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Abstract

[INDEX NO. 235/16/Life Sc./25]

Title: Antimicrobial potential of diverse nature-based synthetic analogues
and bio- fabricated nanoparticles derived from ethnomedicinal plants Albizia

lebbeck and Oxalis corniculata.

The main motivation of this research is the exploration of more efficient less toxic
antimicrobial drugs using less expensive biofriendly materials following semi-
synthetic green techniques. Synthesis of silver nanoparticles has been carried out
by using two folk-lore of Jangalmohal, West Bengal. These are Albizia lebbeck
(local name, Sirish) and Oxalis corniculate (local name, Amrul) and the
antibacterial activities of the crude extracts of Albizia lebbeck and Oxalis
corniculata lie at 250-1000ug/ml. The antibacterial activities of AgNPs@Albizia
lebbeck Oxalis corniculata have been significantly improved. A series of new
sulfonamide derivatives incorporating nature-based analogues of Coumarin is
reported in this Thesis. On the other hand, different nucleoside and non-nucleoside
analogues have been synthesized, characterized, and used to discover less toxic
better antimicrobial agents. The characterizations of the derivatives have been
done by spectroscopic and other photo physical techniques and bio-fabricated
nanoparticles have been characterized by both spectroscopic and microscopic
techniques. The antibacterial susceptibility was evaluated by standard disc-

diffusion, agar and broth-dilution methods. Some of the derivatives are used to

Vi



investigate the interaction with surface glycoprotein of Herpes Simplex Virus

(HSV)-1 to discover their antiviral activity, if any, in virus-infected Vero cells.

The thesis consists of six chapters. Chapter 1 is the review of literature for
ethnomedicine and in vitro anti-microbial activity of green synthesized
nanomaterials and different semi-synthetic compounds including new Schiff bases
incorporated with coumarin moiety and Sulfonamide derivatives to discover new
lead molecules with high activity and less cellular toxicity. The Chapter 2
describes the synthesis, structure and bioactivity studies including antimicrobial
and anti-oxidant activities of silver nanoparticle (AgNPs) synthesized using the
bark extract of Albizia lebbeck. Chapter 3 includes the spectral characterization
and anti-bacterial activities of bio-fabricated silver-nanoparticles AgNPs from the
herb Oxalis corniculata. Here, we also include the significant anti-biofilm
activities, followed by and cell viability assay of AgNPs in Vero cell. The Chapter
4 represent the synthesis characterization of novel nucleoside-based pyridine
functionalized derivatives, along with their anti-HSV activity. Here, we have re-
examined the anti-HSV-1 activity of certain amides compounds having
nucleoside-moiety by cytopathic effect (CPE) and standard  Plaque
reduction assays, with the possible mode of action in HSV-infected Vero cells in
vitro. While the Chapter 5 depicts the antimicrobial activity of Schiff’s base
derived from 7-Hydroxy-4-methyl-2-oxo-2H-chromene-8-carbaldehyde and four
different sulphonamides (Sulfapyridin, Sulfathiazole, Sulfa-methoxazole,
Sulfamerazine). The last chapter, Chapter 6, contained supramolecular assembly

of an Au (I11)-complex and its biological activities. Here, 2-(3-Phenyl-1H-1, 2, 4-
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triazol-5-yl) pyridine acts as bidentate N, N'-chelator, and forms Au (I11)-complex

[Au (2-ptp)2]CI (1). The structure has been characterized by single-crystal X-ray

diffraction technique and other spectroscopic data.
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Chapter 1

INTRODUCTION

Partial Review of literature on ethnomedicine and use of AgNPs obtained from green
synthesis and their antimicrobial activities. A literature survey is focused on synthetic
sulphonamides and coumarinyl amides for their application in antibacterial and antiviral

programs. Concerning the literature report, the present research work is designed.



1.1 Introduction

People and plants' communication is too intimate all throughout the advancement of

human civilization. At present human is the most affluent species among all animals on
Earth. Among the plants, the richest species are those that are cultivated. The
evolutionary success of human and useful plant symbionts is connected with the rise of

a strong mutual dependence between the partners [1]. The production of plant-based food

provides not only complete nutrition in terms of carbohydrates, plant proteins containing
amino acids, and fats but also vitamins, minerals, micronutrients, and phytofactors,
required for good health. A huge number of natural compounds derived from plants and
microbes also have broad pharmaceutical applications [2]. The use of plants for various
ailments by our ancestors specifies that plant-derived medication is a rich tradition of our
civilizations. Even though a large no of compounds are derived from medicinal plants
using the modern drug discovery process, their availability in rather small quantities
imposes several challenges like insufficient to optimize, develop, and test leads.
Therefore, compared to procedures based on chemicals, methods for discovering new
drugs utilising medicinal plants typically take significantly longer and are more difficult
[3]. However challenging it may be to isolate natural products from medicinal plants for

use as drugs, these products may remain a vital part of the quest for new therapeutics.

EN

TR @B G e dUT IRt -yad NI - JHIG T | [BafraaaR A g IaR]

HIET: [FITERUGH UG RG-S aH | ITd ARG d@idaag: | (SRT: YR,
170-40-41) [4].

1.2 Ethnomedicine

Ethnomedicine is the knowledge of the composite multifaceted long-term medical

practices where the activity or function of plants, spirituality, belief, as well as nature,



and surrounding environment collectively contributed to the healing process, worried
with the cultural perceptions of health and diseases [5]. In the last few decades, research

interest and studies in ethnomedicine have increased massively.

Scientists began unravelling the chemistry of ethnomedicines as natural products
chemists, pharmacologists, microbiologists, and biochemists began examining them.
Since its inception, research in ethnomedicine immensely contributed to the
understanding of traditional, medical knowledge and practice. The study of the
ethnomedicine literature was motivated by increased awareness of health and disease by
the indigenous people and maintaining ethnic identities as well as the search for new
treatments and technologies [5]. The systematic study of drugs used by the ethnic groups
leads to the development of a new branch named Ethnopharmacology, which is together
linked to the use of plants, their botany, and pharmacology [6]. India and China are two
major countries in Asia that are involved in the production and trade of herbal products
and ethno-pharmaceuticals. In India total of 45,000 vascular plant species have been
reported and among them, our folk medicine system has utilized 5000 plant species for
different formulation preparation. Most tribal communities still depend on local
traditional medicines for their survival [7, 8]. The forests of the Himalayas provide a rich
reservoir of diverse medicinal plants that are vital to the native people [9]. More than half
of the medications used in modern medicine come from natural sources or their
derivatives. At least 25% of the contribution comes from higher plants. The tropical
woods are home to around half of the species of flowering plants in the world, creating
a huge diversity of species that can be used as medication sources. These plant species
will continue to provide useful natural products to the chemists as the initial materials to

develop-new lead molecules [10].


http://en.wikipedia.org/wiki/Botany

1.3 Nanotechnology

Nanotechnology is an expeditiously growing field and shows a key function in the areas
of science, medicine, and technology because of its elevated charge density, smaller size,
greater surface-to-volume ratio, lower melting point, diverse magnetic properties, higher

catalytic rate, and higher solubility in suspensions.

The concept of “Nanotechnology” was developed in the late19+ Century by the German
Nobel Laureate Physicist Professor Richard Feynman who revealed nanoparticles when
describing molecular machines designed with atomic precision entitled “There’s plenty

of space at the bottom” for the first time in 1959.

Noof Parvclns
No. ot Fartiches

Patie Qo n e

Fig. 1.1 Transmission Electron Microscopy image of silver nanoparticle(s) according to

their size [11]. Reprinted with permission.



Generally, the “top to bottom” and “bottom to up” approaches are concerned with the
creation of silver nanoparticles. In the ‘bottom-to-top’ approach, nanoparticles can be
cultivated via biological and chemical way by self-assembly of atoms to new nuclei
which raise into a particle of nanoscale; while in the ‘top-to-bottom’ approach,
appropriate bulk material rupture by using various lithographic techniques like grinding
to reduce the size into fine particles, milling, etc. [12]. Among all the noble metal
nanoparticles, the silver nanoparticle has obtained boundless interest because of their
exceptional properties of chemical stability, good conductivity, catalytic ability, and
significant antiviral, antibacterial, antifungal, and anti-inflammatory activities that help
silver nanoparticles to be included in composite fibers, cryogenic superconducting
materials, cosmetic and food products, and electronic components [13]. Silver ions (Ag")
in agueous or non-agqueous solutions can be reduced using a variety of organic and
inorganic reducing agents, including sodium borohydride (NaBHa4), sodium citrate,
ascorbate, elemental hydrogen, and polyethylene glycol block copolymers [14]. Among
all metal nanoparticles, the silver nanoparticle is considered a central product in
nanotechnology for its boundless interests due to its unique properties most importantly
diverse bioactivities. Thus, nanoparticles can be incorporated into diverse use like
composite fibers, cryogenic super-conducting materials, cosmetic and edible products,
and electronic components [15]. AgNPs' bioactivity is influenced by a number of
variables, such as their surface chemistry, size distribution, shape, coating or capping,
agglomeration, dissolution rate, particle reactivity in solution, ion release efficiency, cell
type, and the type of reducing agents used in their synthesis, which is an important factor
in determining their cytotoxicity [16]. Smaller particles keep away from accumulation

and precipitation because they have smaller Van der Waals attraction.


https://www.sciencedirect.com/topics/chemistry/metal-nanoparticle
https://www.sciencedirect.com/topics/chemistry/metal-nanoparticle
https://www.sciencedirect.com/topics/chemistry/silver-nanoparticle
https://www.sciencedirect.com/topics/chemistry/conductivity
https://www.sciencedirect.com/topics/chemistry/antiinflammatory
https://www.sciencedirect.com/topics/engineering/composite-fiber
https://www.sciencedirect.com/topics/chemistry/metal-nanoparticle
https://www.sciencedirect.com/topics/chemistry/silver-nanoparticle
https://www.sciencedirect.com/topics/engineering/composite-fiber
https://www.sciencedirect.com/topics/engineering/cosmetic-product

1.3.1 Importance of Green synthesized Nanomaterial

There are various physical, chemical, and biological processes that can be used to create
nanoparticles. The plant-mediated nanomaterial has recently gained increasing attention
for its extensive use in a variety of industries due to its physic-chemical characteristics.
Routinely, nanoparticles are made by a method where chemicals are used as reducing
and stabilizing agents, found to be responsible for various bio-risks due to the toxicity of
many chemicals; causing serious ecological concerns that forced the chemists to develop
environment-friendly processes [17]. In comparison to other synthetic techniques, bio-
synthetic or "green synthesis" appears to be straightforward, quick, non-toxic,
predictable, and capable of producing materials with well-defined sizes and
morphologies under ideal circumstances for translational research [18, 19]. There are
different metals such as gold, silver, platinum, zinc, copper, titanium oxide, magnetite,
and nickel which can be combined with plant extracts to prepare biogenic nanoparticles
[20]. The different parts of a plant such as a stem, root, fruit, seed, callus, peel, leaves,
and flower are used as a natural source of stabilizing and capping agents during syntheses
of metallic nanoparticles [21, 22]. Depending upon the nature of the extract derived from
different plant resources the nanoparticles are in various shapes and sizes. The biological
molecules undergo highly controlled assembly for creating them suitable for metal
nanoparticle synthesis which was found to be reliable and eco-friendly [18].
Additionally, plant-mediated nanoparticles are employed as possible medicinal agents

for bacteria with drug resistance [23].

Plant-based biomolecules undergo highly controlled assembly to suit metal nanoparticle
synthesis. Although various physical and chemical processes are commonly used for the

production of nanoparticles, they come with disadvantages such as the use of hazardous


https://www.sciencedirect.com/topics/chemistry/nanoparticle-synthesis
https://www.sciencedirect.com/topics/chemistry/nanoparticle-synthesis

chemicals, high energy consumption and low efficiency. In addition, there is a lot of waste
produced that pollutes the environment. Due to their compliance with the environment
and practical benefits, biosynthesis of nanoparticles has garnered considerable interest
among scientists searching for novel ways to produce nanoparticles. Table 1.1 displays

some significant uses of AgNPs in pharmaceutics, medicine, and dentistry.

L}

U

Fig. 1.2 Importance of Green synthesized nano particles.

Silver nanoparticles are potent nano-weapons in the destruction of growing multidrug-
resistant bacteria [24]. Despite the development of hundreds of antimicrobial compounds
and their derivatives, especially antibiotics, routine management of infections generated
by microbes is still difficult [24]. Medicinal plants are one of the predominant natural
resources for drug development and plants used as ethnomedicines of diverse cultures
are believed to possess antimicrobial activities [25]. Multidrug resistance (MDR)
organisms emerging rapidly are posing threat as many pathogenic microbes can protect

them from the conventional as well as routinely used antimicrobial agents. Therefore,



there is a necessity for continuous investigation of new drugs to fight microbial

infections.

The development of the discipline of ethnopharmacology is closely related to the history
of botanical studies in West Bengal and the growing interest of the local population in
plants. The only comprehensive and practical information about the flora of the former
Bengal was published in 1903 by David Prain as "Bengal Plants"” in two volumes. Since
then, several publications have dealt with the flora of various regions of West Bengal and
there is an continuous updation of the related information. Among them locally used two
plants such as A. lebbeck stem bark and Oxalis corniculata were used here for
nanoparticle preparation. They were collected from the forests of the Jangalmohal area

(Belpahari, Similipal, and Jhargram), West Medinipur, West Bengal, India.

1.3.1.1 Bio-fabricated nanoparticles preparation using ethnomedicinal

plant(s); Albizia lebbeck

A perennial, deciduous tree of the family Fabaceae popularly known as Siris, achieve a
height of about 30 m with a 1.0 m stem diameter. This plant can raise 5m/year under
proper climatic conditions. A.lebbeck’s growth pattern depends on the agro-climatic and
seasonal changes and is distributed in Australia, Asia, Central America, and South
America, etc. There are reports that the Indian folk medicine, A. lebbeck can treat
multiple inflammatory conditions such as burns, asthma, and arthritis [26]; while the
ethnic people of Kashmir and Himachal Pradesh use Albizia to treat inflammation [27,
28]. According to the report of Balasubramaniam (1992) the tribal of point Cali mere
wildlife sanctuary, Tamilnadu used this plant to manage the fractured bones [29]. The
bark of A. lebbeck is also used to heal edema, asthma, diarrhoea, bronchitis, and

poisoning as mentioned in the ayurvedic system [30].



Fig. 1.3 Image of Albizia lebbeck bark [31]. Reprinted with permission.

Tablel.1: Phytochemical components isolated from Stem Bark of Albizia sp.

Group of the Secondary Metabolites

Saponins

Triterpenoid
Sapogenins

Alkaloids
Sterols

Tannins, steroids, phenols, leucocyanidin,

glycosides, protein, and carbohydrates
Flavonoids

Name of the phyto- Reference
constituents

Lebbekanin A—H

Albizzia saponin A,Band C

Acacic acid

Oleanolic acid

Echinocystic acid
[32, 33,

34]

Budmunchiamines L1-L6
B-sitosterol
Galactopyranoside

d-catechin, quercetin,
kaempferol

Chemically A. lebbeck bark contains 7-11% condensed tannins, friedellin-3-one, acacic

acid, along with oleanane-type triterpene libbekenin (A, B) and albiziasaponins A-C [32].

Condensed tannins are water-soluble poly-hydroxy phenols (polyflavonoids), with

anticancer and inducible antioxidant activities [35]; while catechin is an antioxidant,

libbecacidin and leucocyanidin increase the thickness of the mucous layer in stomach to

neutralize acidity, but libbekenin and albiziasaponins have anticancer activity [36]. B-



sitosterol is another ubiquitous plant sterol and it induces proliferation of epithelial cells

and marginal blood lymphocyte with increased T-cell production [37, 38].

1.3.1.2 Oxalis corniculata

This sub-tropical herb of the Oxalidaceae family is native to India, commonly known as
creeping woodsorrel. The genus Oxalis has 500 species, which can be found throughout
Europe, Africa, Asia and America [39, 40]. The herb is delicate, low growing, and and
found across the warmer regions of India in damp shady areas and specifically in the
Himalayas up to 8,000 feet [41, 42]. The multifunctional medicinal plant Oxalis
corniculata has a wide range of bioactivities and a vast variety of phytochemicals in it
that support well health. Oxalis corniculata is a multifunctional medicinal plant having
a wide spectrum of bioactivities and diversified phytochemicals that help to promote
good health [43]. In Ayurveda this herb is used as a good appetizer, to remove Kapha,
vata, and piles. Traditionally it is used as an astringent, to cure dysentery and diarrhoea,
skin diseases and fevers; while an infusion of leaves help to remove warts and opacities

of the cornea and has anti-inflammatory activity [42].

Fig. 1.4 Image of Oxalis corniculata Linn. plant.
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Natives of West Bengal use Oxalis corniculata Linn in various ailments which is a rich
source of niacin, vitamin C and B-carotene [44]. The raw juice of this plant is effective
in treating jaundice and stomach issues. While the juice and butter mixture is used to
reduce muscle swellings, boils, and pimples. It also functions as an antibacterial, a
refrigerant, a diuretic, a gastro protective, and an anti-diabetic agent. [44, 45, 46]. The
whole plant is used in wound healing, anemia, dyspepsia, cancer, piles, dementia and
convulsions [47]. Other use of this plant are anti-inflammatory, anti-helminthic,
astringent, depurative, diuretic, emmenagogue, febrifuge, lithontriptic, stomachic,
styptic infections, enteritis, diarrhoea, traumatic injuries and sprains [48]. Oxalis
corniculata also reported to have antihypertensive, hypoglycemic, antipsychotic,
chronotropic, nerve stimulant, and inotropic effect [49]. Chemically the plant contain
glyoxylic acid, oxalic acid, pyruvic acid, vitexin, isovitexin, vitexin- 2- O- beta- D-
glucopyranoside, neutral lipids, glycolipids, vitamin C, phospholipids, fatty acids (18:2,

18:3, 16:0; saturated C10- C14 acids), alpha and beta tocopherols etc. [48].

Tablel.2 Phytochemical components isolated from Oxalis corniculata.

Name of the group Phytochemical Components References
Present in Oxalis corniculata plant
Essential fatty acids Palmitic acid, linoleic acid, linolenic [49, 50, 51,
acid, stearic acid 52]
Vitamins Ascorbic acid, alpha and beta
tocopherols
Acids glyoxylic acid, oxalic acid, pyruvic
acid,
Glucopyranoside vitexin, isovitexin,vitexin- 2- O-
beta- D- glucopyranoside
Phospholipids, glycolipids, Present
Tannins, flavonoids, Present
polyphenols, steroids,

alkaloids, volatile oil,
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In some areas of Madhya Pradesh, the leaf decoction is used to cure fever and dysentery
[50]. The locals in Tehsil Chakwal (Pakistan) utilize the plant sap to treat skin conditions,
while the leaves are also used to treat snake bites and stomach ailments as well as to treat
fever and acute headaches [53]. In addition to being used for sensitive teeth, a plant
crushed with cumin seeds is taken three times day with water to treat diarrheal symptoms

[54]. The whole plant parts are used as anti-scorbutic in the treatment of scurvy [55].

This study aimed to investigate the antibacterial potential of Oxalis corniculata derived
silver nanoparticles against human pathogenic bacterial species Escherichia coli,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Serratia marcescens, and Bacillus
subtilis, Streptococcus pneumonia, Staphylococcus aureus. We have opted for different

types of pathogenic bacteria because of the following reasons:

E. coli: Gram-negative, virulent strain causes food poisoning, urinary tract infection,

and even neonatal meningitis.

e Pseudomonas aeruginosa: Gram-negative rod-shaped bacteria infects the
pulmonary and urinary tract, as well as burns, wounds and, other blood-borne
infections.

o Serratia marcescens: Gram-negative bacteria is a member of the genus Serratia,
which is a part of the Enterobacteriaceae family, which causes generally urinary tract
and ocular lens infections. It has capability to produce a beta-lactamase for
development of drug resistance property.

o Kiebsiella pneumonia: Gram-negative, non-motile, encapsulated bacterium exhibit
in the environment and has been correlated with pneumonia.

« Bacillus subtilis: Gram-positive coccus that causes pneumonia, sepsis, meningitis.

o Streptococcus pneumonia: Gram-positive rod shaped responsible for food

poisoning.
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« Staphylococcus aureus: Gram-positive round shaped bacterium can cause skin

infections and sometimes pneumonia.

EHT=1500K  CRWN(CU) Signal A=SE1  Date :22 May 2019
i WD = 85mm Mag= 2500 KX Time :14:34:37

Fig. 1.5 FE-SEM image of E.coli (gram negative) bacteria.

Herpes Simplex virus:

The Latin word virus means poison or fatal substances. A virus is a small infectious agent
that can replicate only inside the living cells of the host, and a complete virus particle is
known as a virion. Viruses infect almost all types of organisms, from bacteria and archaea
to plants to animals. Herpes simplex virus (HSV) is one of the most serious public health
troubles that cause a variety of diseases including kerato conjunctivitis, recurrent cold
sores, genital herpes, and encephalitis [56]. The Herpes viruses belong to the family of
double-stranded DNA viruses, Herpesviridae (Class I, Baltimore Classification) that
cause diseases in humans and animals [57]. In Greek, the word herpein means "to creep"”,
which explain the several typical features of these viruses like latency, re-occurrence and
Iytic infections. The Herpesviridae family consists of eight viruses that are divided into
the alpha, beta, and gamma subfamilies, respectively. These Herpes Virus types are
known to infect humans frequently. Herpes viruses are morphologically similar and share
a number of intracellular development aspects, although they differ greatly in their

biological characteristics [58, 59]. HSV, having two serotypes HSV-1 and HSV- 2,
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targets the oral and genital mucosa of humans, and establishes latent infections in the
sensory ganglia that may reactivate to cause recurrent infections at the primary site [60].
Though HSV infections are often subclinical, its incidence and severity have increased
over the past decades due to the increasing number of HIV patients [61]. The impact of
genital herpes as a public health threat is amplified because of its epidemiological co-
pathogenesis with HIV in particular [62]. Since 1970, HSV has been successfully treated

with acyclovir, which decreases the severity of disease [61].

Fig. 1.6 Cytopathic effect of HSV-1F on Vero cell before (A) and after infection (B).
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Other licensed anti-herpes virus agents includes acyclovir, ganciclovir, foscarnet and
cidofovir also target herpesvirus DNA polymerases also have long-term use toxicity [63].
Moreover, the vaccines developed so far against HSV failed to induce antibody-specific
responses to protect recivers [64]. Thus, new antiviral agents from natural source
exhibiting different mechanisms of action are urgently needed. HSV infections are
managed with the nucleoside analogue acyclovir (ACV) as a gold standard antiviral
which undergoes phosphorylation in the infected cells by viral thymidine kinase into
ACV-ATP [65]. However, ACV is neither able to eradicate the virus from the infected
cell nor prevent the recurrences of HSV, which may be due to in its inability to counteract
in the early stage of viral infection [66]. The frequent emergence of drug-resistant
viruses, particularly in immune compromised patients, is another side effect of long-term
use of ACV or related medications. This increases the chance of HSV recurrence and
treatment failure [63, 67]. Furthermore, no efficient treatment or vaccine is available as

of yet.

Silver nanoparticles as antibacterial:

Worldwide synthesis of silver nanoparticles has been estimated to be 55 tons per year
[68]. Previous studies suggested that the optical properties of nanoparticles mainly
depend on the concentration of metal salts taken initially and the bioactive reductant
molecule of plant extract which may have contributed to the reduction of the metal ions
and formation of the nanoparticles [69]. It is also reported that chemical synthesis of

silver colloids mostly leads to aggregation as the period of storage increases [70].
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Table 1.3: The biogenic synthesis of silver nanoparticles using different plant extracts and principal applications:

Precursor Plant extract Amount of extract Size Morphology Application References

Chelidonium majus L. 1:1 plant extract:1 mM silver 90 nm Spherical Antioxidant, [70]
nitrate Antimicrobial

Solanum tuberosum (Potato 85 mg soluble starch and 15 | 20-50 nm | Spherical Antimicrobial, [71]

starch) ml glucose solution biomedicine, and sensors
(0.06/0.12M) in 10 ml of 60
mM Silver nitrate

Sambucus nigra Fruit 16.6 ml extract in 6.6 ml 1% | 20-80 nm | Spherical Anti-inflammatory [72]
Silver nitrate

Tragopogon collinus Leaf 0.0025 M Silver nitrate in | 7-18nm | Spherical Antimicrobial [73]
20 cc extract, at 40°C, pH 10

Musa paradisiaca (Bananna 3ml peel extract in 1.75mM 23.7nm Spherical Antimicrobial [74]

peel) AgNO,

Azadirachta indica (Neem) 1 mM AgNO3 in ImM A. 34 nm Round Antimicrobial [75]

Leaves indica leaf extract

Arbutus unedo Leaf 50 ml leaf extracts in 50 ml 3-20nm | Spherical Biotechnological [76]

1 mM Silver nitrate

applications
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Picrasma quassioides Bark 5 ml extract in 95 ml of 1 17.5-66.5 | Spherical Catalytic activity [77]
mM Silver nitrate nm

Arachis hypogaea (Pea nut shell) | 5 ml extract in 45 ml of 10 10-50 nm | Spherical Antifungal [78]
mM Silver nitrate

Illicium verum (Star anise) seed 10 ml extract and 10 ml of 19-32 nm | Spherical Molecular [78]
0.5, 0.05 or 0.01 M Silver sensors and
nitrate Nano photonic devices

Corn husk extracts 1, 3,5, 8, 12 ml with 25 ml 20 nm Spherical Antibacterial [79]
of 2 mM Silver nitrate

Cassia tora leaf extract 50 ml diluted extract intol00 | 400-450 | Spherical Antibacterial [80]
m of 0.1 M Silver nitrate nm

Allium ampeloprasum leaf 1 ml extract into 50 ml of an 8-50 nm | Spherical Antioxidant, [81, 82]
aqueous solution of AgNO3 2-43nm Antibacterial
(1 mM) at 60 °C

Solanum torvum Fruit 10% extract was added to 27 nm Spherical Antibacterial against [83]
100 ml aqueous AgNO3 (1 Phyto pathogen
mM)

Caralluma tuberculate 200 pl extract in (2.5,5,7.5, | 4to 70 nm | Spherical Antibacterial, Antioxidant [84]

10, 15 mM) Silver nitrate
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Phlogacanthus thyrsiformis 30 ml extract in 15 ml of 60 Not Not detected Antibacterial [85]

Nongmangkha Leaf mm AgNO3 solution detected

Catharanthus roseus leaf 10 ml extract in 2 mM AgNO;| 49nm Spherical Anti-plasmodial [86]
at 70 °C, stirred magnetically against P. falciparum
at 1000 rpm for 3 min

Piper longum catkin Extract and AgNO: solution 67 nm Spherical Anticancer, Antioxidant, [87]
(1 mM) mixed in 1:1-1:6 Antibacterial, Antifungal
ratios

Padina tetrastromatica Leaf 10 ml aqueous extract into 90 20 nm Spherical Antibacterial activity [88]
ml of 1 mM aq AgNOs,
solution for 72h at 120 rpm

Melia azedarach L. leaves 100 ml extract in 100 ml of 34— 48 nm | Spherical Antibacterial [89]
Silver nitrate

Plukenetia volubilis L. Sacha 140 pl with aqueous Silver | 60 nm Irregular Shape | Antioxidant activity [90]

Inchi nut oil

nitrate (1 mM, 10 ml), and
acetone (1.86 ml) stirring at
70 °C.
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The mechanism of the bactericidal effect of AgNPs remains to be understood. According
to several research, AgQNPs may adhere to the microbial cell membrane and thus disrupt
the cell's permeability and respiration. Smaller AgNPs would have a greater bactericidal
impact than larger AgNPs because they have a larger surface area accessible for
interaction [91]. It is also possible that AGQNPs not only interact with the surface of the
microbial cell membrane but can also penetrate inside the bacteria to hamper cellular
pathway [92]. After synthesis of nanoparticles, their characterization is also important.
Nanoparticles are usually characterized by their shape, size, disparity, and surface area
etc. [93]. The performance, bio-distribution, safety, and efficacy of the nanoparticles are
largely defined by their physicochemical qualities. Therefore, to assess the functional
characteristics of the produced particles, it is crucial to characterize AgNPs. A number
of analytical methods are used for characterization, including scanning electron
microscopy (SEM), transmission electron microscopy (TEM), Fourier transform infrared
spectroscopy (FTIR), dynamic light scattering (DLS), and X-ray photoelectron
spectroscopy (XPS). These techniques can also be used to study the sizes and structures
of individual plant-derived orally used nanoparticles. Transmission electron microscopy
(TEM) has been used to characterize plant-derived edible nanoparticles. Dynamic light
scattering (DLS, also known as photon correlation spectroscopy or quasi-elastic light
scattering) can be used to determine the size-distribution profiles of small particles in

suspension.

