |Inactivated Virus ISCV Phase I

Kexing Bioproducts), Chinese

Centre for Disease Control and

Prevention; Chinese Academy

of Medical Sciences

CNB-CSIC; University of lowa [Inactivated Virus rSARSCoV-E Pre-Clinical

University of North Carolina

Live Attenuated
Virus

Live attenuated vaccine Nspl6
mutant lacking 2'-OMTase

Pre-Clinical

University of North Carolina

Live Attenuated
Virus

Live attenuated SARS-CoV
MA-AExoN

Pre-Clinical

expressing SARS CoV antigen

University Health Network, Replicating Viral Recombinant measles virus Pre-Clinical

Canada; Center for Disease Vector Spike protein

Control and Prevention (CDC)

Institut Pasteur Replicating Viral MV-SARS recombinant Pre-Clinical
Vector measles virus vaccine

International Vaccine

Non-Replicating
Viral

recombinant adenovirus

Pre-Clinical

Institute (IVI)

Vector

expressing Trunctuated S
protein (rADV-S)

The Rockefeller University

Non-Replicating
Viral Vector

MVA S alone, or MVA-S prime
and Ad5-S boost

Pre-Clinical
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Vaccine Manufacturer

Vaccine Platform

Type of Candidate Vaccine

Current Stage
of Development

Vaxine Pty Ltd, Australia

Protein Subunit

SARS recombinant spike
protein plus delta inulin

Pre-Clinical

Baylor College Medicine;
Sabin; New York Blood Center
(NYBC); University of Texas

Protein Subunit

receptor binding domain (RBD)
of the SARS- CoV spike (S)
protein

Pre-Clinical

Medical Branch (UTMB);
Walter Reed Army Institute of
Research (WRAIR); National
Institute of Allergy and
Infectious Diseases (NIAID)

Institute of ImmunoBiology, DNA DNA prime—protein S437-459 | Pre-Clinical
Shanghai Medical College of and M1-2

Fudan University, China

National Institute of Allergy DNA DNAvaccine Phase I

VRC-SRSDNAO15- 00-VP
; Biojector used

Chimeric VLP (S protein SARS

and Infectious Diseases
(NIAID)

University of Texas Medical Virus-like Particle Pre-Clinical

Branch (UTMB) plus E, M and N proteins of
mouse hepatitis virus)
Novavax Virus-like Particle SARS VLPs S protein and Pre-Clinical

influenza M1 protein

As of 22" December 2020, the World Health Organisation (WHO) has listed 61
vaccine candidates under clinical evaluation (Table 2) and 172 vaccine candidates
under pre-clinical evaluation for SARS-CoV-2 [46]. Newer options for vaccine
design like chimeric viral vaccines and membrane vesicle-vaccines are coming
up. Since the spike protein has been found to elicit an immune response, most of
the vaccines have been targeting this protein at all molecular levels. The cryo-
electron microscopy (cryo-EM) structure of SARS-CoV-2 S trimer has been
shared recently, which seemed to accelerate the process of vaccine development
[47].

Table 2. State of Progress in Clinical Development of Vaccines for SARS-CoV-2 [46].

Vaccine Vaccine Type of No. [Timing|Route of Clinical

Manufacturer Platform Candidate Vaccine of of Administration | Stage
Doses [ Doses

Sinovac Research and Inactivated SARS-CoV-2 2 0, 14 M Phase 3

Development Co., Ltd. virus (Inactivated) days

Wuhan Institute of Inactivated Inactivated SARS-CoV-2 (2 0,21 M Phase 3

Biological Products/ virus Vaccine (Vero cell) days

Sinopharm
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Vaccine Vaccine Type of No. [Timing|Route of Clinical
Manufacturer Platform Candidate Vaccine of of Administration | Stage
Doses [ Doses
Beijing Institute of Inactivated Inactivated 2 0,21 ™M Phase 3
Biological Products/ virus SARS-CoV-2 days
Sinopharm Vaccine (Vero cell)
Institute of Medical Inactivated SARS-CoV-2 2 0,28 M Phase 1/2
Biology, Chinese Academy |virus Vaccine (Vero cell) days
of Medical Sciences
Bharat Biotech Inactivated Whole-Virion Inactivated |2 0, 14 M Phase 3
International Limited virus SARS-CoV-2 days
Vaccine (BBV152)
Research Institute for Inactivated QazCovid-in- COVID-19 (2 0,21 M Phase 1/2
Biological Safety virus inactivated vaccine days
Problems, Rep of
Kazakhstan
Shenzhen Kangtai Inactivated Inactivated SARS-CoV-2 (1,2 |ND ™M Phase 2
Biological Products Co., virus vaccine (Vero cell) or
Ltd. 3
Valneva, National Institute |Inactivated VLA2001 2 0,21 IM Phase 1/2
for Health Research, virus days
United Kingdom
Codagenix/Seru Live COVI-VAC 1/2 |Day0 [IN Phase 1
m Institute of India attenuated virus or 0,28
days

Institut Pasteur/Themis/ Replicating V591-001 /2 (0,28 |IM Phase 1/2
Univ. of Pittsburg Viral Vector Measles-vector based days
CVR/Merck & co./Sharp (TMV-038)
&Dohme
Jiangsu Replicating DeINS1-2019-nCo 1 Day 0 |IN Phase 2
Provincial Center for Viral Vector V-RBD-OPT1
Disease Prevention and (Intranasal
Control flu-based-RBD)
Shenzhen Geno-Immune  |Replicating Covid-19/aAPC vaccine |3 0,14, |SC Phase 1
Medical Institute Viral vector 28

with APC days
Aivita Replicating Dendritic cell 1 Day 0 |IM Phase 1/2
Biomedical, Inc. Viral Vector vaccine

with APC AV-COVID-19
Israel Institute for Replicating rVSV-SARS-CoV 1 Day 0 |IM Phase 1
Biological Research Viral Vector -2-S Vaccine
Cellid Co., Ltd. Replicating AdCLD-CoV19 ND ([ND M Phase 1/2

Viral Vector
Gamaleya Research Non-Replicating [ Gam-COVID-Vac Adeno- |2 0,21 ™M Phase 3
Institute ; Health Ministry | Viral Vector based (rAd26-S+rAd5-S) days
of the Russian Federation
ReiThera/LEUK OCARE/ [Non-Replicating | GRAd-COV2 1 Day 0 |IM Phase 1

Univercells

Viral Vector
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adjuvant)

Vaccine Vaccine Type of No. [Timing|Route of Clinical
Manufacturer Platform Candidate Vaccine of of Administration | Stage
Doses [ Doses
University of Oxford/ Non-Replicating [ ChAdOx1-S - (AZD1222) (1/2 0,28 [|IM Phase 3
AstraZeneca Viral Vector (Covishield) days
CanSino Biological Non-Replicating | Adenovirus Type 5 Vector | 1 Day 0 |IM Phase 3
Inc./Beijing Institute of Viral Vector
Biotechnology
Janssen Pharmaceutical Non-Replicating [ Ad26COVS1 1/2 |[Day0 |IM Phase 3
Companies Viral Vector or 0,
56
days
Vaxart Non-Replicating [ VXA-CoV2-1 2 0,28 |Oral Phase 1
Viral Vector AdS adjuvanted Oral days
Vaccine platform
University of Munich Non-Replicating [ MVA-SARS-2-S 2 0,28 |IM Phase |
(Ludwig-Maximi lians) Viral Vector days
Shenzhen Geno-Immune |Non-Replicating | LV-SMENP-DC 1 Day 0 |SC &1V Phase 1/2
Medical Institute Viral Vector vaccine
with
APC
ImmunityBio, Non-Replica hAdS5-S-Fusion+N 1 Day 0 |Oral Phase 1
Inc. ting Viral -ETSD vaccine
Vector
City of Hope Medical Non-Replicating | COH04S1 1/2 |Day0 |IM Phase 1
Center, National Cancer Viral Vector (MVA-SARS-2-S) or 0,
Institute 28
days
Anhui ZhifeiLongcom Protein Subunit |Recombinant SARS-Co- |2/3 (0,28 |IM Phase 3
Biopharmaceutical/Institute -2 or 0,
of Microbiology, Chinese vaccine (CHO 28, 56
Academy of Sciences Cell) days
Novavax Protein Subunit | SARS-CoV-2 2 0,21 M Phase 3
rS/Matrix M1-Adjuvant days
Kentucky Bioprocessing, |Protein Subunit |KBP-COVID-19 2 0,21 M Phase 1/2
Inc. (RBD-based) days
University of Protein Subunit | MF59 adjuvanted SARS- |2 0,28 |IM Phase 1
Queensland/CSL/ Seqirus CoV-2 S days
clamp vaccine
Medigen Vaccine Protein Subunit |MVC-COV1901 2 0,28 |IM Phase 1
Biologics (S-2P protein + CpG days
Corporation/NIA 1018)
ID/Dynavax
Instituto Finlay de Protein Subunit |FINLAY-FR 2 0,28 |IM Phase 1/2
Vacunas, Cuba anti-SARS-CoV-2 days
Vaccine (RBD +




days

54 Frontiers in Anti-infective Agents, Vol. 5 Rani et al.
Table 2) cont.....
Vaccine Vaccine Type of No. [Timing|Route of Clinical
Manufacturer Platform Candidate Vaccine of of Administration | Stage
Doses [ Doses
Sanofi Pasteur/GSK Protein Subunit |SARS-CoV-2 2 0,21 M Phase 1/ 2
with adjuvant 1 days
(baculovirus production)
FBRI SRC VB VECTOR, |Protein EpiVacCorona 2 0,21 M Phase 1/2
Rospotrebnadzor Koltsovo |Subunit days
Clover Biopharmaceuticals |Protein Subunit |SCB-2019 + AS03 2 0,21 M Phase 1
Inc./GSK/ Dynavax or CpG 1018 adjuvant days
plus Alum adjuvant
Vaxine Pty Ltd/Medytox  |Protein Subunit |COVID19 1 Day 0 |IM Phase 1
vaccine
West China Hospital, Protein Subunit |RBD (baculovirus 2 0,28 |IM Phase 2
Sichuan University production expressed in days
S19 cells)
University Hospital Protein Subunit |IMP CoVac-1 1 Day 0 |SC Phase 1
Tuebingen
COVAXX, Protein Subunit |UB-612 2 0,28 |IM Phase 1
United Biomedical Inc. days
Barbara Carlson, Protein subunit | SHINGRIX 2 0,61 M Phase 1
University of Oklahoma days
Adimmune Corporation Protein subunit | AdimrSC-2f ND |ND ND Phase 1
Center for Genetic Protein subunit | CIGB-669 3 0, IN Phase 1/2
Engineering and (RBD+AgnHB) 14,28
Biotechnology (CIGB) or 0,
28,56
days
Center for Genetic Protein subunit |CIGB-66 3 0, IN Phase 1/2
Engineering and (RBD+aluminium 14,28
Biotechnology (CIGB) hydroxide) or 0,
28,56
days
Biological ELimited Protein subunit |BECOV2 2 0,28 M Phase 1/ 2
days
Medicago Inc. Virus Like CoVLP 2 0,21 |IM Phase 2/ 3
Particle days
Serum Institute Virus Like RBD SARS 2 0,28 M Phase 1/2
of India/ Accelagen Pty Particle CoV-2 HBsAg VLP days
Vaccine
Moderna/NIAID RNA based mRNA-1273 2 0,28 M Phase 3
Vaccine days (Approved
by FDA
for
emergency
use)
CureVac AG RNA based CVnCoV Vaccine 2 0,29/ |IM Phase 2/ 3
vaccine 28
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Vaccine Vaccine Type of No. [Timing|Route of Clinical
Manufacturer Platform Candidate Vaccine of of Administration | Stage
Doses [ Doses
BioNTech + FosunPharma [RNA based BNT162 (3 LNP-mRNAs) (2 0,28 |IM Phase
; Jiangsu Provincial Center |vaccine days 3(Approve
for Disease Prevention and d by FDA
Control + Pfizer for
emergency
use)
Arcturus Therapeutics RNA based ARCT-021 ND |ND M Phase 1/2
vaccine
Imperial College London |RNA based LNP-nCoVsaRN A 2 ND ™M Phase 1
vaccine
Shulan (Hangzhou) RNA based SARS-CoV-2 2 0,14 |IM Phase 1
Hospital, Center for vaccine mRNA vaccine or0,
Disease Control and 28
Prevention of Guangxi days
Zhuang Autonomous
Region
Chulalongkorn University |RNA based ChulaCov19 mRNA 2 0,21 |IM Phase 1
vaccine vaccine days
Osaka University/ AnGes/ |DNA based AG0301-COVID1 9 2 0,14 IM Phase 1/ 2
Takara Bio vaccine days
Cadila Healthcare Limited |DNA based nCoV vaccine 3 0,28, |ID Phase 1/2
vaccine 56
days
Genexine Consortium DNA based GX-19 2 0,28 M Phase 1/2
vaccine days
Inovio Pharmaceuticals/ DNA based INO-4800+electroporation |2 0,28 |ID Phase 2/ 3
International Vaccine vaccine days
Institute
Entos Pharmaceuticals Inc. [ DNA based Covigenix VAX-001 2 0,14 |IM Phase 1
vaccine days
Providence Health & DNA based CORVax 2 0, 14 D Phase 1
Services vaccine days
Symvivo Corporation DNA based bacTRL-Spike 1 Day 0 |Oral Phase 1
vaccine
GeneOne Life Science, Inc. [ DNA based GLS-5310 2 0,56 |ID Phase 1/2
vaccine or 0,
84
days

Reverse Vaccinology Approach in SARS-COV-2 Vaccine Design

To design a vaccine against the target antigen, the conventional approaches
generally employed are laborious and time consuming. Bioinformatics and
Computational approaches offer boons to the field of vaccine development and
especially in the current situation with the SARS-CoV-2 pandemic. The Next
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Generation Sequencing technologies enabled the complete sequencing of the
SARS-CoV-2 genome and with the advances in immunoinformatics, potential
vaccine candidates can be developed in silico. The vaccine development for novel
viruses needs Sequence Homology studies to reveal the unique regions of these
viruses, thereby considering the sequences for the vaccine to prevent cross
reactivity and specificity. Multiple Sequence Alignment of Spike protein of the
SARS-CoV-2 showed the similarity of 77.38% with SARS-CoV-1 and 31.93%
with MERS-CoV genome which revealed the heterogeneity in RBD and NTD
regions that are essential for constructing the SARS-CoV-2 specific vaccines.
With the help of immunoinformatics 52 B cell epitopes and 77 T cell epitopes in
spike protein of SARS-CoV-2 were predicted. Immune simulation studies can be
utilized for assessing the efficiency of predicted epitopes in immune response
elicitation [48].

Vaccine Platform

The diversity on the vaccine development platforms for vaccine production is
overwhelming which includes nucleic acid (DNA and RNA), peptide, virus-like
particle (VLP), viral vector (replicating and non-replicating), recombinant protein,
live attenuated virus and inactivated virus approaches being studied in pre-clinical
and clinical stages (Fig. 4). Since all of these are not currently in licensed use,
many scientists are trying to achieve a breakthrough with these new platforms
with next-generation approaches to accelerate the speed of development and
manufacture. Some platforms will be helpful in targeting particular subpopulation
for vaccines and might offer greater potential and flexibility in terms of designing
and production. In some other platforms, the usage of adjuvants can enhance
immunogenicity and lower the dosage intake, thereby maintaining the immunity
and enabling the availability of vaccines to larger populations without any
compromise [49].

Oral Vaccines

Apart from the classical vaccine platforms, for the first time, thermally stable oral
COVID-19 vaccine capsules have been developed by i0SBio (earlier known as
StabilitechBiopharma Limited) and Vaxart. The oral vaccine capsules offer
several advantages over conventional vaccines as they are thermally stable and
eliminate the need for injection and trained personnel to administer the vaccine.
Interestingly, the Vaxart’s VXA-CoV2-1 vaccine which employs adenoviral-
vector based adjuvant platform has entered the Phase 1 clinical trials after clearing
the IND application in September, 2020. The oral vaccine is shown to induce both
mucosal and systemic immunity in Preclinical studies and it is expected to release
it’s Phase 1 results by early 2021. The Phase 1 trials are aiming to assess the
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safety, reactogenicity, immunogenicity in 48 healthy adult volunteers by
administering the vaccines in varying doses (low or high) at days 1 and 29 [50 -
53]. In addition, Symvivo Corporation and ImmunityBio Inc. are also producing
single dose oral vaccines and are currently in the stage of Phase 1 Clinical trials
[46]. Similarly, i0SBio’sOra-Pro COVID-19 vaccines are being produced using
non-replicating and non-integrating recombinant adenoviral vectors to deliver the
genetic code of spike protein as cargo to the mucosal cells in the Gastrointestinal
(GI) tract and this vaccine is still in the phase of approval for clinical trials [54 -
56].

I Live attenuated
B 1nactivated
VLP
I Non-Replicating Vector
Replicating Vector
I oNA

T RNA
I Protein Subunit

S)EPIPUE)) JUIIBA JO "ON

T T T T
Pre Clinical Phase 1/2 Phase 3

Study type

Fig. (4). COVID-19 vaccine candidate platforms [46].

Live Attenuated Vaccines

Live attenuated vaccines are developed by reducing the virulence of a virus
without killing the virus. So, the viable virus without virulence is used to provoke
immunity. Codagenix/Serum Institute of India is developing a live attenuated
vaccine (COVI-VAC) with help of the Synthetic Attenuated Virus Engineering
platform which uses synthetic biology to regenerate the genes of SARS-CoV-2
virus. The developed vaccine induces long-lasting and effective cellular immunity
in preclinical studies. Therefore, Codagenix entered into Phase 1 trials with 48
volunteers. Single dosage of vaccine administered intranasally to the volunteers at
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three dosage levels. COVI-VAC does not need a syringe/needle and ultra low
temperature conditions for storage [57, 58].

Inactivated Vaccines

Inactivated vaccines are developed from the viruses that are killed or inactivated
by the physical or chemical process. Sinovac vaccine (CoronaVac) is one of the
chemically inactivated, whole-virus preparations of COVID-19 vaccine
candidates that can be administered in a two-dose regimen (at day 0 and day 28).
The Sinovac vaccine was granted for emergency use authorization by Chinese
government in July, 2020. 90% of the Sinovac company employees were
vaccinated after authorization. Phase 1/2 clinical trials enrolled healthy volunteers
aged 18-59 years. 143 participants were included in the Phase 1 clinical trial
whereas 600 randomly assigned participants in the Phase 2 trial received two
intramuscular injections. The trial was designed in such a way that administration
of vaccine is either 3 pug per 0-5 mL or 6 ug per 0-5 mL or placebo and the day of
administration is either on day 0 and day 14, or on day 0 and day 28. The Sinovac
vaccine elicited anti-RBD antibodies which was measured by ELISA, and by a
period of 14 days after the second dosage, it was observed to have elicited
neutralising antibodies in 92.4% of individuals (0 and 14™ day dosage pattern) and
in 97.4% individuals (0 and 28th day dosage pattern). The level of neutralizing
antibody was higher in the case of younger individuals (aged 18-39 years) than
the older individuals (aged 40-59 years) and the immune responses were strongly
noted in individuals who were given the second dosage on 28" day than in those,
who received the second dosage on 14™ day.

Brazil trial showed more than 50% efficiency whereas the Turkey trial showed
91.2% efficiency but the trial was conducted with only 29 participants, where the
reliability is uncertain. Brazil's late stage trial included 13,000 participants and
suggested the shot was effective and safe. The results of the Phase 3 trial
conducted over Brazil, Turkey, Indonesia and Chile are expected to be finalized at
the end of December 2020. No major side effects were encountered but the mild
adverse effects of the vaccine include fever, mild pain and slight fatigue. This
vaccine proves to be successful for mass vaccination in developing countries
where it satisfies the minimal conditional requirements like normal refrigeration
temperature for storage of vaccines [59 - 61].

Sinopharm developed two inactivated whole-virus vaccines which are alum
adjuvanted. Wuhan Institute of Biological Products developed the first vaccine
candidate (New Crown COVID-19). The phase 1 trials with 96 participants
examined a three-dose series, and the phase 2 trials with 224 participants, studied
a 5 pg dose across two study group design: 84 participants with vaccination on
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day 0 and 14 versus 28 participants with alum only or 84 participants with
vaccination on day 0 and 21 versus 28 participants receiving alum only. Phase 1
trials were conducted with adults aged 18-59 years. The phase 2 trials measured
neutralising antibody titres which was higher in the case of the participant group
vaccinated on days 0 and 21 than the participant group vaccinated on days 0 and
14. Notably, this vaccine didn't induce cellular immunity because the
concentrations of leukocyte and cytokines were not changed in the study groups
which were measured with flow cytometric assays. Phase 3 clinical trials began in
July, 2020 and enrolled 21,000 participants in the United Arab Emirates (UAE),
Bahrain, Peru, Morocco, Argentina, and Jordan. The second vaccine candidate
that was tested by Sinopharm was developed by the Beijing Institute of Biological
Products. Phase 3 trials with 5,000 participants took place in the United Arab
Emirates. UAE approved this vaccine for emergency use and the vaccine was
administered to thousands of people after the authorization by Chinese
Authorities. The phase 3 trials showed 86% efficacy and it was not encountered
with any kind of adverse effects and the mild effects were only observed in alum
only subgroups of the trials. Sinopharm also targets providing vaccination to
developing countries but the reliability in the efficacy of the vaccine has to be
considered similar to the case of Sinovac [59, 62 - 64].

Protein Subunit Vaccine

Subunit vaccines consist of synthetic peptides or recombinant antigenic proteins
for provoking immune response. This vaccine exhibits low immunogenicity and
requires adjuvant to potentiate the effective immune response. In the S Protein of
SARS-CoV, S1 subunit has the NTD, RBD and RBM domains and the S2 subunit
has FP, HR 1 and HR 2 domains. S proteins, the prime targets for subunit vaccine
development, are dynamic proteins which possess two conformational states: pre-
fusion and post-fusion state.

Novavax, Inc. (NVX-CoV2373) is developing a subunit vaccine based on the
recombinant expression of the stable pre-fusion protein of SARS-CoV-2 using
Baculovirus system and then it’s post-translationally modified protein is
incorporated into a nanoparticle formulation along with Membrane (M) protein
adjuvant for enhancing the immune response [2, 65]. Recently, the study has
completed the enrollment for the participants in Phase 3 trials in the United
Kingdom, U.S./Mexico and Phase 2b trials in South Africa. The primary efficacy
data for the vaccine candidate is found to be in harmony with global regulatory
standards and the Phase 3 results are expected by the first quarter of 2021 [66].
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Anhui ZhifeiLongcom Biopharmaceutical along with the Institute of
Microbiology under the Chinese Academy of Sciences are producing China's first
recombinant subunit COVID-19 vaccine which has entered for the phase 3
efficacy studies enrolling around 29,000 participants aged above 18 years. With
the results of the early-stage trials being promising with safety, efficacy and
immunogenicity of the vaccine, the global trials are anticipated to begin in
Pakistan, Ecuador and Uzbekistan by the end of the year [67].

University of Queensland collaboration with GSK and Dynavax is developing a
stable pre-fusion recombinant viral subunit vaccine using Molecular Clamp
technology to maintain the stability of the subunit structure along with AS03
(Squalene, a-tocopherol and Polysorbate 80) adjuvant system. PittCoVacc is
developing a Microneedle Array SARS-CoV-2 vaccine based upon recombinant
rSARS-CoV-2-S1 and rSARS-CoV-2-S1 fRS09. Premas Biotech is developing a
Triple Antigen Vaccine that is a multi-antigenic Virus Like Particle (VLP)
vaccine based on co-expression of recombinant spike, membrane, and envelope
protein of SARS-CoV-2 to mediate the self-assembly of the these proteins as the
VLP [2, 65].

Improvements in the bioinformatics tools and Immunoinformatics approach on
prediction of epitopes for SARS-CoV-2 has been studied. It was fortunate that this
approach was able to identify 34 linear B-cell epitopes using the IEDB server and
29 epitopes against Major Histocompatibility complex-I (MHC-I) and 8 epitopes
against MHC-II using the ProPred server [68]. Most of the vaccine candidates
have used the RBD for developing viral subunit vaccines [69]. Another study
[115], identified two proteins S14P5 and S21P2, respectively, to be present in
recovered individuals from both SARS-CoV-1 and SARS-CoV-2 patients. The
study also suggested that if the antibodies are targeted against these 2 linear
epitopes, it can neutralize the SARS-CoV-2 virus. Extensive immunoinformatics
studies on the proteome of SARS-CoV-2 have provided insight about seven
epitopes from five immunogenic regions, which cover more than 87% of the
world’s population (Table 3). Out of these, three potential immunodominant
epitopes each from the region of spike glycoprotein residue 819-918 and from the
region of nucleocapsid phosphoprotein residue 292-330 has been proven to have
the most coverage in the world’s population which can be effective enough for
designing potential vaccine candidates against SARS-CoV-2 [70].
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Table 3. List of epitopes with more than 85% world population coverage (source from [70]).

Epitopes Epitope Location World
Population
Coverage (%)
PKEITVATSRTLSYYKL Membrane glycoprotein:165-181 95.82%
QFAPSASAFFGMSRIGM Nucleocapsid phosphoprotein:306-322 [92.81%
FFGMSRIGMEVTPSGTW Nucleocapsid phosphoprotein:314-330 [ 87.42%
FIEDLLFNKVTLADAGF Spike glycoprotein: 817-833 94.26%
GAALQIPFAMQMAYRFN Spike glycoprotein: 891-907 97.46%
PFAMQMAYRFNGIGVTQ Spike glycoprotein: 897-913 92.52%
EIDRLNEVAKNLNESLIDL QELGKYEQY |Spike glycoprotein: 1182—-1209 88.57%

Viral Vector Vaccines

Viral vector vaccines are a promising prophylactic strategy to deliver the genes to
the target cells thereby efficiently and specifically inducing the immune response.
This type of vaccine offers long term immune response which triggers cytotoxic T
cells, ultimately leading to the elimination of the virus infected cells.University of
Oxford/Astrazeneca is developing a vaccine based on inserting the SARS-CoV-2
S gene into the E1 locus of ChAdOx1 (Chimpanzee viral vector) adenovirus
genome by using the BAC system. The virus is allowed to reproduce in the
Human Embryonic Kidney 293 cell lines and purified by the CsCl gradient
ultracentrifugation. In a phase 1/2 trial, volunteers received first dose vaccine and
second dose vaccine with 5.0x10" viral particles. Additionally, one subset of
volunteers received the first dose with 2.5x10'" viral particles and the second dose
with 5.0x10'" viral particles given. The second dose vaccine was administered 28
days after the first dose for testing the immunogenicity and protective efficacy.
The results concluded that two standard doses of the vaccine show 62% efficacy
in preventing symptomatic COVID-19 disease. In the meantime, volunteers who
received a low dose followed by a standard dose of vaccine showed 90% efficacy.
After the first dose of administration, humoral responses and IFNy T-cell
responses were observed whereas increase in humoral response was observed in
the second dose of administration. The adverse events such as fever, headache,
muscle aches and nausea were observed within 4-5 days of vaccination. A large
phase 3 trial of the vaccine was performed with 30,000 adults (Vaccine recipients-
20,000 and Controls-10,000). The Oxford/AstraZeneca vaccine can be stored at
refrigerator temperature and this is a major advantage over the mRNA vaccines
being developed by Pfizer and Moderna, so it can be easily transported to many
low and middle income countries [59, 71 - 73].
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CanSino Biologics Inc. is developing a recombinant, replication defective adeno-
virus type 5 vector (AdS) expressing the recombinant spike protein of SARS-
CoV-2. This vaccine is prepared by cloning an optimized full length gene of the S
Protein along with the plasminogen activator signal peptide gene in the Ad5
vector. The viral vector devoid of E1A and E1B genes, replaced immediately by
cytomegalovirus (CMV) early promoter, subsequently drives expression of the
target S protein. The phase 1 trials were carried out in Wuhan whereas the phase 3
trials are underway in China and Pakistan. The vaccine was tested for 108 (51%
male,49% female) healthy adults where 38 candidates were aged from18 to 60
years. The volunteers equally separated to allocate them in three (5 x 10", 1 x 10"
and 1.5 x 10" viral particles) dosage groups to administer the vaccine
intramuscularly. The mild adverse effects such as pain, redness, fever, headache
and swelling at the injection site were observed after 7 days of the vaccination.
Also, the safety of this vaccine was ensured after the 28th day of post vaccination.
Humoral responses and neutralizing antibodies level peaked at 28" day of post
vaccination whereas T cell specific responses peaked at 14™ day of post
vaccination. In the phase 3 trials, 40,000 volunteers aged over 18 years
participated. Storage conditions for this vaccine could be either at refrigerator
temperature or at —20°C [59, 71, 74].

Johnson & Johnson is developing a non replicating adenovirus serotype 26 vector
vaccine (Ad26.COV2.S) which encodes stabilized perfusion S protein of SARS-
CoV-2 with a wild-type signal peptide. In the phase 1/2 stage, the vaccine is
administered either as a single dose or double dose at a dosage level of 5x10' or
1x10" viral particles in each vaccination. The trials included 402 healthy adults
aged between 18-55 years and 394 healthy elderly aged above 65 years. For single
dosage, 92% seroconversion rate was observed for 5x10'" or 1x10" viral particles
on the 29™ day of post vaccination. Thl cytokine producing S-specific CD4+ T
cell responses were measured on the 14" day of post vaccination and neutralizing
antibody titre level was increased from the baseline after 28" day of post
vaccination. Mild local and systemic adverse effects were observed in volunteers
but it resolved within 1 to 2 days after vaccination. The phase 1/2 study analysis
indicated that a single dose of vaccine either 5x10" or 1x10" viral particles
induces a highly immunogenic response. So, the lower dosage level is selected for
phase 3 trials. Phase 3 studies are planned to assess the efficacy of the vaccine
with a two-dose and single dose of 5x10' viral particles. This vaccine requires
storage at 2—8°C [59, 75 - 77].

Institut Pasteur is developing a vaccine to express the membrane-anchored SARS-
CoV-1 spike protein or its secreted soluble ectodomain (Ssol) by inserting into
additional transcription unit (ATU) of MV (Measles Virus) vector [71, 78]. In
another approach, Recombinant Vaccinia Virus used to express SARS-CoV-1 S
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protein under the control of its hybrid promoters (Poxvirus A-type inclusion body
(ATTI) late promoter and tandem repeats of mutated 7.5 kDa protein (p7.5) early
promoter), strongly induces both humoral and cellular immunity [71].

mRNA Vaccine

mRNA vaccine is an emerging, non-infectious platform where it has potential to
mimic the antigen structure and expression for eliciting the immune response.
BioNTech or Pfizer is developing a codon optimized mRNA vaccine, which
encodes for the trimerized S1 protein (3C-like protease (3CLpro), NSP5, main
protease (Mpro)) of SARS-CoV-2 RBD. The vaccine provides an increased
immunogenicity due to the addition of T4 fibritin-derived foldon trimerization
domain to the RBD antigen. The mRNA is encapsulated in 80 nm ionizable
cationic Lipid Nanoparticle (LNP) formulations [2, 65]. Each dose of vaccine
contains 30 pg of the mRNA which also include lipids, salts and sucrose for
maintaining the stability and pH of the vaccine [79].

The phase 1/2 clinical trials tested two vaccines, BNT162b1 and BNT162b2 in
which the BNT162b1 was shown to be effective in individuals with very mild side
effects like fever, chills, muscle and joint pain indicating the immune system
gearing up for response. These side effects may be caused due to the use of PEG
in the formulation. The vaccine was administered via intramuscular injection in 2
doses within a period of 21 days. After the second dose of administration, both the
vaccines have shown to elicit the neutralizing antibodies in similar dose-
dependent SARS-CoV-2 mean titres. However, the BNT162b2 vaccine has shown
increased T cell response, thereby offering a safety profile with 95% effectiveness
in phase 3 trials involving clinical evaluations with 40,000 participants. The
storage of vaccines at subzero temperature, i.e. around -70°C while shipping,
requires ultra cold freezers which might offer a disadvantage in logistics [59].
Pfizer-BioNTech’s vaccine has been sanctioned for emergency use by FDA under
Emergency Use Authorization (EUA) in individuals above 16 years of age or
older. So Pfizer is planning to distribute 6.4 million doses for the US during the
late december of 2020, thereby 3 million people could be vaccinated. Additionally
5,00,000 doses were reserved for unexpected circumstances. More than 28,000
people were administered with this Pfizer vaccine [80, 81].

Moderna TX, Inc. is developing vaccine composed of synthetic mRNA encap-
sulated in Lipid Nanoparticle (LNP-cholesterol, 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC),and 1,2-dimyristoyl -rac-glycero -3-methoxy polyethylene
glycol-2000 (DMG-PEG2000)) which codes for the full-length pre-fusion
stabilized Spike (S) protein of SARS-CoV-2 [2, 74]. After Pfizer-BioNTech
vaccine, this is the second vaccine to be approved for the EUA by FDA in
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individuals of 18 years of age or older [82]. The vaccine is administered via
intramuscular injections in deltoid muscle in 2 doses within 28 days interval [83].
Each dose of vaccine contains 100 pg of mRNA, much larger than Pfizer’s
vaccine. The phase 3 clinical trials evaluation with around 20,000 participants has
shown to be 94.5% effective with mild side effects as in Pfizer’s vaccine [84].
The shipping storage of vaccines requires -20° C and it is shown to be stable at
normal refrigeration temperature for a month and stable at room temperature for
12 hours unlike Pfizer’s vaccine which must be used within 5 days [59, 85].

DNA Vaccines

DNA vaccines are encoded for the antigen along with the adjuvant in the
transfected cells which provides steady supply of transgene of specific protein
quite similar to live virus. Furthermore, the antigenic material is endocytosed by
the immature dendritic cells which ultimately present the antigen to the CD4" and
CDS8" T cells thereby stimulating effective humoral as well as cell-mediated
immune responses. AnGes is developing a plasmid DNA vaccine for targeting
SARS-CoV-2 spike protein by administering through intradermal gene transfer
method. In the phase 1/2 trials, 30 healthy volunteers aged between 20-65 years
are selected for vaccination. The candidates were equally divided and were
enrolled for the low dose group (1 mg twice at two weeks of interval, 15
individuals) and high dose group (2 mg twice at two weeks of interval, 15
individuals). The adverse effects were observed from week 9 to 53 and raised
levels of anti-SARS-CoV-2 spike (S) glycoprotein-specific antibodies were
observed from week 3 to week 53 [59, 86, 87].

ZydusCadila is developing a plasmid DNA vaccine for targeting SARS-CoV-2. In
the phase 1/2 trials, 1048 Indian healthy volunteers aged between 18-55 years
participated in the study. The vaccine administered single time through
intradermally using needle or pharmajet at day 0, day 28 and day 58. Either 1 mg
or 2 mg dosage were selected for testing. The completed Phase 2 trials were found
to be safe and immunogenic and have received an approval from the regulatory
authority in India to initiate phase 3 trials with 30,000 volunteers. Zydus Cadila
vaccine can be stored at 2-8 °C. The platform simplifies the manufacturing
process with minimal biosafety (BSL1) facility. Also, it is designed in such a way
that the vaccine can be modified within a couple of weeks if the mutants arise and
ensures the vaccine’s efficacy and protection [59, 88 - 91].

National Institute of Allergy and Infectious Diseases (NIAID) is developing a
vaccine based on full length cDNA expression of SARS-CoV-1 Spike
glycoprotein (Urbani strain) by cloning into the expression vector CMV. It has
been produced in bacterial cell cultures containing a kanamycin selection
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medium, and after the growth of bacterial cells harboring the plasmid, it is
purified to remove the cellular or viral components [92]. Inovio Pharmaceuticals
is developing a vaccine with a codon optimized S protein sequence of SARS-
CoV-2, to which an IgE leader sequence is affixed. SARS-CoV-2 IgE-spike
sequence was synthesized and digested using BamHI and Xhol restriction
enzymes. The digested DNA was incorporated into the expression plasmid
pGX0001 to express the S protein of SARS-CoV-2 [2, 65].

Animal Models

Albert Osterhaus and his colleagues from Erasmus University in Rotterdam had
identified that cynomolgus macaques developed SARS-like symptoms and found
that these macaques had their lungs infected in the same way as humans [94].
Also, it has been reported that the macaques show similar serological responses as
humans with respect to viral infections [95] making it an ideal model for study.
The virus shedding has been reported in rhesus and macaque species after 2 weeks
of infection with SARS-CoV-2. The vaccine studies for animal models included
inactivated, DNA and RNA vaccines for different strains of SARS-CoV-2. After
vaccination, the infection with SARS-CoV-2 through intranasal, intratracheal,
ocular and oral modes were done and the efficacy was determined in assessing the
viral loads in upper and lower respiratory tracts. As a result, the viral load was
found to be reduced demonstrating the efficacy of the vaccines. However, the
macaque species has shown to exhibit natural protective immunity against
reinfection with SARS-CoV-2 and it has not developed any severe disease or
symptoms upon infection marking as a limitation on using macaques for the study
[96, 97]. Also, they cannot be inbred as mice models.

Subbarao from NIAID suggested that mice model can be used because of its
reproduction ability, consistent results and the viral replication in them although
they couldn’t show any clinical sign for SARS virus. Despite its limitations, it has
been encouraged to use mice models for better understanding on how vaccines
can stop viral replication in them [94]. Studies have shown that immunization of
mice with RBD-Fc of SARS virus has induced a long-term immunity against
SARS-CoV-1 BJO1 strain [98, 99]. Adeno-associated virus based vaccine
containing RBD elicits adequate neutralizing antibodies to inhibit homologous
SARS-CoV-1 (GZ50) in the mouse model when administered via intramuscular
and mucosal pathways [100].

Other animal models like African green monkeys, ferrets, hamsters and transgenic
mice are being explored for SARS-CoV-1 studies in preclinical evaluation. The
mice model has been improved by the use of transgenic mice with adapted SARS
and human ACE-2 receptor protein for testing the efficacy of vaccines despite its
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certain restrictions [101, 102]. However, the transgenic mice developed a
neurologic disease completely irrelevant to SARS virus making it difficult to use
for the study [103, 104].

The use of ferrets as a model for study is still under debate as few studies suggest
that they show poor clinical signs or symptoms in case of SARS virus. On the
other hand, few recent studies suggested that they develop fever upon infection
with SARS-CoV-2 which is a commonly observed symptom in human beings,
and offers a good model for study [105, 106].

Evidence supports that Gold Syrian hamsters are able to produce symptoms like
pneumonitis, pulmonary consolidation and decreased respiratory activity upon
infection with SARS-CoV-1 allowing it to employ them for preclinical evaluation
[107].

Although several models were discussed for SARS-CoV vaccines, there is no
single promising animal model that is proven to replicate the disease exactly as in
humans [108]. Nevertheless, the preclinical studies have tried to address the
efficacy and potency of vaccine candidates in SARS virus which in turn has
shown a certain level of long term protection from infection in at least 75% of
mice models after vaccination [99, 109].

CHALLENGES IN VACCINE DEVELOPMENT

Effective development of SARS-CoV vaccines, during the pandemic, is a major
challenging process. Typically, it will take decades of basic research on viral
biology and the host response to infection. This conventional way of vaccine
development is not feasible for a rapidly emerging virulent pathogen. The first
major gridlock is the virus itself, as they are vulnerable to mutations which lead to
antigenic shift and drift, upon its transmission. Geographical area, environmental
conditions and the density of population also have its impact on mutating SARS-
CoV. There were 198 mutations identified in 7500 infected patients, which
indicate the high mutation rate of SARS-CoV-2 in humans. The result of these
mutations produces various subtypes of the virus, which may help the virus to
evade the immune mechanisms after vaccination [110]. Handling of highly
contagious SARS-CoV during vaccine development requires Biosafety level-3
containment facilities and standardized safety procedures. Secondly, the absence
of high-throughput small animal disease models to incorporate vaccine candidates
affects the down-selection. Certain animal models lack the hACE-2 receptor, and
they are not susceptible to the SARS-CoV infection, which offers a limitation for
the preclinical evaluation on vaccine candidates [111]. Thirdly, there is a concern
to be addressed about the correlation of neutralizing antibody with immune
response and threshold neutralizing antibody level after vaccination which is
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unanswered [112]. This threshold level acts as an essential factor to determine the
booster for vaccination. Immunological assays to evaluate immune responses
have not yet been developed and standardized.

The next challenge is about the safety and efficacy of the vaccine candidate in
clinical trials that often seem to have been addressed with toxicity, causing
adverse effects on the study population. Phase 2/3 Oxford University-
AstraZeneca’s clinical trials have shown adverse reactions in some volunteers.
Generally, these effects are normal in vaccine development, but now it seems to
be shown as an exaggerated event due to this short time development.

In some cases, the success of the clinical trials is hindered by insufficient team
skills in vaccine administration and inability to comply with the general criteria
(such as recruiting participants in low-density regions, variations in age, race or
other medical conditions) for clinical study [113].

Speaking of post vaccination challenges, the low threshold of vaccine-induced
antibodies leads to Antibody Dependent Enhancement (ADE), which augments
the viral entry by conformational change on glycoproteins of the viral envelope,
thereby targeting the FcR cells on the host. This ultimately aggravates the disease
in the patients causing Vaccine associated Enhanced Respiratory Disease
(VAERD) [114]. Having addressed all these challenges, thermal stability of the
vaccine candidate, long-term storage and transportation, manufacturing capacity
on large scale and worldwide distribution on the eve of pandemic and the cost of
production collectively acts as another hurdle for this vaccine race.

CONCLUSION

The recent unlikely event has put pressure on both the scientific community and
the biological engineers, and this event has served as both a boon and a bane. In a
way, this outbreak projected the importance in the field of science and many
researchers are working hard by contributing their knowledge in providing a
solution to end this pandemic. In addition to that, a significant number of vaccine
candidates in clinical trials show rapid progress when compared to SARS-CoV-1
and MERS vaccine candidates. The number of vaccine candidates developed is
relatively high in subunit and viral vector platforms, compared to conventional
platforms evidencing the advancements in technology and science. Although
these progresses look productive, the reliability of the vaccines for safety and
efficacy is still questioned. Evaluation and supporting studies have indirect effects
on the formulation of vaccines which signifies the need for a wider perspective on
vaccine design. It is still unclear how vaccines target different variants of S
protein by relating to each other or how they target the epidemiology of the
disease. The high rate of mutation on the SARS-CoV-2 remains a bottleneck for
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vaccine development. This consideration appeals to the development of broad
spectrum vaccines, which might offer a better and improved solution. Developing
an organized strategy with worldwide participation of scientific minds could
enhance the results in the development of vaccines in the near future.
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Abstract: The increase in antibiotic resistance is an imminent and mainly silent threat,
which would lead to an unprecedented situation with multivariable implications. It is
challenging to solve due to having nuances in the regulatory, health-related, financial,
and administrative aspects. The skin is one of the most common areas where
antimicrobial-resistant infections develop; such is the case with MRSA (Methicillin-
Resistant Staphylococcus aureus), which is capable of causing deep painful boils.
Besides, the chronic wounds, whose healing processes become aberrant, add
complexity, yet these occur with features, such as aberrant cellular profile, persistent
inflammation, and the formation of biofilms. The former issues make crucial the use of
non-antibiotic antimicrobial agents, such as topical antiseptics for their treatment. In
the present writing, we have introduced an innovative formula with relatively familiar
ingredients to most people. One of those compounds is the potassium permanganate, a
strong oxidative, astringent, and antimicrobial agent. This chapter consists of five
sections: (1) the first section presents a general review of the antibiotics, their types and
mechanism of action, and resistance caused in response to them from bacteria; this
section also describes causes for this resistance, the bacterial strategies to achieve it,
and possible solutions; (2) the second section highlights the approach to healing
processes both acute and chronic, exploring the stages of the former, and both the
abnormal features and possible therapies for the latter; (3) the third section discusses
the non-antibiotic antimicrobial agents and the antiseptics in general, and then a brief
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description is provided for the healing properties of each of the component of Vikut®,
and finally, hypotheses for its performance have been proposed; (4) the fourth section
presents the results of the clinical cases using the potassium permanganate-based
formula obtained by healthcare professionals in the treatment of both chronic and non-
chronic wounds. Two main subsections have discussed wound treatment using Vikut®
formula; (4.1) the first subsection presents a 21 days-long comparative analysis
between the usual treatment (neutral pH super-oxidation solutions) and the potassium
permanganate-based formula for diabetic patients with chronic, 3 month-duration,
Wagner I & II ulcers (average area 5-6cm?2), where potassium permanganate-based
formula has shown an average percentage reduction of 73% and a percentage of
patients with area reduction greater or equal to 50% of 86%, in contrast to the usual
treatment with ratios below 40% and 40% respectively, and (4.2) the second subsection
is an exposition with respect to the clinical cases of both chronic and non-chronic
wounds of different natures making use of the potassium permanganate-based formula;
and (5) finally, the fifth section demonstrates an economical study performed on the
public health condition in Mexico where several topical treatments are compared
including the Vikut® formula, showing it as a viable option in terms of both the cost per
se and the wound-reductive effect, which can be interpreted with respect to both time
and resources available for the treatment of other afflictions in the public health
domain.

Keywords: Antiseptic, Antibiotic resistance, Benzoic acid, BEB, Chronic wound,
Clinical trial, Local oxygenation, Non-antibiotic antimicrobial agents, Potassium
permanganate, Salicylic acid, Wound healing.

INTRODUCTION

Our ancestors attributed the ailments that afflicted them to the gods and
supernatural entities. However, the medical area had witnessed a high
development, and it was not until the beginning of the 20th century that medicine
began to look more like today's science.

However, according to James Le Fanu, the development of contemporary
medicine slowed down if compared with the period between the post-war and
1970 [1].

One of the branches where this trend is very noticeable is that of antibiotics.
Since, in 1909, Paul Ehrlich invented Salvarsan to treat syphilis, and in 1928, a
serendipity led Alexander Fleming to discover penicillin. These discoveries were
the first milestones and served as a spearhead for others to search for substances
with bactericidal and bacteriostatic activities, unleashing the ‘“antibiotic
revolution” [2].

However, after this era of medical bonanza regarding the treatment of bacterial
infectious diseases, a strong decline began with resistance to antibiotics. Although
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this had been in sight since the first half of the 20th century, this started a fierce
arms race between humans and bacteria until recent years when a wide variety of
factors began to wane the fight for bacteria and antibiotic resistance [3].

This situation makes a necessity to improve the management of the resources that
we have prepared to treat diseases related to bacteria [3, 4], as is the case of
dermal wounds, particularly those called chronic [5]. Various factors, such as
chronic diseases, impede these wounds that do not go through the usual wound
healing process, making them aberrant and developing varied complications [6,
71.

Due to the properties of chronic wounds, including constant inflammation, lack of
cell proliferation, and bacterial biofilms [6], their treatment is quite challenging
and, even though the use of systemic antibiotics is recommended by international
consensus and practical guidelines [8], there is no concise evidence that such
treatments are effective. However, there is evidence that topical treatment may be
beneficial [9].

Due to the growing need for innovation regarding the treatment against infections,
non-antibiotic antimicrobial agents (NAAA) are a viable option to treat dermal
infections with minimal risk of developing resistance to antibiotics. Vikut®, a
preparation based on potassium permanganate, has proven to have properties that
contribute to the healing of both chronic and non-chronic wounds [10 - 12]; in
turn, it represents economic advantages over other options in the market [13], not
counting the benefits described in the time saved in working hours by health
workers.

THE ADVENT OF THE ANTIBIOTIC RESISTANCE

Antibiotics: What are They, and How do They Work?

Infectious diseases have been a prevalent and long-lived issue until the first half
of the twelfth century when antibiotics were introduced to the world, providing
usable weapons against them that only have increased since penicillin discovery
[2, 14]. The antibiotics are microorganism-produced substances which inhibit
growth or kill other microorganisms, whose selective toxicity allows them to
affect specific microorganism groups while minimizing its effect in human [15].

According to Ebimieowei Etebu and Ibemologi Arikekpar [14], there are two
classifications, the first by their molecular structure and the second by their
mechanism of action:
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CLASSIFICATION BASED ON THE MOLECULAR STRUCTURE

According to their molecular similarities, Etebu and Arikekpar classified them
into nine categories:

B-lactams

These are compounds with a highly reactive ring (see Fig. 1) that interferes with
cell wall-assembler enzymes known as penicillin-binding proteins (PBP). The
latter synthesize peptidoglycan through peptide cross-linking, and its inhibition
results in the lysis and death of bacteria [14].

Fig. (1). B-lactam ring’s structure.

According to the location and conformation of the B-lactam ring, there are four
classes of these antibiotics:

- Penicillins, have cores of penicillanic amino acid.

- Cephalosporins have cores of 7-aminocephalosporanic acid.

- Monobactams have a single -lactam ring without another ring.

- Carbapenems have penicillin-like rings but substitute the sulfur atom with a
carbon one [14].

Macrolides

These are compounds with a highly reactive ring (see Fig. 2) that interferes with
cell wall-assembler enzymes known as penicillin-binding proteins (PBP). The
latter synthesize peptidoglycan through peptide cross-linking, and its inhibition
results in the lysis and death of bacteria [14].

Fig. (2). Macrolides’ structure.

They are structurally macrocyclic lactose rings with L-cladinose and D-
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desosamine (see Fig. 2) and have either a bactericidal or bacteriostatic effect.
They inhibit the protein synthesis by binding to the ribosome and preventing
amino acids' addition to the polypeptide, having a greater spectrum than the
penicillins [14].

Tetracycline

They have a structure of four hydrocarbon rings (see Fig. 3), which disrupts the
amino acid's addition to the polypeptides in the ribosome. First (natural), second
(semi-synthetic), and third-generation (fully synthetic) of these antibiotics are
found [14]. |

Fig. (3). Tetracycline’s structure.

Quinolones

Discovered as an impurity during quinine development in the sixties, they have
shown to be effective despite their basic two-rings structure (see Fig. 4). Another
ring has been added to broaden its spectrum in once resistant bacteria in more
recent generations [14].

Fig. (4). Quinolone’s structure.
Aminoglycosides

Their structure is three amino sugars connected by a glycosidic bond (see Fig. 5);
they inhibit protein synthesis by binding to bacterial ribosomal units and have a
broad antimicrobial spectrum. However, streptomycin (its first member) is highly
toxic [14].

Fig. (5). Aminoglycosides’ structure.
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Sulfonamides

The first therapeutically-used antibiotic (see Fig. 6) is a competitive antagonism
of para-aminobenzoic acid (PABA), a folic acid precursor. Despite its efficacy, it
has specific toxicity and side effects, such as urinary tract disorders, hemolytic
anemia, porphyria, and hypersensitivity reactions [14].

Fig. (6). Sulfonamides’ structure.

Glycopeptides (GPA's)

Once naturally produced and with improved synthetic variants, GPAs consist of 7
amino acids linked with two sugars (hence their name) and inhibit cell wall
formation [14].

Polymyxins

These are cationic lipopeptides, also known as non-ribosomal peptides, a
decapeptide with an intramolecular cycle conformed by seven of its peptides.
They are amphoteric, which permits them to interact with the lipid A component
of lipopolysaccharide [16, 17].

Oxazolidinones

New synthetic broad-spectrum antibiotics with unknown action mechanisms (see
Fig. 7) have been observed to bind to the 50 S ribosomal subunit P site [14].

Fig. (7). Oxazolidinone’s structure.

CLASSIFICATION BASED ON ITS MECHANISM OF ACTION

Depending on how they work, the groups of antibiotics are [14]:
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Inhibition of cell wall synthesis

The bacterial cell wall of bacteria made up of peptidoglycan protects the cell and
provides consistent osmotic pressure due to the peptide cross-linking in its
structure. B-lactams and glycopeptides inhibit the action of the PBPs and
peptidoglycan, respectively [14].

Disruption of the structure or function of the cell membrane

Antibiotics, such as daptomycin and polymyxins, break the cell membrane, either
by depolarizing or disintegrating it, respectively [14].

Inhibition of nucleic acid structure or function

Quinolones interfere with bacterial helicase, topoisomerases and disrupting RNA
production without affecting their human homologous [14], and with this blocking
both replication and protein transcription.

Inhibition of protein synthesis

Macrolides, tetracyclines, and aminoglycosides disrupt the protein synthesis by
binding to the ribosomes by blocking translation, which is lethal due to the high
importance of the proteins to life [14].

Blocking key metabolic pathways

The sulfonamides impede the folic acid synthesis, an essential nutrient for
bacteria for producing nucleotides and amino acids, which disrupts homeostasis
and leads to cell death [14].

The bacteria strike back: mechanisms of resistance to antibiotics

Evolution is inexorable. The discovery of selectively toxic substance occasion a
selective pressure which force bacteria to adapt or die and the survivors both
replicate and spread their resistance among other populations through horizontal
gene transfer.

On one side, some bacteria, such as Pseudomonas, are inherently resistant, which
endure the triclosan due to an additional enoyl-ACP enzyme [18]. On the other
hand, however, bacteria have developed ways of dealing with antibiotics. Here are
the four main strategies:

Enzyme inhibition

The most common strategy consists of modifying the antibiotic's molecular
structure to disable their properties, which is achieved by hydrolysis, functional
group transfer, redox reactions, and bond breaking. One problematic example is



Potassium Permanganate Frontiers in Anti-infective Agents, Vol. 5 83

the B-lactams resistance, for which bacteria have evolved enzymes, such as
penicillinases, cephalosporinases or carbapenemases, the latter capable of
disabling all the B-lactams excepting aztreonam [18, 19].

Modification of molecular targets

Another strategy is to change the lock rather than break the key, which is achieved
by changing the site where the antibiotics act, and there are two mechanisms. The
first one is by altering the polypeptide sequence (by mutation) [18 - 20], and the
second one is by protecting the susceptible site with non-protein molecules
addition (by post-translational modifications) [18, 19, 21, 22].

Efflux pumps

Some bacteria take a different approach and take the antibiotics out of their
internal environment. For this, they produce proton-dependent efflux pumps to
actively remove antibiotics, which is an efficient mechanism of resistance by
preventing the compound from staying long enough to act. There are several types
of membrane efflux proteins, which many of them can carry multiple dissimilar
substrates and, due to mutation, some species such as P. aeruginosa and S. aureus
start to overexpress these pumps, enhancing their resistance [18, 19].

Porin modification

Porins (such as OmpF, OmpC, or OmpE) are required for hydrophilic antibiotics
to pass Gram-negative bacteria outer lipid membrane. The development of
reduced permeability due to the decreasing and even loss of expression
contributes to resistance [18, 19].

LOOKING FOR ANSWERS: THE CAUSES OF ANTIBIOTIC
RESISTANCE

Antibiotics have increased life length and quality by treating and preventing
infections even in people with cancer, chronic diseases, and those undergoing
transplants. However, their success may be the cause of their diminishing
effectiveness due to their misusage leading to urgent situations respecting health,
finances, and regulations.

INTRINSIC RESISTANCE IN NATURE

Some bacteria have a resistant phenotype (a quasi-resistance) to antibiotics due to
specific genes and other strategies such as gene amplification. Unsurprisingly,
specific resistances have been tracked to individual species, such as
Streptomycetes and specific beta-lactamases, K/uyvera and the CTM-X enzyme,
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or the efflux pump-related resistances certain antibiotic-producing bacteria which
tend to be multi-resistant. The dissemination of the resistance mechanisms is
partially due to horizontal genetic transfer, such as conjugation, translation, and
transformation [2, 3, 23].

EXCESSIVE AND INAPPROPRIATE USE

The use of antibiotics and the development of resistance is correlated, and the
former has been inadequate. The length and the choice of therapy are incorrect
between 30% to 50%, and antibiotics usage was found unnecessary, inappropriate,
or suboptimal between the 30% and the 60% of cases in the ICU. Subinhibitory
and suboptimal concentrations stimulate resistance development, promoting
mutagenesis generation and proteomic alteration induction. The anthropogenic
activities induce selective pressure, which increases, even more, the resistance
development [3, 23 - 25].

EXTENSIVE USE IN THE AGRICULTURAL SECTOR

Farming antibiotic use represents 80% of the sold antibiotics in the USA, used in
cattle to promote growth and prevent infection, limiting its intestinal flora and
increasing its nutrient absorption. The presence of antibiotics in feces and meat
promotes resistance development and dissemination due to manure being used as
fertilizer, producing crop antibiotic bioaccumulation [3, 26, 27].

UNAVAILABILITY OF NEW ANTIBIOTICS

New antibiotics development is stalled because they are unsuitable investments
and a decreasing research budget due to short periods and perceived as low-value
drug compared to other drugs. On the other hand, the fear of resistance
development impedes the swift use of new antibiotics as the first-line drug,
making the health insurance companies reluctant to include them in their policies
(3, 28].

REGULATORY BARRIERS

These are also obstacles that inhibit financial incentive for antibiotics
development; including bureaucracy, procedural opacity, clinical requirement
differences between countries, changes in licensing and regulatory standards, and
ineffective communication channels. Despite this, a new clinical model, such as
the limited population antibiotic drug (LPAD) [3, 28].
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POSSIBLE SOLUTIONS: HOW CAN WE DEAL WITH ANTIBIOTIC
RESISTANCE?

Acknowledging the current antibiotics situation shows us ways to deal with,
mitigate, and reduce it. The CDC has outlined four key actions to reduce
antibiotic-resistant bacterial infections [29]:

PREVENTION OF TRANSMISSION OF BACTERIAL INFECTIONS

Preventing infections reduces resistance by eliminating the need for antibiotics;
therefore, we must avoid cross-contamination by implementing infection control
guidelines, maintaining hand hygiene between interactions, and disinfecting
health facilities and patient care equipment [29].

TRACKING METHODOLOGIES

It is necessary to trace data of antibiotics use in health and farming and the
regions where resistance in development. Even if it has not been done
systematically, gathering this information is desirable and wvaluable for
strategizing and preventing [4].

IMPROVING THE USES OF EXISTING ANTIBIOTICS

Antibiotic Stewardship Programs

Antibiotic Stewardship Programs (ASP) are systematic institutional efforts to
manage antibiotics respecting correct usage, dosage, therapeutic period, and
necessity, which has proven to be effective by diminishing its use between 11% -
38% and decreasing non-guide-based therapy, stay time, mortality and cost. The
former is achieved with the support of diagnosis, antibiotic rotation, and
determination of minimum inhibitory concentration, along with other strategies,
and by prioritizing health quality instead of cost-effectiveness, which is ironically
more cost-effective and self-sustaining [4, 30].

IMPROVEMENT OF PRESCRIPTION PRACTICES AND
THERAPEUTIC TIME LENGTH

Antibiotic prescription is improvable by up to 37% by implementing diagnostic
tests, documentation of symptoms, and optimizing antimicrobial therapies. One
example is the viral respiratory infections, for which between 40% - 75% of the
patients due to the latter expectation. Additionally, the therapy's length may be
shortened without losing effectiveness, and the use of bioindicators such as
procalcitonin may reduce antibiotic consumption by 51% [4].
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PROMOTION OF THE DEVELOPMENT OF NEW ANTIBIOTICS AND
DIAGNOSTIC TESTS

Improvement of Diagnostic Tools

Diagnosis is possibly the most effective way to reduce antibiotic inappropriate
use. In contrast with former diagnostic techniques that take days or weeks, the
current ones, such as real-time multiplex PCR or mass spectrometry, can diagnose
in minutes or hours. However, most of these techniques require a certain level of
infrastructure and equipment lacking in the developing countries; for this, the
development of the ASSURED test is desirable. Furthermore, diagnosing
resistance may allow a Search and Destruction (S&D) approach, easing a correct
and specific prescription [4, 31, 32].

INCREASE THE VARIETIES OF ANTIMICROBIAL TREATMENTS

Developing new antibiotics is essential due to resistance inevitability. Institutional
intervention and public and international initiatives are needed to achieve it. In
turn, non-antibiotic-based therapies are arising, such as silver and copper
nanoparticles, the use of bacteriophages as treatment, the discovery of the
antimicrobial properties of essential oils and phytochemicals. Additionally,
topical antiseptics have been used for preventing and treating surgical and chronic
wounds as an ASP strategy [4, 33 - 39].

Conclusion: Persist or Perish

Bacterial resistance is a challenging yet inevitable situation due to the
anthropogenic selective pressure. However, its inadequate management, antibiotic
sanitary misuse, non-therapeutical uses in farming have led to resistance to the
most common antibiotics. Therefore, critical actions include infection prevention,
resistance monitoring, improving antibiotics management, and developing new
antimicrobial compounds.

Antibiotic intensive use has led to the emergence of multi-resistant and pan-
resistant strains. Alternative therapeutic strategies, such as phytochemicals,
nanoparticles, bacteriophages, or topical antiseptic agents represent viable
alternatives to mitigate and decelerate antibiotic resistance.

UNDERSTANDING THE WOUND HEALING PROCESS AND ITS
RELATION TO THE CHRONICITY OF WOUNDS

Wounds and their Normal Healing Process

Even though wounds can be defined as rupture of tissue continuity by any
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external agency, the term usually refers to disruption of the skin [40, 41].

Complex interactions between skin cellular and matrix occur during wounding. In
healthy individuals, acute healing proceeds with coordinated and regulated cell
processes, such as phagocytosis, chemotaxis, mitogenesis, and matrix synthesis;
differentiated in four coupled phases [6, 41, 42]:

Hemostasis: Vasoconstriction occurs to stop bleeding and easing clot formation
and aggregation of platelet, which have multiple growth factors that promote
several cells activation (fibroblasts, endothelial cells and macrophages) and
amines that produce oedema through microvascular permeability and fluid
exudation [41].

Inflammation: between 24-48 hours, immune cell infiltration begins with
granulocytes or polymorphonuclear leukocytes (PMNLs) attracted by multiple
compounds, adhering to epithelial cells and moving via diapedesis engulfing
pathogens to later be removed via macrophage phagocytosis and extrusion as
slough [41].

Between 48-72 hours, compounds, such as matrix components, clotting
components, and growth factors attract monocytes that convert into macrophages.
The latter may act as crucial regulatory cells for repair, releasing cell-migration
cytokines and tissue-cleaning proteases. Both PMNL and macrophages secrete
additional growth factors to stimulate inflammation and antimicrobial Reactive
Oxygen Species (ROS) [41].

After 72 hours, lymphocytes arrive at the injury, and evidence suggests its
involvement in extracellular remodeling, although their role is yet to be defined
[41].