1.4 Synthetic Antimicrobial compounds: Workout in this research

Coumarin (1,2-benzopyrone or 2H-1-benzopyran-2-one) and coumarin derivatives are
natural product found in some plant sources as a heteroside or free form, including the
sweet clover and Tonka bean. Total number of naturally found coumarin derivatives are

800 that were obtained from near about 600 genera of 100 families to date [94, 95].
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Coumarin and its derivatives have been found to possess antiviral, antioxidant,
antimicrobial, anti-inflammatory, anti-cancer, anticoagulant and enzyme inhibition
activities [96, 97, 98]. Coumarins (benzopyrones) are compound containing two rings of
six membered heterocycle rings with two oxygen atoms. Coumarins display vitamin K
antagonist activity to exert their anticoagulant effect by involving the cyclic generation
of vitamin K [99]. Long-chain hydrocarbon substituted Coumarin, such as ostruthin and
ammoresinol, displays very high antibacterial activity against a wide spectrum of Gram
positive pathogenic bacteria such as Micrococcus luteus, Bacillus megaterium,
Micrococcus lysodeikticus, and Staphylococcus aureus etc. [100]. Coumermycin has a
bacteriostatic effect against Escherichia coli and Staphylococcus aureus and is
essentially comparable to novobiocin, but coumermycin is over 50 times more potent. It
also inhibits the supercoiling of DNA mediated by Escherichia coli DNA gyrase [101].
A large diversity of naturally derived coumarin products have been described as anti-
HIV agents, and compounds having coumarin nucleus are among them such as
inophyllums A, B, C, E, E, P, G1 and G2 and calanolides [102]. In addition, it has been
discovered that coumarins have weak estrogenic activity and hence coumarins prevent
menopausal distress [103]. However, FDA has banned the use of coumarin derivatives,
which are used as fixative and flavouring agents in tobacco, due to their negative side

effects such as moderate diarrhoea, mild nausea, and hepato toxicity [104].

Fig. 1.7 Basic structure of Coumarins (2H-1-benzopyran-2-one).
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The condensation reaction between a primary amine with a carbonyl compound forms
an azomethine group (-CH=N-), known as Schiff bases. Among Schiff bases of aliphatic
and aromatic aldehydes, the second one i.e. aromatic is relatively more stable than the
first due to the presence of a conjugation system in it [105]. Schiff bases become visible
to be an important middle product in a number of enzymatic reactions involving contact
of an enzyme with a carbonyl or an amino group of the substrate. Otherwise, the
condensation reaction of a primary amine of a lysine residue in an enzyme frequently
reacts with a carbonyl group of the substrate to form an imine, or Schiff base [105, 106].
In a biological system, Schiff base is formed between an amino group of lysine side
chains of proteins and methylglyoxal. Methylglyoxal has the ability to twist back toward
the peptide bond's nitrogen atom in such a way that a charge transfer between these
groups and the oxygen atoms of the Schiff bases can occur [105]. Functionality of many
proteins depend upon fixation of cofactors to the Apo protein, where Schiff base plays
significant role in this fixation. Different enzymes in biological system bind with their
cofactors by Schiff base linkage. Schiff bases exhibit variety of valuable biological role
along with activity against different microorganisms [107, 108]. It has been recorded that
different Schiff bases complexes show significant antimicrobial effects on different

species of pathogenic fungi and bacteria [109].

R
Z\N

Fig. 1.8 Structure of Schiff base synthesized by the reaction between aromatic aldehyde

and aromatic amine.
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On the other hand, Sulfonamides and their derivatives persist as a considerable branch

anti-fungal

of novel pharmacophore developed against a variety of complex diseases and the
continued advancements in the use of this medication as antibacterial, antiviral, or

antifungal medicines [122, 123].

An arsenical — diamino dihydroxy arseno benzol, named as Arsphenamine (known as

Salvarsan) was discovered by an organic chemist, Alfred Bertheimc co-worker of Dr.
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Paul Ehrlich had been used as an antisyphilitic drug since 1909 [120]. Sulphonamides,
first clinically existing antibacterial agent, was discovered as by-products of the azo dye,

Prontosil Fig.1.8 [121].

OH
H,N As /<I
N
Sa¢ NH,

0
HO Salvarsan \\/0
S
SPQL
NH,
Na
N
1 Prontosil
H,N o
HZVO—%—NHZ
o]
Sulfonamide

Fig. 1.8 Origin of Sulfonamides from Salvarsan.

This sulfa drugs were introduced by a German Bacteriologist, Gerhard Domagk [124,
125]. Clinically they have been utilized as antimicrobial lead for over 75 years, with
confirmed effectiveness [125, 126]. Among the sulfa drug sulfamethoxazole (SMX)
shows bacteriostatic activities not the bactericidal so when incorporated into the bacterial
cell, they stop the synthesis of Folic acid by mimicking with para-amino benzoic acid
(PABA) produced by bacterial cell [127]. Sulfa drugs mainly bind and hinder a specific
enzyme named dihydropteroate synthase (DHPS). By inserting sulfa drugs into the
enzyme crystals, the scientists found that the sulfa drugs are held in place by the
structures called floppy loop. Folate, synthesized by de novo synthesis pathway, is an
important metabolite for Prokaryotes and lower eukaryotes. By distracting biosynthesis
of folate, SMX can hamper their growth [126]. On the other hand, higher eukaryotes
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acquire folate directly from their diet and got read of the pathway. In lower organisms,
the universal existence of DHPS and its absence in higher organisms explains why
sulfonamides have been fruitful as broad-spectrum antimicrobials. Recently Griffith et
al., 2018 gave attention on the structural and mechanistic basis of sulfonamide resistance
in S. aureus DHPS (SaDHPS), and analyzed how reappearing resistance mutations can
selectively unfavor the binding of sulfonamides [127]. It was reported that derivatized
sulfa drug (N-(2-methoxy phenyl)-4-methylbenzenesulfonamide and N-ethyl-4-methyl-
N-(3-methyl phenyl) benzene sulfonamide) have antibacterial activity against both
Gram-positive and Gram-negative bacteria [128]. As multi-target methodologies in drug
development gained much-deserved prominence, so did the application of sulfonamide

derivatives as multi-target drugs [129].

During synthesis of genetic material bacteria require Folic acid as an important key
element. This steps is inhibited by Sulfonamides and thus, the production of DNA and
RNA is diminished due to insufficiency of tetra hydro folate [130]. As bacteria by
mistake used sulfonamide instead of p-amino benzoic acid during folic acid synthesis,

leading to death [131].

The six-membered heterocyclic molecules commonly known as pyridines are produced
from both synthetic and naturally occurring heterocyclic chemicals and have diverse
range of therapeutic uses [132, 133]. Many natural products including vitamin B3, B6,
coenzymes such as nicotinamide adenine dinucleotide (NAD), and alkaloids Trigonelline
contain Pyridine skeleton. Pyridine rings are present in Trigonelline, is a metabolite of
niacin. Many drug and pesticides have a pyridine backbone. This scaffolds act as
antiviral, antimicrobial, antidiabetic, antioxidants, anti-malarial, anti-inflammatory,
antiamoebic agents due to their lower basicity and aqueous solubility [134, 135].

Moreover, another interesting action of this scaffold is against cancer, a threat to public
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health [136, 137, 138]. Sulfapyridine and 5-aminosalicylic acid react with each other and
make azo linkage to form compounds called sulfasalazine. Due to the strong water
solubility of this compound, it is often utilised in clinical settings as a therapy for
rheumatoid arthritis, ulcerative colitis, and Crohn's disease [139]. Therefore, the
development of effective new lead is a very significant goal and we effort in this field

and give focus towards the design of new agents.

1.5 Present Work

In this present investigation, we have evaluated the in vitro anti-microbial activity of
green synthesized nanomaterials and different semi-synthetic compound including new
Schiff bases incorporated with coumarin moiety and Sulfonamide derivative to found
new lead molecule with high activity and less cellular toxicity. Chapter 2 and chapter 3
are also directed along this direction, viz. structural modification of nature-based
synthetic analogues for increased bioactivity with reduced toxicity and synthesis of
biofabricated silver nanoparticles using aqueous extracts of Albizia lebbeck Bark and
Oxalis corniculata whole herb as an antimicrobial, anti-biofilm agent followed by
complete spectral characterization, determination of cell viability at different
concentrations and evaluation of antimicrobial activity against selected wild-type and
drug-resistant microbes. Chapter 4 deals with the design and synthesis of nucleoside and
non-nucleoside molecules HL1, HL2 and HL3.The study against Herpes simplex virus
has been discussed in detail. Here we have re-examined the anti-HSV-1 activity of certain
amides compound having nucleoside moiety by the cytopathic activity and Plaque
reduction assays, with the possible mode of action in the HSV-infected Vero cells in vitro
model. Time-of-addition assays displayed that pre-treatment of virus-infected cells with

the pyridine derivatives and its removal before infection lowered the number of plaques
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without toxicity to the cell, indicating that the pyridine derivatives affected the early stage
in the viral life cycle. Docking studies has been performed to know the most preferred
binding site with the gB and gD surface glycoproteins of virus. Chapter 5 depicts the
fabrication of sulfonamides and exploration of their biological activities. Antibacterial
activities have been studied against Gram-positive and Gram-negative bacterial strains.
In Chapter 6, bidentate N, N'-chelator 2-(3-Phenyl-1H-1, 2, 4-triazol-5-yl) pyridine has
been prepared and this ligand has been used for the preparation of their Au (I11) complex,
[Au (2-ptp)2]CI (1). This ligand and complex have been spectroscopically characterized

and biochemical properties (mostly antimicrobial, toxicity) have been studied.
1.6 Physicochemical Performance on molecule Characterization

The Fourier-transform infrared spectroscopy (FTIR) spectroscopy data is generally
used to analyze the functional group (bond) of the organic compound present in plant
extract or others and it was recorded from a Perkin EImer LX-1FTIR spectrophotometer

when run under IR region (KBr disk, 4000-400 cm™).

The absorption spectra of the nanoparticles at UV-Visible spectrum was recorded by a
Perkin-Elmer Lambda 25 Spectrometer between 200 and 800 nm and these spectroscopic
data are very much useful for the structure elucidation of an organic compound and also

give qualitative information about size, shape, and concentration of nanoparticles.

Nuclear Magnetic Resonance (NMR) spectrometry was performed by using Bruker
(AC) 300 MHz FT-NMR spectrometer. *H-NMR data helps to determine the actual

structure of compounds, different types of hydrogen atoms, and the purity of compounds.
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Dynamic Light Scattering (DLS) analysis spectra were recorded by using a DLS
Analyser (Zetasizer® Nano ZS, Malvern Instrument Ltd., U.K) to determine the average

size of nanoparticles and their average distribution.

Mass spectrometry has become a vital tool for qualitative and quantitative information
on molecules based on their structural compositions and it was recorded from a Water

HRMS model- XEVOG2QTOF# YCA351 Spectrometer.

The powder X-ray diffraction analysis of bio-synthesized nanoparticles were done by
a Bruker D8 Advanced X-ray diffractometer using Cu Ka radiation (A=1.5418 A), and
the data was taken for the 20 range of 10° to 100° using Lynxeye detector (1D mode).
This experiment is used for the identification of unknown crystalline materials such as
nanoparticles. The crystalline structure was determined by comparing the data with the

Joint Committee on Powder Diffraction Standards (JCPDS) library.

Morphology of bio-fabricated nanoparticles was recorded by using Scanning Electron

Microscope (Zeiss EVO 18 Special Edition, ZEISS, Germany).
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Chapter 2

Silver nanoparticles derived from Albizia lebbeck bark
extract demonstrate killing of MDR-isolates of
bacteria by damaging cellular architecture with

antioxidant activity
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Abstract:

Silver nanoparticles are synthesized and stabilized by the extract of ethnomedicine,
Albizialebbeck bark. The extract-wrapped Ag-NP (Ag-NP-AE; AE, Aqueous Extract)is
active against several multidrug-resistant (MDR) clinical isolates. The nanoparticles are
characterized by different spectroscopy (spectroscopy (FTIR, UV-Vis, DLS, SEM, XRD).
The antibacterial potency of Ag-NP-AE is determined by Disk diffusion, Agar and Broth
dilution assays against 14 MDR isolates along with their minimum inhibitory

concentration (MIC), and minimum bactericidal concentration (MBC). The growth
kinetics was determined by quantification of colonies; while toxicity was by
quantification of viable cells and in vitro free-radical scavenging activity by the DPPH
method. The Ag-NP-AE shows strong free-radical scavenging activity at 15-20 uM and
is non-toxic up to 50uMbut demonstrated significant antibacterial activity against all the
test isolates with zone diameter of 10.4-19.5 mm and MIC of 0.5-0.84 uM (0.085-0.143
Kg); while the zone diameter with AE was 10.2-15 mm and MIC of 128-1024 pg/ml,
respectively, indicating that the nanoparticles are more active than the AE. The MBC was
2-4-fold higher than their MIC; while 100% killing was observed at 0.50 uM within 2-4h

of exposure due to damage to cellular architectures.
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2.1 Introduction:

Infections caused by the WHO listed priority pathogens of greatest threat including
Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, Salmonella
typhi, Klebsiella pneumonia, Pseudomonas aeruginosa are ubiquitous in
community and hospital settings, leading to increased mortality, morbidity, and
economic burden [1, 2]. The multi-antibiotic resistant strains may cause treatment failure
to death. Moreover, the biofilm formed by some pathogenic bacteria is difficult to
eradicate, while growing antibiotic-resistant limits the treatment options [1,3]. One
promising option is the use of ultra-fine nanoparticles (1-100 nm) of metallic
silver, gold, copper, or zinc with therapeutic activities against a wide array of
pathogenic bacteria [1,4]. Moreover, the development of resistance against silver
nanoparticles is less because of its unique structure and multimodal mechanisms of action
[5]. Silver nanoparticles (AgNP) prepared with plant extracts or phytocompounds are
reported to possess antimicrobial activity against bacteria including S. aureus, E. coli,
S. typhimurium, and P. aeruginosa at 2-4 ppm, fungi, and viruses [6-9]. Silver ions of
AgNP not only accumulate around the cell wall but also penetrate E. coli and S. aureus
cells and interact with the bacterial DNA [10]. Metal nanoparticles prepared by
chemical/photochemical reduction or electrochemical methods showed better stability
[11]; while synthetic methods used organic solvents as a medium due to better
hydrophobicity of capping agents. The size, morphology, surface charge, and coating of
AgNPs are reported to play critical roles in determining their antimicrobial activities [12].
Earlier, AgNPs synthesized with chemicals showed toxic/hazardous effects on the
ecosystem; thus, plant or microbial metabolites are preferred [13], due to their eco-
friendly nature, termed“Green synthesis”[14]. Moreover, the synthesis of nanoparticles

from bio-metabolites is rapid with high yield and cost-effective downstream processing
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[15]. A substantial amount of work has been done on the ‘green synthesis’ of AgNPs
using plant extracts or phyto-metabolites, secondary metabolites of viruses, bacteria,
fungi, and plants, due to their antioxidant activity that can reduce metal compounds in

their respective nanoparticles [16].

Several species of Albizia (Mimosoideae) are traditionally been used as ethnomedicine in
diverse communities. Among them, Albizia lebbeck (Linn) Benth, locally known as Siris,
is atall tropical deciduous tree distributed throughout India, parts of Asia, Africa, Australia,
and Southern America. In the Unani system of medicine, the flower and stem bark are used
for arthritis; while in Ayurveda the stem bark is recommended for diarrhea [17].
Traditionally A. lebbeck is used for inflammatory ailments including asthma, arthritis,
allergies, bronchitis, gingivitis, toothache, sinusitis, fractures, and snakebite. However,
studies on different parts of A. lebbeck showed antibacterial, antifungal, antitumor, anti-
inflammatory, antifertility, anticonvulsant, anti-anaphylactic, psychoactive, antioxidant,
anti-arthritic, antidiabetic, and anti-malarial activities [18- 27]. Recently it has been
reported that zinc oxide nanoparticles from Albizia lebbeck stem bark possess
antimicrobial and antioxidant activities, along with cytotoxic effect against human breast
cancer cells [28]. We have used the well-known ethnomedicinal plant Albizia lebbeck bark
extract as a stabilizer and reductant for the synthesis of silver nanoparticles (Ag-NP-AE).
The characterization and purity of Ag-NP-AE were determined by spectroscopic
techniques, Scanning Electron Microscopy (SEM), Transmission electron microscopy
(TEM), and X-Ray diffraction (XRD) studies while safety was assayed by Cell Viability
assay and oxidative ability by DPPH radical scavenging assay. The antibacterial potential
of Ag-NP-AE was validated against fourteen multidrug resistants (MDR) hospital isolates
of bacteria belonging to eight genera, by determining their sensitivity, inhibitory profile,

growth kinetics, and mode and mechanism of action, following standard techniques.
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2.2 Experimental Section

2.2.1 Reagents

Mueller-Hinton Broth (MHB), Mueller-Hinton agar (MHA), nutrient broth (NB),
nutrient agar (NA), and MacConkey agar (MA), ampicillin, and gentamicin, along with
the antibiotic discs of different potency were purchased from Difco, UK. The Dulbecco's
Modified Eagle Medium (DMEM), fetal bovine serum (FBS), penicillin (Penicillin G
sodium 100 Units/m), and streptomycin (Streptomycin sulfate 100pg/ml) were obtained
from Gibco (Thermo Fisher Scientific, Grand Island, USA). While Silver nitrate
(AgNO3), sodium bicarbonate, MTT [3-(4, 5-dimethylthiazol-2-yl)-2,5 diphenyl
tetrazolium bromide], DPPH (2,2-diphenyl-1-picryl hydroxyl), Ascorbic acid (vitamin
C), methanol, and conventional antibiotics (ampicillin, gentamicin) were procured from

Sigma-Aldrich (St Louis, MO, USA).
2.2.2 Collection, processing, and extraction of plant materials

About one kilogram of A. lebbeck stem bark was collected from the forests of the
Jangalmohal area (Belpahari, Similipal, and Jhargram), West Medinipur, West Bengal,
India during March, June, and October 2018 to cover up the seasonal variation of active
compounds. The collected samples were authenticated by a Botanist from the Botanical
Survey of India, Shibpur Howrah, India. A voucher specimen (VU/2017-18/0025) was
deposited in the host institute. The samples were thoroughly washed in tap water and
then with distilled water; shade dried, mixed, pulverized, and passed through a 40-mesh
sieve to get a fine powder. The powdered bark (100 gm) was macerated with sterile
distilled water (500 ml) for 72 h at room temperature. The extract was filtered, condensed,

and lyophilized as powder. The resultant powdered aqueous extract (AE) with a
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percentage yield (w/w) of 13.2+0.21 g was stored in an airtight amber color container

and kept in a desiccator for future use.
2.2.3 Micro-organisms and Cell line

Well-characterized 14 clinical isolates of eight bacterial species, containing two each of
Staphylococcus aureus, Bacillus subtilis, Escherichia coli, Enterococcus faecalis,
Salmonella entericasubspecies enterica Serovar Typhi (S. Typhi), and Pseudomonas
aeruginosa; with one each of Klebsiella pneumonia and Serratia marcescens, obtained
from the Department of Microbiology, Calcutta Medical College and Hospital, and the
Peerless Hospital, Kolkata were used in this study. The quality control strains include
Staphylococcus aureus ATCC 29213, Escherichia coli ATCC 25922, Enterococcus
faecalis ATCC 29212, and Klebsiella pneumonia ATCC 700603. Bacteria were grown
either on sterile nutrient agar, blood agar, or MacConkey agar plates and maintained on
agar slants and stored at —80 °C with 50% glycerol. Before experimentation, a single
isolated colony of the respective bacterium was aseptically picked up from 24 h old
culture plates, grown on nutrient agar for the preparation of the inoculum, and checked

at an optical density of 0.1 at 600nm.

For cell culture: African green monkey kidney epithelial cells (Vero cells, ATCC, USA),
were grown and maintained in DMEM, supplemented with 5-10% FBS, 100 U/ml
penicillin, and 100 pg/ml streptomycin at 37°C in 5% CO2; while EMEM with 2% FBS

was served as maintenance medium.

2.2.4 Synthesis and Characterization of Silver nanoparticles using plant

extract as reductant

The powdered AE of Albizia lebbeck stem bark (0.5 mg) was dissolved in 5.0 ml sterile

double distilled water into a 50 ml round-bottom flask and mixed with 1.0 mM of AgNO3
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(0.85 mg). The mixture was allowed to react by stirring at 90 °C for 2 h. The change of
color from pale-yellow to deep-brown indicates the completion of the reaction with the
formation of silver nanoparticles Ag-NP-AE. Characterization of biologically Ag-NP-

AE was carried out using UV-Vis spectroscopy, FTIR, XRD, DLS, and SEM studies.

2.2.5 Determination of Cytotoxicity of the Silver nanoparticle by MTT

assay

The cytotoxicity of Ag-NP-AE, as well as AE of A. lebbeck bark, was determined by
MTT (3-[4, 5-dimethyl-thiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay in Vero
cell on 96-well plates. The absorbance was read by a microplate spectrophotometer
(Multiskan Go, Thermo Scientific) at 570 nm against a reference wavelength of 690 nm.
The 50% cytotoxic concentration (CCsp) causing visible morphological changes in 50%
of Vero cells concerning cell control was determined [29]. All experiments were
conducted in triplicate to calculate the averages. The cell viability was calculated as: Cell

viability (V) = [(At-Ab) / (Ac-Ab)] x 100%

[Where At = sample absorbance; Ab = absorbance of cell-free blank; Ac= mean control

absorbance]

2.2.6 Evaluation of in vitro antioxidant activity of nanoparticles

Antioxidant activity was carried out by 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assay using different concentrations of Ag-NP-AE (0, 0.5, 1.0, 5.0,10,15,20
M) along with the standard antioxidant Ascorbic acid (vitamin C) in separate test tubes.
The percentage free radical scavenging activity was determined by the formula [30]: %
Free radical scavenging (FS) = [{(CA - BA) - (TA- BA)}/ (CA - BA)] x 100% [Where

CA = absorbance of Control; BA = absorbance of blank (only methanol); TA = Mean
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absorbance of DPPH radical along with the sample Ag-NP-AE/ standard vitamin

C

2.2.7 Evaluation of the antibacterial potential of Nanoparticles and AE

of A. lebbeck bark

Antibacterial susceptibility was determined by the disk-diffusion assay described by
Kirby-Bauer, following the guidelines of the Clinical and Laboratory Standard Institute
[31]. For disc diffusion assay 1.0 ml inoculum (1.8 x 10° CFU/ml) of respective bacteria
from an overnight culture, was spread evenly on dried sterile MHA plates at room
temperature, and incubated for 30 min at 37 °C. Previously prepared A. lebbeck bark AE
(0-1024 pg/ml) or Ag-NP-AE nanoparticle-impregnated discs (0-50 puM or 0-8.5 ug)
were placed aseptically on the inoculated plates, with the antibiotic disc as controls, in
triplicate. After overnight incubation at 37 °C, the sensitivity was recorded by measuring
the clear zone of growth inhibition (in mm) on the agar surface around the discs. The
zone diameter >10 mm for any test strain was considered antibacterial. Briefly, the sterile
MHA plates prepared with a serial dilution of Ag-NP-AE (0-50 uM or 0-8.5 pg) or AE
(0-1024pg/ml) were kept overnight at 4 °C. The next day the plates were dried and
inoculated with 10 pl of respective bacterium (2x10°CFU/mlI) as spot, with appropriate
controls, in triplicate and incubated at 37 °C for 18-24 h. The plates were visually
observed for the presence of growth or any colony, and the complete absence of any

growth/colony in the plate will be considered an inhibitory concentration [32].
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2.2.8 Determination of minimum inhibitory and minimum bactericidal

concentration

The minimum concentration of test nanoparticles (Ag-NP-AE) or test extract (AE) that
inhibits the growth of the test bacteria was determined by broth and agar dilution
methods, following CLSI guidelines [33]. The previously prepared MHA plates
containing Ag-NP-AE (0-50 uM or 0-8.5ug) or AE (0-1024 pg/ml) and Ampicillin or
Gentamycin (0-30 pg) were inoculated with the test bacteria (2x10° CFU/ml) and
incubated at 37 °C for 24 h. While for broth dilution assay sterile 96 well culture plate,
each containing 90 pl of MHB with varying concentrations of Ag-NP-AE (0-50 uM or
0-8.5ug) or AE (0-1024 pg) was added with 10 ul of bacterial inoculum
(2 x 10° CFU/mI) separately, to adjust bacterial density at 2 x 10° CFU/ml in a total
volume of 100 ul for each well, along with antibiotic control Ampicillin or Gentamycin,
in triplicate [34]. The culture plate was incubated in a shaker incubator (250 rpm) at
37°C for 24h [35], and the absorbance was recorded by a microplate reader (Multiskan
Go, Thermo Scientific) at 600 nm. A graph was plotted by using OD vs concentration
of Ag-NP-AE or AE for each well and the lowest concentration of the test agents having
the least OD without any visible growth was considered as the MIC. To determine the
minimal bactericidal concentration (MBC) 9.0 ml of sterile MHB with 1.0 ml suspension
of test bacteria (2x10° CFU/mI) was poured in the tube(s) and added with 0 to the 4-fold
MIC of Ag-NP-AE or AE along with appropriate controls, in triplicate and incubated at
200 rpm for 24 h at 37 °C. The aliquots (0.1 ml) were withdrawn at hourly intervals (0-
12 h) and at 24 h to determine the OD at 540 nm with a Multiskan plate reader (Thermo,

USA) as well as the colony count of treated bacteria [36].
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2.2.9 Time-dependent growth inhibition by test nanoparticles

To evaluate the time-dependent rate and extent of growth inhibition with an antimicrobial
activity we have evaluated the killing efficacy of Ag-NP-AE and AE of A. lebbeck bark
against highly sensitive MDR-isolates. Briefly, an overnight culture of the three most
sensitive test bacterium E. coli, P.aeruginosa, and S. Marcescens were diluted in MHB
and incubated at 37 °C for 3 h in a shaker incubator at 200 rpm to achieve log-phase
growth. At the mid-logarithmic phase (2 x 10° CFU/mI) of growth, the test nanoparticle
Ag-NP-AE or antibiotic control was added at its MIC (0-5.0 uM) along with the bacteria
control (fresh medium containing bacterial inoculum) in triplicate. Aliquots were
withdrawn at half-hourly intervals (0-240 min), diluted (10™*-107%) in sterile PBS to count
the number of colonies, in triplicate. The mean viable count was recorded, and the Log10
CFU/ml was plotted against time [37]. The percentage of killing was calculated by
dividing the difference between the CFU of control and the CFU of the test group with
the CFU of the control, multiplying by 100. All experiments were performed in triplicate

to get the average.
2.2.10 Morphological changes of the test bacteria exposed to Ag-NP-AE

To find out the architectural changes of test bacteria, if any, with Ag-NP-AE we have
exposed two MDR-resistant bacteria P. aeruginosa and S. marcescens at 2 x 10° CFU/mll,
highly sensitive to the test nanoparticle at their MBC, along with appropriate control, for
0 to 8 h, in triplicates. Cells were then centrifuged, fixed with 3% (w/v) glutaraldehyde
solution, dehydrated serially with 30, 50, 70, and 90% ethanol-water for 15 min, and

visualized by the SEM [37].
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2.2.11 Statistical analysis

The data were presented as mean + SD. Comparisons between two sets of tests were
conducted by using Student’s t-test; while one-way ANOVA was used to compare the
data between three groups or more. The P-value of 0.05 was considered statistically

significant.

2.3 Results

2.3.1 Green Synthesis of Ag-NP-AE and their characterization

Synthesis of Silver nanoparticles using plant extract

Albizia lebbeck stem bark AE (0.42 mg) dissolved in 5.0 ml sterile double distilled water
with I mM of Silver nitrate (0.85 mg) was allowed to stir at 90 °C for 2 h. The changes
in the color of the mixture from pale-yellow to deep-brown (Fig. 2.1) indicate the

formation of silver nanoparticles of A. lebbeck bark AE (Ag-NP-AE).

Fig. 2.1 Albizia lebbeckstem bark extract powder (A); synthesized Silver nanoparticle

with Pale-yellow and deep-brown solution of Ag-NP-AE (B).

UV-Vis Spectroscopy

The formation of Ag-Np-AE is indicated by the changecolorlour of the solution from
pale yellow to dark brown. The Ag-NP-AE was further studied for its optical properties
using UV-Visible spectroscopy. The resultant UV spectral peak at 432 nm, presented in
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Fig. 2.2, clearly indicates the longitudinal Vibration corresponding to the silver
nanoparticle. The results also indicate that there is a strong interaction between the silver
nanoparticles and the aqueous extract of the plant. The shape and size of the nanoparticle
along with the dielectric constant of the corresponding medium usually affect the exact

peak and nature of the plasmon absorption band.
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Fig. 2.2 UV-Vis spectral profile of Albizia lebbeck stem bark extract derived nanoparticle

Ag-NP-AE (Amax = 432 nm).
FT-IR Analysis

During ‘green synthesis’ the silver nitrate (AgNO3) is reduced to silver nanoparticles by
the phytochemicals present in the plant extract, which also serve as a stabilizing or
capping agent. FT-IR spectra of AE and the synthesized nanoparticle were presented in
Fig. (2.3). The results revealed that the absorption peaks at 3189 cm™', 2910 cm ™', 2850
cm', 1602 cm™', and 1064 cm ™' of AE are associated with oxygen-containing functional
groups. While the peaks at 2970 cm™', 2817 cm ', 1602 cm ™', 1451 cm "“and 1382 cm ™'
are due to Ag-NP-AE. The shifting of several peaks indicates the reduction of intensity

during the formation of nanoparticles with A. lebbeck bark AE. The IR spectra of AE
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revealed an absorption peak at 3189 cm™ corresponding to the o —OH/~NH group, where
intensity is reduced during the formation of nanoparticles. The ~OH/-NH group is
mainly responsible for the reduction and stabilization of nanoparticles. Similarly, the
peak at 1602 cm™, corresponds to the amide C=0 group. Other shifted peaks observed
were at ~2910 cm ™' and ~2850 cm™' which correspond to the carboxylic —OH groups.
Thus, by comparing the spectra of AE with the spectra of synthesized Ag-NP-AE, it can
be confirmed that AE plays a dual role during the formation of nanoparticles as a

reducing and stabilizing or capping agent.
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Fig. 2.3 FT-IR spectra of Albizia lebbeck bark aqueous extract (AE) and Ag-NP-AE.
X-Ray Diffraction Study of nanoparticles

The XRD of Ag-NP-AE was performed to confirm the structural and chemical
composition. The XRD pattern of Ag-NP-AE nanoparticles presented in Fig. 2.4 showed
five diffraction peaks at (20) 27.89°, 32.30°, 38.12°, 44.40°, and 46.28°. Among these

38.12° and 44.40° corresponds to (111) and (220) planes, respectively. Comparing of
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standard powder diffraction card of JCPDS with silver file No. 1100136 indicates the
cubic crystalline face-centered cubic structure of silver. The unassigned peaks at 27.89°,
32.30°, and 46.28° are due to the crystallization of phytochemicals present on the surface
of the silver nanoparticles [69]. The stronger planes (111) that appeared in the Powder
XRD plot strongly indicate that silver is a major constituent in the biosynthesis of

nanoparticles.
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Fig. 2.4. Powder XRD patterns of Ag-NP-AE.

Morphological studies

Dynamic Light Scattering (DLS) Analysis

DLS analysis was used for the hydrodynamic size distribution of the synthesized Ag-NP-
AE. The results showed that the particle size distribution varies between 15-100 nm while
the Z-average size distribution of Ag-NP-AE was around 90 nm and the average Poly
Dispersity Index (PDI) was <1.5 Fig. 2.5, indicating the stable colloidal dispersion.

Moreover, the Ag-NP-AE solution was highly stable and there was no accumulation of
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silver even after one month of storage, probably due to the presence of hydroxyl group
in the AE of A. lebbeck bark that provides long-lasting stability of the ‘green
nanoparticle’. The morphological study of synthesized Ag-NP-AE by SEM, presented in
Fig. (2.5), revealed the presence of compact granular nano-sized particles with square
shape, varies between 20-90 nm, with an average diameter of 90 nm. The particles are
disbursed as an individual particle scale, indicating the importance of using A. lebbeck

bark as a reducing agent during nanoparticle preparation. The

TEM analysis of Ag-NP-AE showed that the nanoparticles have variable shapes as
spherical shapes and the size is ranged between 10 to 60 nm with an average size of 27
nm as shown in Fig. 2.5a. The diffraction pattern of Ag-NP-AE appeared as lighted spots
on the dark field also reflect the crystalline structure and the diffraction rings of the
nanoparticles of silver. Fig. 2.5b shows EDX of Ag-NP-AE, which indicates the
presence of silver as the major ingredient element. Due to surface plasmon resonance,
metallic silver nanoparticles generally show a strong signal peak at 3 keV. The
quantitative information of the presence of Cl, Si, O, and S isa key element of the

bioactive AE of A. lebbeck.
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Size distribution by Intensity
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Fig. 2.5 a) Ag-NP-AE Particle size distribution. b) SEM image at magnification 50,000
x. ¢) TEM micrograph shows spherical shape off Ag-NP-AE. d) Energy-dispersive X-

ray spectroscopy of Nanoparticle.
Determination of Cytotoxicity of nanoparticles

It is known that nano-sized particles with an average diameter of 20-100 nm can able to
penetrate living cells and tissues and may produce diverse cellular lesions including toxic
manifestations. Thus, to determine the biological impacts of AgNPs and their risks to
human health and the environment we have tested the cytotoxicity of Ag-NP-AE in
cultured Vero cells by using the well-accepted MTT assay, at different doses (Fig.2.6).
The results revealed that the 50% cytotoxicity (CCso) of synthesized Ag-NP-AE was 11.0

MM (1.87 pg), in which about half of the Vero cells are survived.
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Fig. 2.6 (a) Cell viability assay (b) Vero cell morphology at different concentrations of
Ag-NP-AE.

In vitro Antioxidant activity of synthesized nanoparticles

Free radical scavenging activity of synthesized nanoparticles was evaluated by DPPH
radical scavenging assay. The results indicated that Ag-NP-AE can bleach the stable
DPPH radical that contained an odd electron (with a strong absorption band at 517 nm;

deep violet) which is paired off in presence of a free radical scavenger Ag-NP-AE. The
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absorption vanishes and the resulting decolorization is stoichiometricconcerning the
number of electrons taken up. The results further revealed that the quenching capacity of
Ag-NP-AE at 20 uM (3.4 ug) is more than 50%, close to the standard ascorbic acid (20

MM = 3.4 ug) and is concentration-dependent (Fig. 2.7).
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Fig. 2.7 Free radical scavenging activity of Ag-NP-AE and Ascorbic acid.

Antibacterial sensitivity profile of nanoparticles against selected MDR-

isolates

The antibacterial susceptibility profile of 14 MDR-isolates of bacteria tested by disc
diffusion assay, presented in Table 1, revealed that the synthesized nanoparticles (Ag-
NP-AE) have significant antibacterial activity against all the test isolates. The results
showed that the diameter of inhibition zones varies between 10.9-15.2 mm against the
multi-antibiotic resistant strains of Bacillus subtilis and Staphylococcus aureus; while
the zone diameter of 10 Gram-negative isolates varies between 10.4-19.5 mm. On the
other hand, quality controlstrains had zone diameters between 11.5-16.2 mm.
Interestingly, the zone diameter was highest with the highly resistant Klebsiella
pneumonia (11.2-16.7 mm), Serratia marcescens (16.5-18.9 mm), and Pseudomonas

aeruginosa (17.5-19.5 mm), compared to the other isolates and the quality control strains.
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Further, the diameter of inhibition zones for AE (10.5-16.7 mm) was less than the test
nanoparticles, even the concentration of AE was much higher, compared to the

nanoparticles (Table 1).

Determination of MIC and MBC of Silver nanoparticles

The MIC of synthesized Ag-NP-AE or AE of A. lebbeck bark determined against 14-
MDR isolates with corresponding quality control strains, presented in Table 1, showed
significant inhibitory activity against all the test strains. The MIC of AE was between
128-1024 pg/ml; while it was between 64-512 pg/ml for the quality control strains.
Surprisingly, the MIC of Ag-NP-AE for all the test isolates was between 0.50-0.84 uM
(equal to 0.085-0.143 pg), far below the MIC of plant extract (Table 2.1). This indicated
that the silver nanoparticles can penetrate the bacterial cell much quickly and damage the
bacterial cell to cause rapid and efficient killing than the AE of A. lebbeck bark. Table
2.1. Antibacterial activity of Ag-Np-AE and AE of Albizia lebbeck bark against selected

MDR-pathogens.

Ag-Np-AE AE of A. lebbeck
Bacteria No MIC Ini;:rl]telon MIC Inhibition Resistance profile
pM Mg (mm)* (ng/ml) | zone (mm)*
Staphylococcus aureus 2 0.83 0.141 |15.2-135 |256 14.2-135 An Amc CIP, Mc, Er
Bacillus subtilis 2 0.64 0.108 |(12.4-10.9 |128 15.4-13.9 Amp, C, Er, T, Km, SXT
Enterococcus faecalis 2 0.82 0.139 |[12.1-11.0 |256 13.2-10.8 ACIP,Van,C, T, Er, Gm
Escherichia coli 2 0.72 0.112 |11.9-104 |512 14.4-12.2 An Amc, Gm, Er, SXT, CIP
Klebsiella pneumoniae 1 0.78 0.132 |(11.2-16.7 |1024 16.7-11.2 A, C,NA NOR, T, Cft, SXT
Salmonella Typhi 2 0.84 0.143 |[13.7-125 |128 13.7-12.5 A, C, SXT, CIP, NA, NOR,
T
Serratia marcescens 1 0.60 0.102 |18.9-16.5 |512 15.9-12.4 A, T, Er, CIP, C,Gm

Pseudomonas aeruginosa |2 0.50 0.085 [19.5-17.5 |1024 13.5-10.5 AnAMC, C, T, Er, Cft, Gm
Quality control strains

S. aureus ATCC 29213 1 |0.67 0.114 |14.8-12.3 |256 11.8-10.1 Sensitive
E. coli ATCC 25922 1 1]0.75 0.127 |14.5-13.7 |128 13.5-12.2 Sensitive
E. faecalis ATCC 29212 1 |0.72 0.112 |12.2-115 |256 11.4-10.9 Sensitive
K.  pneumoniae = ATCC|1 |0.65 0.110 |16.2-13.4 |512 15.2-14.4 Sensitive
700603

AE, aqueous extract; Antibiotic discs of: A, ampicillin (10 pg); Amc, amoxicillin with clavulanic acid

(20/10 ng); C, chloramphenicol (30 pg); CIP, ciprofloxacin (5 pg); Cft, cefotaxime (30 pg)); Er,
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erythromycin (15 pg); Km, kanamycin (30 pg); Gm, gentamicin (10 pg); Mth, methicillin (10 pg); NA,
nalidixic acid (30 pg); NOR, norfloxacin (10 pg); OFX, ofloxacin (5 pg); SXT, sulphamethoxazole-
trimethoprim (25 pg); T, tetracycline (30 pg); Van, vancomycin (>16 pg). The lowest MIC values indicate

the highest inhibitory effect. *Results are the mean of triplicate tests, measuring from three angles.

The MBC of AE was found to be 3-4-fold (512-3072 pg/ml), but for the test nanoparticles
Ag-NP-AE it was 4-fold (2.0-3.36 uM or 0.34-0.562 pg) higher than their MIC values;
while MBC with the control strain(s) was 2-4 folds higher. Further, the Ag-NP-AE had
bactericidal activity at lower concentrations; while the AE had bacteriostatic at lower but
cidal at higher concentrations, probably due to the faster penetrability and multiple

actions of silver nanoparticles on the bacterial cell.

0.8
0.8
0.7 . —4— Salmonella typhi
- . —+— Pseudomonas aeroginosa 0.7 -
i ; 5 —8— Enterococcus faecalis
0.6 1 ~@— Serratia marcescens 06 v . N
X —tr— Staphy
= I Klebsiella pnewn oniae aphylococcus aureus
g 05 Lo -~ 05 Badllus subtiis
s Escherichia coli E
Py ]
g™ S 04
o) 03 VE L A a 0.3 B
Iy C
02 - 02
0.1 \i "::-,.:,__ L . 0.1 I ™
0 0
0 0.5 1 2.5 5 10 25 50 0 0.5 1 2.5 5 10 25 50
Concentration (uM) Concentration (uM)

Fig. 2.8 Effect of Ag-NP-AE nanoparticle at different concentration determination by

OD (600 nm) vs different concentrations of Ag-NP-AE.

To know the mode of action (cidal or static) of test nanoparticles we have assessed time-
dependent growth inhibition or killing of three test bacteria Pseudomonasaeruginosa,
Serratia marcescens, and Escherichia coli, at different concentrations of Ag-NP-AE,
along with the damage inflicted [70]. The results showed significant inhibition of growth
by Ag-NP-AE, with rapid reduction of viable cell numbersovertime at 2.0, 2.4, and 2.88
MM (0.34, 0.408, 0.448 ug) within 0-3 h, indicating higher sensitivity of these MDR-
isolates to the test nanoparticles with MIC below 0.9 uM. While for AE it was 3072 and
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2048 pg/ml within 4-6 h of exposure Fig. 2.8 Here, the colony count (CFU/mI) of test
bacteria were determined at every 30-480 min to find out the inhibitory potential of the
test nanoparticle, compared with the controls (Fig. 2.9). In normal control, without Ag-
NP-AE, all strains had a viable count of 1x10® CFU/mI, which decreased exponentially
to zero within 3 h of Ag-NP-AE exposure to the test bacteria. The nanoparticle caused
the death of test bacteria Serratia marcescens, Pseudomonas aeruginosa, and
Escherichia coli rapidly at the 4 X MIC within only 3 h (Fig. 2.10) indicating that the
MDR-isolates, obtained from hospital patients, are highly sensitive to the test

nanoparticles at a very low concentration, with the excellent inhibitory profile.
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Fig. 2.9 Time-dependent killing of Escherichia coli, Pseudomonas aeruginosa, and
Serratiamarcescens at their MIC of Ag-NP-AE nanoparticle Evaluated by counting CFU

at different time intervals (0, 30, 60, 90, 120, 150, 180, 210, and 240 min).
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Fig. 2.10 Determination of Minimum Bactericidal Concentration (MBC) for Escherichia

coli, Pseudomonas aeruginosa and Serratia marcescens.

The indiscriminate and over-use of antimicrobials reduced the effectiveness of common
antibiotics; while the drug-resistant microbes confer resistance primarily through the
alteration of the cell wall or cell membrane or through specific genes. Moreover, most
antibiotics have cumulative adverse effects like hypersensitivity, neurotoxicity, and
immune suppression on individuals and communities. Here, our results showed that
silver nanoparticles prepared from AE of A. lebbeck stem bark had potent antibacterial
activity against 14-MDR isolates of two Gram-positive and six Gram-negative genera
confirmed by its MIC and MBCs. Thus, our study demonstrated the therapeutic potential

of Ag-NP-AE against MDR-isolates of selected pathogenic bacteria.
Topography change of bacteria after treatment with Ag-NP-AE

We have used powerful scanning electron microscopy to study the morphological
changes at sub-cellular resolution and comparative assessment of the effect of Ag-NP-
AE to determine the possible mechanism of action. Two clinically important Gram-

negative bacteria Pseudomonas aeruginosa and Serratia marcescens, isolated from a
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human patient, highly sensitive to the test nanoparticles but resistant to multiple
antibiotics, are used.Pseudomonas aeruginosa is the leading pathogens in ICU that cause
pneumonia, cystic fibrosis, bacteremia, external otitis, contact lens keratitis, and
traumatic endophthalmitis; while Serratia marcescens is a facultative anaerobe of soil
and water, associated with urinary and respiratory infections, endocarditis, osteomyelitis,
septicemia, meningitis, wound, and eye infections. The Electron Micrograph showed
clusters of rod-shaped bacillus with normal morphology and topology in the untreated
control; while the bacteria treated with Ag-NP-AE revealed altered ultrastructure, as
presented in Fig. 2.11, compared to the untreated control, under 25000X magnification
of SEM. Pseudomonas aeruginosa cells, after 8 h incubation with Ag-NP-AE at 1.5
UM(0.50 uM), showed damaged cell wall and membrane with several pores and leakage
of cytosolic content leading to cell lysis; while the untreated bacteria had normal rod-
shaped morphology. On the other hand, Serratia marcescens treated with Ag-NP-AE
showed complete lysis with loss of normal topography. Thus, the morphology of
nanoparticles-treated isolates of P. aeruginosa and S. marcescens under SEM was
different, mainly due to the differences in their sensitivity pattern (MIC 0.50 and 0.60
HUM) against the test nanoparticles, along with minor variations in inoculum size, cell

wall peptidoglycan content or biochemical components.
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Fig. 2.11 Scanning Electron Micrograph of Pseudomonas aeruginosa (A, B)
andSerratia marcescens(C, D) before andafter treatment with Ag- NP-AE respectively,

at their MIC.

2.4 Discussion

Several studies reported the broad-spectrum antimicrobial activity of silver nanoparticles,
including the drug-resistant S. Aureus [5], E. coli [42], E. faecalis [43], K.Pneumonia
[41], P. Aeruginosa [44, 45], A.Baumannii [45], M. tuberculosis[46]. The silver
nanoparticles synthesized with AgNO3 and leaf extract of Annona reticulata showed

potent activity against Bacillus cereus and Staphylococcus aureus at 125 and 31.25

64



pg/ml;while it inhibits Escherichia coli, Pseudomonas aeruginosa, and Candida
albicans at 62.5 pug/ml [47]. Similarly, the silver nanoparticles prepared with increased
concentrations of Lepidium draba root extract showed that nanoparticles with reduced
size possess strong activity against S. aureus, B. cereus, E. coli, and S.Typhimurium [48];
but silver nanoparticles from Caesalpinia coriaria leaf extract are active against
antibiotic-resistant S. aureus, E. coli, Klebsiella pneumonia,and P. aeruginosa;while
silver nanoparticles of Helicteres isora root extract possess antibacterial with antioxidant
activity [30]; similar to our observation with silver nanoparticles of A. lebbeck bark

extract but at extremely low concentrations.

It has been reported that the antibacterial or bactericidal properties of silver nanoparticles
are shape and size-dependent and smaller particles (<30 nm) were more effective against
K. Pneumonia and S. aureus, while spherical particles are more active than rod shape
[41]. In our study, the nanoparticles Ag-NP-AE is spherical with an average diameter of
27 nm, whichmanyattributes to the release of silver ions responsible for bactericidal
activity of Ag-NP-AE at extremely low concentrations (0.5-0.84 uM or 0.085-0.143u9);
while AE of A. lebbeck bark showed anti-bacterial activity at 128-1024 pg/ml, i.e., at
much higher concentrations against all the bacterial isolates tested. An earlier study with
zinc oxide nanoparticles from A. lebbeck stem bark extract showed antibacterial activity
against Gram-negative and Gram-positive bacteria with zone diameter of 10-12mm [31],
however, the zone diameter with test nanoparticle Ag-NP-AE was 10.9-19.5 mm, much
higher than the zinc oxide nanoparticles, possibly due to better penetrability and activity
of silver ions.Further, the antibacterial activity of AgNPs also depends on cell wall
peptidoglycan of bacteria, as observed with increased sensitivity of Escherichia coli with
thin peptidoglycan layer, compared to Staphylococcus aureus with thick peptidoglycan

layer, which prevents the penetration of Ag-NPs into the bacterial cell. Thus, the
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antimicrobial activity of AgNPs is related to the interaction with the surfaces in Gram-

positive, but on size, charge, and other features for Gram-negative strains.

The MIC of Ag-NP-AE against the test isolates was between 0.50-0.84 puM (0.085-0.143
pg) but it was 128-1024 pg/ml with AE, and 64-512 pg/ml for the control strains,
indicating that the silver nanoparticles can penetrate the bacterial cell quickly and
damage cell, cell membrane or other components to cause rapid and efficient killing than
the AE. Further, we have observed maximum inhibition of MDR-isolates P.aeruginosa,
Serratia marcescens, and E.coliat 2.0, 2.4 and 2.88 uM (0.34, 0.408, 0.448 pg) within
0-3 h; while for AE, it was at a much higher concentration within 4-6 h of exposure.To
establish the mode and mechanism of action we have studied the time-dependent growth
of three isolates sensitive to Ag-NP-AE and the powerful electron microscopy of
nanoparticle treated cells. The time-dependent growth assay revealed significant
inhibition of growth by Ag-NP-AE, with a rapid reduction of viable cell number over
time, indicating its tidal nature (MIC < 0.9 uM), whichcauses cellular damage. Further,
test nanoparticles caused the death of all test bacteria rapidly at the 4X MIC within only
3 h indicates that the MDR-hospital isolates are highly sensitive to the test nanoparticles
below 0.9uM (up to 0.143ug), with an excellent inhibitory profile with bactericidal
nature against highly antibiotic-resistant pathogens. The SEM image of AgNP-AE
treated bacteria demonstrated a clear ultrastructural change in P. aeruginosa and Serratia
marcescens cell morphology (Fig. 2.11), under 25000X magnification of SEM after 8 h
incubation at 1.5 pM (0.50 pM), containing damaged cell wall (pores) and cell
membrane leading to the leakage of cytosolic content to lysis, compared to the untreated
bacteria with normal rod-shaped morphology, due to the differences in their sensitivity
pattern (MIC 0.50 and 0.60 M), along with variations in inoculum size, resistance level,

peptidoglycan, biochemical and molecular structure as well as other components. This
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suggests that Ag-NP-AE can be helpful in the management of those MDR-bacterial
infections. Further, nanoparticles not only act on bacteria by direct contact, but also
penetrate rapidly to interact with microbial DNA, which prevents the bacterial to develop

resistance, and thus nanoparticles are less disposed to bacterial resistance [45-50].