Recent observations suggest that inflammation may lead to fibrosis in wounds,
leading to scar formation [6].

Proliferation

Between the third day and over two weeks, cell proliferation and extracellular
matrix construction occur, increasing the nutrients and gas requirements, and
angiogenesis is produced due to PMNL and macrophage promotion. Vascular
sprouting is essential to adult wound healing, for which endothelial progenitor
cells (EPC) are required. Later, epithelialization occurs at the edges through
migration and mitosis. Genetically, usually disable genes related to cell
proliferation and migration, such as Ap/, Fos and Jun, and became active during
wound healing [6, 41, 44]
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Remodeling

After granular tissue formation, the matrix matures by decomposing fibronectin
and hyaluronan and increasing collagen bundles, and metalloproteases action
decrease as tissue inhibitors of metalloproteases (TIMPs) increase. Collagen
became organized through wounds contraction, cell density decreases through
apoptosis, and blood flow and metabolic activity diminish through growth
stagnation. This process results in a scar devoid of cells and vascularity [41].

Chronic Injuries: When Things Go the Wrong Way

Chronic wounds are injuries with an interrupted healing process usually stagnant
in the inflammatory or proliferative phases.

Types of Chronic Wounds

Ageing and chronic diseases, such as diabetes, cause the skin's acute healing
process to deviate. Chronic wounds can be classified as [43]:

Venous Vascular Ulcers: The veins' vascular incompetence increases pressure
due to the blood backflow and leakage of fibrin and other plasmatic compounds
that inhibit correct oxygenation and delay wound healing [43, 44].

Arterial Vascular Ulcers: Ischemic arterial insufficiency induces atherosclerosis
or embolism, and resolve the subjacent wound issues is required [43, 44].

Diabetic ulcers: Hyperglycemia-related chronic wounds are developed due to
diabetes complications such as vasculopathy and neuropathy, characterized by
cell and metabolic abnormalities [43].

Pressure ulcers: Prolonged and unrelieved pressure applied to an area that leads
to hypoxia, an ischemia-derived injury, reperfusion, and tissue necrosis [43, 44].

Chronic Wound Profile: What Went Wrong?
Chronic wounds present various aberrant features such as [6,41,42]:

Alteration of proteolytic activity: Higher proteases concentration and diminished
protease inhibitors, causing the degradation of fibronectin, collagen, and growth
factors and a defective ECM composition and rearrangement, the inability of the
fibroblast population to contract, the reduction in the production of laminin 332

and haptotactic subtract for the motility of post-traumatism keratinocytes [6, 41,
43 - 45].
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Alteration in cytokine profiles and the inflammatory response: there are

increased proinflammatory cytokines, which results in growth inhibition and
induction of morphological changes in fibroblasts. Moreover, chronic and
persistent inflammation in chronic wounds is perceived, observing an increase in
the innate cell immune system populations; furthermore, the cell populations
profile in chronic wounds is aberrant, such as a reduced capacity for bactericidal
and phagocytic activity in macrophages [6, 41].

Alterations in cell profiles: Morphological changes and proliferation patterns are
observed in fibroblasts with decreasing proliferative capability is also observed
[41].

Another vital cell alteration is the diminished migration capacity, as in
keratinocytes, with reduced integrin a5B1 expression and suppressing both control
regulators and p53 despite retaining partial proliferative activity. Also, fibroblasts
in chronic wounds become senescent, irresponsive to growth factors, and reduced
migratory activity [6].

Key intermediates concerning both the regulation and coordination signaling of
the angiogenesis and vasculogénesis are defective in diabetes patients. The former
is probably due to the deficiencies of EPCs release from the bone marrow or the
impaired capability of homing and engraftment of the injured tissue [45].

It has shown that hyperglycemia may be one of the main factors, both promoting
senescence and decreasing the proliferative capabilities of the EPCs, in addition to

changing its cell profile, making it less angiogenic and more proinflammatory [45,
46].

The Presence of ROS and Other Metabolic By-Products

The presence of ROS has been implicated in the development and persistence of
chronic wounds such as venous, arterial wounds. The former is released by both
PMNC and macrophages during the persistent inflammation, which is usual in
chronic wounds [41, 48]. The presence of NO, which can react with hydroxyl free
radical forming peroxynitrite, a potent free radical capable of tissue destruction
[41].

In normally healing wounds, the ROS induce wound healing through cell
signaling. Ironically, both hypoxia and hyperoxia increase ROS production, which
in significant quantities is harmful to the wound, causing additional tissue damage
[42, 47]. Persistent hypoxia is pivotal in chronic wounds due to its incapability of
angiogenesis to ongoing [6].
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An Increased Presence of Slough and Necrotic Tissue

Due to aberrant and pathogenic characteristics in both their histology and their
biochemistry, the presence of necrotic tissue and slough production as usual. Due
to the hypoxic and nutrient-depleted environment derived from the lack of an
appropriate blood supply, the cells die, and their remains become necrotic tissue
and slough, which promotes bacterial colonization preventing wound healing even
further. The presence of necrotic tissue and slough perpetuate the inflammation
and impede both contraction and epithelization of the wound [41].

The Occupation of Microorganism: Unwanted Visitors

The process of microorganism appearance can be divided into four categories
based on the induced response of the host: the first is contamination, where there
is a non-replicating microorganism in the wound; the secondly is colonization,
where the microorganism is self-replicating, but there is not damaged tissue; the
third is a local infection or critical colonization, where the bacterial burden is
increasing, and it is the intermediate category between colonization and infection;
and the fourth is the invasive wound infection, where there is both the presence of
self-replicating microorganism and subsequent host response, leading to delay
healing [41].

There is still debate regarding if either the bacterial infection produces the chronic
suboptimal inflammation or the latter facilitates the former; whatever is the
causality of events, the result is a vicious cycle usually resulting in a formation of
a biofilm, from which its importance would be thoroughly described later [6].

Due to the persistent yet inefficient inflammatory response on the wound, further
complications caused by microorganisms are observed. One of the essential
bacterial presence features in the chronic wound is their biofilm production [6, 41
- 44, 48 - 50]. The former allows them to be altering their own phenotypical and
genotypical characteristics, the presence of multiple strains, and even aiding in the
development of antibiotic resistance [41, 48].

The Biofilm: The Invaders' Fortress

The biofilm is a structure formed for bacteria for inhabitation composed by
glycocalyx, a polysaccharide-rich exopolymer (also known as exo-polysaccharide
or EPS). The structure alone conforms to about 80% of its volume, where the
other 20% are bacteria [48]. It is particularly resistant to even more aggressive
treatments due to its structural characteristics.



Potassium Permanganate Frontiers in Anti-infective Agents, Vol. 5 91

Another of its pivotal characteristic is its microbial diversity. There is evidence
that in a sole wound, there could be a myriad of species. A study of analyses
samples of 13 patients with chronic wounds, where 249 bacteria species were
found, including bacteria from the genera Staphylococcus, Streptococcus,
Clostridium, Proteus, and Pseudomonas [51]. A study even links the presence of
yeast to biofilms [52]. All the previous features make the management of chronic
wounds through antibiotics seldom successful [9, 48].

The complexity and organization within the biofilm can generate concentration
gradients and microenvironments, which allow heterogeneity of bacterial species
to exist within the biofilm, even anaerobic ones, due to the presence of oxygen-
deprived places deeper in the biofilm [48]. Furthermore, another study indicates
that the bacteria species, such as P. aeruginosa, produce microcolonies embedded
in the self-produced matrix [53].

The biofilm structure also facilitates the development of antibiotic resistance due
to two factor: the first one is because the phenotype of the biofilm-encased
bacteria (BEB) is sessile (non-motile) and presents a reduced metabolic rate,
which produces a tolerant profile to the bacteria due to the activity of multiple
antibiotics act during cell division, such as the B-lactams, aminoglycosides, and
quinolones [50]; the second one is because the EPS serves as a mechanical barrier
which prevents the antibiotics for crossing it, leading to a suboptimal
concentration of antibiotics and the generation of selective pressure toward the
resistance [48, 50].

The mechanism with which the BEB develops its sessile phenotype is through a
process called quorum sensing, which permits the cell-to-cell communication with
autoinductors, allowing the bacteria to coordinate activities based on its
population size. A link between biofilm formation and the quorum sensing
mechanisms was observed in bacteria such as P. aeruginosa, S. aureus, and V.
cholera [50].

The biofilm formation can be separated into five stages: the first is the arrival of
the planktonic free-living actively-growing bacteria which attach reversibly to the
surface; the second is the irreversible attachment to the surface and the inception
of the EPS matrix formation; the third is the early biofilm development with the
microcolony formation, where the planktonic bacteria become BEB and
proliferate; the fourth is the growth and differentiation, where the BEB generate
complex matrix architecture, channels, pores, and the bacterial cells redistribute;
the fifth and last stage is the dispersion stage, where some cells acquire more
planktonic profiles and prepare themselves for new colonization [50, 54].
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In addition to the formerly exposed, the BEB had been observed to have the
ability to manipulate the immune response to their advantage, disrupting the three
laws of immunity of universality, tolerance, and appropriateness. That disruption
is achieved due to the incapacity of both the leucocytes and the antibodies to
penetrate the biofilm structure, inhibiting the immune response's downregulation,
perpetuating the inflammation, and using the host's response for the disruption of
its tissue [50].

The Treatment of Chronic Wounds: Untying a Gordian Knot

There is significant complexity of chronic wounds, involving both features of
each chronic wound-causing diseases, such as diabetes and atherosclerosis, and
general features respecting the undergoing abnormal healing process, such as
impaired angiogenesis non-migratory and senescent cells, and biofilm formation.

Despite the significant challenge regarding this aberrant skein of processes, some
proposals have been made by numerous researchers:

Patient and Wound Assessment

Knowing both the patient situation and the wound condition is essential to
determine the treatment to follow. Patient information such as the presence of
similar affliction like diabetes and atherosclerosis, the registration of the medical
history, the laboratory studies, the nutrition, and the patient's reliability must be
considered, regarding the wound, features such as previous diagnosis, physical
characteristic like wound extension or even odor, vascular examination, and the
ascertainment of infection [5].

Topical Wound Therapy

While many topical therapies/antimicrobials and dressings are available, research
respecting its efficacy is needed. There are multiple types of options with different
approaches, such as hydrogels, hypochlorous acid, honey, povidone-iodine
solutions, cadexomer iodine, silver-containing products, collagenase, and super-
oxidative agents had been tested [5]. The use of natural agents such as honey [55 -
58] and phytochemicals [38] and both super oxidant and antimicrobial agents has
been proposed [11, 59]. Regarding diabetic ulcers, topical wound therapy resulted
in being more effective than systemic antibiotics [11] due to the nature of biofilms
developed on chronic wounds [48, 50].

New Therapies

Although basic tenets regarding chronic wounds exist, discovering and assessing
new treatments is crucial to afford this sizeable issue. Some of the proposed
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therapies are:

- Negative pressure wound therapy

- Hyperbaric oxygen therapy

- Biophysical modalities, such as electrical stimulation

- Biological and bioengineering therapies, such as platelet-rich plasma, growth
factors, acellular therapies, bioengineered cellular therapies, stem cell therapies

[5]
Conclusion: Thinking Out of the Box

International guidelines respecting the management and prevention of diabetic
foot ulcers had established the use of antibiotics for the treatment of the diabetic
foot due to the subjacent infection which use to develop [8], despite that had
proven to be ineffective and seldom successful on the treatment of chronic disease

[9].

Due to its infective nature, biofilms associated with chronic wounds had been
treated as systemic infection. Still, its nature as a complex microbial gathering has
proven to overcome the issue regarding antibiotics.

That is why to achieve a successful wound healing, we have to think respecting
the chronic wounds as a skein of processes like the knot of Gordius, which leave
us with two possible approaches, we can try to untie the knot, or we can cut it, as
Alexander the Great did it.

THE APPLICATION OF NON-ANTIBIOTIC ANTIMICROBIAL AGENTS
FOR THE TREATMENT OF WOUNDS: THE EMERGENCE OF VIKUT®

Non-antibiotic Antimicrobial Agents: A Possible Solution?

As indicated in its name, the Non-Antibiotic Antimicrobial Agents (NAAA) are
substances that have an antimicrobial property despite not being an antibiotic.
This definition is overly broad, including a myriad of compounds that can have
antimicrobial activity. A study gives us two categories of NAAAs used as a
topical treatment, the antimicrobial nanoparticles such as those made of silver,
zinc oxide, and titanium dioxide, and the antimicrobial peptides [60].

However, another type of NAAAs is antiseptics, which represents a large number
of compounds. An antiseptic is an antimicrobial agent that kills, inhibits, or
reduces the number of microorganisms [61]. According to Janos Cambiaso-Daniel
and his colleagues [62], the classifications of antiseptics of clinical use are:
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Emulsifiers

These are compounds with various natures whose mechanism of action is the
disruption of the cell wall and cytoplasmic membrane through acting, as their
name indicates, as emulsifiers that their amphoteric nature makes them capable of
dissolving the cellular barriers, provoking the pathogen's lysis. The most
ubiquitous members of this class are soaps and detergents consisting of sodium or
potassium salts of saponified lipid acids [62].

They are a powerful resource against biofilms, disrupting their layers and
decreasing the microbial burden. They can cause a 99% reduction of the colony
count for 48 hours [62].

Other emulsifiers are available such as non-ionic detergents like the hydrogel
PluroGel® are wused clinically. Biguanides like chlorhexidine or
polyhexamethylene biguanide (PHMB) are cationic emulsifiers with biocide
properties.

Oxidizers

These agents act through a free radicals' mediator, which disrupts biofilm EPS,
cell walls, cytoplasmic membranes, proteins, nucleic acids, and even intracellular
metals. They have broad-spectrum activity, but their therapeutic use is limited due
to their high reactivity and high host toxicity [62].

These groups include hydrogen peroxide, potassium permanganate, and some
oxidative halides such as sodium hypochlorite, hypochlorous acid, povidone-
iodine, and caxomer iodine. Bacteriotoxic foam dressing such as gentian violet
and methylene blue dyes was recently approved for chronic and burned wounds
[62].

The increase of antibiotic resistance has made the reemergence of compounds
such as sodium hypochlorite as an adjunct of wound cares [62]

Acids

Weak acids, such as acetic acid, honey, and boric acid, have been used since
ancient times. The acetic acid is helpful in eradicating biofilms of multiple
bacteria species, being capable of eliminating biofilm containing Pseudomonas
spp., Acinetobacter spp., Escherichia coli, MRSA, Proteus spp., Enterobacter
spp. and Klebsiella spp. However, due to its fibroblast's cytotoxicity, its
therapeutic use is limited [62].
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Boric acid, despite its limited antimicrobial activity, may have a protective effect
by reducing DNA damage due to oxidative stress [62].

Honey has been used as a topical agent since antiquity and presents surprising
beneficial features such as a broad-spectrum antimicrobial activity, the
maintenance of the moisture in the wound, which is crucial to its healing and is
less toxic than silver [62].

Heavy Metals

Four metals are used as antiseptics: ionic silver, bismuth, copper, and mercury.
While the latter has been fallen out of use due to concerns respecting systemic
toxicity, and both bismuth and copper have limited use, the silver's antimicrobial
activity has been well established [62].

The use of silver nitrate has a bacteriostatic effect in P. aeruginosa, S. aureus, and
E. coli, while silver sulfadiazine has been proven effective against Pseudomonas
spp., Candida albicans, enteric bacteria, and fungi. Acting by binding to both
DNA and proteins and destroy them via the oxidative pathway. It is considered
less toxic than oxidative halides, but recent studies have questioned its non-toxic
nature [62].

The inception of Vikut®: a synergetic surprise.

Vikut” is a wound healing adjuvant that was first produced as a topical antiseptic
for chronic wounds. Regardless of that, its effectiveness in both acute and chronic
wounds [10 - 12].

Vikut® is composed of four substances: potassium permanganate, ethanol,
salicylic acid, and benzoic acid. In this section, the healing properties of each of
the components will be discussed.

Potassium Permanganate: an Unexpected ally

The potassium permanganate is a potent oxidizing and astringent agent. Its
chemical features display specific properties that make it useful in the treatment
of wounds.

The first one is its chemical cauterization capability, produced due to the
oxidation of organic matter in the tissue. This property's clinical application had
been observed in veterinary [63, 64] and medical areas, despite that the latter one
was recorded in 1933 [65].

The second is its antimicrobial activity against bacteria, fungi, and viruses [66,
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67]. As an oxidizer, the potassium permanganate presents the capacity to disrupt
the bacteria's organic material, including the cell wall, the cytoplasmic
membranes, the proteins, and the DNA [62]. Even though it is supposed, its
capacity to break down the biofilm has not been proved yet.

The third is its capacity for wound healing. Its administration has been linked with
wound healing [10 - 12] and ingrown toenails' repairment [68].

The potassium permanganate is included in the WHO model formulary, a source
of references of essential medicines for the use of guidelines writers. It is used to
treat impetigo, suppurating superficial wounds, and tinea pedis [69].

There is disagreement respecting its use as a topical treatment. While some
authors consider the obsolete [70], others use it as topical antiseptic
collaboratively with other wound treatment methods such as vacuum sealing
draining and dressings based on polyvinyl alcohol and polyurethane [71].

Due to the antibiotic-resistant bacteria emergence, topical treatment such as
potassium permanganate and silver particles is crucial for the prevention and
therapy of wounds developed in hospitals [39.72,73].

Ethanol: the perfect mixer

Ethanol, also known as ethyl alcohol, is the second simplest alcohol and has
multiple uses. It is considered a suitable solvent. Used at a concentration between
70 and 85%, it is a disinfectant of surfaces and a skin antiseptic. The former is due
to its capacity to denaturalize protein and inhibit its synthesis. Ethanol is effective
against most bacteria and fungi, and this is also true for many viruses. However, it
is ineffective against endospores. It has a broad spectrum of activity, particularly
sessile bacteria such as the BEB [74].

Salicylic and Benzoic Acids: An Old but good team

Salicylic acid is a type of phenolic acid identified as antipyretic and anti-
inflammatory, decreasing the formation of pro-inflammatory prostaglandins
modulating the expression of COX 2 [75, 76]. It also has an exfoliant and peeling
ability, making it a useful cosmetic ingredient [77]. In addition to the former,
salicylic acid presents bacteriostatic activity [79], and there is evidence indicating
that both salicylic and acetylsalicylic acid can break down biofilms [79 - 82].
However, there is disagreement regarding the capacity of biofilm disruption, and
other studies suggest that the opposite might occur [83]. Regarding benzoic acid,
it has shown that it also presents bacteriostatic activity [78, 84]

Both the salicylic and the benzoic acids are included in the WHO model
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formulary. The salicylic acid is indicated mainly for topical use and, in
combination with another substance, its molecular cousin, the acetylsalicylic acid,
is more used as an ingested drug. It is described as having keratolytic and
antimicrobial activities and it’s prescribed to treat ringworm, mild dermatitis
infections, seborrheic dermatitis, and ichthyosis, acne vulgaris, and warts.
Respecting the benzoic acid, it appears only in conjunction with salicylic acid on
ointment or cream presentation with the proportion of benzoic and salicylic acids
of 6% and 3%, respectively. The former is denominated “Whitfield ointment” and
is used to treat mild dermatophyte infections, such as tinea [69].

Concerning other applications, both compounds of debriding wounds' capability
by dissolving the necrotic material are known [85, 86].

Comparison Between Topical Antiseptics and Topical Antibiotics

Despite their apparent similarities, the mechanism of action of the antibiotic and
the antiseptics are quite different. The reason is that because the former acts
through mechanisms and structures which are distinctive of bacteria [15], while
the latter relies upon more disruptive methods such as emulsify and denaturalize
the microorganism, and because of this, its spectrum of action is broader, as
shown in Table 1 [15, 62].

Table 1. Comparison between a topical antibiotic and Vikut®, a topical antiseptic.

- Antibiotic Topical Vikut®
Ointment

* Potassium Permanganate
* Ethanol
» Salicylic and benzoic acid

* Polymyxin B

Active Ingredients « Bacitracin

Excipient Zinc oxide Water

. . . Antibiotic Effect (specific to | Microbicidal Effect (broad spectrum of
Against microorganisms

bacteria) microorganism)
Analgesic Maybe added No
Astringent No Yes
Protection against infections Yes Yes
Form Semisolid / Cream Liquid

Due to its antibiotic content,
Antibiotic resistance development| it promotes the antibiotic
resistance

Pain No Yes

Due to its chemical action, do not
contribute to the antibiotic resistance

Anti-inflammatory Maybe added Yes




98 Frontiers in Anti-infective Agents, Vol. 5 Lara-Esqueda et al.
Table 1) cont.....

- Antibiotic Topical Vikut®
Ointment

Chemical cauterization via oxidation,
Chemical Scar No providing a temporary barrier against
external agents.

Furthermore, the antibiotics, even the topical ones, have proven to be ineffective
in treating chronic wounds due to biofilm, which presents low-metabolically
active BEB and the protecting barrier of EPS.

The Synergies within the Vikut® Formula

There have not been studies regarding the interaction of the components of the
Vikut® beside the clinical cases, but the latter only showed the wound progress.

However, knowing its features and chemical properties, hypotheses regarding the
mechanism of action can be made.

Turning the Alcohol into Acetic Acid

The potassium permanganate is a highly oxidative compound, especially
regarding organic compounds. It reacts with the ethanol contained in the Vikut®
formula, as is expressed in the following equations [87]:

Oxidation (i) : H,C — CH,OH + H,O — H,C — CO,H + 4H" + 4¢
Reduction (ii) : MnO , + 4H" + 3¢ — MnO,(s) + 2H,0

Overall: 3 (i) + 4x (ii)

3H;— CH,OH + 4Mn0 , + 4H" — 3H,C — CO,H + 4MnO,(s) + 5H,0

This reaction transforms both components; the ethanol becomes acetic acid due to
its acidity having particular antimicrobial activity [62]. On the other hand,
potassium permanganate converts into manganese dioxide (MnO,).

The former reaction may lead to two hypotheses concerning the manganese
dioxide, which would be exposed here below:

Hypothesis I: Transforming the Oxidizer in Oxygen

The MnO, is a catalyst for hydrogen peroxide (H,0,), allowing it to make the
H,O, react unlimitedly and produce oxygen continuously [88]. These could lead to
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an increase in the oxygen level in the wound. Due to the chronic non-healing
wound's hypoxic nature, this could lead to a temporal improvement that could add
up gradually. The improvement of chronic wounds with treatments related to
improving oxygenation either via hyperbaric oxygen therapy [89] or via local
oxygenation of the wound has been observed [90].

However, despite that the presence of MnO, would catalyze the biogenic H,0,
produced continuously by the PMNLs and the macrophages into oxygen, doubts
emerge regarding if the biogenic H,0O, quantity would be enough to provide the
tissue of enough oxygen.

Hypothesis II: The ROS Thief

On the other hand, maybe it is due to the lack of ROS in the wound. Even though
if the quantities of H,O, could not produce enough oxygen to alleviate the tissue's
hypoxia, the MnO, may be eliminating enough H,O, to reduce the oxidative
stress. The use of antioxidants to scavenging free radical appears to expedite the
healing of chronic wounds [41, 91].

Conclusion: Toward Unknown Waters

We are confronting unprecedented problems such as the increment of age mean
and the escalating number of deceases, leading to chronic wounds. Besides the
former, the antibiotic resistance is conducting us in an increasingly complex battle
with gradually diminishing tools and weapons to deal with them.

That is why the innovation respecting the discovery of new antibiotics and new
antimicrobial agents, such as the NAAAs, is essential.

Sometimes, we do not even have to reinvent the wheel. There are old tools that,
with minor modifications, can lead to remarkable achievements.

The proposed formula of Vikut® does not have new compounds. It just uses them
in a new way. On the other hand, the knowledge respecting the mechanism of
action of the NAAAs and the undergoing processes of both acute and chronic
wounds will be handy to attack the chronic wound's critical aspects.

However, even though the course of our journey may be clear, there still are
obstacles to overcome. The continuous and persistent research and development
of both compounds and strategies is the spearhead that will facilitate this journey.
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CLINICAL EVIDENCE OF THE FORMULA BASED ON POTASSIUM
PERMANGANATE FOR THE TREATMENT OF BOTH ACUTE AND
CHRONIC WOUNDS

Despite the unknown mechanism of Vikut®, its efficacy has been proven on
several occasions, being effective with both acute and chronic wounds. In the next
section, a description of the comparative analysis between the Vikut® and the
conventional treatment shows a satisfactory result respecting its efficacy.

Comparative Analysis Between Vikut® and the Conventional Treatment

A study was performed by the Delgado-Enciso and its colleagues [11] to compare
the formula of Vikut® based on potassium permanganate and the traditional
treatment. The executed study was a simple-blind, randomized, and controlled
clinical trial.

Patients’ Selection

There were 25 patients selected for participation in the study. Specific
characteristics were required for being selected [11]:

- Previous diagnosis of diabetes Mellitus 2.
- The presence of diabetic foot ulcers. These also have to fulfill specific
requirements:

o Early wound development stage, such as Wagner I (uninfected superficial
ulcer) or Wagner II (deep ulcer, often infected, no bone involvement or
abscesses).

o Previous history of progression of the wound greater than three months.

The patients ended up having an age range between 18 and 65 years and a male-
female ratio of 1:1.5. Then, these were randomly divided into two groups [11]:

- The control group (n=10) which received the standard treatment consisting of:
o Measures for reducing pressure on the ulcerated area.
o Daily wound cleansing.
o Topical application of a super oxidizing disinfectant solution (Microdacyn™,
TeArai BioFarma Auckland, New Zealand) to all the wound area.

- The experimental group (n=15) which received the experimental treatment
consisting of:
o Measures for reducing pressure on the ulcerated area.
o Daily wound cleansing.
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= Topical application of a 5% potassium permanganate solution (Vikut®) to all
the wound area.

The mean of the clinical features of the participants is shown in Table 2:

Table 2. Clinical characteristics of the study subjects.

Treatment

Clinical Characteristics Standard (n=10) P-value
Men (%) 50 35.71 0.5
Age (years) 58+4.70 53.50+2.34 0.36
Diabetes duration (years) 12.8143.78 12.14+3.43 0.9
High blood pressure (%) 50 21.4 0.1
Hyperlipidemia (%) 10 214 0.54
Alcoholism (%) 10 21.4 0.54
Smoking (%) 10 7.14 0.75
Fasting glucose (mg/dl) 140.11£19.81 161.50+15.40 0.4
HbAlc (%) 6.65+0.42 7.83£1.35 0.38
Body mass index (kg/m2) 30.61+1.74 28.02+1.09 0.2
Ulcer area (mm?2) 5.38+1.24 6.20+1.23 0.65
Days with ulcer 114.00+61.95 169.16+58.39 0.56
Wagner stage I (%) 50 50 0.82
Wagner stage I (%) 50 50 0.82
Local infection (%) 20 64.28 0.03

HbA ¢, glycated hemoglobin
* Of the 15 patients initially included, 1 was withdrawn from the trial due to potassium permanganate
intolerance; this patient's clinical data was not included in analysis.

Once all the measures were obtained, the statistical analysis was done.

Statistical Analysis

Once the normal distribution was confirmed via the Shapiro-Wilk test, the groups
were compared using a Student's test. Categorical values were compared using
Fisher's exact test. The relative risk (RR) was calculated to determine the
probability of an ulcer area reduction equal to 50% at day 21 of the experimental
group compared to the control group. Besides, the number-needed-to-treat (NNT)
was obtained, which is an epidemiological measure expressing the effectiveness
of an intervention and is defined as the necessary number of individuals receiving
the experimental treatment to increase in one the benefited persons in comparison
with the control group [92], being, in this case, the beneficial effect a decrease
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equal or greater to 50% on ulcer's area on day 21. The confidence interval was
calculated for both the RR and the NNT [11].

RESULTS

Regarding the treatment, intolerance to the Vikut® formula was observed in a

patient, which was withdrawn from the trial without further complication or
follow-up [11].

The experimental group showed superior ulcer reduction compared to the control
group in both Percentual Mean Reduction in Ulcer Size (see Fig. 8) and
Population percentage achieving ulcer reduction equal to or greater than 50%.
Additionally, the experimental group was the only one to accomplish some
complete ulcer closure. The results can be observed in Table 3 [11].
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Fig. (8). Ulcer area progression in the control and intervention groups. The mean ulcer area of patients treated
with 5% potassium permanganate solution was significantly lower compared with those receiving the
standard treatment for 21 days.

Table 3. Comparative Table of Results.

Experimental Group | Control Group
- n=14 n=10
Percentual Mean Reduction in Ulcer Size 73% 38%
Population percentage ac}gle;;uilgleu;%eo; reduction equal or greater 86% 40%
Population percentage achieving complete ulcer closure 29% 0%
Relative Risk 3, CI195% [1.1-7.6]
Number-Needed-to-Treat 2.18, C195% [1.26-8.25]
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DISCUSSION

This trial results reveal that the Vikut® 5% potassium permanganate-based
formula is superior, respecting its capacity for wound closure in diabetic foot
ulcers. Previous studies have shown the efficacy of potassium permanganate in a
myriad of different wounds, including varicose eczema [93, 94|, Clostridium
perfringes-caused gas gangrene [71], and oncogenic ulcers [95, 97]. Additionally,
the potassium permanganate's antiseptic activity remains effective even in mixed
infections [71].

The benefits regarding the use of Vikut® 5% potassium permanganate-based
formula include the economical. A market study compares the Vikut® with other
wound-related products, show that the former is one of the cheaper respecting of
cost [13]. It is worth mentioning that other indirect costs, such as healthcare
worker time and the facilities' use, were not included, so it is plausible that the
Vikut® may save additional costs, resources, and time due to its efficacy.

Another usually unobserved complication regarding chronic wounds is the risk of
amputations, which diminish the life quality of those who suffer them [71] in
addition to the implicated economic repercussions [96].

The previous data indicate Vikut® formula's effectiveness as a topical antiseptic
and antibiotics alternative.

The Use of Vikut® 5% Potassium Permanganate-based Formula in Both
Acute and Chronic Wounds: Several Clinical Cases

There have been sundry reported cases where the use of Vikut® 5% potassium
permanganate-based formula had been a support in the treatment of wounds of
multiple natures, including acute and chronic wounds.

Cases of Acute wounds

Clinical Case 1: Neglected Post- caesarian Wound

The present case is regarding a 24-years old female patient with normal arterial
pressure (110/80 mmHg) and without diabetes. She was attended on “Dr. Vikut”
Wound Clinic on Morelos (Mexico). The wound inception was caused due to the
exert of force (carrying her 5-years old daughter) one month after been subjected
to a cesarean, opening the wound.

The wound (see Fig. 9) presented a small area between 0.7 and 1.0 cm® in the
trunk area. It presents epithelial tissue and light exudated without neither bleeding
nor odor.



104 Frontiers in Anti-infective Agents, Vol. 5 Lara-Esqueda et al.

Fig. (9). Clinical case 1, initial time.

Fig. (10). Clinical case 1, after seven days.

The wound was first cleaned, and then the Vikut® 5% potassium permanganate-
based formula was applied.

After seven days and only one application, the wound was completely closed (see
Fig. 10).