2.5 Conclusions

Here, we are reporting the synthesis of a stable silver nanoparticle using AE of an
ethnomedicinal plant Albizia lebbeck bark as a ‘green’bioreductiont by an ecofriendly
method, with a demonstration of its radical scavenging and significant bactericidal
activity against 14 MDR-isolates of pathogenic bacteria, with a mechanism of action.
However, further safety and efficacy studies in suitable infection models using those

MDR-pathogens are required to establish its therapeutic potential.
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Chapter 3

Silver Nanoparticles synthesized from an aqueous
extract of Oxalis corniculata demonstrate significant
anti-biofilmfim and anti-microbial activity by

damaging the bacterial cell membrane
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Abstract

The silver nanoparticles OC-AgNPs, synthesized from the aqueous extract of Oxalis
corniculata (OC), showed moderate antiviral activity against herpes simplex virus-1
(HSV-1), but significant anti-biofilm, and antibacterial activities against human isolates
of six multi-drug resistant (MDR) bacteria Staphylococcus aureus, Streptococcus
pyogenes, Escherichia coli, Klebsiella pneumonia, Salmonella typhi, and Pseudomonas
aeruginosa. The nanoparticle was characterized by UV-Vis and FTIR spectroscopy;
while its morphology and distribution were determined by transmission electron
microscopy (TEM). The cytotoxicity and safety of OC-AgNP were evaluated by MTT
assay in Vero cells, and triple-negative human breast cancer MDA-MB-468 cells. To test
the antiviral activity against HSV-1F we have used the plaque reduction assay. The anti-
biofilm activity was assessed by crystal violet staining, followed by light and confocal
microscopy; while the antibacterial activity was determined by conventional disk-
diffusion and broth-dilution methods. Moreover, the mechanism of anti-biofilm and
antibacterial activity was examined by Field Emission Scanning Electron Microscopy
(FESEM). The results revealed that the biogenic OC-AgNPs are spherical in shape with
an average diameter of 40 nm and showed a UV-Vis peak at 445 nm. The cytotoxicity
(CCsp) on Vero cells was found to be 300ug/ml; while the survival percentage of MDA-
MB-468 cells was 27.12 and 80.97% at 100 and 20uM of OC-AgNPs, respectively. The
OC-AgNP showed moderate antiviral activity (ECso) against HSV-1F at 25ug/ml, but
significantly inhibited the biofilm of P. aeruginosa and E. coli at 25-50ug/ml; while at
30-50uM we observed the dose-dependent lowering of fluorescence intensity, under light
and confocal microscope. Interestingly, the OC-AgNPs demonstrated significant
antibacterial activity against Pseudomonas aeruginosa (20 mm), Klebsiella pneumonia
(15 mm), Escherichia coli (12 mm), Salmonella typhi (10 mm), Streptococcus pyogenes
(11 mm), and Staphylococcus aureus (10 mm) with Minimum Inhibitory Concentration
(MIC) 0f 0.65t0 0.90 uM (0.11- 0.153ug), respectively. Further, the FESEM micrograph
showed disruption of membrane structure with the damage of cell membrane integrity of

P. aeruginosa at its MIC.

74



3.1 Introduction

Silver nanoparticles (Ag-NPs) have a broad range of biomedical applications,
particularly as antimicrobial and anticancer agents, drug-delivery carriers, diagnostics,
imaging probes, etc.[1]. Different methods are now available to monitor the shape size,
and yield of AgNPs, such as physical (ball milling, laser ablation, electrical arc, and
vapor condensation), chemical (Ag” reduction by NaBH.. Na-citrate), electrochemical,
photochemical, microwave-assisted, sonochemical, micro-organism assisted and plant-
mediated [2]. Considering the sustainable development and environmental fortification
the plant-mediated methods of synthesis of AgNPs are the most favorable ones.
Synthesis of silver nanomaterials by using plant extract(s) is found to be more useful
because of their natural, less-toxic, eco-friendly, cost-effective, scalable, and more
reliable nature. Moreover, the plant-based nanoparticle synthesis is quick, and it can
replace the capping agents used in chemical reduction methods [3, 4, 5]. More
importantly, the diverse bioactive metabolites of plants including enzymes, amino acids,
vitamins, polysaccharides, flavonoids, alkaloids, quinines, oils, terpenoids, and
phenolics, present in plant extracts [6, 7], may help to reduce Ag” ions to AgNPs in a
greener way. The antimicrobial efficacy of AgNPs depends upon the morphology of
nanoparticles and the nature of protecting agents [8, 9], as nanoparticles can easily attach
to microbial membrane surfaces [10] to block the respiration and membrane permeability
of bacteria. Thus, smaller AgNPs are more bactericidal than larger ones [11, 12].
Biofilms of bbacteriaclustersrs of bacterial colonies implanted in a self-secreted exo-
polysaccharide (EPS) matrix that protects them from the adverse environment within the
host cells and helps in lateral gene transfer [13]. Biofilms also help bacteria to adapt t
ecological stresses, as well as protect from antibiotics, and biocides[14]. The AgNPs

were reported to block the biofilm development and destroy the bacteria inside the
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cluster, suggesting their use in the management of biofilm-related infections [15, 16]. It
is reported that the plastic catheters coated with AgNPs can prevent biofilm formation
by Enterococcus faecalis, E. coli, P. aeruginosa, S. aureus, and Candida albicans with

significant in vitro antimicrobial activity [17, 18].

The herbaceous plant Oxalis corniculata Linn(Oxalidaceae), known as sleeping beauty
or creeping woodsorrel, is a medicinal plant grown in moist shady places of subtropical
and tropical reregionsnd is traditionally used in diverse ailments thatatti-booti”. In India,
the plant is known asCangeri (Sanskrit), Tinpatiya (Hindi), Amrool (Bengali), Teltupp
(Kannada), Amabile(Marathi), Sialthur (Oriya), etc. The medicinal usages of Oxalis
corniculata are described in diverse traditional systems of medicines including
Ayurveda, Unani, and Siddha [19]. Chemically the plant contains diverse
phytochemicals including tannins, palmitic acid, a mixture f oleic, linoleic, linolenic
and, stearic acids, glyoxylic-, pyruvic-, and oxalic acids, vitexin, neutral and glycolipids,
[3-carotene, niacin, and vitamin C; while glycosides, phytosterols, phenolics, flavonoids,
and volatile oils are isolated from its alcoholic (methanol and ethanol) extracts [20, 21].
The whole plant is a rich source of carbohydrates, lipids, proteins, with diverse minerals
including sodium, potassium, calcium, magnesium, and nitrogen that help in regulating
metabolic pathways in living cells [22] and thus, used as an alternative vegetable.
Pharmacologically Oxalis corniculata possess antibacterial, anti-helminthic, analgesic,
anti-inflammatory, astringent, diuretic ,relaxant, styptic, stomachic, and febrifuge
activities. Thus the plant is used in ddiarrhea enteritis, fever, burn, skin eruptions,
influenza, urinary tract infections, traumatic injuries, scurvy, sprains, insect and snake
bites; while its infusion help to expel hookworms [23, 24]. Contemporary literature

revealed that methanolic extract of Oxalis corniculata and its fractions can scavenge free
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radicals, with antifungal and hepatoprotective activities, and may play a significant role

in anticancer therapeutics [25, 26, 27].

Here, OC-AgNP has been synthesized by using the aqueous extract (AE) of Oxalis
corniculata as a reductant of AgNOsz and as the natural stabilizer. We have used various
spectroscopic and microscopic techniques to characterize OC-AgNPs; while
cytotoxicity and cell viability were tested in Vero and human breast cancer cells MDA-
MB-468, respectively. The anti-bacterial and anti-biofilm potential of OC-AgNPs were
evaluated against six multi-drug resistant (MDR) clinical isolates of bacteria, by
determining the sensitivity, inhibitory activity, growth Kkinetics, and mode or

mechanism of action, following standard techniques [28].

3.2 Experimental section

3.2.1 Plant materials preparation

The fresh Oxalis corniculata L (OC) herb was collected from the Jangalmohal forest area
of Paschim Medinipur District, West Bengal, and washed under running tap water to
make it mud and dust-free and then dried in a shaded airy room. The dried plants were
powdered in a grinder, and passed through a 40-mesh sieve to obtain fine powder. About
500 gm of powdered samples were defatted with petroleum ether at room temperature
and then extracted with water by cold maceration for 72h at 28-30°C [29]. The whole
extract was filtered by Whatman filter paper No. 2 (6 mm) and subjected to solvent
evaporation to dryness at 35-40°C under decreased pressure in an EYELA Centrifugal

Evaporator (Japan).
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3.2.2 Standardization of extract by RP-HPLC

Standardization of plant extract(s) was achieved via High-performance liquid
chromatography (HPLC), while the quality evaluation was done by a photo-
markerferulic acid and validated by the Reverse Phase (RP)-HPLC. The Shimadzu RP-
HPLC system (Shimadzu Prominence, Kyoto, Japan) consists of two reciprocating
pumps LC-20 AD UFLC, a variable SPD-M20A Prominence PDA detector, and a
Rheodyne manual injector was used. The analysis was done by Isocratic elution with a
Cigreverse-phase column (4.6 mm width x250 mm length) with a particle size of 5 pym
(Phenomenex-Luna C18, Torrance, CA, USA). All the samples were filtered (0.45 uM
syringe filter, Whatman NYLO0.45) and the volume of each sample was 20 pl. Then 1.0
ml of each sample was injected into the injector RP-HPLC port for 1 min at a
maintenance temperature of 25°C. The lyophilized extract was then dissolved in
methanol at a 5 mg/ml concentration, while the standard solution was prepared by
dissolving ferulic acid (0.5 mg/ml) in methanol. All the samples were sonicated before
the experiment. The mobile phase was maintained by Methanol: Water (1% glacial acetic
acid) in the ratio 3:2, after adjusting its pH (Orion 3 Star pH Meter, Thermo-Scientific);
and analyzed at a wavelength of 320 nm. All the samples were sonicated before the
experiment. LC solution software was utilized for peak area calculation. While the
standard calibration curve was plotted by the corresponding peak area of the standard
versus the concentration of standards, using linear regression. The quantification of
ferulic acid as standard was determined by the constructed standard calibration curve.
Following the International Conference on Harmonization guidelines, the above method

was validated for sensitivity, accuracy, and specificity [30].
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3.2.3 Preparation and characterization of OC-AgNPs

About 0.5 mg of the aqueous extract (AE) of Oxalis corniculata (OC) was added with
1.0 mM of AgNO3 (0.85 mg) in a 50 ml round-bottom flask. The mixture was allowed
to agitate at 90°C for 2h. The pale yellow solution was shifted to deep-brown, indicating
the completion of the reaction with the preparation of OC-AgNPs. The OC-AgNP was
characterized by UV—Visible spectra at a range of 250-700 nm with a Perkin-Elmer
Lambda 25 Spectrometer. To distinguish the functional group and formations of OC-
AgNP, by change of color, from AE of OC we have used FTIR spectra (Model: Perkin
Elmer spectrum 100). To determine the actual size and shape of OC-AgNP we have used
High-Resolution TEM (HR-TEM) by spotting the sample on carbon-coated copper grids,
and subsequently, air-dried before microscopy. The arrangements of selected area
electron diffraction (SAED) were collected by using 2100 KeVJEOL Ultra High-

Resolution Field Emission Gun (UHR-FEG) TEM with 200 KeVvoltage.
3.2.4 Microorganism and Cell culture

Well-characterized bacterial species of Bacillus subtilis, Staphylococcus aureus,
Escherichia coli, Enterococcus faecalis, Salmonella enterica subspecies enteric Serovar
Typhi (S. Typhi), Pseudomonas aeruginosa, Klebsiella pneumonia and Serratia
marcescens, obtained from the Microbiology Department, Calcutta Medical College and
Hospital, and the Peerless Hospital, Kolkata were used in this study. The quality control
strains include E. coli ATCC 25922, S. aureus ATCC 29213, E. faecalis ATCC 29212,
and K. pneumoniae ATCC 700603. All the cultures were maintained in agar slants and
stored at —80°C with 50% glycerol and cultured in sterile MacConkey agar, nutrient agar,
or blood agar plates, as and when required. Before experimentation, a single isolated

colony of the respective bacterium was aseptically picked up from a 24 h old culture
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plates, grown on nutrient agar for the preparation of the inoculum, and checked at an

optical density of 0.1 at 600 nm.

Kidney epithelial cells from African green monkey (Vero cells, ATCC, USA) and human
breast cancer cells (triple-negative) MDA-MB-468, acquired from the National Center
for Cell Science (NCCS) Pune, India were grown in DMEM containing 10% FBS (Fetal
Bovine Serum), with penicillin/streptomycin (100 Units/ml) in 5% CO; at 37°C.

Experiments were conducted with the cells in the exponential growth phase.
3.2.5 Cell survival assay

Cytotoxicity and cell survival ability of OC-AgNPs was studied on Vero and MDA-MB-
468 cells, following standard procedure [31]. In brief, the cellular toxicity of OC-AgNPs,
after treatment with different concentrations, was calculated by MTT assay. The cells
(1x10* cells/well) were seeded in 96well plates and exposed to OC-AgNPs at 0, 20, 40,
60, 80, and 100 puM, respectively for 24h. Then the cells were washed with PBS and
reincubated in 5% CO.with MTT solution for 3h at 37°C. MTT solubilization buffer was
used to solubilize formazan crystals and the absorbance was examined at 570 nm in a

photometer (BioTek)along with the absorbance of the control.
3.2.6 In vitro Antibacterial activity

Bacterial strains: Fully characterized MDR-isolates of six bacterial species, responsible
for causing difficult-to-treat infections, were used. For antibacterial susceptibility testing
the AE and OC-AgNPs were exposed to the bacterial isolates to determine the inhibitory
zone diameter (1ZD) by a modified agar diffusion method [29, 32] using commercial
antibiotic discs (Difco, UK) and DMSO (0.1%) as control. The antibacterial efficacy of
test extract and nanoparticles were firmed for each bacteria in terms of zone diameter.

On each Mueller Hinton agar (MHA, Difco, UK) plate 1.0 ml of bacterial culture (2x10°
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CFU/ml) was spread uniformly, and the extractor OC-AgNPs impregnated discs (0-1000
pg/disc) were placed aseptically on each inoculum-containing plate; and subsequently
incubated overnight at 37°C. The test agent with IZD > 10 mm against one of the test

bacteria was considered a promising antibacterial agent [33].
3.2.7 Determination of MIC and MBC

The broth dilution method was used to determine the MICs [29, 32]. A standardized
suspension of bacteria at 2x10° CFU/mI in MHB containing test agents (0-500 pg/ml)
was incubated in a shaker incubator (200 rpm) at 37°C for 24h. The lowest concentration
of the tube without noticeable growth was recorded as the MIC; while the MBC was
determined with the standardized suspension (1.0 ml) of test bacteria in MHB containing
test agents at 0- to 4-fold MIC at 37°C overnight. The aliquots (0.1 ml) at hourly intervals
were collected to measure the OD at 600 nm and plated to count the viable bacterial

colony [33].
3.2.8 Growth inhibitory potential of test agents

The overnight culture of test bacteria diluted with fresh MHB was incubated for 3h, and
at the mid-logarithmic phase (10° CFU/ml) the culture was exposed to OC-AgNPs at
their MIC along with the drug-free bacteria-inoculated medium. Samples were collected
at 1h interval (0- 24h) for colony count [28, 29]. Experimental data in triplicate was
recorded to evaluate the mean viable bacterial counts, while the Logio CFU/ml was

plotted with respect to time [33].
3.2.9 Anti-biofilm activity by Crystal Violet assay

To determine the effectiveness of OC-AgNPs against the formation of biofilm network
by the test bacteria, the overnight cultures of each isolate were diluted in Luria-

Bertani (LB) broth to 1 x 10° CFU/mI for colorimetric measurements of crystal violet
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incorporated biofilm-forming cells [34]. The diluted bacterial samples in a sterile flat-
bottom 96-well microplate were incubated for 5h at 37°C. After the incubation period,
the culture was added with fresh medium containing various concentrations of OC-
AgNPs, without disturbing the biofilm, and preincubated for 24h at 37°C. The medium
was discarded and the cultures were carefully washed with sterile distilled water to take
out the planktonic bacterial cells for drying at room temperature for 30 min. The biofilm
was stained with 0.1% (v/v) crystal violet solution for 20 min, washed with sterile
distilled water three times, and allowed to dry at room temperature for 1h. The excess
stain was removed by adding 200 pl of absolute ethanol to each wellwiyj 15 min
agitation, and the OD was measured at 590 nm by an ELISA reader. The percentage of
anti-biofilm activity was calculated using the formula: [1 — (Asgo0Of treated cells /Asgo of
non-treated control)]x100 [35, 36]. Experiments were conducted three times to obtain

the statistical means + SD.
3.2.10 Biofilm Microscopy

Light Microscopy: Sterileslides (1x1cm) were aseptically placed on each well of a 24-
well polystyrene plate and added with P. aeruginosa culture (1x10° CFU/ml). The
culture media was replaced with fresh media containing OC-AgNPs at its MIC and
incubated for 5h at 37°C. After incubation, suspended cells were removed. Biofilms
formed on the slides were stained with crystal violet for 5 min, gently washed with PBS,
and dried for another 5 min. The biofilm was then examined under a Carl Zeiss Axiovert

inverted light microscope at a magnification of 40X, and images were captured [36].
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3.2.11 Confocal Microscopy

To visualize the surface topology of P.aeruginosa biofilm on a glass slide, placed on a
24-well polystyrene coated microtiter plate, Confocal Laser Scanning Microscope
(CLSM) was used [37]. To determine the effects of OC-AgNPs on mature biofilms the
test drugs, AE (OC), OC-AgNPs, or antibiotics (as control) were added at their MIC. The
drug-treated biofilms on glass slides were then incubated overnight at 37°C, and washed
with PBS, followed by staining with acridine orange to detect the biofilm morphology

under CLSM (Carl Zeiss LSM700, Jena, Germany) [37].

3.2.12 In vitro Antiviral assay

3.2.12.1 Antiviral activity by plague reduction assay

The cytopathic effect of OC-AgNPson HSV-1F was examined by MTT assay; while
antiviral activity was validated by the plaque reduction assay (PRA). Monolayers of Vero
cell infected with 100 plaque-forming units (PFU/well) of HSV-1Fwas treated with
doubling concentrations of OC-AgNPs followed by the addition of 1% methyl-cellulose
(overlay medium) and incubated for 72h in a CO: incubator at 37°C. Using
paraformaldehyde (4%) as a fixing agent, the cells were stained with 0.03% crystal violet
(in 70% methanol) for plaque count. The ECso (50% effective concentration) for antiviral

activity of OC-AgNPs was calculated [38].

3.3 Results and Discussion

3.3.1 Chemistry: Green synthesis of AgNPs using Oxalis corniculata

Aqueous extract

The HPLC-PDA quantitative analysis was performed in isocratic conditions using a

validated RP-HPLC method by the standard calibration technique [39]. The content of
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the standard pyhtomarker in the OC-AE was analyzed by a comparative study with the
retention time of the standards. Ferulic acid showed good linearity within 20-100 pg/ml
of the calibration curve and the Correlations coefficient (r2) was found to be >0.99. The
chromatograms obtained from RP-HPLC of the OC-AE and standard Ferulic acid,
presented in Fig. 3.1, showed that the retention time (Rt) for Ferulic acid present in OC-
AE was 2.69 min; and the concentrations of Ferulic acid, determined from the standard

calibration curve, was0.145 % (w/w). Ferulic acid is one of the active constituents of

Oxalis corniculata [40].
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Fig. 3.1. RP-HPLC Chromatogram of Standard Ferulic acid (a); Oxalis corniculata

Aqueous extract (b).
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In this work, biogenic nanoparticles OC-AgNPs were synthesized using the aqueous
extract of O. corniculata as bioreduction. The conformation of OC-AgNPs nanoparticle
synthesis was indicated by the color change from pale-yellow to deep brown. The
observed UV-Vis spectrum peak at 445 nm clearly designates the longitudinal Vibration
related to the silver nanoparticle(s) and this band is associated with oscillation of the
electron on the surface of the nanoparticle, upon excitation in the determined wavelength
(Fig. 3.2a). The presence of different functional groups in plant extract(s) or
biomolecules and their function towards nanoparticles can be clearly understood by FT-
IR spectra of AE-OC and OC-AgNP, shown in Fig. 3.2b. The AE-OC contains the
absorption peaks at 3244 cm™' which approaches the existence of O-H/N-H bond of
alcohol or amine groups, 2933 cm™' for aliphatic C-H bond, 1586 cm™' for C=C bond,
1390 cm™' for C-O bond, 1299 cm™' for C-N bond of amine, and 770 cm™' for C-Cl bond,
shifted at 3224 cm™', 2925 cm™', 1609 cm ', 1382 cm ', 1329 cm ™" and 823 cm ™ after
the interaction of OC-AgNPs. Comparing the IR spectra of AE and OC-AgNPs, can be
concluded that the extract contains mainly alcoholic, OH, amines, C=C that could reduce

Ag" to Ag (0), and the biopolymer matrix has stabilized AgNPs.
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Fig. 3.2. UV-Vis profile of OC-AgNP (Amax 445 nm) (a); FT-IR spectrum ofOC-AgNP

and Oxalis corniculata aqueous extract (b).
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R —
CRNN(CU)

Fig. 3.3 HR-TEM micrograph showing spherical OC-AgNPs at different scales (a-c).
JEOL 2100 KeV Ultra High-Resolution Field Emission Gun (UHR-FEG) TEM collected

SAED at voltage 200 KeV(d).

The distribution and size of synthesized OC-AgNPs were studied by transmission
electron microscope (TEM). The OC-NPs solution was drop cast on a carbon-coated
copper grid and dried under ambient conditions. The high-resolution transmission
electron micrograph revealed a particular selected area electron diffraction pattern of
OC-AgNPs (Fig. 3.3), obtained by acceleration at the voltage of 200 KeV. The
micrographs presented in Fig. 3.3 suggest that the particles were of consistent spherical

morphology with 40 nm in size.
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3.3.2 Bioactivity studies

3.3.2.1 Cytotoxicity of synthesized silver nanoparticles

The cytotoxicity of OC-AgNP was examined on Vero cells, and cell viability on breast
cancer cells MDA-MB-468, using MTT assay. The cells were exposed to different
concentrations of OC-AgNPsfor 24h. Results depicted a significant dose-dependent
reduction of cell viability. The 50% cytotoxicity of OC-AgNP was 300ug/ml, where 50%
of cells remained alive. The survival percentage of MDA-MB-468 cells treated with 20,
40, 60, 80, and 100 uM of OC-AgNP was found to be 80.97, 65.98, 50.00, 32.45, and
27.12%, respectively. While the 50% inhibitory concentration (ICso) for MDA-MB-468
cells was found to be 60 pM. Interestingly, the percentage of cell survival was low with

the increasing concentrations of OC-AgNPs.
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Fig. 3.4 Cytotoxicity of OC-AgNP on Vero cell (a); and breast cancer cell MDA MB-

468 (b) by MTT assay.
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3.3.2.2 Antibacterial activity against pathogenic bacteria with an

evaluation of MIC and MBC

The data from the zone of inhibition, MIC were presented in Table 3.1. The results
revealed that the test extract (AE-OC) and the synthesized nanoparticles (OC-AgNPs)
have a bactericidal effect. The MIC of AE-OCwas between 108-800ug/ml for MDR-
isolates; while it was 255-650ug/ml for the quality control strains. On the other hand, the
MIC of OC-AgNP for all the pathogenic isolates was between 0.65-0.90 uM (equals to
0.11-0.153 pg); which is significantly lower than the MIC of the parent extract (Table
3.1). This indicated that OC-AgNPs may invade the microbial cell quickly and damage
the cell more rapidly than the AEofO. corniculate. Further study on growth kinetics of
E. coli and P. aeruginosa in the presence or absence of OC-AgNP revealed that bacterial
viability or number of viable cells was drastically reduced at 2-4 fold-higher

concentrations of its MIC.
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Aqueous extract of . _—
OC-AgNP . Resistance profile
O.corniculata (OC-AE)

Bacteria No Zone of Zone of
MIC o MIC o
inhibition inhibition
(uM) (ng/ml)
(mm) (mm)
Pseudomonas aeruginosa| 2 0.65 20.10-19.0 108 15.9-12.4 Amc, A, C, T, Er, Cft
Bacillus subtilis 2 0.69 12.1-11.0 345 10.4-9.9 Amp, C, Er, T, Km
Enterococcus faecalis 1 0.82 11.9-10.4 289 9.4-8.2 A, CIP,Van,C, T, Er
Escherichia coli 1 0.72 12.7-11.2 208 10.3-16.7 Er,A, Amc, Gm, SXT
Klebsiella pneumoniae 2 0.78 15.7-14.5 380 13.7-2.5 A, C,NA, NOR, T
Streptococcus pyogenes | 1 0.84 10.9-9.0 560 8.7-7.9 T, Er,CIP,C
Staphylococcus aureus 1 0.76 10.5-10.2 800 8.5-7.3 Amc, CIP, Er
Quality control strains
S. aureus ATCC 29213 1 0.114 14.8-12.3 300 11.8-10.1 Sensitive
K. pneumoniae ATCC 70( 1 0.127 14.5-13.7 245 13.5-12.2 Sensitive
E. faecalis ATCC 29212 | 1 0.112 12.2-11.5 255 11.4-10.9 Sensitive
E. coli ATCC 25922 1 0.110 16.2-13.4 650 15.2-14.4 Sensitive
10 1
st2 —e-P. aeruginosa
9% 81

—a—E.coli

—a—K. prneumoniae

“w -
1 1

(=]

Log CFU/mL

OC-AgNPs (uM)

Fig. 3.5 The antimicrobial spectrum of OC-AgNPs against selected microbes.

LAntibiotic discs of: A, ampicillin (10 pg); Amc, amoxicillin with clavulanic acid (20/10
ng); C, chloramphenicol (30 pg); CIP, ciprofloxacin (5 pg); Er, erythromycin (15 pg);
Km, kanamycin (30 pg); Gm, gentamicin (10 pg); NA, nalidixic acid (30 pg); NOR,
norfloxacin (10 pg); SXT, sulphamethoxazole-trimethoprim (25 pg); T, tetracycline (30
ug); Van, vancomycin (>16 ug). Lowest MIC values indicate the highest inhibitory
effect. *Results are the mean of triplicate tests, measuring from three angles.

89



To know the possible mode of action i.e., bacteriostatic or bactericidal effect of OC-
AgNPs on bacterial growth, we performed a growth curve analysis in the presence or
absence of nanoparticles. The most sensitive strains of E. coli and P. aeruginosa (Fig.
3.6), treated with OC-AgNPs, demonstrated maximum growth inhibition at their
MICwithin 2-8 h of exposure indicating that OC-AgNPs have an inhibitory effect on
bacterial cell division. Thus, OC-AgNPthe green synthesized nanomaterial can serve

as an attractive antimicrobial candidate against diverse human pathogens, as reported

earlier [41].
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Fig. 3.6 Growth curve of P.aeruginosa (a), and E. coli (b) in the presence and

absence of OC-AgNPs.

3.3.2.3 Potency of synthesized nanoparticle OC-AgNPs on biofilm

formation of test bacteria

The potency of OC-AgNPs against the formation of biofilm by P. aeruginosa and E. coli,
presented in Fig. 3.7, revealed that nanoparticles at 10 uM and 50 pM concentrations

inhibit >50% and >80% of biofilm formation of P. aeruginosa. While at 50 pM, it
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prevents 80% biofilm formation of E. coli. Thus, OC-AgNPs were more effective against
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Fig. 3.7 Effect of OC-AgNPs on biofilm inhibition of P.aeruginosa and E.coli.

We have studied the effect of OC-AgNP on biofilm construction by two bacteria E. coli
and P. aeruginosa using 96-well plates for biofilm formation. Fig. 8 showed that OC-
AgNPs can inhibit the biofilm formation of P. aeruginosa and E. coli isolates at 25 and
50 uM, respectively. Further, the anti-biofilm activity of OC-AgNPs was studied by
Zeiss Axiovert inverted light microscope. The micrograph of the biofilm(s), control and
test-set, revealed that OC-AgNPs caused the maximum reduction of biofilm constituents
(Fig. 3.8a and 3.8b), probably due to its better penetration of the biofilm matrix, and
interferes with the metabolic process of bacteria including the constituents that form
biofilm. Additionally, the quantitative assay of biofilm development on 96-well plates
using an automated Micro ELISA reader (Thermo Scientific, Pittsburgh, PA) revealed
that by preventing colonization of bacteria in the biofilm matrix, OC-AgNP decreases
the growth and progression of the biofilm formed by P. aeruginosa. This evidence
indicated that the biofabricated nanoparticle is effective in disrupting bacterial biofilm
by reducing the pathogenic bacterial load/concentration.
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Fig. 3.8 Inverted Light Microscopic Image of biofilm of P. aeruginosa, stained with
0.1% crystal violet, on OC-AgNP coated glass surface before treatment (a), and after

treatment (b) at their MIC.
3.3.2.4 Quantification of live bacteria in the biofilm

To compute the percentage of destruction of live bacteria in the thebiofilmwe conducted
live-dead staining of P. aeruginosa biofilm (Fig. 3.9) and examined it under a confocal
microscope. The confocal microscopic image of visible biofilm after treatment with OC-
AgNP (30 uM and 50 uM), presented in Fig. 3.9b and 3.9c, clearly demonstrated lower
fluorescence intensity with increasing concentration of OC-AgNP; while the biofilm of

untreated control bacteria appears green due to the presence of live green cells.

(a) (b) C

OC-NP (30 uM) OC-NP (50 pM)

Fig. 3.9 Confocal micrograph of P. aeruginosa biofilm. (a) Untreated biofilm of P.
aeruginosa (Positive control); (b) Biofilm treated with OC-AgNP at 30 uM; (c) Biofilm

incubated with OC-AgNP at 50 puM.
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Previously, it was reported that silver nanoparticles have potential anti-biofilm activity
and not only suppress the embedded biofilm but also kill the bacterial cells [42,43]. Many
bacteria produce their polymer matrix on living tissue or abiotic surfaces as biofilm, that
are more difficult to destroy than planktonic bacterial cell [44]. Here the exposure OC-
AgNPs to biofilm developed by P. aeruginosa and E. coli resulted in the inhibition of

bacterial growth in a dose-dependent manner (Fig. 3.8 and 3.9).

The field emission (FE)-SEM images under 25,000X magnification (Fig. 3.10) showed
that control cells are even and unchanged. On the other hand, OC-AgNP treated P.
aeruginosa cells revealed evidence of maximum membrane abrasion. Thus, our study
demonstrated that the OC-AgNP treatment at its MIC unusually damages the bacterial

membrane integrity with disruption of the cytoplasm membrane.

EHT = 15.00 KV CRNN(CU) Signal A=SE1  Date :25 Jun 2019 EHT = 15.00 KV CRNN(CU) SignalA=SE1  Date :25 Jun 2019
= WD = 9.5mm Mag = 10.00KX Time :11:53:38 H WD = 9.5mm Mag= 2500KX Time :12:18:32

Fig. 3.10 Morphology of untreated P. aeruginosa by FE-SEM (a); FE-SEM image of

OC-AgNPs treated P. aeruginosa cells at MIC showing membrane lysis (b).

Treatment with OC-AgNPs may damage the bacterial membrane to facilitate the release
of cellular contents from the bacterial cells, like biogenic silver nanoparticles from

Albizia lebbeck bark [42] and Pandanus odorifer leaf extract [45].
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3.3.25 Cytotoxicity and antiviral activity of AE of OC and its

nanoparticles OC-AgNPs

The cytotoxicity assay revealed that the 50% cytotoxicity (CCsp) of AE of Oxalis

corniculata and OC-AgNP was 450.6+3.22 and 300.5+4.84 pg/ml. While the anti-HSV

activity determined by plaque reduction assay showed that 50% effective concentration

(ECs0) of OC-AE and OC-AgNPsagainst HSV-1F was 107.2+4.1 and 61.0£3.6 pg/ml,

compared to acyclovir 129.8 + 0.44 pg/ml; with selectivity index (SI) of 4.2 and 5.0

(Table 3.2). Thus, Oxalis corniculata AE had ECsoat a higher concentration with low

Sl, than its nanoparticle (Table 3.2).

Table 3.2. Cytotoxicity and Antiviral activity of AE of O. corniculata

and its nanoparticle, OC-AgNP, against HSV-1F.

Test Drug CCso (ug/ml) ECso (ug/ml) Selectivity index (SI)°
HSV-1F (MOI:1) HSV-1F
O. corniculata AE 450.6 £ 3.22 107.2+4.1 4.2
OC-AgNP 300.5+4.84 61.0+ 3.6 5.0
Acyclovir (ACV) | 129.8 = 0.44 21+01 615

Further, the 99% effective concentration (ECgs) to inhibit viral growth was achieved at

186.4 and 94.6 pg/ml by OC-AE and OC-AgNPagainst HSV-1F, respectively.
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3.4 Conclusion

Oxalis corniculata agueous extract was used to synthesize and stabilize AgNPs (OC-
AgNPs) which was characterized by spectral data, and TEM. OC-AgNPs displayed
significant inhibition of MDA-MB-468 breast cancer cells; with cytotoxicity (CCsp) at
300ug/ml. The nanoparticle possesses moderate antiviral activity (ECso) against HSV-
1F at 25ug/ml. Interestingly, the anti-biofilm activity was significant at 25-50 pg/ml
against P. aeruginosa and E. coli; while the antibacterial activity against six MDR-
isolates was between 0.65-0.90 uM, equal 0.11 to 0.153 pg. Further study revealed that

OC-AgNP can disrupt bacterial integrity with lysis of cell membrane.
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Chapter 4

Exploration of synthetic potential Anti-HSV
nucleoside and non-nucleoside analogues, their
mechanism of action, and control of efficacy by

structure regulation
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Abstract

Nucleoside analogues acyclovir, valaciclovir, and famciclovir are used as golden drugs
against human herpes simplex viruses (HSVs). However, these agents filed to remove
the viruses from the host, nor prevent repeated infections. While the viruses may
frequently develop resistance against these agents. Thus, new antivirals are necessary to
tackle this age-old viral disease. We have synthesized two non-nucleoside amide
analogues 2-Oxo-2H-chromene-3-carboxylic acid [2-(pyridine-2-ylmethoxy)-phenyl]-
amide (HL1), 2-hydroxy-1-naphthaldehyde-(4-pyridine carboxylic) hydrazone (HL2)
and (7-Hydroxy-4- methyl-2 O-2H-chromen-8-yl) methylene) isonicotinihydrazide
(HL3) as the potential antiviral lead against HSV-1. These three promising candidates
HL1, HL2, and HL3 have been characterized by different physicochemical methods
including basic elementary analysis, mass spectra, and *H-NMR; while determining their
cytotoxicity (CCso) and antiviral activity (ECso) we have used the MTT and plague
reduction assay. Our results showed that both HL1 and HL.2 possess significant antiviral
activities against HSV-1F at ECsp of 38 and 64 pg/ml respectively, at non-cytotoxic
concentrations (CCsp) with a Selectivity Index (SI) of 11. The mode of action studies
revealed that these amide derivatives block the early stage of the HSV-1F life-cycle, just
after viral attachment and entry to the Vero cells. Further, the plaque number was also
decreased by suppressing the activity of the virions, when the infected Vero cells were

exposed to HL1 and HL2 for a short period, following attachment.
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4.1 Introduction

Among the human viruses, the herpes viruses HSV-1 and HSV-2 are major pathogens
[1]. HSV-1 is usually spread by oral-to-sexual contact and infects upper parts of the body
around the mouth as oral herpes [2], or sometimes genitalia [3]. The HSV-2 is most
efficiently transmitted through genital-to-genital contact during sex, causing genital or
anal herpes [4]. To develop anti-HSV leads the general strategy is to identify agents that
specifically target the structural components of virions or viral multiplication. One of the
competent strategies is to recognize compounds that may interrupt the essential
communications between the virus and the host cells. People of different ages have been
infected by Herpes viruses since time immemorial. Among these two types, HSV-1 is
more frequent than HSV-2; while the seroprevalence of the latter tends to increase in
different populations with age [1]. After establishing the primary infection these viruses
tend to transport to the local ganglia, where they remain latent for an indeterminate period
and can re-infect the host time-to-time [5, 6]. Another antiviral foscarnet inhibits the viral
DNA polymerase of herpes viruses by binding near to the pyrophosphate binding site
required for polymerase activity [7]. However, both viruses can attack the Central
Nervous System (CNS) and replicate in nerve ganglia to start a latent infection,
particularly in dorsal root ganglia [8]. Latent genomes of these viruses can be activated
at various times throughout the host's life, resulting in lytic infections, which may
manifest as sores, whitlow, skin lesions, keratitis, or other mucocutaneous diseases [9].
Often HSV causes encephalitis or systemic infections, in immune-compromised
individuals. Therefore, antiviral medications need to be administered in serious cases
[10]. Currently, the most preferred anti-HSV drugs include nucleoside analogues
acyclovir (ACV) and ganciclovir which specifically target the viral thymidine kinase

(TK) [11]. These antiviral agents can heal skin lesions, caused by HSV-1 and HSV-2,
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usually in 4-5 days [12]. The effect and the selectivity of nucleoside drugs are decreased
in immune-compromised patients, if the TK gene is altered (TK?), or the virion does not
express functional TK, as found in TK™ viruses [13,14]. Those TK™ viruses have been
treated by non-nucleoside pyrophosphate foscarnet and deoxycytidine analogue
cidofovir that inhibit Herpes viral DNA polymerase activity [15]. Till date, known
antiviral drugs are not capable of neither eradicating the viruses nor preventing
recurrences or repeated infection while strong resistance is generated in the virus [16,

17].

An earlier study reported that the synthetic derivatives of 2-aminobenzamide SNX-25a,
SNX-2112, and SNX-7081 possess significant anti-HSV activities by selective binding
with the N-terminal ATP pocket of heat shock protein 90 (HSP90) of HSV-1 and HSV-
2 at non-cytotoxic concentrations in Vero cells, with ECso close to the standard drug
ACV [18]. Further, 0.1% or 0.025% of eye gels of SNX-25a demonstrated antiviral
activity in the herpes simplex keratitis (HSK) rabbit model with the highest efficacies
against HSV-1 infection, better than 0.1% ACV; while SNX-2112 and SNX-7081 gels
were effective at different concentrations  [18].  Further, a  ribosomally
synthesized lantibiotic peptide Labyrinthopeptin-Al showed broad anti-HSV activity
[19]. Two recent studies showed that Hsp90 inhibitors prevent HSV-1 replication by
targeting the UL42-Hsp90 complex [20] and inhibit the entry of HSV-1 into neuron cells
by varying cofilin-mediated F-actin reorganization [21]. Pyridine derivatives have a
considerable role in diverse therapeutic areas, and thus, many novel bioactive compounds
with pyridine scaffold have been synthesized. Pyridine moiety-enclosed natural products
have also been effective against cancer [22]; hence, we choose to synthesize pyridine
backbone bearing HL1 and HL2 as a promising anti-HSV candidate. Moreover, purely

synthesized compound 5-[(3'-aralkyl amido/amino-alkyl) phenyl]-1, 2, 4-triazole [3, 4-
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b]-1, 3, 4-thiadiazole have anti-Herpes activity [23]. The high-throughput screening
identified iron-cheater 2-hydroxyl-naphthaldehyde isonicotinoyl hydrazone as a novel
anticancer, anti-plasmodial, and antiviral agent [24-28]. Earlier studies revealed that the
two important immune modulators Imiquimod and Resiquimod can inhibit HSV-
polymerase, while Thiazolyl phenyl and Thiazolyl amide are inhibitors of herpes viral
helicase [29-31], that received significant attention. Another unique antiviral molecule
4-Hydroxyquinoline-3-carboxamide prevents HSV-1 infraction by inhibiting late and

immediate-early transcripts [32].

This chapter deals with in vitro evaluation of cytotoxicity and antiviral activity of 2-Oxo-
2H-chromene-3-carboxylic acid [2-(pyridine-2-ylmethoxy)-phenyl]-amide (HL1) and 2-
hydroxy-1-naphthaldehyde-(4-pyridine carboxylic) hydrazone (HL2). To design these
two anti-viral compounds, we have used pyridine moiety as common, with coumarin
derivatives, as Pyridine derivatives have a significant role in diverse therapy. Several
novel compounds containing pyridine scaffolds have been synthesized and proven to be
biologically effective, as observed with pyridine-containing natural products having
anticancer activity [22] with diverse pharmacological properties. Coumarins are reported
to have antitumor, anticancer, and anti-microbial effects [33-36]. Thus, our study focused
on the biological significance of these molecules to validate the in vitro anti-HSV-1

potency of HL1 and HL2, for the first time.

4.2 Experimental section

4.2.1 Materials and Methods

Throughout the study, all reagents used were procured from available suppliers; while
all aqgueous solutions were prepared using Milli-Q water (Millipore). The Coumaric acid,
2-(chloromethyl) pyridine hydrochloride, and tetrahydrofuran were purchased from
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Sigma-Aldrich, India; while Thionyl Chloride, Ethyl Acetate, 2-Hydroxy-1-
naphthaldehyde, Dimethyl sulfoxide (DMSO) were from E. Merck, Germany. The FTIR
spectra (KBr disk, 4000-400 cm™) were taken by a Perkin-Elmer LX-1FTIR
spectrophotometer; and the NMR spectra were obtained on a Bruker (AC) 300 MHz FT-
NMR spectrometer, using TMS as an internal standard. The ESI mass spectra were
recorded from a Water HRMS model- XEVOG2QTOF# YCA351 Spectrometer. All of
the measurements were conducted at room temperature. A detailed description of

spectroscopic techniques is described in Chapter 2.
4.2.2 Synthesis of compounds:

Synthesis of 2-Oxo-2H-chromene-3-carboxylic acid [2-(pyridine-2-ylmethoxy)-

phenyl]-amide (HL1):

Step-1: 1 mmol of Coumaric acid (190 mg) with 25ml dry tetra hydro furan (THF) was
taken in a 100 ml round bottom (RB) flask and added with one drop of DMF.
Approximately 1.5 mmol of SOCI,was added drop-wise into this mixture, followed by
refluxing for approximately 2 h. The mixture was cooled at room temperature, and after
cooling the solvent was vacuum evaporated. Finally, an acid chloride was collected from

the solids.

Step-2: 1mmol of 2-nitrophenol (139 mg), 2 mmol of K,COs and 1 mmol of 2-
(chloromethyl pyridine hydrochloride (164 mg) were mixed in a 100 ml RB flask and
was refluxed about 4 h. Then it was poured into ice-water, the product was collected with
Ethyl Acetate and it was reduced by Hydrazine-hydrate and palladium charcoal produce

describe earlier.
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Step-3: In a 100 ml RB flask, 1 mmol of compound from Step-1, and 1 mmol of
compound from Step-2 with 1.2 mmol of tri-ethyl amine were taken and stirred for 1 h.
The light yellowish-green precipitation was collected (yield, 70%). The Synthetic
scheme is presented as Scheme 4.1. Micro-analytical data: C22H16N2O4; Calcd. (Found):
C, 70.96 (70.92); H, 4.33 (4.36); N, 7.52 (7.57) %. ‘H NMR (CDCls, 400 MHz) §:11.39
(s, 1H), 9.02 (s, 1H), 8.59 (t, J = 6.4 Hz, 2H), 7.98 (d, J =7.6 Hz, 1H), 7.82 (d, J= 7.6 Hz,
1H), 7.73 (d, J =7.6 Hz, 1H). 7.67 (d, J =7.2 Hz, 1H), 7.42 (t, J = 5.6 Hz, 2H), 7.07 (t, J
=7.6 Hz, 1H), 7.02 (t, J =8 Hz, 2H), 5.34 (s, 2H), 3.1 (s, 2H). (Fig. 4.1). Mass: (M+Na)*
395.08 (Fig.4.2). IR: 3454 cm™ (amido, N-H), 1700 cm™ (lactone C=0), 1602 cm™

(amido, C=0) (Fig.4.3).

Synthesis of 2-hydroxy-1-naphthaldehyde-(4-pyridine carboxylic) hydrazone

(Compound -HL2):

Step-1: 2.1 g of 2-naphthol and 2.5 g of Hexamethylenetetramine (HMTA) were heated
in 20 ml of acetic acid for 1 h at 60 °C. Then H2SO4 (98%, 4 ml) was added drop-wise to
the above solution and the mix was refluxed for 10 h. After cooling, the ice-water mixture
was added and the crude product was collected, and then recrystallized from ethanol to

get a yellow solid, with a yield of 82%.

Step-2: 2-Hydroxy-1-naphthaldehyde (0.86 g) and 4-pyridine carboxylic hydrazide (0.68
g) was refluxed in 30 ml ethanol for 8 h, under N». After cooling to room temperature,
the precipitate was collected and the final product was recrystallized from ethanol to give
a yellow solid (yield, 90%). This synthetic scheme is presented as Scheme 4.1. Micro-
analytical data: C17H13N30O>; Calcd. (Found): C, 70.09 (70.12); H, 4.50 (4.46); N, 14.42
(14.37) %. *H NMR (DMSO-ds, 300MHz) 8:12.54 (s, 1H), 12.42 (s, 1H), 9.49 (s, 1H),

8.94 (d, J = 5.7 Hz, 2H), 8.57 (d, J = 8.7 Hz, 1H), 7.96 (d, J = 9 Hz, 2H). 7.90 (d, J = 1.8
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Hz11, 1H), 7.89 (d, J = 1.5 Hz, 1H), 7.25 (d, J =9 Hz, 1H), 7.43 (t, J = 7.2 Hz, 1H), 7.64
(m, 1H) (Fig. 4.4). Mass: (M+Na)* 314.14 (Fig. 4.5). IR: 3427.79 cm™ (aromatic -OH),

1678.84 cm™ (amido C=0), 1623 cm™ (Schiff’s bass, C=N) (Fig. 4.6).

NH;
E;j: Il)dmnm- hydrate
@: DMF / K,CO, o
OH \\()

\ /°

[=}

g\IL ler me
O o]

Tri-cthyl
amine

]
CEIL” '
o N
‘--.NH;r O H\ = ‘
Eon/n’ s L’;:::' O
——— I =y
/ N/

NN,

O N
NHz  eoH
e HO o7 o
-+ oS “
N/ Refllux, 2 hours I’}l
HN o
(;%
o |
HL3 “n

Scheme 4.1. Chemical Synthesis Scheme of 2-Oxo0-2H-chromene-3-carboxylic acid [2-
(pyridine-2-ylmethoxy)-phenyl]-amide (HL1) and 2-hydroxy-1-naphthaldehyde-(4-

pyridine carboxylic) hydrazone (HL2) and HL3.
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4.2.3 Viruses and the Cell line:

The experimental cells were grown using African green monkey kidney cells (Vero cells,
ATCC, Manassas, VA, USA) and maintained in DMEM with 10% FBS (Invitrogen,
USA), using 100 U/ml penicillin, and 100 pg/ml streptomycin at 37 °C in 5% CO2. The
standard strain of HSV-1F (ATCC VR-733), purchased from the ATCC-USA, was used.
The virus was grown and the virus stocks were stored at —80 °C using plaque purified
samples for future use in vials, and whenever required the virus stocks were grown on

Vero cells to determine the titter (s) by plaque assay and used for further study [17].

4.2.4 Determination of Cytotoxic Concentration (CCso):

To measure the cellular toxicity of two synthesized molecules, we have analyzed their
effect on Vero cell morphology. Vero cell monolayers were cultured onto 96 well plates
at 1.0x10° cells/well. After incubation at 37 °C in 5% CO for 6 h, different
concentrations of HL1 and HL2 and standard drug ACV were added to each culture well,
at a final volume of 100 pl, in triplicate, using DMSO (0.1%) as a negative control. The
drug-treated cells were incubated at 37 °C with 5% CO, for 2 days. After 48 h of
incubation, MTT reagent (10 ul) was added to each well and incubated for 4 h at 37 °C.
Then, the formazan was solubilized by adding diluted HCI (0.04 N) in isopropanol and
the absorbance was measured at 570 nm with a reference wavelength of 690 nm by an

ELISA reader. Data were calculated as the percentage of cell viability using the following

formula:
[(sample absorbance - cell-free sample blank)/mean media control
absorbance)]/100%.
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The 50% cytotoxic concentration (CCsp) causing visible morphological changes in 50%

of Vero cells concerning cell control was determined [17].
4.2.5 Determination of Antiviral activity using Plaque reduction assay:

The antiviral activity of HL1 and HL2 against HSV-1F was evaluated by a standard
Plaque reduction assay. Vero cell monolayers were seeded onto 96 well plates with a
concentration of 1.0x10°cells/well. After incubation at 37 °C in 5% CO for 4-6 h, the
virus (at 0.5 MOI) was added and incubated (1 h) for viral adsorption. Different
concentrations of HL1 and HL.2 (25, 50, 100, 150, and 200 pg/ml) were added to culture
wells in duplicate at the final volume of 100ul. Different concentrations of ACV (0- 6
pg/ml) and DMSO (0.1%) were also added into the marked wells, as a positive and
negative control, respectively. After 3 days of incubation at 37 °C in 5% CO, the plaque

assay was carried out as described previously [33].
4.2.6 Docking Study:

Molecular docking is a tool used to find interactions between small and macromolecules
[37, 38]. This structural information can be utilized to find a pharmacophore against the
target protein, identify a target protein, and understand protein inhibition mechanisms
through the analysis of interactions [39]. The docking study was used here to find the
interactions between the synthesized small molecules (HL1 and HLZ2) and viral
glycoprotein B (gB) and glycoprotein D (gD). The choice of the protein was based on
the time response assay. The structural coordinates of gB and gD were acquired from the
protein data bank (PDB ID: 5v2s* for gB and 2¢36° for gD). Molecular docking of energy
minimized the structure of HL1 and HL.2 with the data bank proteins by AutoDock Vina

[40, 41]. For gB, a 126 x 126 x 126 grid box at x =59, y = -34, z = 125 was selected and
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for gD, it was 60 x 60 x 60 grid box at x =55, y = 37, z = 85. The results found from the

docking study were represented by Chimera 1.10.2 and Discovery Studio 4.1 Client.
4.2.7 Dose-response assay by Plaque reduction assay:

Vero cells seeded in 6-well plates (5 x 10° cells per well) were treated with serial dilutions
of the test compounds HL1 and HL2 (0- 200 pg/ml) for 15 min at 37 °C and then
challenged with HSV-1 (100 PFU/well) for 1 h. Viruses and drugs were subsequently
removed from the wells, and the cells were washed with PBS twice and overlaid again
with different dilutions of the test compounds. After further incubation for 72 h, the
supernatant was removed, and the wells were fixed with methanol and stained with

Giemsa stain (Sigma, USA). Viral inhibition (%) was calculated as:

[1 - EXp (number of plaques) / control (number of plaques)] X 100%,

where “EXp (number of plaques)” indicates the plaque counts from virus infection with test
compound(s) treatment and “control (number of plagues)” indicates the number of plaques
derived from virus-infected cells with control treatment (HSV-1F with DMSO only) [34].
The 50% effective concentration (ECsg) for antiviral activity was defined as the
concentration of antiviral compounds that produced 50% inhibition of the virus-induced

plaque formation [17, 35].
4.2.8 Time response assay:

A time response assay was used to investigate the mechanism of inhibition of the
infection of HSV-1F by HL1 and HL2 at various time periods, up to 12 h. To assess the
effect of pre-treating cells with compounds, Vero cell monolayers seeded in 96-well
plates were treated with newly synthesized HL1 or HL2 (100 pg/ml) for 24 h (long term)

or 1 h (short term) and then washed with PBS before challenging with HSV-1F (MOI: 1)
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in DMEM (pre-infection). To study the effect of the above molecules and virus
concurrently, Vero cells were treated simultaneously with HSV-1 (MOI: 1) and HL1 and
HL2 (100 pg/ml) or ACV (5 pg/ml). After incubation for 1 h at 37°C, the virus-drug
mixture was removed, and cells were washed prior to overlay with media (co-infection).
To evaluate whether the molecules had any effects after viral entry, Vero cells were
challenged with HSV-1 for 1 h, and after removal of the virus inoculum, infected cells
were washed and subsequently overlaid with media containing them (100 pg/ml) or ACV
(5 pg/ml) (post-infection). For the continuous drug treatment, cells were pre-treated for
1 h with HL1 or HL2, challenged with HSV-1 in the presence of the drugs, and overlaid
with media containing the test compounds after viral entry (throughout infection). For
all of the above experiments, MTT assays were carried out following a total incubation
of 48 h post-infection (p.i.). DMSO (0.1%) treatment was included as a control in each

condition [33].

4.2.9 Changing of mRNA expression by quantitative RT-gPCR :

The HSV-1F (1.0 MOI) infected Vero cells were treated with HL1 and HL2 (2 x ECs)
for 1, 2, 4, 6, and 8 h pre-infection and co-infection. HL1 and HL2 were added to HSV-
1F infected Vero cells at 2, 4, and 6 h post-infection so that the cells were exposed to the
compounds from 2-8 h, 4-8 h, and 6-8 h p.i., respectively. The RNA was isolated after 8
h of infection, using the RNeasy Mini kit (Qiagen, Germany), following the
manufacturer’s protocol. The total RNA (0.1 mg/ml) in RNase-free water containing 20
ul of RT-mix was subjected to cDNA synthesis by using the Revert Aid First Strand
cDNA Synthesis Kit (Thermo Scientific, USA) with the help of a PCR system (BIORAD,
Thermocycler). The gPCR was performed with those products using SYBR Green PCR
Master Mix (Qiagen, Germany), following manufacturer protocol in an ABI Prism 7000

sequence detection system (Applied Biosystems, CA, USA). The PCRs were done in
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triplicate with an initial denaturation at 95°C for 10 min then 40 cycles (15s at 95°C then
and 60s at 60°C) in triplicate [36]. The sequences of primers used were presented in

Table 4.1.