Clinical Case 2: Post-surgical Wound

In this case, a 48-years old male patient without any subjacent affliction such as
diabetes or hypertension. He was subjected to a hernia surgery in the ISSSTE
hospital in Colima (Mexico). At the end of it, Vikut® formula after cleaning the
tissue and notify his doctor. After five days, during which the formula had been
applied three times a day, the scar formation appears to have been accelerated (see
Fig. 11).
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Fig. (11). Clinic case 2, initial time (left), and after five days.

Cases of Chronic Wounds

Clinical Case 3: Diabetic Foot Ulcer on the Big Toe

This case is regarding a 64-years old male patient, with normal arterial pressure
but with diabetes (post-prandial blood sugar of 176 ™/ ;). He was attended in
High Specialty Hospital “Centenario de la Revolucion Mexicana ISSSTE” in
Mexico City. The Wound inception causes are unknown.

The wound (see Fig. 12), after multiple infructuous attempts, the injury had an
area between 3.1 and 4.0 cm®. There was the presence of necrotic tissue at the
edges of the wound and light exudated. There was a deep wound on the big toe
and another more superficial wound between the toes. The tissue was classified as
Wagner stage 2.

The wound was first cleaned, and then the Vikut® formula was applied.

After the seventh weeks, the wound appeared to have diminished to between 1.5
and 2.0 cm’ new epithelial tissue had appeared, and the necrotic tissue had
diminished. However, both the exudated and the Wagner classification remains
(see Fig. 13).
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Fig. (13). Clinic case 3, after seven weeks.

~

Fig. (14). Clinic case 3, after nine weeks.
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After the ninth week, the affected area remains within an extension between 1.5
and 2.0 cm?, a light exudate, and its classification as Wagner stage 2. However.
The necrotic tissue appears to have diminished even more (see Fig. 14).

Clinical Case 4: Diabetic Ulcer in the Leg

This case describes a 64-years old male patient with normal arterial pressure
(110/80 mmHg) but with diabetes (pre-prandial blood sugar of 136 ™/ _,). He was
attended in High Specialty Hospital “Centenario de la Revolucion Mexicana
ISSSTE” in Mexico City. The Wound inception causes are unknown.

The wound (see Fig. 15), after various infructuous attempts, the injury had an area
between 8.1 and 12.0 cm’. There was a slough tissue presence, moderate
exudated, and hyperproliferation sign on the edges of the wound.

ol

Fig. (15). Clinic case 4, initial time.

The wound was first cleaned, and then the Vikut® formula was applied, which
continued to be applied daily for 49 days.

Fig. (16). Clinic case 4after three weeks.



108 Frontiers in Anti-infective Agents, Vol. 5 Lara-Esqueda et al.

After the third week, the ulcer area remained between 8.1 and 12.0 cm and with
moderated exudates. However, there was new epithelial tissue while the slough
had diminished (see Fig. 16).

After the seventh week, the ulcers had diminished to a range between 1.1 and 2.0
cm and with light exudates. Also, the tissue had become both epithelial and
superficial (see Fig. 17).

Fig. (17). Clinic case 4, after seven weeks.

Clinical Case 5: Osteomyelitis-caused Injury

This case describes a 64-years old female patient with normal arterial pressure
(120/80 mmHg) but with diabetes (post-prandial blood sugar of 176 ™/ ;). She
was attended in High Specialty Hospital “Centenario de la Revolucion Mexicana
ISSSTE” in Mexico City. The Wound inception causes are unknown.

After several unsuccessful treatment attempts, there was an osteomyelitis-caused
wound between 3.1 and 4.0 cm’but deep, slough, and moderate exudation (see
Fig. 18).

The wound was first cleaned, and then the Vikut® formula was applied, which
continued to be applied daily for 63 days.

After the third week, the ulcer areca remained between 3.1 and 4.0 cm and
moderated exudates. However, there was new epithelial tissue while the slough
had diminished (see Fig. 19).

After the ninth week, the ulcer area keeps its same range but now presents light
exudates. Besides, the epithelial tissue has increased (see Fig. 20).
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Fig. (18). Clinic case 5, initial time.

Fig. (19). Clinic case 5, after three weeks.

Fig. (20). Clinic case 5, after nine weeks.
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CONCLUSION: GATHERING THE INFORMATION

There are several proofs regarding the Vikut® 5% potassium permanganate-based
formula's effectiveness in acute and chronic wounds. However, there is still
crucial information, such as the molecular mechanism underlying the product's
composition, which is unknown. Obtaining that knowledge is pivotal for
improving the formulation of wound-related products such as Vikut® and for the
development of therapeutic substances and strategies that help us overcome
problems such as bacterial resistance or the chronicity of wounds in general.

The use of topical antiseptics such as Vikut® 5% potassium permanganate-based
formula could be a tipping point respecting the treatment of wounds. Every day,
new NAAAs such as antimicrobial peptides are discovered and tested, while other
substances, ancient and previously forgotten, are now being reassessed, such as
the honey or the potassium permanganate.

The health situation respecting microorganism management has become
complicated. The problem is often like fighting like a hydra with many heads that
every time one of them is cut, two more emerge. The use of tools such as the
clinic trials help us unravel this situation, letting us understand how a wound
interacts with certain substances or specific environments and giving us one of the
more valuable resources of this era, which is knowledge.

ECONOMIC AND FUNCTIONAL COMPARATIVE ANALYSIS
BETWEEN THE FORMULA BASED ON POTASSIUM
PERMANGANATE AND OTHER TOPICAL TREATMENTS

An assessment study was done by Grupo Salipro de México S.A de C.V.
regarding the cost-benefit of using Vikut® 5% potassium permanganate-based
formula. For this, a cost comparison was performed between five wound-related
solutions, including Vikut®. The names, characteristics, and prices would be
exposed in Table 4 [13]:

Table 4. Price comparison between wound-related products.

. . Unit Cost
Product's Name Presentation UmItVC AO s(;/[\’;’;l;l;out Including IVA
(MXN)
14 pH Antiseptic/Astringent Solution 40 mL $450.00 $522.00

(Vikut®)

Broad-spectrum Antiseptic Solution,
electrolyzed with neutral pH superoxydant 250 mL $50.68 $58.79
(BSAS)
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Table 4) cont.....
. . Unit Cost
Product's Name Presentation UmItVC AO S(;/[v;](l;;;out Including IVA
(MXN)
Wound Treatment in Aerosol 20 mL aluminum
(WTA) flask $339,928.00 $394,316.48
Tixothrophic Solution (TS) 30 g containing flask $885.00 $1,026.68
Hydrocolloid Apposite (HA) Piece $35.29 $40.94
Which is the goal?

The study's main objective was to prove that the use of the Vikut® formula was
advantageous both clinically due to the product's capacity to treat wounds more
effectively than its comparable, and economically so it could become attractive to
be acquired for the public sector.

Vikut® formula offers two main advantages in contrast with the other wound-
related products [13]:

- Efficacy, since the study shows a better ratio of wound healing and wound
closure than the other products.

- Use for multiple purposes, since its intrinsic characteristics, Vikut ® acts as both
antiseptic and healing promotor compared to other products that only do one of
those. Such is the case of hemoglobin-containing solutions such as the WTA,
promoting wound healing but are useless respecting bacterial infection.

One of the Vikut® formula's key features is shortening healthcare facilities' use
due to reduced actions. Although Vikut® is more expensive than the broad-
spectrum antiseptic solution, its effectiveness leads to a shorter period of staying
in hospitals, which could either reduce indirect costs or decrease resource
consumption use regarding the hours used by the healthcare workers and the
availability of hospital rooms.

RESULTS OBTAINED REGARDING VIKUT®

The analysis concludes that there are potential benefits both pharmaceutical and
economical regarding the use of Vikut® 5% potassium permanganate-based
formula as an alternative for patients with chronic diabetic foot ulcers under the
perspective of several Mexican healthcare institutions such as the IMSS, the
ISSTE, the SSA, PEMEZ, SEDENA, and SEMAR [13].

The complete economic assessment presented in the study, including cost-
effectivity analysis, was considered valid, respecting its demographic features.
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Those correspond to a data-constructed hypothetical patient cohort. Both
effectiveness rates and resource consumption were attributed through literature
review from the topic and applying healthcare costs for patients of the Mexican
healthcare institutions previously mentioned [13].

It is emphasized that the results presented in the different tables and figures meet
the study's objectives since the results respecting the effectiveness of the model
were obtained and the average cost estimates. Similarly, the ICERs of the issue
management alternatives were estimated from the target population of a particular
condition and within the Mexican Public Health Sector (IMSS, ISSTE, SSA,
PEMEX, SEDENA, and SEMAR) [13].

The estimates' results are robust, according to the deterministic and univariate
sensitivity analysis developed for the most relevant ICERs. The ICER estimated
in the study corresponds to clinical parameters percentage reduction of ulcers'
size). The analysis context found that Vikut® is a cost-effective and dominant
strategy respecting its comparators, mainly because it can significantly reduce the
ulcer size, issue particularly relevant due to this type of patient's propensity to
worsen its complications. The results of this economic evaluation indicate that a
cost of MXNS$ 522.00 for the 40 ml presentation of Vikut® incurs the following
ICER [13]:

Likewise, it can be observed that patients treated with Vikut® incur higher costs,
only respecting the BSAS due to its acquisition cost, which is repeated with
neither the WTA nor the TS (see Table 5). Furthermore, Vikut® showed a better
rate of wound size reduction compared to its comparators. Finally, in the results of
the budget impact, it was observed that the greater the market share of the Vikut®,
there will be more significant reduction in both the health budget and the
percentage of current health spending. The different market penetration scenarios
show that the factor that significantly impacts budgets is the percentual share of
the Vikut®. This model used specific epidemiological data, such as the prevalence
of PD ulcers, obtained from national sources. To predict the market share of the
different alternatives in comparison, the model used various scenarios. This model
was built using the best assumptions, data, and hypotheses available [13].

Table 5. ICER in the relationship of both the alternative product and the institution.

Alternative ICER

Vikut® IMSS ISSSTE SSA PEMEX SEDENA SEMAR
BSAS $764.05 $767.50 $759.74 $755.41 $757.00 $756.51
HA -$1,703.48 -$1,703.12 -$1,705.97  |-$1,685.13 -$1,706.49 -$1,704.75
TS -$868.72 -$866.02 -$867.77 -$868.51 -$871.33 -$872.51
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CONCLUSION: LOOKING AT THE FOREST

The Vikut® 5% potassium permanganate-based formula seems cost-effective but
not the cheapest topical antiseptic. Regardless of this, it is crucial to look beyond
the mere price and look at its wound closing ability, which avoids the need for a
prolonged stay and even more drastic solutions, such as amputation.

Treating chronic wounds is a challenge, and it will become both a more severe
and more common threat. Complications associated with chronic wounds are
rather unpleasant for patients and their relatives. It is exhausting for the
companies with workers suffering chronic injuries, and for both public and private
health, institutions are costly [97].

That is why when approaching an issue, sometimes the one which does not seem
to be the best is the long-term optimal, and vice versa.
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CHAPTER 4

Approaches to Anti Infective Therapies
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Abstract: With the increase in the prevalence of chronic microbial infections and
disorders associated with it, the incidence of antibiotic resistance among
microorganisms has continued to rise. Due to this, resistance against conventional
antibiotic therapy is also increasing, which has become a public health concern. It is
necessary to make clinical trials better, improve the idea of research plans, and take
into account the cutting-edge drug safety approaches for the development of anti-
infective drugs. In this regard, biofilm development and quorum sensing associated
virulence approach appears insufficient for the use of traditional antibiotics. The
exploitation of different synthetic and natural compounds for their efficacy in
combating microbial infections associated with QS has been done, but the
compatibility and availability of these compounds limit their applications. Therefore,
for the diagnosis and treatment of infectious diseases, particularly resistant to
antibiotics, nanotechnological interventions offer various biomedical applications.
Nanomaterials exhibit intrinsic anti-infective properties towards the MDR phenomenon
and also can be used as carriers for targeted and site-specific delivery of potential
drugs.

Keywords: Anti-biofilm activity, Bacteriophage, Innate modulators, Microbial
peptide, Microbial biofilms, Nanotechnology systems.

INTRODUCTION

Diseases related to infection have been a prime cause of death over a while in
human history. Bacterial diseases are decreasing nowadays due to the awareness
of hygiene,nutrition, use of antimicrobial drugs, and immunization. A collective
effort has been made globally to stop the transmission of infectious diseases,
resulting in the loss of DALY, i.e., quantifying the burden of disease from
mortality and morbidity [1]. Unfortunately, the use of antimicrobial drugs is
disintegrating gradually over a period of time as resistance against antibiotics
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allows pathogens to rush over it. A bacteria called super-bacteria has recently
been developed, which is multidrug-resistant due to a super resistance gene called
NDM-1 [2]. Antibiotics mainly target three bacterial processes: DNA replication
process, cell wall synthesis, and translational machinery. Unfortunately, resistance
among bacteria can develop against any of these processes. Mechanisms behind
the resistance include the expression of enzymes that modify or degrade
antibiotics [3]. Modifications in cell components result in resistance against cell
walls (e.g., Vancomycin) and ribosomes (Tetracycline) [4].

The ability to cure infections is reducing, threatening us to impair our medical
practices, weakening global economic growth, and intensifying the mortality rates
at all stages of life. Society has met with self-satisfaction through the imminent
crisis, which comes from two factors. First, the risk is shared by everyone, and
second, those who suffered from untreatable bacterial infections are not generally
familiar with the infection before and, once they get infected, they die quickly.

Although new antibiotics, antifungal, and antiviral agents have been developed in
recent years, which have shown positive impacts on the health of human beings,
still infectious diseases are a major patron for mortality to human health systems
globally. Reports from WHO indicated that one-third of global deaths were due to
HIV, Malaria, TB, and lower respiratory tract infections in 2004 [5]. Due to the
development of MDRs throughout the world, the single-agent and combination
therapies development against infections has become a challenge for scientists as
well as clinicians to seek a multi-disciplinary approach; one that circumscribes
drug development, microbiology, and clinical expertise. To provide a rationale
and scientific structure in the process of drug development and clinical
applications, pharmacometrics acts as an alarming tool and bridge between key
concepts of these disciplines [6].

Along with the prevalence of antibiotic-resistant bacteria, new and other
pathogens are also increasing, highlight the need to develop strategies against
them immediately. For nanoparticles, antibiotic resistance is not relevant because
of their mode of action and also because they are in direct contact with the
bacterial cell wall, without penetrating the cell. Therefore, nanoparticles do not
promote resistance in bacteria in comparison to antibiotics, and hence new and
exciting NP-based materials with antibacterial activity have been focused on.

History of Antibiotics and their Resistance Mechanism

Antibiotics are used since ancient civilizations for the treatment of bacterial
infections. Traditional medicines include remedies for malaria; the best known
anti malarial drug named artemisinin or “qinghaosu with potent anti-infective
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properties [7]. From the concept of ‘magic bullet given by Paul Erlich, the modern
antibiotic era begins. Arsenic dye Arsphenamine (Salvarson) was discovered by
Paul Erlich together with Alfred Bertheim and Sahachiro Hata as a potent anti-
syphilis drug [8]. Sulfonamidochrysoidine (Prontosil) was introduced for the
treatment against bacteria and was the first antibiotic available in 1935, with
potent activity. It was a precursor of p-aminophenyl sulfonamide, modified
derivatives of sulfonamide antibiotics [9]. One best-known antibiotic was
discovered by Alexander Fleming in 1928, but its mass production started during
World War II by Howard Florey and Ernest Chain. In 1944, Selman Waksman
isolated an aminoglycoside antibiotic from Streptomyces griseus and named it
streptomycin [10]. This further led to the discovery of different groups of
antibiotics: macrolides, sulfonamides, cyclic peptides, B-lactams, tetracyclines,
aminoglycosides, lipopeptides, and lipoglycopeptides, quinolones, dihydrofolate
reductase (DHFR) inhibitors, amphenicols, efc. Antibiotics have saved billions of
lives worldwide and also have changed the journey of medicine. They have also
led to the treatment of those Infectious diseases whose treatment was not possible
previously.

Traditional medicines prepared from herbs possess antimicrobial activity and
active components present in them can be used for medicine preparation [11]. But
the long-term use of traditional medicines imposes a selective pressure that
contributes to the development of antibiotic resistance genes in human
populations. In past years, the advent and dispersal of antibiotic-resistant
pathogens, especially multi- drug-resistant, reveal our unawareness about the
evolution and processes occurring in microbial eco- systems.

Various mechanisms of protection in microbes allow them to withstand the
pressures which are due to changes in the environment and interventions of
human beings. This capability of microbes against antibiotics and pressure
imposed by the antibiotics during long-term activity have led to the emergence of
antibiotic-resistant pathogens. Antibiotic-resistant pathogens carry genes
responsible for resistance mechanisms to various antibiotics whose analysis
explains the phylogenetic [12]. Recently, the emergence and dissemination of
antibiotic-resistant pathogens (MDR) make us undefended against the microbial
processes of evolution. Microbes develop protective mechanisms from their
metabolic activity which allows them to withstand the unfavorable conditions and
pressure imposed by human interventions.

Shortly after the initial isolation of Penicillin antibiotic, resistance to it among
Staphylococcus was already developed but resistance toward methicillin occurred
only two years after its introduction. Some antibiotics were believed to be
resistance-proof, but later they developed resistance. For example, vancomycin
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was believed to be resistance-proof, but, a resistance among Enterococcus and
Staphylococci emerged. The emergence of Multi drug resistance (MDR), Pan
Drug resistance (PDR), or extensively drug-resistant strains (XDR) are of great
concern nowadays. For example, Mycobacterium tuberculosis develops resistance
to fluoroquinolones and all second-line injectable drugs (capreomycin,
kanamycin, or amikacin) [13]. Every year millions of people are getting affected
by different infections and ultimately dying because of them. For this, novel
antibiotics development and investigations are in pace, but there are limitations in
their mode of action as compared to previously approved drugs.

Therefore, action to prevent the presence of large gaps in existing surveillance of
global crisis in health care and an improved, coordinated global effort to contain
AMR are imperative. After recognizing this need, the World Health Organization
(WHO) in 2001, developed a Global Strategy for Containment of Antimicrobial
Resistance, which has provided a framework of national and international
surveillance network interventions to slow the emergence and reduce the spread
of antimicrobial-resistant microorganisms [14]. In 2012, WHO published “The
Evolving Threat of Antimicrobial Resistance — Options for Action,” [15]
proposing a combination of interventions that include: strengthening health
systems and surveillance, improving the use of antimicrobials in hospitals and the
community, preventing infection and its control, encouraging the development of
appropriate new drugs and vaccines, and political commitment. Following the
indication of a primary role for surveillance, in April 2014, WHO published the
first global report on surveillance of AMR [16]. This helps for orienting treatment
choices, understanding the trends of AMR, interventions area identification, and
their impact.

Antibiotics Resistance Mechanisms

The antibiotics show resistance by various mechanisms and, can be classified as a
target or bullet-related. Targets include (i) modifications leading to protection
(mutations), (ii) use of enzyme for modification (e.g. methylation) (iii)
replacement (for example, Klebsiella pneumoniae bacteria produce enzymes
called carbapenemases, which break down carbapenem drugs and most other
beta-lactam drugs), and (iv) protection at cellular or population levels (Tet(M) and
Tet(O) proteins commonly encoded by genes located on MGEs in S. aureus.
These proteins are homologous to the elongation factors EF-G and EF-Tu, and
their binding to the ribosome facilitates removal of tetracycline in a GTP-ase
activity-dependent manner). The bullet includes (i) loss of efficiency by
modification, as in the case of acetylation of aminoglycosides, (ii) destruction (as
the B-lactam antibiotics by the action of B- lactamases), and (iii) pumping out
from the cell as in efflux pump mechanisms of resistance.
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This mechanism of resistance is dominant among antibiotics, like quinolones,
rifampin, and fosfomycin, and it directs the evolution of horizontally transferred
antibiotic resistance genes structurally, such as extended-spectrum beta-
lactamases (ESBLs). Mutation-directed antibiotic resistance occurs mainly during
in-host evolution [17].

Phylogenetic analysis of several groups of antibiotic resistance genes has
suggested that genetic material for present-day antibiotic resistance has had a long
history of selection and diversification [12]. Other antibiotic resistance
mechanism uses the “kin selection” concept, which operates at the
population/system level.

Moreover, in complex biofilm consortia, all community members are protected
against antibiotics, irrespective of the kinship, which requires a conceptual
framework operating at the system level. Therefore, the base of
microbe—antibiotic interaction has been broadened the bullet-target model to
reflect complex interactions [18].

Impact of Antibiotic Resistance

Antimicrobial use reduces morbidity and mortality from infectious disease, but
the emergence and spread of organisms with resistance against antimicrobials
have become a widespread problem in the whole world. Every year, so many
people get affected by infections related to antibiotic resistance and die [19]. In
Europe, the estimated number of infections and death due to MDR infections is
approximately 400000 and 25000. The MDR bacterium includes S. aureus,
Escherichia coli, Enterococcus faecium, Streptococcus pneumoniae, Klebsiella
pneumonia, and Pseudomonas [20].

The availability of drugs for various treatments, including chemotherapy, cancer
treatment, organ transplantation, hip replacement surgery, intensive care, make
these activities possible but the main factor influencing mortality and morbidity in
patients undergoing these procedures are the infections caused by MDR strains.

Factors Contributing to the Emergence of Antibiotic Resistance

There are three main sectors that are involved in the development of antibiotic
resistance:

a. Human medicine in the community and hospital
b. Animal production and agriculture
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c. Environmental compartment.

Antibiotic Resistance in Human Medicine

In a community, the development of antibiotic resistance is the inappropriate use
of antibiotics due to the prescriptions given by general practitioners. One more
factor that plays an important role is self-medication, which involves the
availability of drugs without prescription. In the case of hospitals, the continued
use of antimicrobial drugs leads to the emergence and spread of highly antibiotic-
resistant nosocomial infections. Also, other factors like the presence of the highly
susceptible immunosuppressed patient and fragile elderly patients result in the
failure to control infections spread from patient to patient [21].

Use of Antibiotics in Food-producing Animals and Agriculture

Another factor of spreading resistance is the use of antibiotics in animal feedstock
and agriculture for growth promotion and disease treatment or prevention [22].
An increase in the frequency of antibiotic resistance genes in bacteria and
transferring those genes of resistance into clinically important bacteria has
resulted in tighter restrictions on the use of antibiotics in plant agriculture [23].

Resistance Spread and The Environment

During the last years, the environment is also responsible for the spread of
antibiotic resistance. Antibiotic resistance is disseminated from soil
microorganisms and water contaminated with fecal microorganisms. Water is an
important source of dissemination of resistance among microorganisms between
different environmental compartments. Due to incomplete metabolism in human
beings or due to the disposal of unused antibiotics, large amounts of antibiotics
are released into municipal wastewater. Antibiotic-resistant bacteria and
antibiotic-resistant genes can be detected in wastewater samples because the
conditions in wastewater treatment plants (WWTPs) are favorable for the
proliferation of resistant bacteria [24].

Prevention of Antibiotic Resistance

As new antibiotics are developing, the main problem is resistance to it sooner or
later. The level of antibiotic consumption is related to the level of antibiotic-
resistant [25]. It is, therefore, urgently required to fight against, multi-drug
resistant bacteria which show alternative modes of action against antimicrobial
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agents. Worldwide many scientists are trying to solve this crisis [26] by searching
and selecting the various alternatives against conventional antibiotics with
therapeutic uses, which have a relatively low potential to elicit resistance [27].
There is a need to develop effective blockers of bacterial drug efflux pumps to
reduce heritable antibiotic resistance and knowledge about antibiotic persistence,
adaptive resistance, and phenotypic tolerance is required for nonheritable
tolerance. A target such as transcriptional regulators mediates a downshift in the
metabolism of microorganisms due to slow replication which is accompanied by
nonheritable resistance [28].

How phenotypic and induced tolerance is related to nonreplicative and replicative
states, stress responses and DNA damage should be initiated. Researchers should
also initiate studies related to tolerance residing in biofilms, inoculum density,
oxidative stress, and antibiotics exposure [29]. Biofilms are a major contributor to
antibiotic resistance and tolerance, so there is a need to investigate the ways by
which biofilm formation is discouraged in tissues and implanted devices [30] and
how to generate the anti-infective activity from endogenous host precursors [31].
Also, blocking the synthesis of components involved in the synthesis of biofilms
resistant to some compounds and interrupting signaling pathways for the biofilm
formation and their dispersal. To prevent or avoid antibiotic resistance, virulence
mechanism and bacterial membrane should be targeted [32]. Also, the
development of a prodrug should be emphasized so that a bacteria-restricted
enzyme would be inactivated with diverse targets.

Two classes of anti- infective drugs with multiple targets, ROI and RNIs, have
been developed for antibiotic resistance. For example, nitroimidazole PA824, a
drug for tuberculosis: mycobacterial nitroreductase results in the generation of
RNI by the use of mycobacterial flavin as a cofactor to metabolize the drug. The
generation of intrabacterial RNI controls infection with its ability to interfere with
the pathogens and neutralize host-derived ROI and RNI.

APPROACHES FOR ANTIINFECTIVE THERAPIES

Role of Reactive Oxygen and Nitrogen Species

Free radicals derived from nitrogen and molecular oxygen can act as intercellular
and intracellular messengers. The most commonly generated ones are
superoxides, hydroxyl species, hydrogen peroxides, singlet oxygen, nitric oxide,
and peroxynitrite [33]. These free radicals are termed reactive oxygen
intermediates and reactive nitrogen intermediates. This ROI and RNI can damage
DNA and other chemical moieties [34]. ROI and RNI are mainly generated by
mammalian phagocytes, with polymorphonuclear leukocytes, and thus can
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produce their destructive product peroxynitrite. Hence, a microbe cannot easily
evade in their targets and interfere with host cell production of ROI and RNI,
catabolize them, or repair their damage [35]. Both of them are immunoregulatory,
can inhibit G proteins, kinases, caspases, transcription factors, lymphocyte
proliferation, alter cytokine and prostaglandin production and prevent apoptosis of
host cells.

Microbes are killed not only by oxidants but also by phagocytosis and the release
of antimicrobial compounds. ROI in the immune system utilizes macrophages,
dendritic cells, and neutrophils for the determination (Toll receptors) and
phagocytosis of a foreign body. Microbes are bounded by the toll-like receptors-4,
followed by ingestion by phagosomes, and the process of killing is triggered by
NADPH oxidase action, releasing cytoplasmic granules which cause a decrease in
pH and hence results in microbial destruction [36]. Production of ROS, such as
H,0, and ozone, can be brought about by the activation of a chemical by the light
source of narrowband wavelengths in photodynamic antimicrobial chemotherapy
(PACT) and can be used for the treatment of root canal infections and killing of
other cells too [37].

Another type of therapy that involves the generation of free radicals (ROS), is
antimicrobial photodynamic therapy (PDTa) used for carcinogenic biofilms. It
involves either of two processes; the first process involves the interaction of the
photosensitizer with the substrate viaelectron transfer and in the second process
the photosensitizer reacts with oxygen [38]. This therapy is beneficial for the
periodontal treatment for scaling and root planning. Similar to reactive oxygen
intermediates (ROI), reactive nitrogen intermediates (RNI), including nitric oxide,
are also involved in the antimicrobial activity of activated macrophages against a
variety of intracellular microorganisms, e.g., Leishmania major, Toxoplasma
gondii, Legionella pneumophila, Mycobacterium tuberculosis, Mycobacterium
Bovis BCG, and L. monocytogenes.

Mechanism of ROI and RNI against various microbes

Reactive oxygen intermediates (ROI) and reactive nitrogen intermediates (RNI)
have the ability to cause DNA damage and other chemical moieties on which its
propagation and protection depend. Mammalian phagocytes with
polymorphonuclear leukocytes lead to high output ROI production which leads to
immunologically activated macrophages and mammalian cells in response to
appropriate inflammatory stimuli, macrophages considerably outpacing
polymorphonuclear leukocytes are capable of generating high RNI. Also,
macrophages can produce superoxide (O,-) and nitric oxide (-NO) and thus can be
prolific generators of destructive product, peroxynitrite (OONO-).
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RNI are used as antimicrobial agents in gastric juice, a key component of the
innate immune system of the epithelium (Fig. 1) [39]. For example, M.
tuberculosis is killed by RNI in its liquid and gaseous form. 2 days' exposure to 90
ppm of -NO gas kills more than 99% of M. tuberculosis in culture. Therefore,
concentrations (80 ppm) have been administered to patients for days or weeks to
dilate the pulmonary vasculature. M. tuberculosis is sensitive to nitrogen dioxide
but is much more resistant than other mycobacteria to peroxynitrite [40].
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Fig. (1). Mechanism of ROI and RNIL.

Host Innate Immunity Defense Systems

Towards the development of novel strategies interest in the modulation of our
immune system has increased. Our immune system shows the multi-facetted
response to the infection caused by pathogenic microorganisms through different
recognition receptors patterns with host cells. Therefore, different therapies are
either under development or available for stimulation of the immune system
without overtly stimulating harmful inflammation. This technique of modulating
immunity as an ant -infective strategy is an emerging technology for
understanding the host defense system.

Stimulation of pathogen sensing mechanism and intracellular signaling pathways
has occurred through the discovery of pathogen recognition receptors which may
be membrane-bound or cytosolic receptors like Toll-like receptors, Nod-like
receptors, and RIGI-like receptors resulting in rapid and effective clearance of
pathogens [41]. This leads to valuable insights into the role of immunity against
the pathogenesis of infectious diseases and the intervention of therapeutics. Some
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pathogens cause damage directly by releasing their factors or indirectly as a result
of immune response; some enhance pro-inflammatory response but some result in
insufficient response [42]. Hence, immunomodulation offers the potential either to
boost or inhibit the elements of immune response and effectors mechanisms for
pathogen clearance so can be used as an anti-infective strategy. It also forms the
basis for therapeutics against a diverse array of pathogens including bacterial,
viral, fungal, or parasitic.

Immune Modulators Expression and Secretion

The Central interface between pathogen and host is the external surface of
pathogens (bacteria/viruses). The immune system recognizes the exposed surface
of pathogens which provides the host a pathway to initiate the removal of
microbes. Pathogen becomes opportunistic to show mimics of host immune
modulators to avoid host immune response, to express adhesions for anchoring
pathogen on host surface, and present fusion proteins for uptake in host cells [43].
Impingement of a virus on the host immune system is viamolecules that are
present on the external surface. It is studded with immunomodulatory proteins and
host-derived [44]. These act as immunoregulators, receptors, inhibitors, ligand
molecules that transform the virus particle that can enhance immunomodulatory
responses in host cells. For example, gp env glycoprotein of HIV [45].

The surface of bacteria shows diverse antigenic targets which protects them from
immune vigilance and TLR recognition molecules like adhesions. Expression of
carbohydrate capsules on surfaces of bacteria masks them from antibody and
complement deposition in turn prevents opsonization and phagocytosis.
Microorganisms having capsules often have adhesions like pili on them that
enable them to bind host receptors and keep them hidden. For example,
Streptococcus pyogenes having Cytolysin (that makes it host-specific) need to
deliver a NAD glycohydrolase in host cells to trigger cytotoxicity [46]. Different
bacteria use their fragments/ molecules as a driving force in host cells (Table 1).

Table 1. Anti-immune strategies of viruses and bacteria.

S. Strategy Viral Examples Bacterial Examples
No.
1. | Secreted modulators or toxins Ligand mimics virokines Many toxins
Receptor mimics viroreceptors Proteases
2. Modulators on the pathogen Complement inhibitors Lipid A of LPS
surface Coagulation regulators Carbohydrates such as capsules
Immune receptors Outer membrane proteins
Adhesion molecules Adhesion and invasion
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Table 1) cont.....
S. Strategy Viral Examples Bacterial Examples
No.
3. | Hide from immune surveillance Latency Avoid phagolysosomal fusion
Infect immune-privileged tissues Inhibit phagocytosis
4. Antigenic hypervariability Express error-prone replicase Vary many surface structures
Escape from antibody recognition | Pili, outer membrane proteins,
“outrun” T Cell recognition LPS
Strain to strain variation
5. Subvert or kill immune Infect and kill immune cells (DCs, Superantigens
cells/phagocytes APcs, lymphocytes, macrophages, [ Avoid phagolysosomal fusion
etc) Block inflammatory pathways
Inhibit CTL/NK cell killing by injecting effectors
pathways Replicate within and overrun
Alter immune cell signaling, immune cells
effector functions, or
differentiation
Express superantigens
6. Block acquired immunity Downregulate MHC I/11 IgA proteases
Block antigen presentation/ Block antigen presentation
proteosome
Prevent induction of immune
response genes
7. Inhibit complement Soluble inhibitors of the Proteases to degrade
complement cascade complement
Viral Fc receptors Produce capsules and long-
chain LPS to avoid
complement deposition and
MAC attack
8. Inhibit cytokines/ interferons/ Inhibit ligand gene expression Block inflammatory pathways
chemokines Ligand/receptor signalling Activate alternate pathways
inhibitor Secrete proteases to degrade
Block secondary antiviral gene
induction
Interfere with effector protein
9. | Modulate apoptosis/autophagy | Inhibit or accelerate cell death Inhibit apoptosis
Block death signaling pathways Activate death signaling
Scavenge free radicals pathways
Downregulate death receptors or Alter apoptotic signaling
ligands pathways
Inactivate death sensors pathways
10. Interfere with TLRs Block or hijack TLR signaling | Alter TLR ligands to decrease
Prevent TLR recognition recognition
Bind to TLR to dampen
inflammation
Inject effectors to inhibit
downstream inflammation
signaling
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Table 1) cont.....

S. Strategy Viral Examples Bacterial Examples
No.
11. Block antimicrobial small Prevent iNOS induction Secrete proteases to degrade
molecules Inhibit antiviral RNA silencing Alter cell surface to avoid

peptide insertion
Use pumps to transport peptide
Directly sense small molecules
to trigger defense mechanisms

12. Block intrinsic cellular Inhibit RNA editing Alter ubiquitin pathway
pathways Regulate ubiquitin/ISgylation Alter transcriptional programs
pathways

Avoiding Immune Detection

The main feature of bacterial and viral pathogenic microorganisms is the ability to
avoid detection by either the innate or acquired immune system of host cells.
There are two ways by which they can avoid detection; one is the concealment of
the surface of their cells and another is to lessen immune response. To provide
machinery for the transport of protein onto the surface of a cell, and secretion of
virus-encoded immunomodulators, viruses rely on the infected host cell, unlike
bacteria.

Proteins secreted by viruses interact directly with the immune system through
virion surface or extracellular. These viral immunomodulator proteins have been
used as biopharmaceuticals to treat diseases of hyperacute inflammation due to
their potent -anti-inflammatory properties [47]. Viral proteins that show
immunomodulatory properties include CD homologs, superantigens, complement
inhibitors, ligands, receptor mimics, regulators of leukocyte activation (NK cells,
T cells, dendritic cells, and Macrophages), and binding proteins [48]. The major
problem associated with a bacterial surface is hiding or disguising the presence of
surfaces by capsules and thus preventing opsonization. However, some molecules
can be used as immunomodulators like TLR agonists such as LPS (Lipid A),
peptidoglycan, and flagella [49].

Alternatively, pathogens once internalized, can adopt different patterns of
infection within the host cell-like, they can thrive inside macrophages or dendritic
cells which show antimicrobial defense or endosomal compartments of host cells
like neutrophiles or fibroblasts, or epithelial cells [50]. By acquiring this, the
pathogen does not encounter any competition with other microbes, gains nutrients
sources for survival, and is protected from antibody attack. Also, it can replicate
without disturbing host cell function and integrity and therefore, evolving
strategies of bypassing the killing mechanism of the host immune system [51].
These strategies have led to the improvement of our knowledge of the biology of
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infection and for the development of vaccines and appropriate therapeutics.

Existing and Potential Innate Immune Targets for The Development of Anti-
infectives

The abundance of potential targets is available for therapeutic intervention that
takes advantage of the convolutions of innate immunity. Cytokine-based
immunomodulators are used because of their role in showing antimicrobial
responses against infections. Examples include recombinant or modified forms of
IFN-a and IFN-b for the treatment of viral diseases like HCV, HBV, and herpes
virus-associated diseases in immunocompromised patients. CSF (Colony
Stimulating factors) is used for the treatment of neutropenia (depletion of
neutrophils) in patients with damaged bone marrow. For example, GM-CSF
restores and stimulates neutrophil functions to fight bacterial and fungal functions.

Other examples are also there that can act on innate immunity targets. In the
treatment of papillomavirus-associated genital warts Imiquimod, a synthetic TLR-
7 agonist can be used which works through receptor-mediated cytokine secretion
and Macrophage or NK cell activation [52]. For the treatment of HSV, EBV, and
Viral hepatitis, Isoprinosine can be used as an immunostimulant that enhances T
cell proliferation. Products like Bronchomunall (lek) and Luviacl (Daiichi
Sankyo Co.) are used as treatments for RTI and human immunoglobulin is used
for pediatric HIV, sepsis, and C.

ANTIMICROBIAL PEPTIDES AS ANTI-INFECTIVES

Antimicrobial peptides are gene-encoded multifunctional effector molecules,
having a direct antimicrobial activity and/or immunomodulatory properties [53].
AMPs are folded into amphipathic structures and can destabilize the plasma
membranes of target cells. Antimicrobial peptides (AMPs) are active to various
degrees against a variety of organisms including bacteria, enveloped viruses,
protozoa, and fungi [54]. Although AMPs are a good alternative to conventional
antibiotics, they are not devoid of drawbacks. They are proteinaceous, rarely
available, and are unstable; these two features have severely hampered clinical
progress to date. Therefore, to overcome these disadvantages, various
modifications have been introduced to develop synthetic analogs that mimic the
properties of AMPs [55]. Among the most promising AMPs, multimeric peptides
i.e. peptidic dendrimers have been reported with antimicrobial properties. These
peptides modulate host immunity by modulating inflammation and activating
immunocytes.
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Naturally occurring AMPs are often referred to as ‘host defense peptides’ (HDP),
or innate defense regulatory (IDR) peptides, [56]. AMPs in prokaryotes are
produced by both Gram-negative and Gram-positive bacteria, with one abundant
class being the bacteriocins [57]. Dendrimeric AMPs containing multiple
Arginine and tryptophan dipeptides, named as (RW)4D, can be used to kill gram-
negative bacteria through the membranolytic mechanism. Peptide binding to cell
walls and membranes of bacterial targets is governed by Arginine which provides
cationic charges and Tryptophan anchored peptides to the outer leaflet of the
membrane perturbing its integrity.

Novel antimicrobial peptide dendrimer G3KL, against Acinetobacter baumannii
and Pseudomonas aeruginosa strain with natural lysine and leucine residues
alternating in the branches, act as a membrane-disrupting compound, is a peptide
dendrimer of a third generation [58]. Other dendrimeric peptides identified as
SB041, a tetra branched peptide against Escherichia coli cells also found effective
against Gram-negative microorganisms, with intensity comparable to that of
colistin and polymyxin B [59]. Another example is 2D-24, a dendrimeric peptide
with antibiofilm activity, a new synthetic compound containing RWR Arg-Tr-
-Arg) and RTtbR(2) tripeptide branches [60]. This molecule was able to kill
biofilm cells of two strains of Pseudomonas aeruginosa, namely the wild-type
PAOI1 and its mucoid mutant PDO300, in a dose-dependent manner.

Peptide-derivatized dendrimers like SB105 and its derivative SB105-A10 also can
act as an antiviral agent and inhibit the replication process of several strains of
human cytomegalovirus (HCMV) in both primary fibroblasts and endothelia cells
[61]. HCMV is a challenging pathogen of organ transplant patients, bone marrow
recipients, and patients with immunocompromised acquired immune deficiency
syndrome (AIDS). More recently, SB105 and SB105-A10 directly inhibit herpes
simplex virus 1 (HSV-1) and HSV-2 in vitro replication process by blocking
virion attachment to target cells [62]. Based on its membranotropic nature,
gH625-644 domain acts as an antiviral agent against HSV-1 and HSV-2 at the
time of entry process, by interacting with the glycoproteins that form the viral
envelope [63].

Mode of Action

There are two modes of mechanisms by which AMP functions, which include
artificial membranes and nonlytic methods. Some AMPs act using both
mechanisms [64] and some by switching from one to another based on the
characteristics of specific microorganisms.
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The functions of AMP include:

1. Disruption of Membrane Integrity - AMP often disrupts the membrane of
infectious microorganisms, making it permeable so considered as the primary
inactivation mechanism. AMP is amphipathic, and possesses interfacial
activity, resulting in functional diversity. This allows AMP to remain active
against a narrow or broad spectrum of microbial species [65]. AMPs result in
membrane disruption by the initial attraction of AMP to the membrane, causing
conformational change and insertion. For example, maculatin, isolated from the
skin glands of a green-eyed tree frog Litoria genimaculata, acts by pore
formation [66] and by the successive addition of peptide molecules to an
already existing transmembrane to form a growing oligomer.

2. Non-Lytic Action - Some AMPs do not act on membrane but act on
intracellular and extracellular targets, resulting in the inactivation of specific
metabolically essential components and cell wall biogenesis. For example, Trp-
rich AMPs enter into bacteria by direct translocation, but without resulting in
cell lysis [67]. The proline-rich AMPs enter bacterial cells using specific
membrane transport proteins.

3. Nucleic Acid Biosynthesis and Metabolism Inhibitors - This group includes
helical buforin II and Trp-rich indolicidin which are homologous to DNA-
binding protein histone H,A and act by disrupting the bacterial membrane and
inhibiting DNA synthesis, or, more specifically, inactivating DNA
topoisomerase [68].

4. Inhibitors of Protein Biosynthesis and Folding - AMPs like bovine
cathelicidin Bac7, a long peptide isolated from bovine neutrophils, proline-rich
peptides with PR-39, CP10A, interferes by disrupting protein synthesis, and
protein-folding. Pyrrhocoricin, apidaecin, drosocin, and Bac71-35 all inhibit
DnaK, and ATPase activity and prevent DnaK from refolding misfolded
proteins [69].

5. Inhibitors of Bacterial Proteases - Some AMPs, like histatin-5,
inhibit/dysregulate proteases [70] which in turn act as a therapeutic agent to
reduce extracellular matrix degradation caused by host proteases. These AMPs
reduce virulence and are antimicrobial.

6. Cell Division Inhibitors - CRAMP, an antimicrobial peptide orthologous to
human LL-37, is a potent membranolytic, which interferes with the septation
process, inhibiting bacterial cytokinesis. C18G inhibits cell division by strongly
stimulating the PhoQ/PhoP signaling system. This, in turn, results in increased
synthesis of QueE, which is an enzyme that inhibits septation by interacting
with the divisome [71].

7. Lipopolysaccharide (LPS)-Binding Peptides- These AMPs specifically act
on the surface of Gram-negative bacteria, can bind to LPS, and disrupt the
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outer membrane, affecting the cell’s structural integrity and survival, for
example, frog peptides temporins A and B from Rana temporaria [72].

Therapeutic Potential

AMPs have often been used as novel therapeutic agents for treating microbial
infections as an alternative to classical antibiotics treatment due to several
advantages like they are multimodal, multifunctional, fast-acting, and have
healing activities [73]. Several AMPs, such as the membrane-active gH625 and its
analog gH625-GCGKKKK, are found to be active against biofilm-forming
bacteria. Even polymyxin B and gramicidin S [74] have recently been reported to
be active against multidrug-resistant strains and biofilms of Pseudomonas
aeruginosa.

Several AMPs e.g. bacitracin, polymyxin, and tyrothricin are produced by
Bacillus sp and used as a topical agent due to hemolytic properties. Polymyxin is
used for the treatment of gram-negative infections and MDR, and Bacitracin, a
mixture of cyclic polypeptides, is used in combination with polymyxin and
neomycin (Neosporin™) for topical treatment of eye and skin infections [75].
Nisin, a natural (34-residue) AMP produced by Lactococcus lactis, is effective
against Gram-positive bacteria, in particular mastitis pathogens.

Finally, another cyclic lipopeptide, daptomycin, is utilized for the treatment of
infections caused by MDR Gram-positive pathogens [76]. There are several
antimicrobial peptides that are obtained from marine organisms such as bacteria,
sponges, mud crabs, ascidian, spider crabs, jellyfish, and fish. Aurelin (1)
exhibited activity against gram-positive and gram-negative bacteria (Listeria
monocytogenes and Escherichia coli) [77]. Lee et al. reported that arenicin-1 (2),
isolated from the marine polychaete Arenicola marina, exhibited significant
antibacterial activity against Pseudomonas aeruginosa and Staphylococcus aureus
[78].

Tauramamide (3), inhibits gram-positive human pathogen Enterococcus sp. and
Methicillin-resistant  S. aureus., produced from marine bacterial isolate
Brevibacillus laterosporus PNG276, obtained from Papua New Guinea [79].
Scygonadin (5), an anionic antimicrobial peptide, from the seminal plasma of
Scylla Serrata [80], inhibits Micrococcus luteus, E. coli, P. aeruginosa, S. aureus,
and Streptococcus pyogenes. Halocidin (36), from hemocytes of a marine
ascidian, and Cyclopeptide pedein A (39), from myxobacterium Chondromyces
pediculatus, are antimicrobial peptides that show potent antifungal activity against
C. Albicans [81].
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Three cyclic depsipeptides, mirabamides A (85), C (86), and D (87), isolated from
the sponge Siliquariaspongia mirabilis, papuamides, are a class of marine sponge-
derived cyclic depsipeptides, asperterrestide A (98), a cyclic tetrapeptide isolated
from the marine-derived fungus Aspergillus terreus, which are thought to have
cytoprotective activity against HIV and influenza virus strains A/WSN/33 (HIN1)
[82].

BACTERIOPHAGES AS ANTI-INFECTIVE AGENTS

Bacteriophages are organisms that kill bacterial cells. They are most abundant on
earth and reduce the global bacterial population. Bacteriophage characteristics
make it attractive for next-generation therapeutic agents, with several benefits
over conventional antibiotics. Phages facilitate effective treatment by low phage
dose delivery, get amplified at the infection site, and therefore, can be used as a
therapeutic approach. The western scientific community started the assessment of
various applications of phages and their products for the treatment of infectious
diseases due to the increasing prevalence of antibiotic resistance among bacterial
pathogens [83]. Bacteriophages can be used against pathogens including
Pseudomonas spp [84], vancomycin-resistant Enterococci [85], antibiotic-resistant
Staphylococci [86], multidrug-resistant Klebsiella pneumonia [87], imipenem-
resistant [88], and multidrug-resistant Pseudomonas aeruginosa [89], antibiotic-
resistant strains of Escherichia coli [90], and methicillin-resistant Staphylococcus
aureus [91]. There are different strategies derived from phages to combat bacterial
infections such as enzybiotics and whole-phage therapy [92].

Whole phage therapy may contain one or few phage strains or a mixture of several
phages. The use of this therapy has advantages because of its specificity, self-
destruction capability, with no side effects, wide administration routes,
exponential reproduction, and a single dose efficiency to treat infection [93].

Nowadays, bacteriophages are used as a source of biochemical reagents for the
treatment of human and animal diseases and as anti-infective agents for
diagnostics and therapeutic delivery technologies. There are at least 20 lytic
bacteriophages, which target clinically relevant, dominant ribotypes which are
associated with hospital infection outbreaks. These bacteriophages are of
significant therapeutic potential for anaerobic pathogens too. Ian Connerton
(University of Nottingham, UK) highlighted the potential of bacteriophages as
alternatives to conventional antimicrobial approaches for food-borne pathogens
control, in particular Campylobacter jejuni [94].

Bacteriophages can reduce the high incidence of Campylobacter carriage in
poultry (up to 80%) [95], and this reduces their entry into the human food chain.
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Campylobacter bacteriophages prove themselves as potentially useful agents for
therapy, bio-sanitation, food processing, and packaging reduce the number of
food-borne pathogens in poultry products. Bacteriophages are also effective in
controlling C. jejuni and biofilms in vitro [96].

The use of bacteriophages for decontamination of poultry products, treatment of
Pseudomonas aeruginosa infections causing pulmonary infections, biofilm
disruption, are the potential applications of bacteriophages as an anti-infective
therapy. Isolation and identification of two novel enzymes namely polyy-
glutamate and a polysaccharide lyase of bacteriophage likely to be involved in the
initial degradation of the host mucoid capsule may be useful in disruption of the
exopolysaccharide biofilm matrix.

A novel class of protein— RNA toxin-antitoxin (TA) pair, ToxIN, represents the
phage abortive infection system obtained from Erwinia carotovora subspecies
atroseptica, which consists of a protein toxin and a specific RNA antitoxin [97].
Positive therapeutic results were obtained in patients with a wide range of
bacterial infections caused by the pathogenic Staphylococci, Klebsiella,
Escherichia, Proteus, and Pseudomonas bacteria [98]. Also, bacteriophages were
used for treating chronic skin infections caused by Pseudomonas, Staphylococcus,
Klebsiella, Proteus, and E. coli [99]. More recently in the same group, antibiotic-
resistant septicemia was treated with phage therapy, and complete recovery was
achieved in 85.1% of cases, whereas in 14.9% of cases, phage therapy was
ineffective [100].

Phage Endolysins as Therapeutics

Bacteriophages encode enzymes called peptidoglycan-degrading enzymes,
responsible for the lysis of the host bacterial cell at the end of the lytic cycle.
These are known as Endolysins and they require a lysis factor called holin which
helps in penetration in the cell membrane [101] by forming pores in the
membrane and providing access to reach its target and causes cell lysis [102].
Lysins are of different types depending upon the acting cleavage site within the
peptidoglycan named as N-acetyl-B-D-muramidase, lytic transglycosylase, N-
acetyl-pB-D-glucosaminidases, N- acetylmuramoyl-L-alanine amidases, L.-alanoy-
-D-glutamate endopeptidases, and interpeptide bridge-specific endopeptidases
[103]. Phage C1 produces endolysin known as streptococcal lysine which is
specific for groups A, C, and E Streptococci [104], and lysin from phage y of B.
anthracis 1s effective against vegetative cells and germinating spores [105].

Staphylococcal phage MR11 was found to be active against Staphylococcus
infections in mice, and lysin PlyV12 was active against E. faecalis and other
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Gram-positive pathogens, such as Staphylococci and Streptococci [106]. Gram-
negative endolysins have antibacterial applications, for example, Pseudomonas
aeruginosa produces endolysins having a broad target range, but its application as
an antibacterial is compromised due to the presence of the outer membrane. Thus,
antibacterial activity is only possible after the treatment of the outer membrane of
Gram-negative cells with EDTA [107] or by the fusion of hydrophobic amino
acids to the endolysin, which enables the movement of the endolysin across the
outer membrane.

Phage therapy as a Therapeutic Approach to Mycobacterial Infections

More than 4200 bacteriophages can infect Mycobacterium spp resulting in the
application of bacteriophage as a candidate for alternative therapy in non-
mycobacterial infection, and showing that bacteriophage has a high capacity to
efficiently eradicate pathogenic bacteria. Bacteriophages cannot infect human
cells and replicate only in the target bacterium and cause the lyses at the site of
infection. Also, their administration is easier and the concentration of phages
increases at the site of infection; therefore, very few doses are required, and they
are highly virulent against MTB [108]. The use of nonvirulent mycobacterium, M.
smegmatis as a delivery system, for the treatment of mycobacterial infection
could deliver phage to the intracellular pathogen, and also high proliferation rate
of bacteriophage also provide an appropriate environment for its activity within
mononuclear cells [109].

The emergence of MDR and XDR in M. tuberculosis has attracted different
research groups to investigate the bacteriophage roles as a suitable alternative to
antibiotics in the treatment of TB. Bacteriophages can be used as an alternative to
antibiotics to infect and kill mycobacteria. Different bacteriophages against TB as
therapeutic options are available which include Phage DS-6A, Phage TM4, Phage
D29, etc.

THERAPY BASED ON ANTIBODY

In the 1890s to treat human infections, antibody-based (serum) therapies were
first used, including Haemophilus influenza, Corynebacterium diphtheriae,
Streptococcus pneumonia, and Neisseria meningitides, group A streptococcus,
and Clostridium tetani [110]. Major advances in the technology of antibody
production have led to the use of antibodies as antimicrobial agents. Hybridoma
technology provided the means to produce monoclonal antibodies (human
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antibodies and humanize murine MABs) in unlimited amounts [111]. Today
antibody therapy is used in few situations, including toxin neutralization
(diphtheria, tetanus, and botulism), replacement therapy in immunoglobulin-
deficient patients, and post-exposure prophylaxis against several viruses (e.g.,
rabies, measles, hepatitis A and B, varicella). Three recent developments in
antibody-based therapies opened an option for serious consideration in treatment.
First, difficulties involved in the treatment of immunocompromised patients can
be resolved; Second, human antibody reagents can be synthesized and associated
toxicities can be avoided; and Third, the emergence of new, old, and drug-
resistant pathogens can be declined. Also, MABs recognize one epitope and have
higher specific activity than polyclonal antibodies, resulting in greater therapeutic
efficiency.

Due to its homogeneity, specific activity, safety, and constancy, MABs are
superior over polyclonal antibodies. However, different therapeutic monoclonal
antibodies can be combined to produce polyvalent antibodies with multiple
specificities and isotypes. Antibodies can be produced within the human body
against all existing pathogens from combinations of variable gene elements and
also against an extraordinarily large number of antigens. During the production of
an immune response, somatic mutations are introduced into genes for higher
affinity and diversity [112]. Hence, antibody-based therapies can be used against
any pathogen, although the level of antibody immunity differs among different
pathogens. Natural antibodies can be generated against two fungi, Candida
albicans and Cryptococcus neoformans [113] but the MABs enhance the
therapeutic efficacy of chemical antibiotics against C. neoformans in models of
cryptococcosis. Antibody therapy is not limited to extracellular pathogens, but
intracellular pathogens can also be treated with MABs.

Some IgA MABs can neutralize intracellular viruses, and interfere with the
intracellular replication of Toxoplasma gondii [114]. It has been proposed that
intracellular virus neutralization by IgA occurs by antibodies binding to viral
proteins and interfering with viral assembly. Additional evidence for intracellular
antibody activity comes from the observation that IgG anti-DNA autoantibodies
can enter the cytoplasm and nucleus of living cells. Antibody functions through
different mechanisms, including neutralization, inhibition of microbial
attachment, agglutination, antibody-directed cellular cytotoxicity, complement
activation, and opsonization. MABs exhibit versatile activities: some are active
directly against the pathogen, some neutralize the toxic products of infection, and
others enhance the efficacy of host effector cells. The versatility of antibody-
based therapies is illustrated by the ability of digoxin-binding antibodies to
reverse digoxin toxicity and recent attempts to treat septic shock by employing
MAB:s that bind cytokines [115]. Monoclonal antibodies could target a wide range
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of biological agents, including bacterial, viral pathogens, fungi, and associated
toxins [116].

Monoclonal antibodies bind to the components of structural cell surface followed
by bactericidal clearance or antibody-dependent cytotoxicity [117]. Monoclonal
antibodies show potent activity against viral epitopes and can target receptors and
coreceptors located on host cells and induce antibody-dependent cytotoxicity. For
example, MABs (ibalizumab) are licensed for HIV therapy in adults and RSV
infection in high-risk children [118]. Concerning RSV, palivizumab interferes
with virus attachment and fusion by binding RSV F protein [119]. MABs are also
used to treat influenza or neutralize MABs against Ebola and Middle East
respiratory syndrome coronavirus (MERS-CoV) (Table 2).

Table 2. Examples of Potential MABs.

Category Target Comments
Bioterrorism Anthrax (B. anthacis) Need for immediate dispersal upon exposure
Small Pox Population of non-immune individuals
Ebola virus Highly virulent
Emerging diseases SARS COV Also, potential bioterrorists agents
Influenza virus Possibility of recurrence of 2003 pandemic, HIN1 and
H5N1 are pandemic threats
Susceptible populations Parainfluenza virus An important class of nosocomial infection
Candida Sp.
MDR bacteria MRSA, VRSA Increasing prevalence in the community
Pseudomonas aeruginosa An important class of nosocomial infection

PROBIOTICS AS BIOTHERAPEUTIC AGENTS

Probiotics are live microorganisms that confer a health effect on the host when
administered in adequate amounts by enhancing gut health and overall human
well-being, resulting in their increased demand. The most common strains of
probiotic bacteria are from the genera Lactobacillus (i.e., L. rhamnosus, L.
acidophilus, L. plantarum, L. casei, L. delbrueckii subsp. Bulgaricus, etc.) and
Bifidobacterium (i.e., B. infantis, B. animalis subsp. lactis, B. longum, etc.). The
most common probiotics are certain strains from the genera Lactococcus lactis
subsp. lactis, Pediococcus acidilactici, Bacillus subtilis, Leuconostoc
mesenteroides, Enterococcus faecium, Streptococcus thermophilus, Escherichia
coli Nissle 1917, etc. Certain yeasts such as Saccharomyces boulardii are also
probiotics [120]. Probiotics not only improve gut health but also exert other
health-promoting effects, including chronic diseases such as high serum
cholesterol, cancer, allergy, and slow disease progression and symptoms of HIV



Anti Infective Therapies Frontiers in Anti-infective Agents, Vol. 5 141

[121]. Probiotics modulate the gut microbiota, enhance the working of gut barrier
functions, degrade carcinogens, and enhance the immune system [122].

A study conducted by Ma et al. [123] found that probiotic Bacillus
polyfermenticus exerts an anticancer effect on human colon cancer cells
stimulating IgG production and modulates the number of CD4p, CD8p, or NK
cells. In another study, 54 women found that daily probiotic consumption for 6
months enhanced the clearance of human papillomavirus (HPV), causing cervical
cancer [124]. The administration of probiotics causes an improvement of lipid
profiles, including reduction of serum/plasma total cholesterol, LDL-cholesterol,
and triglycerides [125].

For example, probiotic Lactobacillus reuteri NCIMB 30242 and a few other
Lactobacillus and Bifidobacterium strains have the potential to reduce serum
cholesterol levels, thereby reducing the risk of cardiovascular diseases,
hypertension, hyperlipidemia, and build-up of atherosclerotic plaque in the
arteries [126]. Also, probiotic intake reduces the prevalence of allergic diseases,
including atopic dermatitis, rhinoconjunctivitis, and asthma as well as alleviate
the common symptoms associated with HIV patients.

Nowadays, consortia of different probiotic species deliver a superior impact on
human health as compared to the use of a single probiotic strain. For example,
probiotic VSL#3 consists of 8 different mixtures of probiotics and was proven to
be effective in treating several diseases, including ulcerative colitis, irritable
bowel disease, diarrhea, improving hepatic insulin resistance in diabetic patients,
enhancing the immune system of the consumer, and many more [127]. In
addition, combinations of Bifidobacterium infantis with Lactobacillus acidophilus
were found to be effective in reducing the incidence of necrotizing enterocolitis
(NEC) and NEC-associated mortality in critically ill neonates [128].

Probiotics' important characteristics are their antimicrobial activity against
pathogens, which makes them beneficial for maintaining the homeostasis of the
intestinal flora. The antagonistic activity of probiotics against another includes
competition, immune modulation, alleviating host defense systems, production of
organic acids or hydrogen peroxide that lower pH, production of antimicrobials,
such as bacteriocins, antioxidants, production of signaling molecules that trigger
changes in gene expression [129].

Probiotics can produce antimicrobial substances such as lactic acid, acetic acid,
formic acid, phenyl lactic acid, and benzoic acid, as well as other organic acids,
short-chain fatty acids, hydrogen peroxide, carbon dioxide, acetaldehyde, acetoin,
diacetyl, bacteriocins, and bacteriocins-like inhibitory substances and others
[130]. Lactobacillus strains exert bacteriostatic activity against pathogenic
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bacteria by strain-specific production of bacteriocins and block the growth of
enterovirulent bacteria, including H. pylori, EHEC, Shigella, Salmonella, and
Campylobacter [131].

The most common bacteriocins include enterocin, enterolysin, lacticin,
plantaricin, and nisin, which show bactericidal activity against various Gram-
negative and Gram-positive gastric or enterovirulent bacteria like Shigella, E. coli,
Vibrio cholerae, etc. Probiotics strains are also an alternative therapy for the
disruption of the natural balance of skin microbiota, and they have a positive
effect on host health and skin healing through the production of immune cells.
Probiotics inhibit the growth of pathogen’s by the release of bioactive molecules
which interfere with the pathogen's quorum sensing system, facilitating removal
from the skin via peristaltic elimination. Probiotics act on the epidermis and
dermis by functioning as signaling receptors against pathogens, and they activate
the production of beta-defensins and promote wound healing of the skin [132].
Several studies have indicated the positive effects of probiotics on wound healing,
various skin problems, surgical site infections by mechanisms mainly included
immune modulation including production of TNF —a and IL 10, systemic cellular
immune response, modulation of the gene expression of SOCS3, and pathogen
inhibition [133].

NANOTECHNOLOGY-BASED  ANTI-INFECTIVES TO  FIGHT
MICROBIAL INTRUSIONS

Nowadays, nanotechnology is emerging as a new strategy to potentiate its
therapeutic benefits and circumvent multiple disadvantages of antiviral drugs and
antibiotics [134]. In this aspect, a variety of nanoparticles have been investigated
to improve the efficacy of various therapeutics for the treatment of infectious
diseases [135]. Nanomaterials sizes are of the same order as biomolecules and
have a greater surface area to volume ratios, which results in enhanced chemical
reactivities and bioactivities. Nanoparticles increase drug solubility/ stability,
prolong the circulation time, overcome biological barriers, enhance bioavailability
and modulate drug release profiles relevant to pathological changes [136].
Nanoparticle-based strategies reduce resistance development and reverse acquired
resistance by changing the route of delivery, conferring antibiofilm effect,
modulating the interaction between drug and pathogen, and promoting the uptake
of nanoparticles [137].

Also, nanoparticles amplify the activity of adjuvants and antigens, and protect
them from degradation by enzymes, and can achieve target delivery in immunity-
related tissues, APCs, and subcellular compartments [138]. For achieving
desirable immune responses, nanoparticles allow lower doses of vaccines and
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inhibit the nonspecific immune activation resulting from systemic delivery of
soluble antigens [139]. Also, antigens can be delivered at the specific site, thereby
generating expected immunity for protection against pathogens [140].