Table 4.1. List of primers with their sequences used for RT-gPCR study

Serial no | Name of Gene Sequences of Primer Tm
1 GAPDH F-5'GAGAAGGCTGGGGCTCATTT-3' 59.4
R-5'GCTGACGATCTTGAGGCTGT-3 59.4

2 HSV-1ICP4 | F-5'GGCGACGACGACGATAAC-3' 58.2
R-5-CGAGTACAGCACCACCAC-3"' 58.2

3 HSV-1 ICP8 F-5-GCTCGGACAAGGTAACCATAG-3" 55.7

R-5'-CACGAGGAAGAAGCGGTAAA-3' 53.7

4 HSV-1gB F-5'-GGAACACAAGGCCAAGA-3' 57.3

R-5-GTTGGGAACTTGGGTGT-3' 57.9

5 HSV-1 DNA Pol | F-5-GAACATCGACATGTACGGGATTA-3’ | 58.9

R-5-GGTCCTTCTTCTTGTCCTTCAG-3' 60.3

4.2.10 Statistical analysis:

Results were expressed as SEM (n = 6) and the statistical analysis was performed with a
one-way analysis of variance (ANOVA), followed by Dunnett’s test. A value of p <0.05

was considered to be statistically significant, compared with the respective control.
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4.3 Results:
4.3.1 The characterization of HL1, HL2 and HL3

2-Ox0-2H-chromene-3-carboxylic  acid  [2-(pyridine-2-ylmethoxy)-phenyl]-amide
(compound -HL1) was successfully synthesized by using the acid chloride derivative of
coumaric acid with amine derivative and the compound has been characterized by
spectroscopic data including NMR, Mass and FTIR (Fig. 4-3). The molecular ion peak
(M + Na)" at 395.08 supports the molecular identity along with 3454 cm™ (amido, N-H),
1700 cm™ (lactone C=0), 1602 cm™ (amido, C=0) of the IR spectrum. The *H NMR
spectrum of compound-HL1 (300 MHz, DMSO-d6) demonstrates singlet at 11.39 ppm,
corresponding to N-H proton of amido linkage and other aromatic protons appearing at
9.02-7.02 ppm. Similarly, the compound HL2 (2-hydroxy-1-naphthaldehyde-(4-
pyridine carboxylic) hydrazone) is synthesized by the condensation reaction between 2-
Hydroxy-1-naphthaldehyde (0.86 g) and 4-pyridine carboxylic hydrazide and the
resultant compound is characterized by spectroscopic analysis of NMR, Mass and FTIR
(Fig. 4-6). IR spectrum shows a peak at 3427.79 cm™ corresponding to aromatic -OH,
1678.84 cm™ for amido C=0), 1623 cm™ for Schiff’s bass, C=N, and from mass spectra,
peak at (M+Na)* 314.14 which is its molecular peak. The *H NMR (DMSO-ds, 300MHz)
spectrum shows singlet 6 (OH) at 12.54 ppm, 6 (NH, amido) at12.42, imine-H, & (CH=N)
at 9.49 ppm, and other aromatic protons have been assigned based on their spin-spin

interaction.

Compound (HL-3) was prepared by condensation between 1 mmol of 8-formyl-7-
hydroxy-4-methylcoumarin (204 mg) and 1 mmol of Isoniazid (137 mg) were taken in
50 ml methanol. The light yellowish green precipitation was collected (yield, 81%). The

synthetic scheme is presented as Scheme 4.1. Micro-analytical data: C17H13N304; Calcd.
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(Found): C, 63.16 (63.18); H, 4.05 (4.02): N, 13.00 (12.98) %. ‘H NMR (DMSO-ds,
300MHz) 8: 12.69 (s, 1H), 12.66 (s, 1H), 9.19 (s, 1H), 8.85 (d, J = 6 Hz, 2H), 7.94 (d, J

= 6 Hz, 2H), 7.88 (d, J = 9 Hz, 1H), 7.01 (d, J = 9 Hz, 1H), 6.30 (s, 1H), 2.43 (s, 3H)

(Fig.4.7).
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Fig. 4.2. Mass spectra of HL1.
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4.3.2 Cell viability study:

Both HL1 and HL2 were tested for cytotoxicity at different doses, using a conventional
MTT assay on Vero cells (Fig 4.8). The results revealed that the 50% cytotoxicity (CCso)
of HL1 HL2 and HL3 was 362, 278.4, and 58.5 ug/ml respectively, in which about half

of the Vero cells survived.
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Fig. 4.8 Determination of Cytotoxic concentration of HL1, HL2, and HL3.

4.3.3 Assessment of anti-HSV-1F activity of HL1 and HL.2

The synthetic analogues HL1 and HL.2 were added at different time points of the virus

life cycle (pre-infection, co-infection, and post-infection), using an MTT assay.

Results demonstrated that HL1 and HL2 were unable to protect Vero cells pre-infected

with HSV-1F. However, the compounds were effective in preventing the Cytopathic

effect (CPE) during co-infection, and also immediately after viral entry.

Table 4.1. Assessment of anti-HSV-1F activity of HL1 and HL2

Test drug

CCso*

ECso**

Selectivity index (S1)***

HL2

362.6 +2.5

37.2+28

9.7

HL1

270.4+£3.2

63.4+3.0

4.3

HL3

58.05+ 1.5

34.9+2.0

1.5

Acyclovir

128.8+3.4

28+0.1

49.3

* 50% cytotoxic concentration (CCso) for Vero cells at pg/ml.

1 Concentration of synthetic compound (pg/ml) producing 50% inhibition of virus-

induced CPE (ECso) in three separate experiments. I Selectivity index (SI) =

CCs0/EChxyp.
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Fig. 4.10 Cytopathic effect (CPE) of HSV-1 infected Vero Cells under an inverted light

microscope. The uninfected Vero cells served as a control.
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We tried to compare the four possible couples of the biological samples: control cells
and HSV-1 infected cells; HSV-1 infected cells treated with HL1 and HL2 respectively
at their ECso concentration and HL3 has higher cytotoxicity and low Sl index. So, HL1

and HL2 are chosen for further study.

The results of the docking studies show that the HL.2 has a better binding affinity toward
the viral glycoproteins concerning the HL1. The change of free energy in the interaction
of HL1 with gB and gD proteins were -7.5 and -7.7 kcal mol™, respectively, whereas
these values were -8.3 and -8.2 kcal mol™ for HL2 with HSV-glycoproteins, respectively.

Therefore, HL2 is a better inhibitor of these envelop proteins of HSV-1 than that HL1.

The HL2 can interact with both the glycoproteins almost equally intensely. The gB
consists of three identical peptide chains (red, blue, and green) through self-assembly
(Fig. 4.11). The docking results sho that HL2 can bind at the Ecto-region of the
glycoproteins (Fig. 4.11) through conventional and non-conventional H-bond. Here, only
one H-bond was observed between the oxygen of phenolic OH and H-N of 1114 residue.
The aromatic C-H beside N of pyridine is involved in C=0...H-C type of non-
conventional H-bod with three Q101 residues of each chain (Fig. 4.11). Similar
interactions were also observed between imine C-H and C=0 of 1114. In gD, the
molecule binds at the surface near the C-terminal region (Fig. 4.11). Hydrogen bonding
was observed between pyridine N of HL2 and S276 as well as Q278, individually, and
amide C=0 of HL2 and 1202 residue (Fig. 4.11). The P275 residue is involved in the
hydrophobic interaction with the pyridine ring. The ortho-hydrogen of pyridine nitrogen
was found to interact with H273, 1274, and D279 residues via non-conventional H-bond.
Another non-conventional H-bond was found to be involved between amide C=0 and

F201.
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Fig.4.11 Docking pose of HL2: (a) of gB; and (b) interactions between amino acids of
gB and HL2; docking pose of HL2: (a) of gD and (b) interactions between amino acids

of gD and HL2.

To investigate the possible stage of the viral life cycle affected by HL1 and HL2 we
conducted the time of-addition assay. However, both can prevent plaque formation when
added during virus adsorption and in the early stages of replication, after entry (Fig.
4.13). Further, HSV-1 infection was severely hindered when test compound(s) were
present at the time of infection, suggesting that the antiviral activity of synthesized test
compound(s) is not due to their direct effects on Vero cells but on the viral particles to

inhibit its entry into host cells. This result accounts that both HL2 (38 pg/ml) and HL1
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(64 pg/ml) significantly inhibit HSV-1 within 1-6 h post-infection; this implies that the
effect starts at an early stage of virus infection (Fig. 4.10). Whereas HL1 and HL.2 were
unable to inhibit the virus during pre-infection or co-infection. Viral internalization or
penetration was assessed by incubating the pre-chilled (4°C, 1h) Vero cell monolayer

(1x10° cells/well) in a six-well plate with HSV-1F (100 PFU/well) for 3 h at 4 °C for

viral adsorption.

50 = HLI
m HL2
Y . DMSO (0.1%)
| m Acyclovir

=

% of Inhibitio n

Fig. 4.12 Inhibitory effect of HL1 and HL2 (ECso) on HSV-1 infected Vero cells at
various time intervals during pre-infection (-1 h), co-infection (0 h), or post-infection (2-

6 h), after 3 days of infection by MTT assay, followed by Plaque-reduction assay and

expressed as the inhibition rate.
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Fig. 4.13 Representative Potograph showg plaque reduction assays in the presence or

absence of HL1 and HL2, during virus attachment/ and internalization/penetration.
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4.3.4 Action of Compounds HL1 or HL2 on HSV-1 gene expression

To determine whether the HL1 and HL2 treatment inhibited early replication, we
measured the expression of viral ICP4, ICP8, DNA polymerase, and envelope gB in pre-
treatment (1-8 h), co-treatment, and post-treatment (2-6 h), after infection. The Kinetic
study reported that the immediate-early (IE) gene transcripts (ICP4) are expressed at 1-
2h p.i, the early (E) gene transcripts (ICP27, DNA-pol) at 3-4 h p.i, and the late (L) gene
transcripts after 4h p.i [42]. Thus, we have isolated the RNA from virus-infected HL1
and HL2 treated and untreated cells after 8h of infection. A time point of 8 h was chosen
for measurable levels of immediate early (IE) and early (E) transcripts, as well as
increasing levels of late (L) transcripts. The time-of-addition assay and a gene expression
study jointly suggested that the attachment and/or internalization of viruses by HL1 and
HL2 might be inhibited either by interfering with the host cell surface receptor or by
direct neutralization of the virus. The results of RT-gPCR showed that the viral mMRNA
expression was diminished by these two molecules. DNA transcripts were meaningfully
decreased by pre-treatment for 1-8 h pre-treatment and by co-treatment within the
appearance of the molecules, while at post-treatment from 2-8 h had little effect as the

reduction was insignificant (Fig. 4.13).
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Fig. 4.15. Effect of HL1 and HL2 on HSV-1-induced ICP27, DNA polymerase, and gD
gene expression, isolated from uninfected and HSV-1 infected Vero cells. Lane 1: Cell
control; lane 2: Cell+HSV-1; Lane 3,4: Cells + HSV-1 + HL2 at 2 h and 4 h post-
infection; Lane 5,6: Cells + HSV-1 + HL1 at 2 h and 4 h post-infection. The data are
expressed as Mean + SEM from triplicate experiments yielding similar results (*, P<0.05;

** P<0.01).

HL1 and HL2 have been analyzed for their effect on the expression of viral MRNA after
the entry of HSV-1F to address the time-of-addition assay's consequences. Our purpose
was to assess the consequences of the time-of-addition assay on viral mMRNA expression
after entry of the HSV-1F. Citrate buffer was used to inactivate HSV-1F-infected Vero
cells for 1 h, along with washing and exposing the cellsto HL1 and HL2 at 1, 2,and 4 h
post-inoculation. Total cellular RNA was then isolated. Results revealed that HL1 and
HL?2 down-regulated the viral mMRNA expression, as levels of immediate-early (ICP27),
early (DNA-Pol), and late (gD) gene transcripts failed to express at 2 and 4 h p.i. in

presence of HL1 and HL.2 while at 1 h p.i. the gene expression was insignificant. These

125



findings demonstrate that both HL2 and HL1 prevent the early phase of HSV-1

transcription after host cell penetration.

4.4 Discussion

The 50% cytotoxic concentration (CCso) of HL1 and HL2 were found to be at 362.6
pg/ml and 270 pg/ml, respectively, and the Concentration of HL1 and HL2 (ug/ml)
produced 50% inhibition of virus-induced CPE (ECso) were 37 pg/ml and 63 pg/ml.
Thus, the selectivity index (SI) = CCso/ECso of HL2 and HL1 were 9.7 and 4.28.
Compound HL1 and HL2 contained pyridine moieties with amide linkage as a common
structural part indicating better anti-HSV potential. We still do not know enough about
molecular identification and what it proceeds for a ligand to trigger an indicator on a
receptor, and drug discovery is much more difficult. It has been reported that numerous
novel synthesized chalcone derivatives containing pyridine moieties revealed
antiviral activities against cucumber mosaic virus at 500 ug/mL [43]. Again, synthesized
1, 5-benzothiazepine derivatives, containing pyridine moiety demonstrated in vivo
antiviral activity against TMV [44]. Elgemeie et al., reported that synthesized pyridine
thioglycosides had an anti-HSV activity with ECsp of 6.3 pg/100 ul [45]. The herpes
virus is a lytic virus because after infection the virus Kills the host cells by inhibiting
cellular protein synthesis and destroying cellular DNA [46- 48]. A similar type of in vitro
experiment has been performed with other viruses [49, 50], predominantly on RNA
viruses, rather than DNA viruses. It is known that heterocyclic compounds having a
pyridine backbone had broad-spectrum antiviral activities. Comparing the basic structure
of these two compounds HL1 and HL.2, which contains either pyridine moieties or amide
linkage or both, may enhance anti-HSV activities and at a low cytotoxicity effect.

Pyridine rings present in both of the compounds may attribute to the activity of HL1 and
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HL2, similar to the fact that Pyridine-based molecules have multiple biological
potentials. At 2 and 4 h post-infection, HL1 and HL2 also down-regulated viral MRNA
expression, as levels of immediate early (ICP27), early (DNA-Pol), and late (gD) gene

transcripts failed to express.

4.5 Conclusion

Urgently Novel antiviral candidates are desirable, which are certainly essential for the
treatment of various deadly viral infections. Heterocyclic compounds are considered
much important in the field of medicinal chemistry because of their physiological
activities, among them, pyridine derivatives are especially attractive. These results may
contribute to a better understanding of the prerequisites for the further design of new,
more efficient pyridine-containing antiviral lead. Because to date, neither any effective
vaccine, nor any non-toxic drug that eradicates HSV from the host cell, or prevents
latency or resistance development is available. The failure of vaccine and ‘magic bullet’
is due to the establishment of viral latency and reactivation that occurs during cell-

mediated and humoral immunity.
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Chapter 5

Comparative study of Chromone

Sulfonamide derivatives: antibacterial agent
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Abstract

Sulfonamide derivatives are a broad range of multi-target bioactive representatives for
multifaceted diseases. These compounds have been used in numerous pharmaceutical
applications due to their antibacterial, antiviral, antimalarial, antifungal, anticancer,
antidepressant, or other properties. In Medicinal Chemistry Sulfonamide,- structural
motifs are frequently seen. The structural flexibility of sulfonamide derivatives makes
them an excellent candidate for the advancement of new multi-target agents in the rising
field of pharmacology. The functionalization of established or tested drugs for the
manufacture of less toxic more competent medicine is a recently undertaken program. 7-
Hydroxy-4-methyl-2-oxo-2H-chromene-8-carbaldehyde and different sulfonamides
(Sulfapyridine, Sulfathiazole, Sulfamethoxazole, and Sulfamerazine) are used to
synthesize Schiff bases, 1a—1d, those are potentially active against both Gram-positive
and Gram-negative bacteria. The Schiff bases have been spectroscopically characterized.
Two of these four Schiff bases, 1a, and 1b are found to be reasonably more activities
related to 1c and 1d. The plausible mechanism of drug action at the cellular level is

attempted to explore in this research.
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5.1 Introduction

Antibiotics either inhibit or stop the essential enzymatic functions of pathogens. Plausible
mechanism of action of antibiotics on four major pathways : (i) inhibition of cell wall
synthesis and corrupt its functionality; (ii) inhibition of Nucleic Acid synthesis and
disruption of their functions; (iii) hindrance to folate synthesis; and (iv) inhibition of
protein synthesis [1-5]. From the very beginning age of antibiotics, bacteria have tried to
develop resistance to antibiotics [3]. The number of antibiotic-resistant bacteria has
increased gradually and caused a global public health threat. Developing new drugs by
Pharmaceutical Industries is one way out to overcome the crisis of antibiotic resistance
[6]. During the 1920-30s staphylococcal and streptococcal infections were the large
killers, even minor scratches and scrapes could be deadly, while pneumonia and
tuberculosis killed young adults in Europe and USA [7]. Prontosil (KI730), a
Sulfonamide dye, noted as anti-bacterial in 1900’s by German Pathologist Gerhard
Domagk, a Nobel laureate in 1939, to save his daughter from streptococci infection, when
he observed its selective ability to prevent the infectious bacteria [8]; while Ernest
Fourneau in 1936 discovered that pro-drug prontosil converted into active antibacterial
Sulfonamide in the human body [9]. The discovery triggered more anti-bacterial agents
from the Sulfa group including sulfapyridine for the treatment of pneumonia (1938),
sulfacetamide prescribed for the handling of urinary tract infections (1941), and
succinoyl-sulfathiazole given to patients suffering from gastrointestinal tract infections
(1942); of which sulfathiazole was used for wound infection during Second World War.
Sulfonamides are employed on large scale for preventive and chemotherapeutic purposes
against various ailments. More than thirty different types of sulfa drugs are utilized as
antibacterial, antiprotozoal, antifungal anti-inflammatory, nonpeptidic vasopressin

receptor antagonists, and translation initiation inhibitors [10, 11, 12].
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Sulfonamides block the synthesis of folic acid by replacing p-amino benzoic acid
(PABA) and hamper DNA or RNA synthesis in bacteria [12]. The selectivity of
sulfonamides depended on the enzymatic action of dihydropteroate synthase (DHPS)
[13]. While hypersensitivity of sulfonamides is due to fractional oxidation of the
aromatic-NH. group of sulfonamides to hydroxylamine (SF-NHOH) and/or nitroso
derivative (SF-NO) by human Cytochrome-P450 that results in cellular toxicity [14].
Sulfonamides are employed on large scale for preventive and chemotherapeutic purposes
against various elements. More than thirty different types of sulfa-drugs are utilized as
antibacterial, antifungal, antiprotozoal, anti-inflammatory, non-peptidic vasopressin
receptor antagonists, and translation initiation inhibitors [15, 16, 17]. Some important
Sulfonamide compounds are also used as carbonic anhydrase inhibitors [18]. Coumarins,
secondary metabolites of a wide variety of plants, are specific classes of compounds
having significant biological activities [19] and their activities or roles may differ based
on different substituents. In Coumarins, the benzene ring is fused with the pyrone ring
having diverse activities including antibacterial, antifungals, anticoagulant, antioxidant,
anti-inflammatory, and anticancer [20]. Coumarins are highly active against both Gram-
negative and Gram-positive bacteria, but more potent against Gram-negative bacteria, by
deforming the bacterial outer membrane. Some plants produce secrete coumarin-like
active molecules phytoalexins that provide a defensive mechanism to counter the attack
from phytopathogens which are environmentally benign and are not vulnerable to
bacterial resistance development [21, 22]. A compound with a sulfonamide functional
group was found to inhibit the activity of carbonic anhydrase; thus, when conventional
antibiotics are ineffective, sulfonamide derivatives are useful as a pharmaceutical agent
[23]. Primary amines and active carbonyls react with each other to form an azomethine

group (-C=N-), known as Schiff bases, to honor Hugo Schiff (1834-1915) [24]. Aromatic
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Schiff bases are weak nucleophiles and weak bases. Schiff's bases are utilized in the ink
dye industry, as well as to prepare superconducting polymers that are highly resistant to
oxidation, heat, and light [25]. Most aromatic Schiff bases are sparingly water-soluble.
Schiff bases have exhibited significant activity such as antibacterial, fungicidal,
antioxidant, anti-inflammatory, antitumor, anti-cancer and herbicidal properties [26-28].
In view of the biological significance of these pharmacological active compounds, the
present work aims to synthesize new Schiff bases 1a to 1d by using 7-Hydroxy-4-methyl-
2-0x0-2H-chromene-8-carbaldehyde and different sulfonamides (Sulfapyridin,
Sulfathiazole, Sulfa-methoxazole, and Sulfamerazine) as potential less-toxic
antibacterial agents. As microbial resistance has evolved sharply over last five-six
decades, most antimicrobial drugs lost their ‘magic-bullet’ like effectiveness. This profit
disparity is further exacerbated as the result of a crowded generic market and the
increasing extent of bacterial resistance [29, 30]. It is important to exploit the diverse
natural products those can lead to more competent less toxic antimicrobial drugs. The
safety of the molecules can be judged by toxicity studies in a suitable animal model, and
also in isolated ex-vivo. The side effects of the molecules might be studied in comparison
to direct toxicity upon animal cells. This work aimed at representing the comparative

therapeutic aptitude of 1a, 1b, 1c, and 1d.

5.2 Experimental Section

5.2.1 Reagents and solvents

Required AR grade chemicals were procured from Merck (India), HiMedia (India), SRL
(India) and TCI. Some of the important compounds were purchased from Sigma. High
purity water was collected from Milli-Q water (Millipore) for use in this research. 8-

Formyl-7-hydroxy-4-methyl coumarin in methanol was prepared as per the published
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article [31]. Sulfonamides were purchased from HiMedia (India), Bombay, India. Thin-
layer chromatography was performed by using Al sheets (Merck) coated with silica gel
60F254. FTIR spectra on KBr discs 4000-400 cm™) was taken from Bruker ALPHA I
spectrometer in an attenuated total reflectance (ATR) mode. The 'H NMR spectra were
recorded with Bruker (AC) 300 MHz FT-NMR spectrometer in DMSO-d, using TMS as
an internal standard; while ESI mass spectra were verified by a Water HRMS

XEVOG2QTOFR#YCA351 Spectrometer.
Culture Media

Nutrient broth (NB; Oxoid), Peptone water (PW; Oxoid brand, UK.), Luria broth (LB;
Oxoid), Triple sugar iron Agar (TSI, Difco, Detroit, USA), MacConkey Agar (Difco,
Detroit, USA), Mueller Hinton broth (MHB; Difco, Detroit, USA) and other basic media
was obtained from the commercial suppliers, Himedia. Peptone agar (PA), nutrient agar
(NA), and Mueller Hinton agar (MHA) were prepared in the laboratory by adding the

appropriate amount of agar in the individual liquid media and sterilize.
5.2.2 Synthesis of Compounds (1a-1d)

To methanol (30 ml) solution of 8-formyl-7-hydroxy-4-methyl coumarin (0.204 g, 1
mmol), sulfapyridine (0.249 g, 1 mmol) was added and refluxed for 4 h. A reddish
coloured precipitate was collected by filtration, washed with cold methanol, and dried
(yield, 90%). Other Schiff bases were prepared by using 8-formyl-7-hydroxy-4-methyl
coumarin and sulfathiazole, sulfathiazole, sulfamerazine, respectively. The synthetic
scheme is presented in Scheme 5.1. Detail characterization of the compounds are given

in the Results section.
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5.2.3 Determination of the antibacterial activity

The compounds la-1d were screened in vitro for their antibacterial activity against
Gram-negative Escherichia coli ATCC 29212 and Salmonella typhi MTCC 734, and five
Gram-positive Staphylococcus aureus ATCC 29213, methicillin resistance S. aureus
(MRSA), S. aureus, Coagulase negative Staphylococcus aureus (CONS), Enterococcus
faecalis ATCC 25922 and Enterococcus faecalis PHOO7® bacterial strains. The
antimicrobial susceptibility or resistance of all the strains against the commercially
available common antibiotic discs was determined by the standard disc diffusion method
following the guidelines of the Clinical and Laboratory Standards Institute [32, 33]. (All
ATCC and MTCC are quality control strains). A stock solution (1 mg/ml) was prepared
by dissolving 1 mg of compound(s) in 1.0 ml sterile distilled water; or in 100 pul of 0.1%
DMSO and diluted in sterile distilled water. To get compound (drug) impregnated disc
of various potency (0-1000 pg/ml), different amount of stock solution was added to the
sterile filter paper (Whatman No 3) discs (5.25 mm diameter) and dried at room
temperature. The disks of the desired potency were then aseptically placed on the MHA
plate seeded with the test and control bacterium (10° CFU/ml) and incubated at 37 °C for
24 h. The activity was recorded by measuring the clear zones of growth inhibition on the

agar surface around the discs [34-36].

5.2.4 Determination of MIC and growth inhibition assay

Minimum inhibitory concentration (MIC) of the compound was determined by treating
with all the test strains, by broth and agar dilution methods, using MRSA and CONS,
following the National Committee for Clinical Laboratory Standards guidelines [32, 33],
compounds at two-fold dilutions were added in each tube containing MHB at room

temperature. Bacterial isolates were grown overnight in MHB at 37 °C and diluted with
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the fresh media at a density of 10° CFU/ml to add in each tube containing different
concentrations of the test drugs. Aliquots (100 pl) of culture removed from the incubated
tubes were inoculated onto an MHA plate to determine the CFU per ml to record viable
counts. The agar dilution test was conducted on MHA plated prepared with a two-fold
concentration of the test compounds along with 10° CFU/mI of inoculum of each
bacterium and incubated overnight at 37 °C. The colony count of the plates was made in
each dilution. Both the test was repeated three times to calculate the mean count of each

dilution [33].
5.2.5 Determination of Minimal Bactericidal Concentration (MBC)

The MBC was determined by the broth dilution method [35]. Freshly made MHA plates
containing different concentrations (0—1000 pg/ml) of test compounds were inoculated
with the respective bacterial strains at a density of 10° cfu/ml. The mixtures were
incubated at 37°C for 18 h with shaking (200 rpm) on a platform shaker. The growth of
the bacterium was determined by measuring the optical density of the culture in a
colorimeter at 600 nm. The lowest concentration of the molecules which did not show
any visible growth after overnight incubation in MHA plates was considered as the MBC

[36].
5.2.5 Tolerance level

The MIC and MBC values usually provide a clear indication about the tolerance levels
of each test molecule for selective recognition and killing of pathogenic drug-resistant or
MDR strains like MRSA. The tolerance level was measured with the help of the
formula: Tolerance level = MBC/ MIC [37].