Nanoparticles made of metals act as a promising antimicrobial agent with a broad
range of activity and with the ability to integrate into numerous materials such as
foams, fibers, plastics, and coating materials [141]. Nanotechnology develops new
products and also modifies old ones to enhance the efficacy by loading drugs on
nanoparticles through chemical conjugation, physical adsorption, and
encapsulation in the polymer. Drugs laded nanoparticles improve the efficiency of
drugs through endocytosis for the treatment of microbial infections [142].
Recently, biomimetic strategies in combination with nanotechnology create
nanoparticles with optimized surface physicochemical properties for drug delivery
and vaccine development [143].

Advantages of wusing these biomimetic nanoparticles include diversity,
tailorability, and reproducibility of synthetic nanomaterials as well as the
functionality, complexity, and biocompatibility of biological materials [144].
These nature-inspired nanoparticles can function as effective nanotherapies
against infectious diseases and serve as advanced nanocarriers for site-specific
delivery of therapeutics.

Nanomaterials for the Infections Control

Nanomaterials can be used for various biomedical applications in managing
various diseases. The application of nanoparticles (NPs) provides a potential
strategy to manage infections caused by MDROs. Some of them are:

Carbon Nanotubes

Carbon nanotubes (CNTs) have drawn a lot of attention due to their outstanding
physical properties and tuneable morphologies [25]. Functionalized carbon
nanotubes (f-CNT) are emerging as a new family of nanovectors for therapeutic
delivery, proving innovative and efficient for the transport and cellular
translocation of therapeutic molecules [19, 26 - 38]. This f~-CNT can be prepared
with one or more bioactive substances from the group containing peptides,
proteins, nucleic acids, and drugs, and can be delivered to cells or organs. CNTs
are cylindrical nanostructures consists of hexagonal arrays of covalently bonded
carbon atoms. These possess strong antimicrobial activity [145] but have poor
solubility [146].
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Solubility of CNTs can be enhanced after stabilization by surfactants [147].
Functionalized CNTs is fixed with drug either on the surface or inside. The
conjugate obtained is then introduced into the body of the animal by different
ways (oral, injection) or directly to the target site through the use of a magnetic
conjugate, for example, lymphatic nodes. The cell ingests the drug CNT capsule,
and finally, the nanotube spills its contents into the cell, and thus the drug is
delivered.

Recently, Venkatesan et al. [148] reported chitosan conjugated CNT hydrogel
with antimicrobial activity against Staphylococcus aureus, Escherichia coli, and
Candida tropicalis. CNT can be used as a novel tool for vaccination against cancer
and some infectious diseases [149]. According to Orecchioni et al. [150], various
body cells, including cells of the immune system such as macrophages,
monocytes, natural killer, dendritic cells, T and B cells, can uptake the CNTs, but
nanotubes do not damage the functionality of these cells [151]. CNTs also have
antiparasitic activity against parasitic infections like visceral leishmaniasis, for
example, CNTs-Amphotericin B complex drug [152].

CNT functionalized within gelatin fluoroquinolones bioconjugates and dapsone
functionalized carboxylated MWCNTs demonstrated the antibacterial activity
against Klebsiella pneumoniae and E. coli [153]. Moreover, pegylated silver-
coated SWCNTs were also found effective against food-borne Salmonella species
[154].

b. Fullerenes: They are carbon engineered nanomaterials, a er-ball-shaped
structure composed of 60 carbon atoms with both hydrophobic (C60) and
hydrophilic derivatives which help them in better interaction with the cell wall of
pathogens. Functionalization of fullerene by hydroxyl groups leads to the
formation of polyhydroxy fullerenes (PHFs) and is found to possess antioxidant
properties and inhibit allergic response [155]. A coating of polyhydroxyl fullerene
and titanium oxide results in the rapid destruction of microbes [156] and can be
efficiently used for the treatment of various diseases like cancer therapy, viral
infection, efc.

Yu et al. [157] demonstrated the antibacterial activity of a sulfobutyl fullerene
derivative on environmental bacteria, and Mizuno et al. [158] demonstrated
cationic- substituted fullerene derivative effectivity against broad-spectrum
pathogens, including Gram-positive (Staphlyococcus aureus), Gram-negative
bacterium (£. coli) and fungus (Candida albicans). Deryabin et al. [159] prepared
conjugated fullerene derivatives and compared their antibacterial activity against
E. coli.

c. Dendrimers: Dendrimers are ordered structures with the functional group on
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the surface of the dendrimers. Substantial antimicrobial activity of the dendrimer
is due to the type and size of a functional group [160]. Amino terminated
PAMAM dendrimers were found to possess the strongest antibacterial activity as
compared to PAMAM-OH and PAMAM-COOH because the amino group
promotes the disruption of the bacterial membrane through electrostatic
interaction [161]. The development of an coumarin-derived dendrimer for the
detection of malaria by detecting the malarial antigen along with FLISA
(Fluorescence-linked immunosorbent assay) makes this technique more sensitive
and efficient than that of enzyme-linked immunosorbent assay (ELISA) [162].
Recently, biocompatible phloroglucinol succinic acid dendrimer was found to be
potential against a Gram-positive bacterium Staphylococcus aureus, E. coli, and
human pathogenic C. Albicans [163].

Nanocomposites

Nanocomposites are organic or inorganic with unique properties [164]. Silver bio-
nanocomposites (Ag BNCs) were explored for their antibacterial activity against
Gram-negative and Gram-positive bacteria [165]. Chitosan-silver nanocomposites
were evaluated for their antimicrobial activity against Staphylococcus aureus
(MTCC 1809), Pseudomonas aeruginosa (MTCC 424), and Salmonella enterica
(MTCC 1253) [166]. Tobramycin-silver nanocomposite and chitosan—silver oxide
encapsulated nanocomposite were demonstrated as novel antimicrobial agents
[167] against different antibiotic-resistant microorganisms such as Staphylococcus
aureus, Klebsiella pneumoniae, Pseudomonas aeruginosa, Acinetobacter
baumannii, and Proteus mirabilis.

Nanocomposite like Polyacrylamide Ce(IV) silicophosphate (PAM—-CSP) has
efficient antimicrobial activity against E. coli and Staphylococcus aureus. Pinto et
al. (2013) [168] prepared nanocomposites comprising copper nanofillers in
cellulose matrices by in situ and ex-situ methods and studied antibacterial activity
of these nanocomposites against Staphylococcus aureus and Klebsiella
pneumoniae. Armentano ef al. (2014) [169] studied polymeric nanocomposites
and surface-engineered materials and antimicrobial modifications of polymers
using a nanocomposite approach. It also signifies a promising alternative to
classic antibiotic therapies or antimicrobial-coated or loaded biomaterials.

Recently, for the biological treatment of drinking water, chitosan-based
nanocomposites have been developed to kill waterborne pathogens. Numerous
waterborne pathogens are responsible for the diseases like cholera, hepatitis A,
amoebiasis, efc. Chitosan-based nanocomposites were developed and incorporated
in the membrane filters and used for the treatment of drinking water [170]. This
approach of treating wastewater was very efficient in killing the pathogens present
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and ultimately useful for the management of infections caused due to waterborne
pathogens.

e. Metal nanoparticles: Nanoparticles such as silver, copper, titanium,
magnesium, gold, and alginate have strong antibacterial capabilities, and silver
nanoparticles are used for antibacterial wound dressing. Magnetic nanoparticles,
Zn0O, and CuO nanomaterials can be used for wound healing and against
Staphylococcus aureus biofilm Gram-positive, and Gram-negative bacteria [171].
Silver, titanium dioxide, and silica dioxide nanoparticles show efficacy against
Streptococcus mutans and E. coli, Pseudomonas aeruginosa, and Staphylococcus
aureus [172]. Nanomedicines are also effective against HIV eradication through
nanomaterials-based targeted drug delivery.

PEG-based nanocarriers for delivery of antiretroviral in HIV patients were found
to be effective [173]; for example, pentasaccharide conjugated with PEG for the
delivery of enfuvirtide (antiviral drug)showed several-fold increases in half-life
enabling weekly dosing of the drug and showed strong potency as a novel long-
lasting anti-HIV-1 drug.

Polyvinyl alcohol-melamine formaldehyde films coated with silver nanoparticles
were developed for foot ulcers in diabetic patients [174]. These dressings showed
potential antibacterial activity against Staphylococcus aureus, Proteus Vulgaris,
Pseudomonas aeruginosa, and E. cloacae species isolated from wound samples.

Antibiotic-resistant pathogens show sensitivity against silver nanoparticles
making them stable and enhances their antimicrobial efficacy for a longer
duration. Similarly, chitosan stabilized silver nanoparticles in conjugation with
antibiotics fabricated the wound dressings [175]. To prevent biofilm formation
over the surface of the dental materials silver nanoparticles are used frequently
nowadays to reduce dental infections such as Streptococcus mutans and
Lactobacillus spp [176].

Recently, modified antimicrobial restorative materials incorporated with silver
nanoparticles have been developed for the reduction of infections from organisms
causing a dental problem. Modification of metal nanoparticles enhances their
bioactivity. For example, simple magnetic (Fe,O,) nanoparticles with PAMAM
showed considerably good antimicrobial activity against Staph. aureus and E. coli
[177].

Mechanism of Nanoparticles Against Bacteria

NPs, to achieve their antibacterial function, need to be in contact with bacterial
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cells through van der Waals forces, electrostatic attraction, receptor-ligand, and
hydrophobic interactions. After contact, NPs can cross the bacterial membrane,
influencing the shape and function of the cell membrane, interacting with the
bacterial cell’s basic components, and leading to oxidative stress, alterations,
disorders, inhibition, deactivation, and changes in gene expression.

The following mechanisms are:

a. Oxidative stress: An important antibacterial mechanism of NPs is ROS-
induced oxidative stress. ROS are reactive intermediates that have strong positive
redox potential. The four types of ROS which exhibit different levels of dynamics
and activity include superoxide radical, hydroxyl radical, hydrogen peroxide, and
singlet oxygen. For example, O,— is generated by magnesium and calcium oxide
NPs, whereas H,O, and OH are generated by zinc oxide NPs. The produced O,—
and H,0, cause less acute stress reactions, whereas OH and O, can lead to acute
microbial death [178].

Oxidative stress causes a change in the permeability of the cell membrane, which
induces bacterial cell membrane damage. Nanosilver ions can activate the oxygen
in air or water, leading to the production of hydroxyl radicals and reactive oxygen
ions and preventing the proliferation of bacteria [179] Also, ROS can attack
proteins and depress the activity of enzymes carried out some physiological
processes in bacterial cells. ROS can be produced from NPs by different
mechanisms like the photocatalytic method, resulting in the production of reactive
reactants [180] that attack intracellular organic matter in bacteria. Another method
of ROS production is ultrasonic activation, in which NPS can split water into ions
and react with dissolved oxygen to generate H,O, in an environment containing
water and oxygen and penetrate the cell membrane to kill bacteria.

b. Dissolved Metal Ions: Metal oxide produces ions that slowly release and
absorb through the cell membrane, followed by direct interaction with the
functional groups of proteins and nucleic acids, leading to the damage to enzyme
activity change in cell structure and ultimately inhibiting the microorganism
[181].

c. Non-oxidative Mechanisms: MgO NPs have good antibacterial effects on E.
coli under UV light, natural light, or complete darkness and are unrelated to the
membrane lipid peroxidation caused by oxidative stress.

There are three approaches:

1) When the bacterial cell membrane is broken and surface pores are visible, MgO
NPs are not observed in the cell, and no excessive Mg ions are visible in X-ray
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spectroscopy spectra, resulting in damage to the cell membrane.

2) Only one type of MgO NP can detect small amounts of ROS, the other two
cannot.

3) Lipopolysaccharide (LPS) and phosphatidylethanolamine (PE) in the cell wall
are not significantly changed by MgO NP treatment, which indicates that MgO
does not cause lipid peroxidation. In addition, the amount of ROS-associated
protein in the cell is not increased, but many critical cellular metabolic processes
related to proteins, including amino acid metabolism, carbohydrate metabolism,
energy metabolism, and nucleotide metabolism, are significantly reduced [182]

Antiviral Mechanism of Nanoparticles

Virus infection mainly consists of attachment, penetration, replication, and
budding, while antiviral nanoparticles inhibit viruses by blocking or suppressing
some of these steps. The major way to suppress viruses is to inactivate them and
change their capsid protein structure, which then dramatically reduce virulence.
Viral infections proceed with attachment to host cells, by binding to the target
receptor protein; however, nanoparticles can inhibit this attachment. For example,
antiviral nanoparticles with heparan sulfate proteoglycans (Viral attachment
ligands) can achieve efficient viral prevention through effective viral association
with a binding simulated to be strong and multivalent to the VAL repeating units
[183].

Another way to suppress viruses is to block their penetration and entry to host
cells by changing the cell surface membrane and protein structures. For example,
water-soluble fullerene- polyglycerol sulfates (FPS) with polyglycerol sulfate
branches prevent interaction of vesicular stomatitis virus coat glycoprotein in
baby hamster kidney cells.

On entry of the virus into the cell, destroying their replication machinery is the
third effective strategy to inhibit the virus. This can be achieved by suppressing
the expression of certain enzymes involved in the replication of virus DNA or
RNA. The final strategy is to inhibit virus budding and excrete it from host cells.
The offspring of a virus may be more virulent than its mother, and if functional
nanoparticles prevent the virus from budding, it will be helpful in greatly reducing
the number of offspring viruses.

CONCLUSION

Due to increasing MDR among microbes in this present era to many antibiotics, it
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is becoming very difficult to fight against diseases that cause mortality. Therefore,
the exploration of novel approaches toward the improvement of human life should
be focused on. It is evident that the search for alternatives for the treatment and
control of microbial diseases is a complex path. According to the scientific reports
presented in this chapter, it may be concluded that the application of
nanotechnology in drug delivery systems has enormous potential and can be
considered as an effective alternative for treatment in the near future.
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LIST OF ABBREVIATIONS

DALY  Disability-adjusted life years

DNA Deoxyribonucleic Acid

WHO World Health Organization

HIV Human immunodeficiency virus

TB Tuberculosis

MDR Multi Drug Resistance

NP Nanoparticle

DHFR  Dihydrofolate reductase

PDR Pan Drug resistance

XDR Extensively-drug resistant strains

AMR Antimicrobial Resistance

ESBLs  Extended spectrum beta-lactamases
WWTPs Wastewater treatment plants

ROI Reactive Oxygen Intermediates

RNI Reactive Nitrogen Intermediates

NADPH Nicotinamide adenine dinucleotide phosphate
ROS Reactive Oxygen Species

PACT  Photodynamic antimicrobial chemotherapy
PDT Photodynamic therapy
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NO Nitric Oxide

TLR Toll-like receptors

CD Cluster of differentiation
NK Natural Killer

LPS Lipo Poly Saccharide
IFN Interferon

HCV hepatitis C virus

HBV hepatitis B virus

CSF Colony Stimulating factors

GMCSF Granulocyte-macrophage Colony Stimulating factors
HSV Herpes Simplex Virus

EBV Epstein-Barr virus (EBV

RTI Respiratory tract infections

AMP Antimicrobial Peptides

HDP Host defense peptides

IDR Innate defense regulatory peptides
HCMV  Human cytomegalovirus

AIDS Acquired immune deficiency syndrome
RNA Ribonucleic acid

MAB Monoclonal Antibody

HPV Human papillomavirus

NEC Necrotizing enterocolitis

EHEC  Enterohemorrhagic E.Coli

TNF Tumor Necrosis Factor

CNT Carbon Nanotubes

SWNTs Single-walled nanotubes

MWNT  Multi-walled nanotubes

PHFs polyhydroxy fullerenes

PAMAM Polyamidoamine dendrimers

FLISA  Fluorescence-linked immunosorbent assay
ELISA  enzyme-linked immunosorbent assay
VAL Viral attachment ligands

FPS fullerene-polyglycerol sulfates
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CHAPTER §

Anti-infective Agents against Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS CoV-
2)

Ramadevi Mohan' and Subhashree Venugopal”
! Department of Integrative Biology, VIT University, Vellore-632014, Tamil Nadu, India

Abstract: SARS-CoV-2, a newly identified coronavirus, causes the coronavirus
disease of 2019 usually termed COVID-19 and is considered a pandemic and spreads
by zoonotic transmission. The human coronavirus SARS CoV2 is similar to SARS
CoV and MERS CoV both belonging to the B-coronavirus group but the mild
differences between them influence the greater pathogenicity in SARS-CoV-2. The
virus produces 4 clinically important proteins that are responsible for host-cell receptor
attachment, suppression of host gene expression, and replication leading to multiple
infections. It is much important to get insights into the essence of the virus and the
virus-induced disease. Since the viruses have the ability to mutate quickly, the
discovery of drugs against the virus is challenging. However, many scientists and
researchers across the world are working hopefully to discover drugs or vaccines to
slow down or stop the replication process of the virus. The repurposing of existing
drugs has gained importance as it reduces time and cost-effectiveness during the drug-
discovery process and development. In this chapter, we have highlighted the on-going
researches on drugs against SARS-CoV-2 which are under various phases of a clinical
trial. These include various FDA-approved (Food and Drug Administration) inhibitors
such as protease inhibitors, polymerase inhibitors, antimalarial drugs, rheumatoid
drugs, and lipid- lowering statins.

Keywords: Antimalarial drugs, Anti-infective agents, Coronavirus, COVID-19,
Polymerase inhibitors, Protease inhibitors, Repurposing of drugs, SARS-CoV-2.

INTRODUCTION

Coronaviruses (also known as CoVs) constitute a crucial category of viruses
predominantly infecting humans through the transmission of zoonoses. Over the
past two decades, this novel coronavirus has emerged as the third instance, after
SARS-CoV (severe acute respiratory syndrome) and MERS-CoV (Middle East
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respiratory syndrome coronavirus) in the year 2003 and 2012, respectively [1, 2].
Genetic studies conducted by a group of researchers reveal that SARS-CoV-2
shares almost 80% sequence identity with SARS-CoV and 50% with MERS-CoV
and therefore have been evaluated to be closely related to each other [3]. The
genetic variations between SARS-CoV and SARS-CoV-2 are liable for
differences in infectivity [4] and immune response [5].

Coronaviruses have the potential to affect a wide array of species including aves,
domestic and wild mammals, especially humans [6, 7]. These viruses are familiar
for their capacity to rapidly change the gene function, modify the ability of the
host tissue to get infected, navigate the blockade of species, and are capable of
adapting to various epidemiological conditions [6 - 8].

The coronavirus belongs to the Coronaviridae family and Nidovirales order and
the subgroup of beta-coronaviruses. The World Health Organization (WHO)
named ‘2019 novel coronavirus’ to denote the coronavirus infecting pneumonia
affected individuals in the lower respiratory tract in Wuhan, Hubei Province of
China [9 - 11]. The International Committee on Taxonomy of Viruses (ICTV)
gave the name SARS-CoV-2 and the disease COVID-19 [12, 13].

Structure of SARS- CoV-2

These viruses are categorized into a type of structurally enveloped viruses with
non-segmented, positive-sense, single-stranded RNA genomes. Electron
microscopic studies revealed its size of about 60 nm to 140 nm in diameter with
unique spike-like projections that are extruded exterior giving it a shape a crown-
like appearance; thus the virus got the name [2, 14]. The structure of the virus is
shown in Fig. (1).

Spike protein

Membrane protein

Envelope protein

Nucleocapsid protein

Fig. (1). Structure of SARS-CoV-2.
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The RNA genome of the virus is 29,891 bp in length, and its G+C content is 38%
[15]. The genome also consists of 7 genes that are preserved in the order of
ORF1la, ORFI1b, S, and OEF3, E, M and N in the 5' to 3' direction. Interestingly,
the 2/3™ fraction part of its genome is occupied by the ORF1a/b that generates two
replicase enzymes of poly-proteins type (PP1la and PP1ab). Also, 16 mature non-
structural proteins (NSPs) emerge from additional refining of these two PPs.
These NSPs are believed to involve in various roles including the development of
the replicase-transcriptase complex. The excess part of the viral genome encodes
an mRNA generating four important structural proteins namely spike (S) protein,
nucleocapsid (N) protein, membrane (M) protein, and the envelope (E) protein
necessary to form a structurally complete viral particle [16 - 18]. The RNA
genome of CoV is stuffed with an envelope in the nucleocapsid protein [19].

S (Spike) Glycoprotein

The S protein has a crown-like shape; so named as ‘Coronavirus’ [14]. The size of
the protein is between 9 and 12nm [20]. It mediates binding between the virus and
the cell surface receptors in the host and following integration between them
facilitates viral entry into the host cell [21, 22]. They are found exterior to the
virion which gives the typical shape and has a receptor-binding domain (RBD).
The protein consists of two active subunits which are S1 (bulb part) and S2 (stalk
part) for receptor binding and membrane fusion respectively. The interaction of
the S1 subunit with the associated cell surface receptor stimulates a radical
structural alteration inducing endocytosis in the S2 part. This allows the virus
envelope to combine with the cellular membrane and thereby liberating the
nucleocapsid into the cytoplasm [16]. /n vitro binding studies have also shown
that the RBD is a pivotal role portion of the S1 part accountable for the
attachment of ACE2 with SARS-CoV-2 [23]. The glycosylated spike (S) fusion
protein and the ACE2 receptor control the host cell entry of the virus. The ability
of S proteins to substantially rearrange the structure helps in the binding of the
microbe and the host membranes [24]. The replication-transcription complex
(RTC) is formed into double-membrane vesicles soon after the virus reaches the
host cell, in order to initiate polyprotein la/lab (ppla/pplab) transcription. For
the development of non-structural proteins, these proteins encode chymotrypsin-
like protease (3CLpro), key protease (Mpro), and papain-like proteases (nsps)
[25].

M (Membrane) Glycoprotein

The M protein refers to the structure of the viral envelope and is found in large
amounts [26]. It is interpreted as the principal controller of CoV assembly which
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allows interaction with every other prime structural protein of the virus [16].
Homotypic interactions that occur between these membrane proteins are the major
driving force for the development of virion envelopes [26]. The protein has three
transmembrane regions and it is found to be glycosylated in Golgi apparatus [27]
and this reformation is responsible for the antigenic property of the virion resulted
from the fusion into the cell. One of the key features of the M protein is the
stimulation of virions in the cell. M protein elicits the production and
establishment of interchanging virions in the endoplasmic reticulum-Golgi
apparatus intermediate compartment (ERGIC) with this complex [28, 29].

E (Envelope) Glycoprotein

The envelope protein is miniature among the extensive structural polypeptides of
the virus consisting of 76 to 109 amino acids in which 30 aa belonging to the N-
terminus are involved in attachment [30]. During replication, E protein is highly
expressed in the damaged cell, but interestingly, only a little part is found to be
integrated into the virion envelope [31]. Most of the proteins are confined to the
intracellular region namely ER, Golgi, and ERGIC, where they are engaged in the
formation of CoV assembly and budding [32]. E protein, together with M protein,
forms the viral envelope whose interconnection is adequate for the generation and
delivery of VLPs [17].

N (Nucleocapsid) Protein

It is the only structural protein that serves crucial to connect the CoV RNA
genome thus creating a capsid around the enclosed nucleic acid to form
nucleocapsid [33]. N protein is predominantly engaged in the processes linked to
the viral genome by means of interaction with the viral membrane protein during
viral assembly, assisting RNA synthesis and folding, virus budding, and affecting
host cell reactions, comprising cell cycle and translation [18]. The interaction of
M and N proteins equilibrate the nucleocapsid, and also the internal core of
virions and eventually, assists the completion of the viral assembly [34, 35].

Clinical Outcomes

These deadly coronaviruses cause many clinical diseases in humans which extend
from mild symptoms to severe diseases including the common cold, high
temperature, croak, pharyngitis, headache, weariness, myalgia, watery stool,
nausea and breathing difficulty, multi-organ dysfunction such as lung infection,
arrhythmias, acute cardiac and kidney injury, shock, severe acute respiratory
distress syndrome (ARDS), SARS and MERS [9, 36 - 39]. Also, the indications
like pharyngeal pain, dizziness, dyspnea, abdominal pain, and malnutrition are
more presumably seen in patients with severe illnesses [40]. These symptoms are
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interpreted to be more severe in cardiovascular disease patients and found to be
related to rise in the production of ACE2 when compared with normal people.
Further, individuals who have fundamental co-morbid conditions like high blood
pressure and diabetes are highly probable to have worse results [41].

TRANSMISSION OF INFECTION

Intermediate Host Transmission

Most of the primary infected cases were connected to the wholesale market for
Huanan seafood and wild animals, which was designated by the Chinese Health
Authority as an epidemic center. Initial studies suggest that the virus may have
originated in China from horseshoe bats and was then spread to other species that
are normally consumed by humans [6]. The U.S.-based Center for Disease
Control and Prevention (CDC) proposed that the Wuhan coronavirus possibly
started from a 'spillover' that happens when the virus is transmitted from animal to
human [42]. Research says there is evidence that COVID-19 originated from
snakes sold on the market in Wuhan. They identified that the virus materializes to
be a “recombination” of 2 coronaviruses. Homologous recombination within the
newly recognized coronavirus' spike glycoprotein may increase the transmission
of cross-species from the reptile to human [43]. Various studies prove the
connection of COVID-19 with other known CoVs in bats, especially in the
subspecies of Rhinolophus bat, which is found in huge amounts and
predominantly seen in the regions of Southern China, Asia, the Middle East,
Africa, and Europe [44, 45]. Several studies indicated that it was possible for
snakes, minks, and pangolins to be intervening hosts, based on the preference for
codon and patterns of viral infection [43, 46, 47].

Human-to-human Transmission

Infection caused by the virus is mainly transmitted through the large droplets that
are produced during coughing and sneezing that are inhaled or contacted from
patients and also subsequent touching of nose, mouth, and eyes [48, 49]. They
could even proliferate from people with no symptoms and prior to the
development of signs. The maturation period normally lies between 2 and 14
days. Moreover, the virus is seen in the stool and water contaminants and also by
aerosolization/feco oral route [50]. In comparison with the throat, excess viral
contents in the nasal cavity are found in both symptomatic and asymptomatic
people [38, 51]. These viral-containing droplets can easily spread around 1-2 m
and accumulate on various surfaces. The viruses are capable of living on surfaces
for a period of time in good atmospheric conditions but are certainly demolished
within a minute by ordinary disinfectants such as sodium hypochlorite, hydrogen
peroxide, and so on [52].
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Entry of COVID-19 and Interaction with a Host Cell Receptor

When the virus invades the host, it attaches to the extensive target cells namely
enterocytes and pneumocytes and thus initiates infection and multiplication.
Researchers have identified angiotensin receptor 2 (ACE2) as a significant
functional cellular entry receptor through which both the viruses SARS-CoV-2
and SARS-CoV enter the respiratory mucosa [3, 53-56]. ACE2 is one of the
members of the membrane-bound carboxy-dipeptidase family which is homology
to ACE (an enzyme having a main role in the Renin-Angiotensin system) and is a
selective protein for hypertension [57 - 59]. It is conventionally distributed in
humans including the vascular endothelial cells, the renal tubular epithelium, and
in Leydig cells in the testes [19, 60 - 62]. In addition to the kidneys, PCR results
proved the presence of ACE-2 in the lungs and gastrointestinal tract, and the
tissues are exhibited to possess SARS-CoV [63, 64]. In the lungs, ACE2
expression is strongly found in type II alveolar epithelial cells and macrophages
and modestly in bronchial and tracheal epithelial cells [65]. In vitro results
proclaim that the ciliated cells are primarily affected in the conducting airways
[66].

Like SARS-CoV, SARS-CoV-2 also utilizes TMPRSS2 (transmembrane protease
serine 2) enzyme to achieve the mechanism of entering into the target cells. The
transmembrane S protein of the virus attaches to the target cells by interacting
with the cell surface receptor, followed by the priming of S protein by means of
TMPRSS2. This allows the integration of viral and hosts plasma membranes,
thereby leading to SARS-CoV-2 entry and replication in the target cells [67].
Thus, SARS-CoV-2 illness is caused by the attachment of the spike protein to
ACE2 [66].

Replication Process of SARS-CoV-2

The mechanism of replication of the virus has been well-explained in a review
[68]. The genomic RNA (gRNA) of the virus works as a template to translate the
polyproteins and it is cut to form 16 non-structural proteins (NSPs) upon
processing by the enzyme protease. The role of NSP1 and NSP2 is the termination
of host gene expression and the development of a multidomain complex is
performed by NSP3. NSP5 is an M protease with a specific role in replication [69]
whereas NSP4 and NSP6 are transmembrane (TM) proteins [70].

The non-structural proteins NSP7 and NSP8 perform as primase [71] and NSP9,
an RNA-binding protein, the dimeric form of which is essential for viral infection.
NSP10 reacts as a cofactor to prompt the replicative enzyme [72]. NSP12
manifests RNA-dependent RNA polymerase activity, and NSP13 and NSP14
intimate helicase and exoribonuclease activity, respectively. NSP15 and NSP16
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exhibit endoribonuclease and methyltransferase activity, respectively. Each NSP
has a specific function in replication and transcription [70]. These nsps instigate
the structural change in the plasma membrane to generate the double-membrane
vesicles (DMVs) in the region where the viral replication transcription complexes
(RTCs) are fixed [73]. Full-length gRNA is fairly multiplied through a negative-
sense intermediate, and subgenomic RNA (sgRNA) species are incorporated by
the process of discontinuous transcription. These sgRNAs encode structural and
accessory proteins in the virus. Particle assembly takes place in the ER-Golgi
intermediate complex (ERGIC), and grown virions are delivered in smooth-
walled vesicles through the secretory pathway [73].

The disease progression by coronaviruses is associated with a substantial increase
in inflammatory cytokines like IL2, IL7, IL10, IP10 (CXCL10), GCSF, MCP1,
MIPIA, and TNFa [41]. CXCL10 is an interferon perceptive gene exhibiting an
extraordinary signal/noise ratio in the alveolar type II cell response to both SARS-
CoV and influenza [74, 75].

The properties of the virus such as indifferent properties of the disease, the
infectivity surprisingly before the appearance of symptoms in the growing period,
dissemination from persons without symptoms, elaborate developing period,
tropism for mucosal surfaces such as the conjunctiva, prolonged duration of the
illness, and transmission even after clinical recovery makes prevention difficult
[11, 76].

TREATMENT

Uncertified medications should only be used under precise observations
exclusively during the situations of morally sanctioned clinical trials or under the
Monitored Emergency Use of Unregistered Interventions System (MEURI) [77].

However, many researchers around the world are conducting tests on various
FDA-approved drugs against SARS-CoV-2 infection. Some of these approved
drugs are in various phases of a clinical trial as they are shown to exert assured
antiviral activity in cell culture as well as animal models [78].

The significant cost-effectiveness and the time that is taken for the process of
modern drug discovery and development leads to the repurposing of 'old' drugs
for the treatment of both common and rare diseases. Hence it is progressively
turning out to be a captivating method that comprises the manipulation of de-
risked compounds. A systematic approach in the identification of drugs is to
check if the already available antiviral drugs are successful in curing the
corresponding viral infections [79, 80].
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Due to the increased and pandemic condition of nCoV 19, scientists and
researchers are forced to recognize a variety of broad-spectrum antiviral agents
(BSAAs) that might possibly act as powerful therapeutic drugs against various
viral diseases [81]. BSAAs are usually small molecules that have the ability to
suppress different infections by preventing viral replication [82 - 84]. These drugs
have the ability to block the virus or host-related factors and stop the virus from
proliferation and also lower the amount of the microorganism in the host to a
degree that the immune system can obstruct their infection [85, 86]. BSAAs have
mainly obtained peculiar attention with the rising of various new viral diseases.
Repurposing of currently approved antiviral drugs can be used to cure current
viral infections [15, 79, 87, 88].