5.2.6 Growth inhibition study of test compounds on MRSA and CONS

The rate and extent of bacterial growth, treated with la-1d, were studied by growth
inhibition assay and subsequent growth curve analysis. Growing cultures (10° CFU/ml)
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of the most susceptible MRSA and CONS isolates in MHB were exposed to the test
compounds at their MIC, along with a drug-free inoculated medium plate as growth
control. Samples were removed for colony counts at hourly intervals (0-12 h) and at 24 h.
Viable counts were determined by the serial dilution method after 24 h of incubation and
plates containing 30 to 300 CFU/ml for each dilution were counted [35]. The procedure
was repeated three times for each test organism to record the mean readings, and
Logio CFU/mI vs. time (t) was plotted. Antibiotic carryover was prevented by serial
dilution of the testing antibiotic. An antimicrobial agent was considered bactericidal
when its lowest concentration can reduce the original inoculum by >3 logio CFU/mI
(99.9%); while it will be bacteriostatic when the original inoculum was reduced by 0-

3 logio CFU/mlI [36].

5.2.7 Morphology changes of bacterial cells

The bacterial isolates were grown in 5 ml culture media and were incubated in agitating
phase at 198 rpm at 37 °C for 12 h. MBC of 1a was added to the culture. The untreated
cells were taken as negative control. Following centrifugation at 5000 rpm for 5 minutes,
the cells were systematically washed with PBS and centrifuges to accumulate the pellets.
The cells were fixed with 2.5% glutaraldehyde and washed three times with sterile PBS.
A drop of solution was placed on the glass plate and dried using a vacuum oven. After
coating, the cell morphology was recorded by scanning electron microscopy (SEM, EVO

18 Special Edition, Carl Zeiss, Germany).

Molecular Docking Study has been performed by using the methods described in

Chapter 4.
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5.3 Results

5.3.1 Synthesis and formulation

Four compounds 4-[(7-Hydroxy-4-methyl-2-oxo-2H-chromen-8-ylmethylene)-amino]-
N-pyridin-2-yl-benzenesulfonamide(1a), 4-[(7-Hydroxy-4-methyl-2-oxo-2H-chromen-
8-ylmethylene)-amino]-N-(4-methyl-thiazole-2-yl)-benzenesulfonamide (1b), 4-[(7-
Hydroxy-4-methyl-2-oxo0-2H-chromen-8-ylmethylene)-amino]-N-(4-methoxazole-2-
yl)-benzenesulfona-mide (1c) and 4-[(7-Hydroxy-4-methyl-2-oxo-2H-chromen-8-
ylmethylene)-amino]-N-(4-methyl-pyrimidin-2-yl)-benzenesulfonamide  (1d)  were
successfully synthesized by the condensation reaction between 8-formyl-7-hydroxy-4-
methylcoumarin and the corresponding of sulph-amines (sulfapyridine, sulfathiazole,
sulfathiazole, sulfamerazine) separately, and their characterization were performed by
spectroscopic data (NMR, Mass, FTIR). The *H NMR spectral data of Compound-1a
(DMSO-D;) showed characteristic signals at 14.47 ppm which corresponding to a
coumarinyl -OH proton, a sharp singlet at 9.27 ppm indicating the imine (-CH=N-)
proton, at 2.50 ppm coumarinyl-CH.and other Ar-Hs appear at 6.29-7.77 ppm. The
molecular ion peak at 458.00 (M+Na)-(add calculated Mass) from the mass spectrum
also supports the molecular identity. The structural characterization was established by
IR spectral data which report characteristic signals corresponding to 3443.9 cm-
(aromatic -OH), 1731.4 cm™ (lactone C=0), 1632.2 cm™ (Schiff’s bass, C=N), and
1388.3 cm™ (S=0). All the observations strongly support and confirmed the formation
of compound-1a. Similarly, confirm the structural identification was observed for

compound-1b, 1c, and 1d.

Micro-analytical data of Compound-1a: C.H.N:O.S; Calcd. (Found): C, 60.68 (60.62);
H, 3.93 (3.96); N, 9.65 (9.71)%. *H-NMR (300 MHz, DMSO-d.). & 14.47 (s, 1H), 9.27

(s, 1H),7.77 (d, 4H, 1 = 8.4), 7.66 (d, 1H, J =8.7), 7.75 (s, 1H), 7.39 (d, 2H, J = 2.8), 7.21

141



(s, 1H), 6.97 (m, 2H,J =9), 6.29 (s, 1H), 2.50 (s, 3H), (Fig. 5.1). Mass: (M+Na)-458.00
(Fig. 5.2). IR: 3443.9 cm™ (aromatic -OH), 1731.4 cm™ (lactone C=0), 1632.2 cm™

(Schiff’s bass, C=N), 1388.3 cm™ (S=0) (Fig. 5.3).
Synthesis of 1b-1d

All the compounds were synthesized by same procedure as described for Compound-1a
which is presented in Scheme 1.1. Micro-analytical data of Compound-1b: C,H.N:O.S;;
Calcd. (Found): C, 54.41 (54.38); H, 3.42 (3.46); N, 9.52 (9.51)%. *H-NMR (300 MHz,
CDCL,). § 14.33 (s, 1H), 9.33 (s, 1H),7.99 (d, 2H, J = 7.3), 7.61 (d, 1H, J = 6), 7.40 (d,
2H,J=8.8),7.13(d, 1H, J = 4.8), 6.93 (d, 2H, J = 9), 6.55 (d, 1H, J = 4.8), 6.14 (s, 1H),
2.42 (s, 3H), (Fig. 5.4). Mass: (M+Na)* 458.00 (Fig. 5.5). IR: 3458.9 cm™ (aromatic -
OH), 1719.4 cm™ (lactone C=0), 1634 cm™ (Schiff’s bass, C=N), 1391.1 cm™ (S=0).

Melting point of 1a and 1b are 185°C 189°C respectively (Fig. 5.6).

Micro-analytical data of Compound-1c: C21Hi17N3OsS; Calcd. (Found): C, 57.40
(57.41); H, 3.90 (3.92); N, 9.56 (9.52)%. *H-NMR (300 MHz, DMSO-ds).5 14.33 (s,
1H), 11.51 (s, 1H), 9.26 (s, 1H),7.92 (d, 2H, J = 9.3), 7.85 (d, H, J = 9),7.69 (d, 2H, J =
8.3), 6.96 (d, 1H, J =8.97), 6.27 (s, 1H), 6.15 (s, 1H),2.26 (s, 3H),2.06 (s, 3H) (Fig. 5.7)
Mass: (M+H)* 440.00 (Fig. 5.8). IR: 3445 cm™ (aromatic -OH), 1729.8 cm™ (lactone
C=0), 1644.4 cm™ (Schiff’s bass, C=N), 1345.8 cm™ (S=0), Melting point of 1c is 179°C

(Fig. 5.9).

Micro-analytical data of Compound-1d: Cz2H1sN4OsS; Calcd. (Found): C, 58.66
(58.67); H, 4.03 (4.01); N, 12.44 (12.41)%. *H-NMR (300 MHz, DMSO-ds). 5 14.45 (s,
1H), 10.45 (s, 1H),8.089 (d, 1H, J=7.8),8.339 (d, 1H, J = 3.6),7.873 (d, 1H, J = 9),7.68
(d, 1H,J=9.1),7.626 (d, 1H, J =8.7), 6.994 (d, 1H, J = 9), 6.926 (d, 1H, J = 4. 5), 6.557

(d, 1H,J =8.4), 6.313 (s, 1H), 5.98 (s, 1H),2.439 (s, 3H), 2.344 (s, 3H) (Fig. 5.10). IR:
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3445 cm™ (aromatic -OH), 1729 cm™ (lactone C=0), 1618 cm™ (Schiff’s bass, C=N),

1341cm-1 (S=0). The melting point of 1d is 170°C (Fig. 5.11).
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5.3.2 Biological evaluation
Determination of cytotoxicity by MTT assay

The MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) is used to
assess toxicity of the drugs, 1a-1d, on Vero cell morphology (MTT 2003, Sigma-Aldrich,
MO, USA). Following the procedure, 10 x10° Vero cells per well were cultured onto 96-
well plates, and the test drugs (1a-1d) of different concentrations were added to each well
at a final volume of 100 pl, in triplicate using DMSO (0.1%) as a negative and positive
control, respectively. The drug-treated cells were incubated at 37 °C in 5% CO. for 2
days, and then the MTT reagent (10 pl) was added to each well [38]. Formazan was
solubilized by adding MTT solubilization solution equal to the original culture media
volume after 4 h of incubation, and the absorbance was recorded at 570 nm with a

reference wavelength of 690 nm by an ELISA reader. Data were calculated as the
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percentage (%) of cell viability by the formula: [(sample absorbance cell - free sample
blank)/mean media control absorbance)]/100%. The fifty cytotoxic concentration (CCsp)
causing observable morphological changes in 50% of Vero cells concerning cell control

was evaluated (Fig 5.13).

% of Cell Viability of Synthetic Compound

50 pg/ml 100 pg/ml 200 pg/ml 300 pg/ml 400 pg/ml 500 pg/ml

Persentage of Cell Viability
0 10 20 30 40 50 60 70 80 90100

mla Olb mlc mld Concentration (ug/ml)

Fig. 5.13 Cytotoxicity of coumarin functionalized 1la, 1b, 1c, and 1d by MTT
Assay. Vero cell morphology does not seem to be affected at CC., concentration of Schiff

base (1a) by exposure compared to control.

Cell Control Cytotoxic concentration

Fig. 5.14 Change of Vero cell morphology before and after treatment with 1a; (a) Cell

control, (b) CCso dose, (c) Vero cell at cytotoxic concentration.
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Table 5.1: Antibacterial activity of Coumarin functionalized derivatives 1a-1d and

sulfadrug
la S_ul_fa 1b _Sulfa 1c Sulfathiazole 1d Sulfamerazine
pyridine thiazole
Bacteria Inhibition | Inhibition | Inhibition| Inhibition| Inhibition e Inhibition I
g -y - -4 .| Inhibition Zong 4 | Inhibition Zone
Zonedia”| Zonedia® | Zonedia”| Zonedia®| Zone dia dia’ (mm) Zone dia (mm)
(mm) (mm) (mm) (mm) (mm) (mm)
Staph aureus
phaureis | 159 135 10.5 9.5 8.0 75 9.2 8.0
PH217(MRSA)
Staph aureus
18.2 16.8 9.0 9.6 55 7.6 7.4 7.6
(CONS)
Staph aureus
17.7 15.7 125 10.3 9.0 8.4 9.2 8.3
ATCC29213
Escherichia coli
15. 13. 7.4 104 . . 1.7 7.
ATCC29212 5.0 3.8 0 85 8.3 0
Enterococcus
10. 10. 7 7 7. 7. 2 .
faecalis PHOO7R 05 05 S 8 3 6 8 63
hterococcus faecalis
125 10.8 8.0 8.6 7.3 6.3 8.9 7.1
ATCC25922
Salmonella typhi 113 105 8.5 55 9.5 7.3 75 8.3
MTCC 734
9
3
7
-_— 6 —
£ E |
s £
S 3 LR
2 2 4
1 14
0 T T T T . 2 a T T 1
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Concentration ofextracts (ug/ml) Concentration of extracts (pg/ml)
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Fig. 5.15 Antibacterial activity spectrum of 1a against MRSA and CONS (A) and E. coli,

S. aureus (B).
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Antimicrobial susceptibility testing by disc diffusion method

The antimicrobial susceptibility of S. aureus, MRSA, CONS, and E. coli against test
common antibiotics revealed that most of the strains are resistant against wide variety of
antibiotics tested, suggesting that the test isolates are multidrug resistance (MDR).
Interestingly the disc containing la produces a significant zone of growth inhibition
between 17.7-15.2 mm and 15.9-13.3 mm against S. aureus and human isolates of MRSA
respectively. However, some lower disc potency with 1b produced zone diameter (12.5-
8.0 mm) and (8.5-7.2 mm) against the same organisms (Table 5.1). Diameters of growth
inhibition zones of the tested microorganisms were measured and compared to

ciprofloxacin and amoxicillin, used as standard reference drugs.

Growth inhibition study with determination of MIC of the test compounds

The minimum inhibitory concentration (MIC) of the 1a was found to be 250-300 pg/mi
against S. aureus standard strain, 150-200 pg/ml against MRSA, 550-600 pg/ml against
E. coli ATCC 25922, 175-225 pg/ml against CONS, when inoculum size was 10-CFU/ml
(Table 5.1). From the results of the susceptibility study, it is clear that 1c and 1d have
antimicrobial activity in moderate high concentrations against the selected bacteria
(Table 5.1). However, further antibacterial study was carried out with 1a and 1b as it has

better activity against the selected species.

Fig. 5.16 Zone of inhibition of four bacterial isolates against 1a.

152



Fig. 5.17 Zone of inhibition of three bacterial isolates against 1b.
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Fig. 5.18 Growth curve of MRSA and CONS in presence or absence of 1a (A), 1b and
1c (B).

Mechanistic insights of antibacterial activity of the test compound l1a

Surface morphology of the bacterial cell wall was examined by SEM analysis; the surface
structure alterations at sub-cellular level of magnification and comparative assessment of
the effect of the drug, 1a was used to suggest the plausible mechanism of action. Quality
control strain of Gram-negative E. coli (MDR) is highly sensitive to 1a. The Electron
Micrograph demonstrated rod-shaped bacteria with normal topology and morphology in
untreated control; while the bacteria treated with 1a showed altered ultra-structure, as
presented in Figure 5.19, compared to the untreated control, under 25000X

magnification of SEM [39].
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Fig. 5.19 Cellular morphology of untreated E. coli; and 1a treated E. coli cells at MIC

by FE-SEM.

The antimicrobial activity spectrum of Schiff’s bases against a few Gram-positive and
Gram-negative bacterial isolates was evaluated by disc diffusion assay is presented in
Table 5.1. Overall, we found that the sulfapyridine-based Schiff base (1a) exhibited the
highest antibacterial activity, with inhibitory activity against S. aureus proliferation
similar to the positive control. Thus, these complexes could reasonably be used in
planning more effective antibacterial agents for the treatment of some common diseases

caused by E. coli, S. aureus, MRSA, CONS.

Molecular Docking Study

To realize the effect of the investigating compounds on their anti-bacterial activities,
molecular docking was used. Commonly, sulphonamide drugs can inhibit
dihydropteroate synthetase enzyme. It is the reason for the choice of the dihydropteroate
synthetase (PDB id: 1DHS) for molecular docking study in this case. The study shows
that the coumarin derivative of known sulphonamide drugs have higher binding ability
with respect to the corresponding sulphonamide drug. All the binding energy data have

been tabulated in the following table 5.2. Based on the binding energy, the compound la
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was found to be the best. The theoretical observation also corroborate with the

experimental results.

Table 5.2: Binding energy of sulphonamide drugs and their coumarin derivatives
obtained from their molecular docking with the dihydropteroate synthetase.

Compound AG (kcal/mol) Compound AG (kcal/mol)
8-formyl-7-hydroxy-4- | -5.8
methylcoumarin

Sulfathiazole -5.6 Sulfamethoxazole | -5.9
1b -7.3 1c -7.5
Sulfapyridine -5.8 Sulfamerazine -6.1
la -1.7 1d -7.4

b)

Fig. 5.20 (a) Docking pose of 1a with DHPS and (b) non-covalent interactions between
la and DHPS.
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5.4 Discussion

After tetracyclines, second broadly used class of veterinary antibiotics are Sulfa drugs
[40]. Sometimes these agents are used to treat human diseases, but more commonly used
in veterinary medicine, especially on animal and fish farms. However, the spread of
antibiotic resistance has raised questions about the environmental implications of
sulfonamides [41, 42]. Haemolytic streptococcus has been treated with sulfapyridine and
sulfathiazole, which are used here as the precursor molecules of 1a and 1b, respectively
[43]. Additionally, Zhu et al. reported the fungicidal activity of macrolactones and
macrolactams with a Sulfonamide side chain [44, 45]. The Sulfonamide family of
compounds is known to cause several toxic symptoms, including anorexia, dizziness,
mental confusion, nausea, cyanosis, dermatitis, and hepatitis [46]. In addition, coumarin
analogues have antibacterial properties as well, which is consistent with our findings that
our synthetic compounds can be effective against both Gram-positive and Gram-negative
bacteria [47]. Moreover, coumarin analogues had been reported for other antibacterial
activities which were consistent with our result that it could increase the activity against
both Gram-staining positive and Gram-negative bacteria. Thus, we can conclude that the
antimicrobial activities of different types of sulfonamide derivatives might be related to
their structure-activity relationship. Upon binding to the cell membrane, la is
internalized in E. coli (MDR) cells and damages the cellular integrity, as shown in the
SEM study of the test bacteria. On the other hand, compound la binds at the
nicotinamide-adenine-dinucleotide binding site of the DHPS protein. The site is on the
surface of the protein (5.20.a). Coumarin C=0, sulphonamide S=0 and pyridine nitrogen
are involved in hydrogen bonding with V285, G283, and T308, respectively. The first
two fragments are also found in non-classical hydrogen bonding with G284 and G282,

respectively. Amino acid residue A341 interact with pyridine hydrogen through non-
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classical hydrogen bonding. Other aromatic parts of the molecule interact with A238,
V285, G282, L281, L103, and A343 with the help of =-stacking, =-alkyl, and

hydrophobic interactions respectively.

5.5 Conclusion

Antibiotics became one of the great discoveries of 20~ century. But the reality is the rise
of antibiotic resistance in hospitals, communities, and the environment concomitant with
their use. The MTT assay indicates that our synthesized compounds are relatively low-
toxic and the four novel Schiff bases of sulfonamides are moderately safe. Compared to
parent sulfonamide, their cytotoxic efficacy was much better in the in vitro study. Their
effectiveness against MRSA and CONS shows that they work much better than parent
Sulfa drugs. We therefore conclude that our synthesized biocompatible 1a is a promising
agent against a wide range of multidrug-resistant bacterial infections that plague our

society today.
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Chapter 6

Structural characterization and biological studies of Au
(111) complex of 2-(3-phenyl-1H-1, 2, 4-triazol-5-yl)

pyridine
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Abstract

2-(3-Phenyl-1H-1, 2, 4-triazol-5-yl) pyridine acts as bidentate N, N’-chelator and forms
Au(llT) complex, [Au (2-ptp)2]CI (1). The structure has been characterized by single-
crystal X-ray diffraction technique and other spectroscopic data. Presence of different
noncovalent interactions leads to the formation of 3D supramolecular structure. The
complex 1 exhibits antibacterial activity against Gram-positive (MIC) (Staphylococcus
aureus (240 pg/ml), Bacillus subtilis (645 pg/ml) and Gram-negative (Escherichia coli
(270 pg/ml), Enterococcus faecalis (820 pg/ml), Klebsiella pneumonia (785 pg/ml))
bacteria. Also, the toxicity of 1 has been checked by MTT assay. The complex shows

promising anticancer activity against Vero cells and the CCsp is 405 pg/mL.
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6.1 Introduction

1,2,4-Triazole and its derivatives are potential pharmacological agents and show many
biological activities like herbicidal, insecticidal, antifungal, anticancer properties [1].
Pyridyl substituted triazoles offer a planar aromatic system of strong n—n stacking and
have been used to synthesize metal complexes with various geometries [2]. Triazole is
an exceptional building block to constitute coordination polymer and supramolecular
geometries like cages, cylinders etc. along with diverse applications in catalysis, drug
development, metal ion sensing, imaging etc. [3-7]. Au(l1l) chemistry of polydentate N-
heterocycles is an under developing research area compared to their Au(l) counter parts
[8, 9] along with other coinage metals [10]. The square planar Au (I11) complexes may
have a higher ability to intercalate into the DNA structure than linear structure of Au (1)
complex and might have high biological efficiency [11-15]. In this work, 2-(3-phenyl-
1H-1, 2, 4-triazol-5-yl) pyridine (2-ptp) has been used to synthesize Au (111) complex and the
single crystal diffraction analysis is used for the confirmation of the structure where ligand,
2-ptp, acts as bidentate chelating ligand. The complex has been used to examine the
antimicrobial property and out of five bacteria two stains (Staphylococcus aureus (240

pg/ml), Escherichia coli (270 pg/ml)) show better efficiency.

6.2 Experimental Section

6.2.1 Materials and Methods

The chemicals were purchased from Sigma—Aldrich (HAuCls, 3H20; 2-Cyanopyridine;
HoN-NH2), TCI (N, N-Dimethyl formamide (DMF), Acetonitrile, MeOH,
Dimethylacetamide (DMA), Ethylene glycol) and were used as received. The ligand, 2-
(3-Phenyl-1H-1,2,4-triazol-5-yl)pyridine (2-ptp) was prepared in two steps following

reported method [16] KAuCls was prepared from HAuUCI4s by adding KCI in aqueous
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solution as per reported procedure and further purified by crystallization from aqueous
solution.

Micro—analytical data (C, H, N) were collected on Perkin-Elmer 2400 CHNS/O
elemental analyzer. Spectroscopic data were obtained using the following instruments:
FTIR spectra (KBr disk, 4000400 cm™') from a Perkin Elmer RX-1 FTIR
spectrophotometer. Electronic absorption spectra were recorded on a PerkinElmer
UV/VIS Spectrophotometer (LAMBDA 35). NMR spectra were measured on Bruker
300 MHz spectrometer for IH NMR. X-Ray powder diffraction was performed using a
Bruker D8 ADVANCE X-ray diffractometer. Scanning electron microscope (SEM) and
energy dispersive X-ray (EDX) were collected from ZEISS EVO-MA 10 having
resolution of 3 nm with W filament and Sb as sources, Operated at EHT = 15 kV, WD =
8.5 mm and mag = 2.51-30 K. The absorption spectrum of synthesized material was
recorded using a UV-Vis spectrophotometer (Perkin Elmer, Lambda 365). Thermal
analysis (TGA) was carried out on a Perkin-Elmer Pyris Diamond TG/DTA thermal
analyzer under nitrogen atmosphere (flow rate: 50 cm® min™') at the temperature range

of 30—800°C with a heating rate of 10°C/ min.

6.2.2 Synthesis of 2-(3-Phenyl-1H-1, 2, 4-triazol-5-yl) pyridine (2-ptp)

The ligand was prepared in two steps following reported method [16].

| AN
AN H,N-NH P~ =
F\‘ P #1- Cl - h!/ NH
EtOH =
CN ! 2. Ethylene glycol, 200°C
NH,
Amidrazone 2-ptp
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Scheme 6.1. Synthetic key route of 2-ptp.

6.2.3 Synthesis of Complex, [Au (2-ptp).] Cl, 1

KAUCl4. 2H20 (0.2 mmol, 0.083 g) was dissolved in acetonitrile (10 ml) solution in a round
bottom flask and reflux for 30 min followed by the addition of 2-(3-phenyl-1H-1,2,4-triazol-
5-yl) pyridine (2-ptp) (0.2 mmol, 0.045 g) in methanol. Upon refluxing the reaction mixture
for 4 h yellow precipitate was appeared, which filtered and dried than the powered product
was soluble in DMF for crystallization. After 9-10 days yellow rod-shaped crystalline
compound (0.054 g, yield 65%) was isolated and taken for single crystal X-Ray diffraction
measurement. Elemental analysis calculated for C2sHi1sAUCINgO4 (1) : C, 41.37; H, 2.36; N,
15.44; Found: C, 41.44; H, 2.41; N, 15.30 %. IR (KBr pellet, cm™): 3106, v(aromatic N-+): 1622,

Varomatic ringc=N) (Figure 6.1a, 6.1b). *H-NMR (300 MHz, CDCl3) spectrum are summarized

in Figure 6.2 and 6.3.
| ~
v )
y MeOH/ACN Au—N- I\i/
N”'N-H - KAuCl;.3H,0 > N-N"
N= DMF | ) _N_ cr
N UN | Z
2-ptp [Au (2ptp),]C1 (1)

Scheme 6.2. Synthetic key route of [Au (2ptp)2] CI (1)

6.2.6 X-ray Crystallography

A rod-shaped yellow-colored single crystal of complex 1 was taken for Single X-Ray
Diffraction data collection using a Bruker SMART APEX-II CCD diffractometer
furnished with graphite-monochromatic Mo-Ka radiation (1=0.71073 A). The structure
of the complex was solved with the direct method and was refined by full-matrix least
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squares on F? using the SHELXL-2016/6 [17] program package. The non-hydrogen
atoms present in the architecture were well-refined with an isotropic thermal parameter.
The hydrogen atoms were positioned in their geometrically idealized positions and
controlled to ride on their parent atoms. Least squares refinements of all reflections
within the hkl range —43 <h <43, -16 <k <16, —16 <1< 16 were utilized to carry out
the unit cell parameters and crystal-orientation matrices. Collected data (1>24(l)) of
crystal was integrated by employing the SAINT program [18] and the absorption
correction was performed through SADABS [19]. The crystallographic data and

refinements are briefly given in the Table 6.1.

Table 6.1. Crystal data and refinement Complex1
parameters for complex 1.Complex
CCDC No. 2078225
empirical formula C26H18AUCINgO4
formula weight 738.90
crystal system Monoclinic
space group C2/c
a(h) 33.688(4)
b(A) 12.5276(14)
c(R) 13.2293(15)
B 103.069(3)
V(A% 5438.6(11)
T(K) 298(2)
z 8
Dcalcd(Mg/m3) 1.851
p(mm™) 5.562
MA) 0.71073
0 range (°) 1.740-27.131
total reflections 6007
unique reflections 4787
refine parameters 370
Ri2[ 1> 20 (1)] 0.0401
WR7' 0.1360
goodness-of-fit 0.990

3R1=3||Fo|—|Fc||/Z|Fo|, "WR=[Zw (Fo‘—Fc‘)‘/szo‘z)‘]/z, ,
w = 1/[c%(Fo®) + (0.0350P)? + 0.9811P], where P= (Fo +2Fc)/3
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6.2.4 Biological Applications

6.2.4.1 Antibacterial Activity

The compounds (2-ptp and [Au(2-ptp)2]Cl (1)) were screened for antibacterial activity
against Gram positive [Staphylococcus aureus (ATCC 25923), Bacillus subtilis (ATCC
14579)], and Gram-negative bacteria [Escherichia coli (ATCC 25922), Enterococcus
faecalis (ATCC 29212) and Klebsiella pneumoniae (ATCC 700603)] at the concentrations
of 1000, 500, 200, 100, 50, 25, 12.5 ng/ml. Antibacterial susceptibility was determined by
disk-diffusion assay described by Kirby-Bauer, following the guidelines of Clinical and
Laboratory Standard Institute [20]. For disc diffusion assay 1.0 ml of inoculum (1.8 x 10°
CFU/ml) of respective bacteria from an overnight culture, was spread evenly on dried sterile
MHA plates at room temperature, and incubated for 30 min at 37°C. The stock solution of
ligand and the complex 1 were prepared by using 0.01% of DMSO solution and then the
disc was placed aseptically on the inoculated plates, with antibiotic disc as controls, in
triplicate [21]. The plates were incubated at 37°C overnight, and the sensitivity was recorded

by measuring the clear zone of growth inhibition (in mm) on agar surface around the discs.
6.2.4.2 Determination of Cytotoxicity by MTT Assay

The toxicity test was carried out by MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyltetrazolium bromide) assay on an African green monkey kidney cell, known as
Vero cell. The cells were cultured onto 96-well plates at 10 x 10° cells per well and
different concentrations at a final volume of 100 pl, in triplicate using DMSO (0.1%) as
a negative for the 2-ptp and the complex 1. The remaining part of the assay was done
according to the literature procedure [22]. Data were calculated as the percentage of cell

viability by the formula:
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- Sample absorb 11 le blank
The percentage of cell viability=_5mple absorbance cell free sample blanl) . 4 5

(Mean media control absorbance)

6.2.5 DFT Computation

To explain the spectral findings of the ligand and complex, DFT and TD-DFT calculation
were conducted. The molecular geometry of ligand and Au-complex were optimized with
coordinates obtained from structural formula and single crystal structure respectively,
using DFT/B3LYP method with LanL2MB as basis set of Gaussian Program Package 09
[23-25]. The vibrational frequency related calculation has been completed to confirm that
the optimized geometries are represented the local minima and the only positive Eigen
values are taken. Gauss-sum calculation was carried out for the fractional contribution of

groups of molecular components to the Molecular orbitals [26].