Repurposing of Drugs for COVID-19 Treatment

It is well-known that drug re-purposing (also termed as repositioning, redirecting,
reprofiling) is the process of examining already existing drugs to find therapeutic
effects for new diseases [89, 90]. The major advantage of drug re-purposing over
new drug discovery is that various information about drugs namely the phases of
chemical synthesis, reliable safety, manufacturing methods, pharmacokinetic
properties in several periods of clinical trials have been recognized earlier [91,
92].

Role of Artificial Intelligence (Al) in Drug Repositioning

Through the development of the learning-prediction model, Al is implemented in-
field design and performs a simple virtual screening to show the output
accurately. Al can easily identify drugs that can treat developing diseases like
COVID-19 with a drug-repositioning technique [93]. Gysi and colleagues
developed a framework found on the graph neural network and offered a SARS-
CoV-2 model analysis with 81 identified possible repurposing candidates [94].
The knowledge graph of BenevolentAl is a broad store-house of organized
clinical data with several links drawn out by machine learning from scientific
publications [95]. By using an extensive scientific collection of 24 million
PubMed reports, a group built a detailed COVID-19 information graph (called
CoV-KGE) that contained 15 million edges over 39 kinds of associations linked
to drugs, diseases, proteins, genes, pathways, and gene and protein expressions.
To speculate if any remunerative antiviral drugs that are available will respond to
SARS-CoV-2, Beck and colleagues invented a hybrid CNN and RNN model
termed Molecule Transformer-Drug Target Interaction. Several recognized
antiviral drugs namely atazanavir, remdesivir, efavirenz, ritonavir, and
dolutegravir were estimated by the authors for the possible treatment of SARS-
CoV-2 infection [96].
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Various groups of researchers have shown the extensive use of antivirals that are
productive against the prophylaxis of SARS-CoV-2 [97, 98]. Recently, the
BSAAs are therapeutics or prophylaxis candidates against SARS CoV2 [99].
Anti-CoV drug progression is being confronted by the activity of a 3’ to 5’ proof-
reading exo-ribonuclease that is unique to coronaviruses. The evolution of
antiviral nucleoside and nucleotide analogues targeting viral RNA synthesis is
found as powerful therapeutic drugs against CoV infections [100].

The drugs that are evaluated for the purpose of reusing in the treatment of
COVID-19 likely to subject to two categories: Those that aim the viral replication
cycle and those that challenges to regulate the indications of the disease [101].
Drugs belonging to different groups like nucleoside analogues, protease
inhibitors, and host-targeted agents have been analyzed for if they possess
antiviral property against SARS-CoV-2 infection. Due to its strong structural
preservation of the binding site, the nucleoside analogue gives a less likelihood of
resistance. In addition, amino acid sequence preservation of RARp of coronavirus
is comparatively more suggesting that nucleoside analogue could be possibly used
in curing SARS-CoV-2 infections [102].

Polymerase Inhibitors

These are classified into nucleoside/nucleotide analogues and non-nucleoside
inhibitors. They mimic natural nucleosides/nucleotides and inhibit the virus
replication process by suppressing the function of the polymerase enzyme thereby
resulting in an effective clinical therapy [103, 104]. Suppression of the specific
enzyme is indispensable for viral proteolytic and additional necessary important
activities [105].

The nucleoside analogues are converted into dNTPs and are integrated into the
replication process by replacing cytosine, inhibiting, and targeting DNA methyl-
transferases for degradation [106]. Adenine or guanine derivative nucleoside
analogues are successful in targeting RNA-dependent RNA polymerases (RdRp)
and blocking RNA synthesis in a wide variety of viruses, constituting human
coronaviruses [107]. Some of the structures of polymerase inhibitors are shown in

Fig. (2).
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Fig. (2). Chemical structures of polymerase inhibitors.
Remdesivir (GS-5734)

Remdesivir is a monophosphoramidate prodrug of an adenosine analogue that
shows a wide antiviral spectrum including filoviruses, pneumoviruses,
paramyxoviruses, and also coronaviruses. Remdesivir was invented by Gilead as a
remedy for Ebola virus infections [108] but has shown antiviral and clinical
effects against all types of human and animal coronaviruses in animal models
[109 - 111].

It also inhibits SARS-CoV-2 multiplication in human nasal and bronchial airway
epithelial cells. Remdesivir has been shown to be a potent antiviral agent that
works by the mechanism of blocking RNA replication in which it incorporates
with high-efficiency coronavirus RdRps resulting in slowing down the ending
process of RNA synthesis thus escaping cut by the viral exonuclease [110, 112 -
114].

Research conducted by Wang et al showed CoVid19 (EC50 = 0.77 uM in Vero
E6 cells) inhibition of remdesivir [111]. In a single-arm trial, the application of
remdesivir in the individuals of the particular disease had promising preliminary
results and the FDA granted remdesivir for critical situations limited to extremely
infected COVID-19 cases [115]. In the month of February, 2 clinical trials of
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phase III were instigated to assess intravenous remdesivir (200 mg on day 1 and
100 mg once daily for 9 days) in 2019-nCoV cases.

Favipiravir (T-705)

Favipiravir (guanine nucleoside analogue), a apyrazinecarboxamide derivative, is
a prodrug and is broken down to create ribofuranosyl-5'-triphosphate (favipiravir-
RTP) to serve as purine mimetic binding to ATP- and GTP-binding sites on
polymerase in a determined way [116, 117]. It works by the precise obstruction of
viral RNA-dependent RNA polymerase [118]. It was originally developed by
Toyama Chemical of Japan for the treatment of influenza [119]. Favipiravir can
productively suppress RdRp of viruses such as influenza, Ebola, yellow fever,
chikungunya, norovirus, and enterovirus [108]. Recently, favipiravir has been
approved for use as a drug in clinical trials to treat nCoV 19 [120, 121]. In
particular, favipiravir is precise to viral cells and so it does not block RNA or
DNA synthesis in mammalian cells therefore it is harmless to them [122]. Also,
an analysis revealed its action against 2019-nCoV (EC,, = 61.88 uM in Vero E6
cells) [123]. Patients with 2019-nCoV are evaluated for the efficacy in a
combination of favipiravir with interferon-o (ChiCTR 2000029600) and
favipiravir with baloxavir marboxil (a validated influenza inhibitor targeting the
cap-dependent endonuclease) (ChiCTR2000029544). Further, research conducted
on 80 cases found that it remarkably lessened viral removal time to 4 days and
91.43% of patients had improved CT scans with few side effects [124, 125].

Sofosbuvir/Velpatasvir (EPCLUSA)

Sofosbuvir is also known as a nucleotide analogue hepatitis C virus NS5B
polymerase inhibitor. It is employed in the treatment of chronic hepatitis C as a
constituent of a combined antiviral regimen. Additionally, the European
Medicines Agency's Committee for Medicinal Products for Human Use has
recommended the sanction of sofosbuvir for curing chronic hepatitis C [126]. The
most notable drug target of the inhibitor is RdRp where it inhibits the RNA
replication by the modifications at 2" position. Furthermore, it could block RdRp
of the hepatitis C virus by functioning as an RNA polymerase inhibitor by taking
part with natural ribonucleotides. Since the hepatitis C virus and the coronavirus
utilize a related viral genome replication process, the drug might inhibit COVID-
19 [127]. When the activated triphosphate form of the drug is integrated with low-
fidelity polymerases and SARS-CoV RNA-dependent RNA polymerases (RdRp),
it leads to blockage of further incorporation by these polymerases.

B-D-N*-hydroxycytidine (NHC)

NHC is a cytidine analogue with powerful, wide-spectrum antiviral activity
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against Venezuelan equine encephalitis virus (VEEV), influenza A virus (IAV),
respiratory syncytial virus (RSV), chikungunya virus (CHIKV), influenza B virus
(IBV), and CoVs. The drug exhibits antiviral activity mainly by RNA
mutagenesis. Serial passaging with NHC resulted in low-level resistance for
VEEV but not RSV, TAV, and bovine viral diarrhea virus which revealed a high
resistance barrier [128 - 130]. The vigorous anti-CoV activity of NHC was
observed for SARS-CoV and HCoV-NL63 [130, 131]. Similar to remdesivir,
NHC also could interfere with CoV replication in a unique manner as evidence
shown with the micromolar value of EC50; however, the inhibitory process is not
well known. Its antiviral activity, either individually or in combination with other
DAAs and immunomodulators, emphasizes more research in the treatment of
CoV infections. As a matter of fact, it is another prodrug with broad-spectrum
activity against coronaviruses by targeting its polymerase, even when it possesses
complete proofreading operations [132, 133]. The isopropyl ester prodrug of the
ribonucleotide analogue, NHC with enhanced bioavailability is shown to be a
proven antiviral agent for the replication of human and bat SARS-Cov-2. It
happens in the airway epithelial cells in mice and humans as well [134].

Ribavirin

Ribavirin is a guanosine analogue and was initially developed for curing HCV
(hepatitis C virus) and RSV (respiratory syncytial virus). Its possible antiviral
mechanism for RNA viruses is found to block mRNA capping and induce
mutations in RNA-dependent viral replication. Coronaviruses produce
exonuclease (nspl4-ExoN) in non-structural protein 14, which are seen
commonly in the coronavirus family. The nsp14-ExoN is known to have an RNA
proofing function [135]. In fact, it was clinically analyzed against MERS and
SARS coronaviruses. But the drug is found to be linked with serious side effects
like anaemia and hypoxia at large doses [136]. Additionally, following oral
administration, the drug was expeditiously assimilated through sodium-dependent
nucleoside transporters into the gastrointestinal tract. The oral bioavailability of
the drug is 64 percent and it has a large distribution volume. Acetaminophen,
acetazolamide, aspirin, acrivastine, and acyclovir are shown to lower the excretion
value, resulting in an elevated ribavirin serum quantity. Thus ribavirin shows the
little anti-CoV effect, in vitro but found to be effective against other RNA viruses
[137].

Galidesivir (BCX4430)

It is an adenosine prodrug analogue originated by BioCryst Pharmaceuticals for
HCV. It has the potent to suppress RNA polymerases from a wide spectrum of
positive and negative-sense RNA viruses of 20 viruses in nine different families
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including Ebola, MERS-CoV and SARS-CoV, Marburg, Yellow Fever, and Zika
viruses all of which are highly pathogenic as proven by the experimental studies
in rodents and macaques [138-140]. In vivo, BCX4430 is functional following
intramuscular, intra-peritoneal, and oral administration in different experimental
infections. When BCX4430 moves into infected cells, it gets phosphorylated
rapidly, and the generated nucleoside triphosphate works as an RNA chain
terminator. As a broad-spectrum RNA virus inhibitor, BCX4430 has the potential
to fight SARS-CoV-2.

Gemcitabine Hydrochloride

Gemcitabine, which is a NI deoxycytidine analogue, is a chemotherapy drug
preventing SARS-CoV and MERS-CoV infections [130].

PROTEASES INHIBITORS

SARS-CoV-2 Main Protease Inhibitors

Inhibition of viral proteases is a proven strategy to fight against a number of
viruses like human immunodeficiency virus (HIV) [141] and hepatitis C [142].
The suppression of coronavirus multiplication by employing protease inhibitors
was established with the reusing of anti-HIV protease inhibitors to block the
proteolytic activity [143]. The main protease (M) of SARS-CoV-2 which is
indispensable for viral proteolytic functions in the primary stages of its life cycle
is regarded as an effective target for attacking the viral activity [144]. While the
HIV protease uses an aspartate residue for the nucleophilic attack [145],
coronavirus protease uses a cysteine residue [143]. The manipulation of drugs that
inhibit M™ of SARS-CoV as potential SARS-CoV-2 protease inhibitors are
pragmatic [146]. Some of the structures of protease inhibitors are shown in Fig.

3).
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FDA-approved anti-HIV protease inhibitors namely lopinavir and ritonavir were
proven as assured candidates for retarding the active site of SARS-CoV [147,
148]. Both the inhibitors were found to bind efficiently to the identical pocket in
the active sites of M™ of both SARS-CoV and SARS-CoV-2 [144].

A German Laboratory [146] designed a-ketoamide inhibitor based on a previously
designed SARS-CoV protease inhibitor that successively inhibited the viral
replication process in infected human Calu3 cells with an EC;, of 4-5 pM. These
a-ketoamides form a bond on the Cys residue in the active site of the SARS-CoV
series forming a thiohemiketal and this offers an advantage over HIV protease
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inhibitors used that lacks thiol reactivity [149, 150]. It also forms two hydrogen
bonds at the catalytic active site of SARS-CoV-2 with Gly and Cys [151, 152].

Additionally, Scientists also tried to repurpose commercially available medicines
to fit into the enzyme pocket of Mpro of SARS-CoV-2. Surprisingly, antibiotics
and chemotherapeutic agents named colistin and valrubicin showed tight binding
with 9 and 7 hydrogen bonds formed with essential amino acid residues in M™
active site including THR*, THR*, and THR* [145].

Serine Protease Inhibitors

Intriguingly, protease inhibitors are found to be potent anti-viral agents to fight
against coronaviruses especially, for critical processes obstructing the proteolytic
function needed for virus sustenance. Studies have revealed the application of
serine protease inhibitors in interrupting the virus perforation into the host cell
[67]. When the S1 part of spike protein enters the host cell, it binds to ACE 2, and
thus the transmembrane serine protease (TMPRSS?2) is accountable for S protein
priming and enhances incision in both ACE 2 and S2 subunit generating
irreversible alterations and allow viral integration with the host cell [153, 154].
Thus, the advantage of serine protease inhibitors is the prevention of entry of the
virus into the host cell, and therefore suppressing its pathogenicity. Scientists are
presently making an effort to reuse the already commercialized serine inhibitors
for the possible treatment of COVID-19 caused by SARS-CoV-2.

In 2016, nafamostat, a blood thinner that functions by suppressing serine protease
and was previously sanctioned in Japan to cure acute Pancreatitis, was
repositioned to prevent MERS-CoV [155]. Recently, it is also being checked to
examine if it can hinder SARS-CoV-2 entry from infecting human cells.
Nafamostat may aid in the prevention of viral envelope integration with cell
surface membranes in the host, which is the primary strategy in causing illness by
SARS-CoV-2. Likewise, camostat, another inhibitor of TMPRSS2, prevents
infection of human lung cells by minimizing the introduction of MERS-S, SARS-
S, and SARS-2-S proteins into lung cell lines [67]. When compared to camostat,
nafamostat inhibited viral membrane fusion at a 10 times lessened concentration
[156]. In general, they both symbolize an intriguing category of compounds that
could be effective in the modern COVID-19 endemic challenge.

Malaria Drugs in COVID-19

Chloroquine, hydroxychloroquine, and the structurally interconnected atovaquone
and mefloquine are all drugs to treat malaria that have been employed for a long
time. In animal studies, hydroxychloroquine, a hydroxyl analogue of chloroquine
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that was manufactured in the mid-twentieth century, was suggested to be a
harmless derivative when compared to the parent chloroquine. They also have
immunomodulatory effects and so they are employed in the treatment of
rheumatoid arthritis or lupus erythematous diseases [157]. Some of the structures
of malarial drugs are shown in Fig. (4).

An in vivo and in vitro antiviral activity of malaria drugs revealed that the use of
antimalarial drugs to eradicate viral diseases could be productive particularly in
the cases of viral resistance and emergencies [158]. The IC50 of chloroquine
against SARS-CoV was 8.8 1.2 M in an in vitro study, which was lower when
compared with the cytostatic activity possessing CC50 (261.3 14.5 M) with a
selectivity index of 30. In vitro, the chloroquine's IC50 for SARS-CoV
obstruction is similar to chloroquine plasma concentrations during malaria
treatment. Chloroquine's antiviral activity was procrastinated for up to 5 hours
after it was included in the sample cultures but there was no significant drop-in
antiviral activity. Thus it facilitated the use of chloroquine for the suppression and
remedy of SARS-CoV infections [159]. Also, in vitro study proved that
chloroquine could prevent the viral multiplication and dispersion of CoV, and
obstructs CoV infection in newly born mice, and thus it is recognized as an
assuring powerful antiviral agent [160].
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Fig. (4). Chemical structures of malarial drugs.

Another analysis revealed that, in comparison with chloroquine,
hydroxychloroquine is thrice more effective in treating SARS-CoV-2 infected
cells as inferred by EC50 = 5.47 and 0.72 M, respectively. This approach is based
on the immunomodulatory properties of chloroquine and hydroxychloroquine,
which could be advantageous in reducing cytokine stress in SARS-CoV-2
individuals [161]. Chloroquine is productive in blocking the dispersion of SARS-
CoV in cell culture, according to Vincent and his colleagues [162]. This
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consequence was discovered in cells that had been treated with chloroquine before
or after infection with SARS-CoV. The analysis found that chloroquine can raise
endosomal pH or interrupt the cellular receptor’s terminal glycosylation,
angiotensin-converting enzyme-2 and hence, affecting virus receptor binding. In a
modern study, hydroxychloroquine was recognized to be effective in obstructing
SARS-CoV-2 in vitro. If the toxicity profile has been acclaimed by clinical
research, it may diminish the inflammatory response connected with COVID-19
and thus fighting with the infection [163].

The N-cinnamoyl analogues of chloroquine 3a, b, have been shown to be
productive in vitro in treating pneumocystis pneumonia caused by pulmonary
viral, bacterial, mycobacterial, or parasitic diseases. Compounds 3a and 3b will be
tested in vivo as powerful anti-pneumocystis pneumonia agents [151].

The framework of wide-ranging antiviral drugs of chloroquine and hydro-
xychloroquine is connected to a reduction in inflammatory mediators like TNF-a
and IL6 production. It is also suggested that hydroxychloroquine and its
analogues may be effective in the remedy of viral infections that are accompanied
by inflammation or immune hyperactivity. Furthermore, a class of chloroquine
analogues-4 has been shown to suppress the activity of tumor susceptibility gene
(TSG101) expression as well as viral multiplication by obstructing delayed viral
function, probably when viral protein synthesis gets completed [164]. Inhibition
of this gene may prevent the virus from reaching the cell surface and, as a result,
create an impact on budding [149].

Furthermore, the antimalarial drug atovaquone works by obstructing viral
multiplication by delaying pyrimidine biosynthesis. Atovaquone could restrict
Zika virus infection in an in vitro analysis using a human placental representation,
implying that it could be used as a wide-ranging antiviral drug [165]. The
antimalarial drugs mefloquine and HCI, as well as the antiparasitic drug
selamectin, were recognized to be effective antiviral drugs for curing COVID-19
disease in a study conducted by Fan and colleagues [166].

The FDA sanctioned chloroquine as a remedy for COVID-19 disease with well-
determined preventive measures in the mid of March 2020, which allowed to
short-term use of the chloroquine and hydroxylchloroquine arm of the great,
international Solidarity trial [167] from the May end to earlier June. The FDA
invalidated the approval for these drugs in critical situations on June 15 following
the re-evaluation of the generated data. Therefore, the drugs chloroquine and
hydroxylchloroquine needed to be delivered with precaution when used for curing
COVID-19 disease to counteract the probable cardiovascular complications [168].
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Lipid Lowering Statins

Rosuvastatin (RSV), an FDA-approved statin, is utilized as a lipid-lowering agent.
It works by inhibiting the HMG-CoA reductase enzyme, thereby decreasing or
lowering the level of cholesterol, and is therefore inexpensive and safe [169]. It
also enhances lung pathological changes by reducing cytokines mediated by T
helper cells Th2 and Th17 in which the function is not correlated with its lipid-
lowering mechanism [170].

In patients who were affected by severe SARS-CoV, Totura et al. proposed that
toll-like receptor 3 (TLR3) signaling plays a defensive role in the innate immune
response [171]. TLR-MYDS88 agonists are FDA-approved statins that maintain
TLR-MYD88 measures during hypoxia [172]. For the survival of MERS-CoV
infection, timely statin administration may be crucial [173]. In a recent research
review, it has been shown that ACE2 is upregulated by angiotensin receptor
blockers and statins and thus offers prevention against acute respiratory disease
syndrome and can minimize the death numbers [174]. Statins are considered to
lessen the death rate of influenza-affected patients as a result of their anti-
inflammatory and immuno-modulatory effect [175].

Furthermore, rosuvastatin reduces cytokines TNF-a, I[FN-g, and Th-1 immune
reaction during 72 h by employing rapid immunomodulatory effects [176]. Since
the inhibitor does not produce any side effects, patients reported with viral
respiratory infections, such as COVID-19, may benefit from continuing their
statin therapy [174]. When statins, particularly rosuvastatin, are administered to
COVID-19 individuals with severe infection, they decrease cardiovascular
complications such as lethal myocardial infarction [177].

Rheumatoid Arthritis Drugs

Disease-Modifying Antirheumatic Drugs (DMARDs) are a different group of
drugs, classified according to their utilization and protocol, for the remedy of
inflammatory diseases like rheumatoid arthritis (RA). These are
immunosuppressive and immunomodulatory agents having the potential to refine
symptoms decrease joint damage and various sorts of aches and inflammations
manifesting impact on heart and blood vessels [178]. They include:

Tocilizumab (TCZ)

It was established by Osaka University for curing inflammatory and autoimmune
diseases [179]. Tocilizumab has ended with phase 2 clinical testing for the remedy
of pulmonary arterial hypertension (PAH) [180]. China's National Health
Commission recommends the drug for its safety and efficacy to employ 8 mg
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kg '/12 h in regulations to cure COVID-19 individuals either individually or in
conjunction with favipiravir, a wide-ranging anti-viral drug. Out of twenty covid-
19 patients involved in the Chinese clinical trial, within two weeks, 19 of them
had shown good antiviral activity. Furthermore, Hong Zhao of Peking University
First Hospital is leading a 150-patient trial evaluating tocilizumab, and
Dongsheng Wang of The First Affiliated Hospital of University of Science and
Technology of China (Anhui Provincial Hospital) is leading a 188-patient trial
evaluating only tocilizumab [181].

Sarilumab

It is one of the two IL-6 receptor antagonists being analyzed to use as a powerful
COVID-19 drug in the treatments. Similar to TCZ, sarilumab is sanctioned by the
FDA in 2017 as a remedy for adults with average to extreme active rheumatoid
arthritis [182]. In the mid of March 2020, in association with the FDA and the
Biomedical Advanced Research and Development Authority (BARDA), the Phase
II/III clinical program was carried out with 400 patients testing the antagonist in
extreme COVID-19 patients. Long-term effects like lowering the requirement for
hospitalization, and artificial oxygenation and lethality were assessed in the phase
III trial [183].

Baricitinib

In June 2018, baricitinib was FDA-approved to treat average to seriously active
rheumatoid arthritis (RA). It is used against Janus Kinase (JAK) and exerts its
function by selective inhibition of the enzymes JAK1 and JAK2 [184]. Artificial
intelligence (AI) software has been used by Al study groups and others to identify
an already licensed drug to minimize infection [95]. Scientists revealed that the
virus enters human cells by interacting with the cell-surface receptor, ACE2
[185]. The software aimed at the enzyme adaptor-associated protein kinase 1
(AAKI) as a probable target for the disease. AAKI1 controls the mechanism of
endocytosis which is known for its usual way of viral infection. Al selects the
drug on the basis of its attraction for the kinase and its toxicity for more than 378
known AAKI inhibitors. Janus-associated kinase (JAK) inhibitor baricitinib is
indicted to lower the capacity of the virus to affect lung cells by the suppression
of ACE2-mediated endocytosis [96].

Ruxolitinib, a potent anti-inflammatory and antiviral drug has been shown to
function against the cytokine storm associated with COVID-19, where cytokine
levels have been found to be substantially reduced and are therefore subjected to
phase III clinical trials for COVID-19 [185].
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Corticosteroids

Corticosteroid drugs are a group of synthetic steroid hormones that are originated
in the adrenal cortex in healthy individuals. Corticosteroids, including
glucocorticoids and mineralocorticoids, are used to treat a wide range of diseases
and symptoms. In treating conditions such as chronic obstructive pulmonary
disorder, extreme allergies, rheumatic problems, asthma, various skin conditions,
swelling of the brain, and tuberculosis, one of the corticosteroid medications
called dexamethasone, which is more specifically a glucocorticoid, is used [186].
As first reported in the RECOVERY study, the estimation of the experimental
prospective studies, as well as the RCTs, confirmed the positive impact of
corticosteroid treatment on the lethality in COVID-19 disease [187].
Dexamethasone decreases deaths by one-third in critically ill COVID-19 patients,
according to a modern study large-scale RCT (the RECOVERY trial).
Dexamethasone (6 mg/day for 10 days) was given to 2,100 individuals in the
intervention category, while persons in the control group (n=4,300) obtained
normal treatment for the disease [188].

Miscellaneous Drugs

In the treatment of COVID infections, certain other drug molecules or agents have
possible beneficial effects. Study reports indicate that N-acetylcysteine in
conjunction with antiviral agents would collaboratively minimize the mortal
impact of influenza virus infection when antioxidants like ascorbic acid are used
[189]. Another study revealed that integration of the influenza drug oseltamivir
and N-acetylcysteine could boost the host protection process and reduce death
rates by reducing oxidative stress related to viral disease [190, 191].
Cytoprotective effects on vital organs have been observed in dietary supplements
like resveratrol, curcumin, and sulforaphane. It is possible to extrapolate this
strategy to the affected lungs in coronavirus individuals. A current analysis found
that the integration of thalidomide and celecoxib, the selective COX-2 inhibitor,
could boost extreme COVID-19-related pneumonia by modulating activated NF-
KB that promotes extreme pulmonary injury [192].

Ivermectin, an antiparasitic drug approved by the FDA, has been shown to have
wide-ranging antiviral efficacy. Interestingly, modern studies have revealed that
the particular treatment is a powerful SARS-CoV-2 inhibitor. [vermectin induces
a decrease in viral RNA of 5000 in two days; however, it needs potential human
clinical investigation [193].

CONCLUDING REMARKS

The Covid-19 disease has created a world-wide health calamity. The capacity of
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the virus to mutate rapidly and modifications in tissue tropism has proposed
formidable difficulties in finding drugs and vaccines. Repositioning of old drugs
is indeed an attractive and useful technique for discovering drugs against various
viruses, including SARS-CoV-2. Researchers and scientists around the world
have come together for discovering drugs by repurposing the already available
drugs for treating the disease. Plenty of drugs of various classes have been
employed for reducing the risk of infection, and fortunately, many of the
repurposed drugs possess antiviral activity against SARS-CoV-2 both in cell lines
and animal studies.
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Bilayer Tablet - Approach for the Treatment of
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Combination
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Abstract: The purpose of this study is to develop an efficient therapy of combination
antibiotics for the treatment of sexually transmitted infections. The best-preferred
combination of drugs Cefixime trihydrate and Ofloxacin was selected to prepare
bilayer tablets. This combination work against several genito-urinary tract infections.
The Bilayer tablet was prepared in order to tailor the release of the drug to maintain the
peak plasma level of the drug. It contains Cefixime trihydrate as a quick release layer
and Ofloxacin as an extended-release layer. In this tablet, super disintegrant was used
for the rapid release of the Cefixime layer, whereas HPMC was used to prolong the
release of the ofloxacin layer. Drug release study suggests that there is a complete
release of Cefixime within 30 minutes followed by the simultaneous release of
ofloxacin, which was extended up to 24 hours. Current research reveals that Cefixime
trihydrate and ofloxacin bilayer have been successfully developed for use in combating
sexually transmitted infections.

Keywords: Bilayer tablets, Cefixime trihydrate, Ofloxacin, Sexually transmitted
diseases.

INTRODUCTION

(STDs) are also known as venereal diseases. STDs are a serious health problem
for women, and these diseases are alarming worldwide. Bacteria that cause the
development of STDS live above the skin or body fluids such as semen, vaginal
fluid or blood. The mode of transmission of the disease from an infected person to
a healthy one is usually through sexual contact with the skin, blood, or body fluids
[1]. Common sexually transmitted diseases (STIs) are gonorrhea, trichomoniasis,
chancroid, syphilis, bacterial vaginosis, and genital candidiasis [2].
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Currently, in the treatment of simple pharyngeal, urogenital and anorectal
gonorrhea, the CDC official recommended combined treatment [3].

Benefits of Antimicrobial Combination [4]

- Achieve collaboration

- Preventing the emergence of resistance

- Reducing the severity or incidence of side effects
- Expanding the spectrum of antimicrobial action

It has been observed that the conventional form of drug produces a wide range of
variations in plasma drug concentration which leads to unwanted toxicity. Various
factors like repeated drug dosing and unpredictable absorption develop the need
for controlled drug delivery systems. Therefore, the main objective of this study is
to develop drug delivery in order to improve drug efficacy and ensure patient
safety and adherence.

BI-LAYER TABLET TECHNOLOGY

Bi-layer tablet technology is the most suitable form for the continuous release of
two drugs, preferably when it is necessary to separate two incompatible drugs. In
the Bilayer tablet, there is one immediate release layer needed to be released
quickly as the first dose and the second layer as a maintenance dose. The bi-
layered tablet is a novel technology prominently applied days for the formulation
of a controlled drug release system for providing effective drug delivery. There is
a wide range of applications for two-layer tablet technology in the form of
integrated layers or various matrices [5].

ADVANTAGES OF BILAYER TABLET [6 - 8]

1. In combination therapy, bi-layered tablet technology is usually used to
formulate the two layers of the tablet containing two different drugs

2. Dose frequency of the drug can be minimized, which may improve patient
compliance.

3. Two incompatible substances can be formulated in order to deliver.

4. If the drugs have a low half-life, each layer consists of a loading dose and
maintenance dose of the same, which increases the bioavailability of the drug.

5. The constant plasma drug concentration can be achieved for better efficacy of
the drug.

6. Amongst all oral dosage forms, it has the greatest chemical and microbial
stability.
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7. If the drugs formulated in an extended release form, the control on drug
absorption can be achieved.
8. Systemic adverse effects of high potency drugs can be reduced in the patient.

GENERAL PROPERTIES OF BI-LAYER TABLETS

1. It must be able to sustain the jerks of the machine during its packaging,
production, transportation, and distribution.

2. There should be no defects such as chips, cracks, discoloration, and
contamination.

3. It must have physicochemical stability to maintain its properties over time.

4. Tt should be able to dispense the drug in a predictable and reproductive way [6,
8, 9].

NEED

There are many difficulties associated with the current treatment of STIs (STDs),
such as resistance from a single drug. There are limited drugs available to
pregnant or allergic patients. The higher dose is required for treatment, and there
is no single drug available for a wide range of sexually transmitted infections.
Hence, it is required to formulate such a product that will help to subdue the
above problems linked with the treatment of STDs.

OBJECTIVE

The present research is carried out with the idea of developing a Bilayer tablet for
Cefixime trihydrate and Ofloxacin for improved therapeutically effective
treatment of sexually transmitted infections. The primary aim of immediate-
release layer is to provide the instant effect as well as the sustained release of drug
to improve the efficacy of drugs by maintaining plasma concentration.

e To formulate the bilayered tablets of antibiotics acting synergistically for STDs
in which one would be immediate release and another sustained release.

e To evaluate the formulated dosage units for physical parameters, in-vitro drug
release study and comparison of optimized formulations with marketed reference
product.

PLAN OF WORK

- Cefixime trihydrate and Ofloxacin two drugs selected for the development of
bilayered tablet formulation
- Preformulation studies for Cefixime trihydrate and Ofloxacin
> Confirmation of drug by
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= UV spectroscopy
« Infra-red spectroscopy
> Drug-excipients interaction study by
« Infra-red spectroscopy’s
- Standard calibration curve of cefixime trihydrate and ofloxacin in different
dissolution media.
- Preparation of blend or granules for IR and SR tablet
- Precompression parameters study for cefixime trihydrate immediate release
blend
- Post compression parameters study for cefixime trihydrate immediate release
tablets
- Comparative study with marketed formulation of cefixime trihydrate
- Precompression parameters study for prepared ofloxacin sustained release
granules
- Post compression parameters study for prepared ofloxacin sustained release
tablets
- Comparative study with marketed formulation of Ofloxacin.
- Preparation of bilayer tablets by using best immediate release of cefixime
trihydrate and sustained release layer of ofloxacin.
- Tablets evaluation study of bilayer tablets
- Accelerated stability study of optimized bilayer tablets.

MATERIAL AND METHODS

Drug Profile

Cefixime Trihydrate

Chemical Formula: C,(H,;N,O.S, 3H,0

Molecular Weight: 507.5

Melting point: 218-225 °c

logP: 0.4

pKa: 3.26

Appearance: White coloured powder which is slightly hygroscopic in nature.

Pharmacodynamics: Cefixime 1is categorized as a third-generation
cephalosporin. Its sability is high which is effective in the presence of beta-
lactamase enzymes. Therefore, it is effective against many organisms resistant to



Bilayer Tablet Frontiers in Anti-infective Agents, Vol. 5 201

penicillins. Its antibacterial activity is due to inhibition of bacterial cell wall
synthesis.

Absorption: Cefixime is absorbed 40 to 50% on oral administration with or
without food, maximum absorption achieved at 0.8 hours with food.

Protein binding: There is 65% protein binding.

Hepatic Metabolism: About 50% of the drug absorbed and excreted in the urine
in 24 hours unchanged.

Half life: Cefixime t1/2 - 3-4 hours. The creatinine clearance at rate of 5 to 20
ml/min results in prolongation of t1/2 to an average of 11.5 hours in severe renal
impairment.

Toxicity: Overdose of drug leads to symptoms like blood in the urine, nausea,
diarrhoea, vomiting and upper abdominal pain.

Ofloxacin

Chemical Formula: C ;H, FN,O,
Molecular Weight: 361.36
Melting point: 250-257 °C

Log P: 2.1

Solubility: Ofloxacin is slightly soluble in water, ethanol, and methanol but it is
sparingly soluble in chloroform

Appearance: Drug is a pale yellow or bright yellow colour crystalline powder.

Pharmacodynamics: Ofloxacin belongs to quinolone/fluoroquinolone class of
antibiotics. Ofloxacin works by blocking the DNA gyrase enzyme responsible for
duplication or transcription and thus prevents normal cell division.

Absorption: Ofloxacin have 98% bioavailability in the tablet formulation
Protein binding: Ofloxacin have 32% protein binding.
Metabolism: It undergoes hepatic metabolism.

Half life: t % - 9 hours.
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POLYMER/ EXCIPIENTS PROFILE

Hydroxy Propyl Methylcellulose

Chemical Name: Cellulose hydroxyl propyl methyl ether.

Category: HPMC is used as coating agent in tablets, rate-controlling polymer for
achieving sustained release and film forming agent. It is also used as stabilizer,
suspending agent, binder and viscosity enhancing agent.

Description: Hyproxypropyl methylcellulose is odorless and tasteless, a white to
off white color granular powder.

Typical Properties: pH - 5.5-8.0 for a 1% w/w aqueous solution.
Microcrystalline Cellulose

Chemical Name: Cellulose

Category: Used as adsorbent, suspending agent, diluents and disintegrant.

Description: Microcrystalline cellulose exists as a white crystalline powder
composed of porous particles, odourless and tasteless. It is available in market in
based on different moisture grades and particle sizes which has varying properties
and applications.

Solubility: MCC is slightly soluble in 5% w/v NaOH alkaline solution; and
practically insoluble in polar solvent like H,O, weak acid, and other organic
solvents.

Crosscarmellose Sodium

Synonyms: Cross carmellose sodium is also known as Solutab/Ac-Di-Sol/
Primellose/ Vivasol/ Explocel.

Chemical Name: Chemically it is also known as Cellulose and carboxymethyl
ether sodium salt.

Category: Disintegrant.
Description: It is odorless, white or grayish white powder.

Solubility: It is insoluble in polar solvent like water but it swells rapidly in
contact with water. Also it is practically insoluble in organic solvents like toluene,
acetone, and ethanol.
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Sodium Starch Glycolate

Synonyms: Sodium starch glycolate is also known as Primojel /Explosol/
Glycolys/ Tablo/ Explotab/ Vivastar P.

Chemical Name: It’s chemical name is Sodium carboxymethyl starch
Category: Disintegrant

Description: SSG odourless, tasteless, free-flowing white to off-white color
powder.

Solubility: Sodium Starch glycolate is sparingly soluble in 95% ethanol and
insoluble in H,O.

Crospovidone

Synonyms: Crospovidone is also known as Polyplasdone /cross linked
povidone/Kollidon / polyvinyl polypyrrolidone/ PVPP.

Chemical Name: Chemically it is 1-Ethenyl-2-pyrrolidinone homopolymer
Category: Disintegrant.

Description: It exist as white to off white color, odourless and tasteless, freely
flowing fine hygroscopic powder.

Solubility: Crospovidone is insoluble in water and other organic solvents.
Lactose, Monohydrate

Chemical Name: Chemically it is known as O-b-D-Galactopyranosyl-(1,-
)-a-D-glucopyranose monohydrate

Category: Functionally used as Binder and diluent.

Description: Lactose is white to off-white crystalline particles or powder
odourless and slightly sweet in taste.

Solubility: It is slightly soluble in water but practically insoluble in chloroform,
ethanol, and ether.
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EXPERIMENTAL METHODS

Confirmation of Drugs

Drug Confirmation of was done by using infrared spectroscopy and UV
spectroscopy

Fourier Transformed Infrared Spectroscopy (FT-IR)

Pure drug and drug with excipients that is to be used in core tablet were analysed
by FT-IR spectrophotometer by using KBr disc method. Sample powder to be
analyzed was triturated with KBr powder and disc is formed by hydrostatic press.
The formed disc was analysed from 4600 to 400 cm-1 range at a resolution of 1
cm-1 at zero time and spectrum was recorded.

Spectrophotometric Analysis of Drug
a) Spectrophotometric determination of A, of drug (Cefixime trihydrate)

Stock solution of 1mg/ml drug concentration was prepared in pH 7.2 phosphate
buffer. Further this solution was diluted to prepare 10 pg/ml concentration.
Filtered and analyzed spectrophotometrically to determine A

b) Spectrophotometric determination of A, of drug (Ofloxacin)

Stock solution of 1mg/ml drug concentration was prepared in acid buffer (pH
1.2). Solution was further diluted to 10pg/ml concentration. Filtered and analyzed
spectrophotometrically to determine A,..

Preformulation Studies

Drug-excipients Compatibility Study

To study compatibility between drug cefixime trihydrate and ofloxacin and
excipients that to be used in formulation were placed in humidity control chamber
at accelerated stability condition i.e 40°C + 2°C temperature and 75 + 5% relative
humidity for duration of 6 months. After completion of 6 month storage the
samples were withdrawn evaluated using FTIR spectroscopy and compared with
the reference FTIR spectra obtained before exposing accelerated conditions.

Method of Preparation of Blend or Granules

Preparation of Powder Blend for Inmediate Release Layer

Cefixime trihydrate and all other ingredients were mixed together properly using
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mortar pestle in appropriate compositions given in batches (Table 1). Finally
powder mixture was passed through 40 mesh sieve. This blend was directly
compressed for the formulation of Cefixime trihydrate (IR) tablets.

Preparation of Granules for Sustained Release (SR) Layer

The powder granules of Ofloxacin SR tablets were prepared with the approach of
wet granulation technology. All the excipients along with drug were properly
mixed together and sifted through 40 mesh sieve and granulation was carried out
using water as a binder. The granules prepared were placed in oven at 40°C
temperature for drying. They were then sifted through sieve (40#). Finally, glidant
and lubricant were added with proper mixing.

Evaluation study of Physical Properties of Blend/granules

Prepared blend of drug and excipients for Cefixime trihydrate IR layer and
granule of ofloxacin SR layer were lubricated and then evaluation study for
various physical pre compression properties like bulk and tapped densities, angle
of repose and % compressibility was evaluated [10, 11]. The prepared compressed
tablets were studied for post compression properties such as thickness, hardness,
friability, weight variation, and disintegration time. The drug content of Cefixime
trihydrate in tablets was estimated as per the specified USP procedure. But, drug
content of ofloxacin in tablets was estimated using UV-spectroscopy technique at
293 nm.

Formulation of Cefixime Trihydrate Immediate Release Tablets [12]

Cefixime trihydrate and Microcrystalline cellulose (MCC) was mixed properly
with different superdisintegrant in varying concentration. In every batch
trituration was carried out using mortar pestle as per the compositions given in
(Table 1). The superdisintegrants like polyplasdone, cross carmellose sodium and
sodium starch glycolate were tried at various concentrations. Exactly weighed
amount of lubricated mix was filled manually to a compression machine die and
directly compressed using nine millimeter size flat round formed punches at a fill
volume of 350 mg. Force for compression was kept constant for all the
formulation batches.

Table 1. Compositions of Immediate Release Tablet.

S. No. Ingredients ¢lclolalele]e|alg
(Weight in mg)

I Cefixime Trihydrate 200 [ 200 [ 200 {200 200 [ 200 [ 200 ] 200 | 200

2. MCC PH 102 136 [ 120 122 136 [ 120 [ 122 ] 136 [ 129 [ 122
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Table 1) cont....
S. No. Ingredients C, | C,|GCG|C|C|C|C | G| Gy
(Weight in mg)
3. Sodium starch glycolate 10.5(17.5]124.5| - - - - - -
4. Cross carmelslose sodium - - - [10.5]17.5|124.5] - - -
5. Polyplasdone - - - - - - [10.5117.5]|24.5
6. Magnesium stearate 1.75(1.75(1.75|1.75(1.75]|1.75[1.75[1.75| 1.75
7. Aerosil (Colloidal silicon dioxide) 1.75(1.75(1.75|1.75| 1.75[1.75|1.75| 1.75(1.75

Evaluation Study of Cefixime Trihydrate Tablets

All the batches of cefixime trihydrate IR tablets were analysed for post
compression parameters i.e. hardness of tablets, uniformity of weight, thickness,

friability, disintegration time, uniformity in drug content and drug dissolution
study [13].

Formulation of Ofloxacin SR Tablets

Accurately weighed amount of lubricated SR granules were weighed and filled
manually to a die of compression machine and compressed using eleven
millimeter flat featured round punches at a fill volume of 550 mg (Table 2).

Table 2. Compositions of sustained release tablets.

_ Fi | P2 | F3 |Fa| w5 | pe | F7 | Fs
S. No. Ingredients
(Weight in mg)

1. Ofloxacin 400 | 400 [ 400 |400| 400 [ 400 | 400 | 400
2. MCC PH 101 50.25(44.75]39.25(58.5[62.65|53.70(35.80(26.85
3. Lactose monohydrate 50.25(44.75]139.25(58.5(26.85|35.80(53.70(62.65
4. HPMC K100M 44 | 55 | 66 (825 55 | 55 | 55 | 55
5. Magnesium stearate 2775 [ 2.75 | 2.75 |2.75( 2.75 | 2.75 | 2.75 | 2.75
6. Aerosil 2751275275 12.75( 275 2.75 | 2.75 | 2.75

Evaluation Study of Sustained Release Tablets

All the prepared sustained release tablets were evaluated for post compression
parameters such as hardness, friability, weight variation, thickness of tablets,
ofloxacin drug content and percent drug dissolution [14].
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Bilayer Tablets Preparation

Bilayer tablets were developed by using optimized batch of immediate release
layer (C8) and sustained release layer (F8) (Table 3). Appropriate quantity of
powder weighing about 350 mg of cefixime trihydrate immediate release blend
and 550 mg of ofloxacin sustained release granules were taken. Bilayer tablets
were produced by direct compression method according to formula given .
Initially, powder blend of immediate release was fed into the die cavity of tablet
compression machine manually and compressed at low force of compression in
order to form uniform layer. Subsequently, granules of ofloxacin blend were
added over the precompressed immediate release layer and compressed by using
flat faced punch 19%10 mm capsule shaped punches [15, 16] (Fig. 1).

Table 3. Composition of optimized bilayered tablets.

S. No. Ingredients C8F8
1 Cefixime trihydrate 200
2 MCC PH 102 129
3 Polyplasdone 17.5
4 Magnesium stearate 1.75
5 Aerosil 1.75
6 Ofloxacin 400
7 MCC PH 101 26.85
8 Lactose 62.65
9 HPMC k-100m 55
10 Talc 2.75
11 Magnesium stearate 2.75

Evaluation Study of Bilayer Tablets

Bilayer tablets were evaluated for post compression parameters like hardness,
uniformity of weight, and percent drug dissolution.

In-vitro Drug Release Study of Bilayer Tablets

In-vitro drug release study was done using type I (basket) apparatus at 100 rpm in
phosphate buffer of 7.2 pH for immediate release layer of cefixime trihydrate and
in pH 1.2 acid buffer, for first two hours, followed by pH 4.5 acetate buffer for
next two hours, and pH 7.4 phosphate buffer for remaining hours for sustained
release layer of ofloxacin. The 1 mL sample was withdrawn at predetermined time
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intervals for immediate release and 5ml for sustained release and in order to
maintain sink condition replaced with same dissolution media respectively.
Before analysis the samples solutions were diluted 20 times for immediate release
and 2 times for sustained release samples and analyzed simultaneously by using
HPTLC at A, 290 nm [17]. The test was performed on 3 tablets and mean + SD

max

was calculated (Fig. 2). T

- -

Filling immediate Compression of Ejection of upper
release powder in die. immediate release powder punch

-

: Addition of floating
Ejection of bilayer tablet g;gzreSSIOH of both sustamed release powder

over immediate release

+——— |Immediate release powder blend

Fig. (1). Compression cycle for bilayer tablets preparation.
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Fig. (2). Densitogram of mixture of standard solution of OFLOX (200 ng/band, Rf =0.61 + 0. 10) and CEFI
(200 ng/band, Rf=0.78 + 0.12).
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Stability Studies and Storage Condition

The stability studies were carried out of the optimized batches of Bilayer tablets.
Two optimized batch C8F2 and C8F8 was placed in stability chamber for
accelerated stability condition at 40°C + 2°C temperature and 75 + 5% relative
humidity for duration of 6 months [18, 19].

RESULTS AND DISCUSSION

Confirmation of Drug
Identification of drug was carried out by following methods
Fourier Transform Infrared Spectroscopy (FT-IR) Study

The FT-IR spectra analysis of cefixime trihydrate and ofloxacin showed the peaks
which are characteristics of the drugs structures. This identified the supplied drugs
(Figs. 3 and 4).

xT
100.00

555555

000000

nnnnnnnnnnnnnnnnnn

CN-1

Fig. (3). Fourier Transform-Infra red (FT-IR) spectrum of Cefixime trihydrate.

Preformulation Studies
Drug-excipient Compatibility Study

The FT-IR spectra study of physical mixture of excipients which are proposed to
be used in the development of tablets along with drug are shown in Figs. (5 and 6)
respectively. When compared with Figs. (3 and 4), it was observed that the
characteristic peaks of both drugs were present in FT-IR spectra of the physical
mixture. No sign of interaction between the drug and excipients were observed,
this indicates that the drug was compatible with the excipients.
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Fig. (5). Fourier Transform-Infra red (FT-IR) spectrum physical mixture of cefixime trihydrate with MCC
PH-102 and polyplasdone.
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Fig. (8). Fourier Transform-Infra red (FT-IR) spectrum physical mixture of cefixime trihydrate blend+
ofloxacin granules.

Similarly, when Figs. (7 and 8) compared with Figs. (3 and 4), it was observed
that all the characteristic peaks of both drugs were found in the FT-IR spectra of
physical mixture. This indicates that there is no interaction between two drugs or
drug-excipient. So the drugs and excipients can be used for further study.
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Evaluation of Precompression Parameters for Cefixime Trihydrate
Immediate Release Tablets (Table 4)

Physical Properties of Blend of Cefixime Trihydrate Tablets

Table 4. Physical properties of blend (Mean + SD).

Test C1 C2 C3 C4 Cs Coé C7 C8 Cc9

Angle of repose(°) 29.87 | 28.38 | 29.42 | 28.63 | 27.42 | 26.51 | 28.81 | 28.84 | 29.61
+0.23 | £0.61 | £0.41 [ £0.61 | £0.53 | £0.28 | £0.46 | £0.62 | £0.52

Bulk density (g/ml) 039 | 038 | 038 [ 0.38 | 038 | 0.38 | 038 | 0.39 | 0.39
+0.025]£0.052(+0.024 [£0.035]+0.062 [ £0.058 [ £0.035 | £0.024 [ £0.041

Tapped Density (g/ml) 044 | 044 | 044 | 044 | 044 | 044 | 0.44 | 0.44 | 045
+0.084|+0.012|£0.032|+0.021 {£0.039 [+0.085 [+0.053 [+0.074 | +0.023

Carr’s index 11.11 | 11.15 ) 11.10 | 11.13 | 11.15 | 11.11 | 11.14 | 11.15 | 11.12
Hausner’s ratio 1.125 |1 1.210 | 1.120 | 1.126 | 1.212 | 1.112 | 1.115 | 1.130 | 1.130

It is evident from above table that all the batches have bulk density in the range
0.3-0.5 g/cm3. All granules have shown good compression properties.

Evaluation of Post Compression Parameters of Cefixime Trihydrate (IR)
Tablets (Table S)

Table 5. Different evaluation parameters of Cefixime Trihydrate tablets.

Test C1 2 C3 c4 Cs C6 7 cs C9
Hardness
(Kglem) 4.5 4.5 4-5 5-6 4-5 4-5 5-6 45 4-5
Friability (%)|  0.22 0.13 0.14 0.13 0.22 021 0.13 0.12 0.12
Thickness 56 53 54 57 56 5.4 52 53 5.4
(mm)

Drug content

(%) 97.2440.24197.36+0.81]98.20+0.53197.52+0.82]99.20+0.79 [ 98.62+0.61 [ 98.56+0.94 [ 98.42+0.63 | 98.50+0.83

}’Ve.lght 3.75 3.26 3.49 4.56 3.48 4.64 3.34 4.62 3.45
variation (%)
Disintegration 35 30 25 38 25 25 35 20 23
(in sec) +1.5 +1.4 +1.3 +1.6 +1.9 +1.6 +1.2 1.1 +1.6

Weight variation of tablets was within +5% deviation range and passed the weight
variation test according to USP. The hardness of the tablets was in range of 4.0 —
6.0 kg/cm®.

The friability of the tablets was found 0.1-0.3% which is within the desirable
range and hence the tablets passed the friability. DT stands satisfactory with the
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time limit of <1 min for all the batches, as shown in table no. 23. However
disintegration time (DT) of batch no. C8 found to be 20 sec which was lowest as
compared to other batches. The batches C8 was selected to carry out further
evaluation.

In-vitro Drug Release Studies of Cefixime Trihydrate (IR) Tablets

In vitro drug release profiles from cefixime trihydrate immediate release tablets
are shown in Table 6 and Fig. (9).

Table 6. In-vitro drug release studies of Cefixime trihydrate tablets.

Time Cumulative % Drug Released

Mim)| 1 C2 c3 c4 Cs C6 C7 (&} C9
10 |80.21+1.2] 81.02+1.5 | 81.44+1.4 | 80.2+1.1 | 82.1+1.7 [ 85.1£1.5 [85.05+1.1| 86.21+1.3 | 86.32+1.5
20 | 88.6£1.6 | 89.71+1.2 | 89.71£1.3 |85.67+1.6|91.22+1.1| 92.32+1.2 | 90.2+1.2 | 97.9+1.5 | 95.33+1.4
30 |93.27+1.1] 93.52+1.5 | 97.04+1.4 |89.81£1.3195.44+1.5] 97.31+1.2 [96.31£1.3|100.01+1.4 | 98.26+1.1
40 [99.88+1.4(101.57+1.6| 100.5+1.5 |96.04+1.4199.52+1.4| 99.06+1.2 |98.42+0.9|101.53+0.7|100.01+1.1

50 [99.95+1.2|101.68+1.3|101.08+1.2| 98.1£1.4 199.82+0.9|100.32+0.7 [ 98.52+0.8 | 101.64+0.6 | 100.2+1.2

When drug release of C2, C5 and C8 batch is compared, it was found that C8
batch with Polyplasdone XL releases drug more readily and completely within 30
min. Hence, C8 batch is selected as optimized batch for cefixime trihydrate
immediate release tablets.

Tablet disintegration and study of tablet all batches were performed in pH 7.2
phosphate buffer.

Precompression evaluation parameters for ofloxacin SR tablets (Table 7)

Table 7. Physical properties of granules.

Test F1 F2 | F3 | F4 | Fs | F6 | F7 | F8

Angle of repose ) 30.45 | 29.77 | 28.31 | 29.86 | 28.86 | 30.86 | 28.91 | 29.05
g p £0.41 | £0.32 | £0.61 | £0.75 | £0.23 | £0.23 | £0.54 | £0.66
Bulk density 0.44 | 058 | 0.51 | 0.48 | 050 | 0.47 | 0.54 | 0.53
(g/ml) £0.023 | £0.021 |£0.074 | £0.032 | £0.039 [+£0.058 | £0.052 | +0.074
Tapped density 0.81 | 0.78 | 0.79 [ 0.75 | 0.81 | 0.73 [ 0.83 | 0.79
(g/ml) +0.044 | £0.053 |£0.084 | £0.012 | £0.028 [+£0.083 | £0.044 | +0.028
Carr’s index 45.12 | 25.03 | 35.56 | 35.27 | 37.59 | 35.14 | 34.57 | 32.61
Hausner’s ratio 1.822 | 1.333 | 1.552 | 1.545 | 1.602 | 1.542 | 1.528 | 1.484
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Table depicts less than 30° the angle of repose depicts that granules have good
flowability. Also, bulk density less than 1.25g/cm3 indicate good flowability.
Granules of all the batches have bulk density in the range 0.4-0.6 g/cm3. All
batches have good compression properties.

Evaluation of Post Compression Parameters of Ofloxacin (SR) Tablets (Table

8)
Table 8. Physical properties of SR Ofloxacin tablets.
Test F1 F2 F3 F4 F5 Feé F7 F8
Hardness
(Kg/cm?) 5-6 6-7 6-7 6-7 5-6 6-7 5-6 6-7
F”(*},;")l"y 0.138 | 0.187 | 0.156 | 0.150 | 0.171 | 0.159 | 0.182 | 0.154
(]
Thickness 61 | 62 | 62 | 64 | 63 | 64 | 63 | 62
(mm)
Drug content %) 98.10+(98.31+]98.64+(97.87+]98.50+£(97.64+97.53+(98.05+
g ¢ 1.54 | 1.58 1.64 1.54 1.66 1.72 1.64 | 1.59
We‘ghz(;a)“a“““ 345 | 372 | 426 | 348 | 456 | 467 | 276 | 3.49
(]
Weight variation test according to USP were within +5% deviation range.
The hardness was found to be about 5.0 — 6.0 kg/cm”.
The friability within the limit range 0.1-0.2% and hence the tablets passed the friability.
In-vitro Drug Release Studies of Ofloxacin (SR) Tablets
In vitro drug release profiles from ofloxacin SR tablets are shown in Table 9.
Table 9. In- vitro drug release studies of ofloxacin SR tablets.
Time Percentage Drug Release of Sustained Release Ofloxacin Tablets
(hrs) F1 F2 F3 F4 F5 Feo F7 F8
1 [25.19+0.23[16.45+0.3415.924+0.52 | 12.724+0.41 [ 16.01+0.53 | 17.214+0.36 [ 17.56+0.43 | 18.74+0.51
2 [39.94+0.47|22.94+0.42]21.624+0.51|20.24+0.55|25.24+0.75 [ 25.62+0.82 | 25.52+0.85 | 26.26+0.73
3 [43.39+0.81(32.89+0.65| 30.7+0.88 |27.31+0.95|34.68+0.84|35.12+0.76 | 34.21+0.69 | 35.72+0.85
4 145.77+0.68134.76+0.75 [ 32.64+0.66 [ 30.02+0.7535.56+0.88 | 36.04+0.74 | 35.62+0.64 | 40.13£0.61
5 [47.11+0.52]39.37+0.64(35.16+0.72|32.62+0.81]39.04+0.91 | 37.34+0.83 | 38.47+0.76 | 42.72+0.68
6 |53.13+0.66|41.97+0.61(38.22+0.70|35.11+0.73|42.62+0.81|43.52+0.89 | 43.62+0.94 | 45.84+0.87
7 68.75 50.07 42.16 37.33 55.72 56.12 56.46 50.73
8 [80.18+0.57|55.42+0.68(45.01+£0.80|41.08+0.79|58.61+£0.81|59.49+0.75|58.12+£0.76 | 56.35+0.74
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Table 9) cont.....

Time Percentage Drug Release of Sustained Release Ofloxacin Tablets
(hrs) F1 F2 F3 F4 F5 Fé F7 F8

9 196.21+0.81]62.38+0.72(50.62+0.76 | 42.53+0.79 | 65.38+0.86 | 67.82+0.90 | 65.72+0.75 | 58.56+0.82
10 |96.21+0.81]64.68+0.81|55.33+0.84]50.04+0.83 | 69.72+0.82 | 68.64+0.91 | 69.61+0.87 | 66.52+0.79
23 196.21+0.81196.21+0.63| 81.98+0.59| 78.51+0.55|98.76+0.78 | 95.42+0.81|96.24+0.69 | 96.57+0.86
24 [96.21+0.81(98.72+0.76  84.68+0.87 [ 79.68+0.59 [ 99.63+0.82 [ 97.76+0.65 [ 98.02+0.53 [ 101.24+0.66

Release Kinetics Study

It was observed from results that the kinetics of in-vitro drug release of sustained
release tablet was fitted with zero order, and plots showed the linearity (R>=
0.9792) for Crowell’s (R* = 0.9786, Hixson- for Korsmeyer Peppas (R* = 0.9826),
(n=0.7912) and Higuchi’s equation (R*= 0.9189), of optimized batch F8.

Mechanism of Drug Release

The plot for the Korsmeyer- Peppas indicated linearity (R* = 0.9826) and release
exponent n was (n = 0.7912) for batch F8. It follows quasi Fickian diffusion drug
release mechanism [20].

Bilayer Tablets
Development of bilayer tablets

Bilayer tablets was prepared from cefixime trihydrate IR batch C8 and ofloxacin
SR batch F8 as given in Table 3.

Evaluation of Bilayer Tablets

Prepared bilayer tablets were evaluated for post compression parameters, results
of C8F8 batch showed hardness between 5-6 kg/cm’, friability as 0.136%,
thickness about 7.8 mm, drug content of cefixime trihydate layer was found to be
99.54+0.45 and ofloxacin layer 98.25+1.65 and weight variation 4.2%.

All the tablets passed remaining post compression parameters within specified
range.

In-vitro Drug Dissolution Test of Bilayer Tablet

The in-vitro drug dissolution study of bilayer tablets were performed using USP
type I apparatus (Basket). Bilayered tablets prepared with optimized formulation
of immediate release layer (C8) have shown disintegration time (30 = 0.9 sec.).It
was observed from Drug dissolution study of Cefixime trihydrate that it gets
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99.53+0.49, almost completely dissolved within 30 minutes.
Dissolution Test

Cumulative percent drug release vs. time was plotted for cefixime trihydrate and
ofloxacin compared with their marketed products represented in Figs. (9 and 10)
respectively. The dissolution study suggested that the cefixime trihydrate IR layer
had released more than 85% of drug within 10 min. which was desired. The
cefixime trihydrate was released completely within 30 min in phosphate buffer
7.2. While ofloxacin released in very less amount (15.69%) within 2 h in acid
buffer. After replacing media with acetate buffer (pH 4.5) and phosphate buffer
(pH 7.4), it was found that ofloxacin dissolution was found to be increased and
complete drug was released in 24 hours.

120
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Cumulative % drug
released
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20 e CEF C8F8
0

0 10 20 30 40 50
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Fig. (9). Comparative dissolution profiles of cefixime trihydrate from bilayer tablets of C8F8 and marketed
product ZIFI 200 (n = 3, mean = S.D.).
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Fig. (10). Comparative dissolution profiles of ofloxacin from bilayer tablets of C8F8 and marketed product
OF-OD (n =3, mean £ S.D.).
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Stability Study

Stability testing on batches of bilayer tablets was carried out. After checking the
physical parameters, there observed no significant change in all the batches after
stability study.

SUMMARY AND CONCLUSION

There are various difficulties associated with the currently available treatment of
sexually transmitted disease (STDs) like increasing resistance against individual
antibiotic, very less alternative medicines available to be used in pregnancy,
unavailability of single medication having a wide spectrum of activity against
multiple pathogens, high dose of drug required for treatment with multiple dosing.

In this study, selected drug combination was Cefixime trihydrate and ofloxacin
which acts against STDs like gonnorhoea and trachomatus. This combination
shows dual mode of action, as Ofloxacin-prevents nucleic acid synthesis and
Cefixime-inhibits cell wall synthesis. Also these drugs are compatible with each
other and acts synergistically.

The present research study was aimed to develop and evaluate the bilayer tablet
containing Cefixime trihydrate and Ofloxacin. Bilayer tablets were prepared by
using optimized best batches of immediate and sustained release layer.

Initially, IR tablets of Cefixime trihydrate was developed by using varying
concentration of superdisintegrant i.e. sodium starch glycolate, crosscarmellose
sodium, crospovidone and MCC PH-102 as a diluent. Superdisintegrants were
used with aim to reduce the disintegration time and ultimately to increases
dissolution of drug. The disintegration time of optimized batch (C8) was found to
be less as compared to other, and also, in-vifro study showed 95-100% drug
release within 30 min.

Subsequently sustained release tablets for prolonged drug release of Ofloxacin
were formulated and evaluated. The optimized batch F8 was found more effective
with 10% w/w concentration of HPMC-k100M polymer and ratio 30: 70 of MCC
PH-101 and Lactose monohydrate. The release profile of optimized ofloxacin SR
tablets was found similar to the marketed product OF-OD, with {2 value
(Similarity factor) of 72.

Finally, bilayer tablets were formulated by using optimized immediate (C8) of
cefixime trihydrate and sustained release layer (F8) of ofloxacin. Bilayer tablets
quickly releases the immediate release layer where more than 85% of cefixime get
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released within 10 min., subsequently from sustained release layer the drug
released in sustained manner, which would be required to maintain plasma drug
concentration for effective treatment for longer duration of time.

In-vitro drug release study was performed separately for two drugs and samples
analyzed by HPTLC method showed that immediate release layer of cefixime
trihydrate is completely released within 30 minutes, followed by sustained release
of ofloxacin which prolongs for 24 hours.

Stability study also showed no changes in the physical parameters as well in in
vitro drug release.
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