6.3 Results and Discussion

6.3.1 Structural description of Au (111) complex (1)

The analysis of Single Crystal X-Ray Diffraction data revealed that the Au(lll)-
complex crystallizes in Monoclinic crystal system having space group C2/c and Z=8. The
structure is distorted square planar about Au(l11) with AuN4 coordination sphere where two
2-ptp ligands are chelated with the triazolyl-N and pyridyl-N centres and Au is placed at the
distorted square centre. Positive charge of the complex is neutralized with CI counter ion.
Water of crystallization also appears in the structure. The ligand shows the chelate binding
mode of two 2-ptp ligands around the central Au(l11) ion (Au01-N1, 1.981(6); Au01-N5,
1.991(6); Au01-N8, 2.043(5); Au01-N4, 2.043(6) A) and the corresponding bond angles N1-
Au01-N5, 178.9(2)°; N1-Au01-N8, 99.9(2)°; N5-Au01-N8, 79.4(2)°; N1-Au01-N4,
79.7(2)°; N5-Au01-N4, 100.9(2)°; N8-Au01-N4, 178.34(19)° (Table 6.2). The bond

parameters are comparable with reported data of Au (111)-N (sp®) chelated system [10].
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Figure 6.1 IR spectroscopy of (a) 2-(5-Phenyl-2H-1, 2, 4-triazol-3-yl) pyridine (2-ptp)

and (b) Complex 1.
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Figure 6.2 *H-NMR spectroscopy of 2-(3-phenyl-1H-1, 2, 4-triazol-5-yl) pyridine (2-ptp).
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Figure 6.3 'H-NMR spectroscopy of Au (I11) Complex 1.

Table 6.2. List of selected bond lengths and bond angles of Complex1.

Complex 1
Bond Lengths (A) Bond Angles (®)
AU01-N1 1.981(6) N1-Au01-N5 178.9(2)
AU01-N5 1.991(6) N1-Au01-N8 99.9(2)
Au01-N8 2.043(5) N5-Au01-N8 79.4(2)
AU01-N4 2.043(6) N1-Au01-N4 79.7(2)
N5-Au01-N4 100.9(2)
N8-Au01-N4 178.34(19)
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Figure 6.4 (a) Single unit of complex 1 (solvent molecules removed for clarity), (b)
intermolecular n—x stacking between two consecutive Au (I11) complex, and (c)

supramolecular assembly via CI" and guest water molecules.

Hydrogen bonding interactions of 2-ptp (pyridyl and pendant Phenyl rings) (COOH-H---
O(H2), 2.032 A and COOP-HOOP, 2.777 A) and O-atom(04) of aqua molecule and also the
secondary interactions of CI" at 2.826 A (H00X--Cl1) and 2.770 A (HOOU---C11) make higher
dimensional supramolecular geometry. Again, the pyridyl rings are arranged in parallel
manner to make 77 interactions ensuring distance 3.827 A. Therefore, these non-covalent

interactions construct supramolecular assembly and induces flexible cavity.
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Figure 6.5 Supramolecular aggregated 3D packing of 1.
6.3.2 Thermal stability and Morphology Analysis

The thermal stability of 1 was verified by thermo-gravimetric-analyses (TGA)
within the temperature range of 32-800°C under an N2 atmosphere (Figure 6.6). TGA
analysis reveals that after significant loss of water molecules at the temperature of 84°C
the complex1 attains the plateau of the stable region of the structure up to ~210°C. Bulk
purity of the synthesized crystalline gold complex was verified by PXRD analysis and
shows the most of the crystalline phases were well matched with the simulated pattern

(Figure 6.7).
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Fig.6.6 TGA plot of {[Au (2-ptp)]2:(H20)4-Cl1} (complex 1)
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Fig. 6.7 PXRD plot of complex 1.

The SEM images of 1 were captured using crystalline samples (Figure 6.9a and 6.9b)
followed by well grinded powder samples (Figure 6.9c and 6.9d). Well organized
structure of complex 1 was confirmed from the microphotographs in which flower like
structure and aggregations endowed prevalence of noncovalent interactions within the
supramolecular microstructures. In addition, presence of Au (I1l) has been confirmed
from EDX spectrum (Figure 6.8). Additionally, morphology of pulverized material
shows variable nano-sized particle (Figure 6.9c and 6.9d) that insisted to use for
biological applications, such as antibacterial activity, microbial action detector, and

cancer cell treatment.
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Fig. 6.8 EDX spectrum of Complex 1.
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Fig.6.9 SEM microphotographs of (a, b) crystalline and (c, d) grinded powder samples
of 1 at electron high tension 15 kV.

6.3.3 Biological activity of 2-ptp and [Au (2-ptp)2]CI (1)

Standardized suspension (1 ml) of bacteria (2 x 10° CFU/ml) was added into MH broth
containing the complex 1 and ligand to a final concentration between 0-1000 pg/ml and
incubated at 37°C for 18 h with shaking at 200 rpm. The complex 1 and ligand, 2-ptp,
were added at mid-logarithmic phase of growth and aliquots of 1.0 ml were withdrawn
at intervals to record ODs40and colony count. From the above finding it was cleared
that complex 1 and 2-ptp gave activity from 240-480 pg/ml against a series of

microorganisms (Table 6.2).
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Table 6.2. Antibacterial activities of 2-ptp and [Au (2-ptp).] CI (1)against selected

pathogens
Bacteria Strain Quality MIC (pg/mL) Inhibition zone (mm)
Staphylococcus 2-ptp |[Au(2-ptp)2]Cl|  2-ptp | [Au(2-ptp)2]CI
aureus

ATCC 25923 [289.25 240 9.2+0.50 | 10.50+0.10

Bacillus subtilis | ATCC 14579 |333.25 298.65 5.60+0.50 | 5.9+0.40

Enterococcus ATCC 29212 - 480 - 7.2+0.40
faecalis
Escherichia coli | ATCC 25922 |243.50 270 11.2+0.30 10.4+0.20
Klebsiella ATCC 700603 - 322 - 7.2+0.70
pneumoniae

According to several studies, gold complexes are likely to exert their antimicrobial
efficiency as a result of their ability to form complexes with soluble extracellular
proteins or cell walls, or even because of their lipophilicity, which may damage their
cells and cause their membranes to rupture [10, 27]. Further, the loss of ions and the
reduction of its potential are also associated with the permeability of the cell membrane
of bacteria [28]. It may cause damages that can result in the extravasation of
macromolecules, causing a collapse of the cell's functions, resulting in bacterial death
[29]. It is evident from the MIC values for metal complex 1 that the ligand shows an
increase in antimicrobial activity after interacting with Au ions, which may support that
the compound and its ligand share the same mechanism. In tests against a variety of
strains, the synthetic ligand 2-ptp displayed a relatively good antimicrobial activity,
inhibiting the growth of the bacteria at low concentrations, with MIC values of 250 and

500 g/ml, respectively.

176



12 12
B

10 A 10 -
: / —— Control E.coli °] // —— Control S.aureus
- . S ~i~ Treated S.aureus
- Treated E.coli 6 Y
B

at MIC

Log CFU

o ~ = < w0
log CFU
&
|

0 2 4 6 8 10 12
Time (hour)

Figure 6.10. Time dependent growth curve of E. coli (A) and S. aureus presence or,

absence of complex 1 at its MIC (B).

6.3.4 Cytotoxicity determination

The cytotoxicity of 1 has been examined in cultured Vero cells by using the MTT assay,
at different doses (Figure 6.11). The result reveals that the 50% cytotoxicity (CCso) of 2-

ptp and [Au(2-ptp)2]Cl (1) are 405 and 389.90 pg/ml, respectively.

Cell viability assay
100 % of Viability [Au(2-ptp)2]Cl
. :g 1B 8% of Viability of 2-ptp
= .
i 70 1 z
‘= 60 =
- L
=o 50 h d
O 0
S 30 T
2 2
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0
50 100 200 300 400 500
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Figure 6.11 Cytotoxicity of 2-ptp and [Au (2-ptp)2]CI (1) against Vero cell.
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3.5 Optical spectrum and DFT computation

Thin film of well dispersion of the complex 1 in DMF shows high intense band at UV

region (Figure 6.12).
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Fig. 6.12 UV-vis absorption spectrum of the Complex 1.

Complex1

Fig. 6.13 The energy diagram of HOMO and LUMO by DFT computation of complex 1.
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The optimization of structural geometry of the complex 1 has been performed by
DFT computation. The optimized structure of the complex is used to calculate energy of
HOMO (-4.33 eV) and LUMO (-0.53 eV) and hence the AE (ELumo — Erowmo, 3.80 eV)

(Fig. 6.13) and is much lower than band gap of 2-ptp (4.87 eV) (Fig. 6.14).

M LUMO

0.54 eV

ARL8'Y

HOMO
9 433 eV

HL

Fig. 6.14 DFT-computed energy of molecular orbitals and the energy difference between
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) of 2-ptp.

6.4 Conclusion

2-(3-Phenyl-1H-1,2,4-triazol-5-yl)pyridine (2-ptp) is a monoanionic bidentate chelating
ligand and forms mononuclear Au(I11) complex, [Au(2-ptp)2]". The structure exhibits
distorted square-planar arrangement and the molecular units are assembled through
hydrogen bonding and =---w interactions to form supramolecular aggregate. Interestingly,
the compound has potential against Gram-positive (S. aureus) and Gram-negative (E.
coli) bacterial species. The results have displayed that the growth of E. coli and S. aureus
ATCC 25923 have been diminished with increasing time at MIC of [Au(2-ptp)2]Cl. The

toxicity of complex has been checked by MTT assay and satisfactory result achieved.
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The electrical conductivity under dark condition has been estimated as 7.42 x 10 Sm™
and under illumination condition the value has been improved to 2.45 x 10 Sm™ for
complex 1 fabricated device. Therefore, our synthesized material may be utilized for next

generation functional molecule.
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SUMMARY

7.1 Summary

Antimicrobial potential of diverse nature-based synthetic analogs and bio-
fabricated nanoparticles derived from ethnomedicinal plants Albizia lebbeck and

Oxalis corniculata

With respect to emerging, re-emerging, and ever-increasing drug-resistant microbial
infection we have developed nature-based synthetic analogues and bio-fabricated
nanoparticles derived from ethnomedicinal plants Albizia lebbeck and Oxalis
corniculata. Since 1961 FDA approved Sulfamethoxazole (SMX, 4-Amino-N-(5-
methylisoxazol-3-yl)-benzenesulfonamide) combined with trimethoprim in a 5:1 ratio in
co-trimoxazole for the treatment of bacterial infections. Investigation of the cellular
mechanism of action of SMX has shown that it hampers the synthesis of folic acid by
substituting p-aminobenzoic acid (PABA) in the dihydropterate synthease (DHPS) and
resists the growth of bacteria. However, prolonged administration of sulfonamide (SF-
NH2) causes toxicity including liver disease, loss of appetite, fever, skin rashes, lung
infection, kidney damage, hemolytic anemia, etc. Hypersensitivity results from the
partial oxidation of aromatic-NH2 groups of sulfonamide to hydroxylamine (SF-NHOH)
or the nitrous derivative (SF-NO) via Cytochrome P450. Due to the resistance of drugs
in twenty-first century researchers are synthesizing new drugs which are less toxic and
more efficient. In order to minimize or diminish bacteria's toxicity and antibiotic
resistance, sulfonamides need to be functionalized. The results of this research
demonstrate the antimicrobial activity of a series of functionalized sulfonamides
including nucleoside molecules and two distinct green synthesized nano particles named
Ag-NP-AE and OC-Ag-NP.
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It has been summarized in Chapter 2 and Chapter 3 that the overall pharmacological
evaluation of both green synthesized nanoparticles Ag-NP-AE and OC-Ag-NP
respectively derived from the plants Albizia lebbeck and Oxalis corniculata
correspondingly exposed and that has anti-microbial and excellent anti-oxidant activity,
probably due to presence of a number of bioactive phytoconstituents. OC-Ag-NP is more
active against cell line MDA-MB-468 than its parent drug. Thus, these plant extracts
perform as both reducing and capping agents during the synthesis of silver nanoparticles.
It may help to consider the development of a natural lead for primary health care and
further bioprospecting. The result was seen by the scanning electron microscopy imaging
analyses of Serratia marcescens after treatment with A. lebbeck-derived AgNps might
give valuable information about the status of the bacteria with feasible treatment. Our
observation under scanning electron microscopy for two different bacteria was
dissimilar. Lysed cells were observed for Serratia marcescens after 8 h of incubation in

the presence of Ag-NP-AE.

This thesis deals with the pharmacological evaluation of two green synthesized
nanoparticles Ag-NP-AE and OC-Ag-NP used against ailments for microorganisms
(antibacterial and antiviral) and related anti-biofilm, anti-oxidant activities for

bioprospecting.

Nature-based synthetic analogs Coumarin and sulfonamide based four drugs
derivative (Chapter-5) and Nucleoside derivatives (Chapter-4) have been prepared.
All the compounds have been characterized by spectroscopic studies viz. IR, UV-Vis,
Mass spectrum and NMR. The biological activities such as antimicrobial, DNA
interaction, toxicity effect have been evaluated. The MIC against gram positive and
gram negative bacteria of the drugs (1a to 1d) have been summarized in Chapter 5

and data reveal that the antibacterial activity is improved and cytotoxicity has been
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decreased to their precursor. The ECso data in Chapter 4 also exposes that amide
derivatives (HL1 and HL2) is more potent against HSV-1F. The mechanistic
investigation of anti-HSV efficiency proves the destruction of virus entering into

Vero cell wall due to interaction with Glycoprotein.

In Chapter 6, 2-(3-Phenyl-1H-1,2,4-triazol-5-yl)pyridine (2-ptp) is a monoanionic
bidentate chelating ligand and forms mononuclear Au(l11) complex, [Au(2-ptp)2]".
The biological application of the coordination polymer shows effective antibacterial
activity. Thus, our compound may be the active member in the club of

multifunctional material.
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Silver Nanoparticles Derived from Albizia lebbeck Bark
Extract Demonstrate Killing of Multidrug-Resistant Bacteria
by Damaging Cellular Architecture with Antioxidant

Activity
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Silver nanoparticles (Ag-NP-AE) are synthesized and stabilized
by the extract of an ethnomedicine, Albizia lebbeck bark
aqueous extract (AE). Ag-NP-AE is active against several multi-
drug-resistant (MDR) clinical isolates. The nanoparticles are
characterized by UV-vis spectroscopy, Fourier-transform infra-
red spectroscopy (FTIR), Dynamic light scattering (DLS), Scan-
ning electron microscope (SEM), Transmission electron micro-
scope (TEM) and X-ray diffraction (XRD) studies. The
antibacterial potency of Ag-NP-AE is determined by Disc
diffusion, Agar and Broth dilution assays against 14 MDR
isolates along with their minimum inhibitory concentration

1. Introduction

Infections caused by the WHO listed priority pathogens of
greatest threat including Staphylococcus aureus, Enterococcus
faecalis, Escherichia coli, Salmonella typhi, Klebsiella pneumoniae,
Pseudomonas aeruginosa are ubiquitous in community and
hospital setting, leading to increased mortality, morbidity and
economic burden."” The multi-antibiotic resistant strains may
cause treatment failure to death. Moreover, the biofilm formed
by some pathogenic bacteria is difficult to eradicate, while
growing antibiotic-resistant limits the treatment options."”
One promising option is the use of ultra-fine nanoparticles (1-
100 nm) of metallic silver, gold, copper, or zinc with therapeutic
activities against a wide array of pathogenic bacteria."* More-
over, the development of resistance against silver nanoparticles
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(MIC), and minimum bactericidal concentration (MBC). The
growth kinetics was determined by quantification of colonies;
while toxicity by quantification of viable cells. The Ag-NP-AE
shows free-radical scavenging activity at 15-20 uM and is non-
toxic up to 50 uM but demonstrated significant antibacterial
activity against all the test isolates with zone diameter of 10.4-
19.5mm and MIC of 0.5-0.84 uM (0.085-0.143 ug); while the
zone diameter with AE was 10.2-15mm and MIC of 128-
1024 pg/mL, respectively; while 100% killing was observed at
0.50 uM within 2-4 h of exposure due to damage of cellular
architectures.

is less because of its unique structure and multimodal
mechanisms of action.” Silver nanoparticles (AgNP) prepared
with plant extracts or phytocompounds are reported to possess
antimicrobial activity against bacteria including S. aureus, E.
coli, S. Typhimurium and P. aeruginosa at 2-4 ppm, fungi and
viruses.” Silver ions of AgNP not only accumulate around the
cell wall but also penetrate to bacterial cells and interact with
the bacterial DNA."” Metal nanoparticles prepared by chem-
ical/photochemical reduction or electrochemical methods
showed better stability;"" while synthetic methods used
organic solvents as a medium due to better hydrophobicity of
capping agents. The size, morphology, surface charge, and
coating of AgNPs are reported to play critical roles in
determining their antimicrobial activities."” Earlier, AgNPs
synthesized with chemicals showed toxic/hazardous effect on
the ecosystem; and thus, plant or microbial metabolites are
preferred,"” due to their eco-friendly nature, termed as “Green
synthesis”."* Moreover, the synthesis of nanoparticles from bio-
metabolites is rapid with high yield and cost-effective down-
stream processing.””' A substantial amount of work has been
done on ‘green synthesis’ of AgNPs using plant extracts,
secondary metabolites of virus, bacteria, fungi, and plants, due
to their antioxidant activity that help to reduce metal
compounds in their respective nanoparticles."

Several species of Albizia (Mimosoideae) are traditionally
been used as ethnomedicine of diverse communities. Among
them, Albizia lebbeck (Linn) Benth, locally known as Siris, is a
tall tropical deciduous tree distributed throughout India, parts
of Asia, Africa, Austalia, and Southern America. In the Unani

© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Keywords:
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Silver nanoparticles
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Anti-biofilm activity
Antibacterial activity
Electron microscopy

The silver nanoparticles OC-AgNPs, synthesized from the aqueous extract of Oxalis corniculata (OC), showed
antiviral activity against Herpes Simplex Virus-1 (HSV-1), and anti-biofilm, and antibacterial activities against
human isolates of six multi-drug resistant (MDR) bacteria - Staphylococcus aureus, Streptococcus pyogenes,
Escherichia coli, Klebsiella p i l lla typhi, and Pseud aer . The OC-AgNP was charac-
terized by UV-Vis and FTIR spectroscopy; while its morphology and distribution were determined by trans-
mission electron microscopy (TEM). The results revealed that the biogenic OC-AgNPs are spherical with an
average diameter of 40 nm and has shown UV-Vis peak at 445 nm. The cytotoxicity and safety of OC-AgNP has
been evaluated by MTT assay in Vero cells and triple-negative human breast cancer MDA-MB-468 cells. The
plaque reduction assay has been used to test the antiviral activity against HSV-1F. The anti-biofilm activity was
assessed by crystal violet staining, followed by light and confocal microscopy; while the antibacterial activity was
determined by conventional disk-diffusion and broth-dilution methods. Moreover, the mechanism of anti-biofilm
and antibacterial activity was examined by Field Emission Scanning Electron Microscopy (FESEM). The CCsq
(cytotoxicity) on Vero cells was 300 pg/ml; while the survival percentage of MDA-MB-468 cells was 27.12% at
20 pM and 80.97% at 100 pM of, respectively. The OC-AgNP showed moderate antiviral activity against HSV-1F
at ECsp of 25 pg/ml; but significantly inhibited the biofilm produced by Pseudomonus aeruginosa and Escherichia
coli at 25-50 pg/ml; while at 30-50 pM we observed the dose-dependent lowering of fluorescence intensity under
light and confocal microscope. Interestingly, the OC-AgNPs demonstrated significant antibacterial activity
against Pseudomonas aeruginosa (20 mm), Klebsiella pneumoniae (15 mm), Escherichia coli (12 mm), Salmonella
typhi (10 mm), Streptococcus pyogenes (11 mm) and Staphylococcus aureus (10 mm) with Minimum Inhibitory
Concentration (MIC) of 0.65-0.90 yM (0.11- 0.153 pg), respectively. Further, the FESEM micrograph showed
disruption of membrane structure with the damage of cell membrane integrity of Pseudomonus aeruginosa at its
MIC.

1. Introduction microwave-and microor d, and plant diated [2] pro-

cedure to monitor the shape, size, stability and yield of AgNPs.

Silver nanoparticles (Ag-NPs) have a broad range of biomedical ap-
plications, particularly as antimicrobial and anticancer agents, drug-
delivery carriers, diagnostics, imaging probes, etc. [1]. Different
methods are now available such as physical (ball milling, laser ablation,
electrical arc, and vapor condensation), chemical (Ag * reduction by
NaBH;, Na-citrate), electrochemical, photochemical, sonochemical,

* Corresponding author.

Considering sustainable development and environmental fortification,
the plant-mediated methods of synthesis of AgNPs are the most favor-
able ones. Synthesis of silver nanomaterials by using plant extract(s) is
found to be more useful because of their natural, less-toxic, eco-friendly,
cost-effective, scalable, and more reliable nature. Moreover, plant-based
nanoparticle synthesis is quick, and it can replace the capping agents
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Supramolecular assembly of an Au(III) complex of
2-(3-phenyl-1H-1,2,4-triazol-5-yl)pyridine: Structure,
biological studies and charge transportation
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An Au(Ill) complex, [Au(2-ptp),|Cl (1) (2-ptp = 2-(3-phenyl-1H-1,2 4-triazol-
5-yl)pyridine), has been characterized by single-crystal X-ray diffraction tech-
nique and other spectroscopic data. Presence of different noncovalent interac-
tions leads to the formation of 3D supramolecular structure. The complex
1 exhibits antibacterial activity against Gram-positive (MIC) (Staphylococcus

India aureus [240 pg/ml], Bacillus subtilis [645 pg/ml]) and Gram-negative (Escherichia
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1 | INTRODUCTION

1,2,4-Triazole and its derivatives are potential pharmaco-
logical agents and show many biological activities like
herbicidal, insecticidal, antifungal, and anticancer prop-
erties.!"! Pyridyl-substituted triazoles offer a planar aro-
matic system of strong n-n stacking and have been used
to synthesize metal complexes with various geometries.m
Triazole is an exceptional building block to constitute
coordination polymer and supramolecular geometries
like cages and cylinders along with diverse applications
in catalysis, drug development, metal ion sensing,

Manik Shit and Arka Dey contributed equally to this work.

coli [270 pg/ml], Enterococcus faecalis [820 pg/ml], Klebsiella pneumonia [785
pg/ml]) bacteria. Also, the toxicity of 1 has been checked by MTT assay. The com-
plex shows promising anticancer activity against Vero cells and the CCsy is 405
pg/ml. The complex also shows improved conductivity (A) by one order difference
on illumination (Agar, 7.42 X 10> Sm ! and Ajumination, 245 X 10°* Sm ™).

antibacterial activity, Au(III) complex, conductivity measurements, DFT calculation

imaging, and so forth.*””! Au(Ill) chemistry of pol-
ydentate N-heterocycles is an underdeveloped research
area compared with their Au(I) counter parts'®’! along
with other coinage metals."! The square planar Au(III)
complexes may have a higher ability to intercalate into
the DNA structure than linear structure of Au(I) complex
and might have high biological efficiency."'™"*! In this
work, 2-(3-phenyl-1H-1,2,4-triazol-5-yl)pyridine (2-ptp)
has been used to synthesize Au(III) complex and the sin-
gle crystal diffraction analysis is used for the confirma-
tion of the structure where ligand, 2-ptp, acts as
bidentate chelating ligand. The complex has been used to
examine the antimicrobial property and out of five bacte-
ria two stains (Staphylococcus aureus [240 pg/ml],

Appl Organomet Chem. 2022;36:¢6754.
https://doi.org/10.1002/a0c.6754

wileyonlinelibrary.com/journal/aoc
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Abstract

Stephania hernandifolia (Nimukho), an ethnomedicinal herb from rural Bengal, has been used traditionally for the man-
agement of nerve, skin, urinary, and digestive ailments. Here, we attempted to confirm the antiviral potential of aqueous,
methanol, and chloroform extracts of S. hernandifolia against herpes simplex virus type 1 (HSV-1), the causative agent of
orolabial herpes in humans, and decipher its underlying mechanism of action. The bioactive extract was standardized and
characterized by gas chromatography-mass spectroscopy, while cytotoxicity and antiviral activity were evaluated by MTT
and plaque reduction assay, respectively. Two HSV strains, HSV-1F and the clinical isolate VU-09, were inhibited by the
chloroform extract (CE) with a median effective concentration (ECsg) of 4.32 and 4.50 pg/ml respectively, with a selectiv-
ity index (SI) of 11. Time-of-addition assays showed that pre-treatment of virus-infected cells with the CE and its removal
before infection reduced the number of plaques without lasting toxicity to the cell, indicating that the CE affected the early
stage in the viral life cycle. The number of plaques was also reduced by direct inactivation of virions and by the addition
of CE for a short time following attachment of virions. These results together suggest that modification of either the virion
surface or the cell surface by the CE inhibits virus entry into the host cell.

Abbreviations GC-MS Gas chromatography-mass spectroscopy
ATCC American Type Culture Collection HSV Herpes simplex virus
CCs Median cytotoxic concentration MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
CE Chloroform extract tetrazolium bromide
CPE Cytopathic effect PFU Plaque-forming unit
DMEM Dulbecco’s modified minimum essential PRA Plaque reduction assay
medium RT-gPCR  Quantitative real-time polymerase chain
DMSO Dimethyl sulfoxide reaction
ECy, Median effective concentration SH Stephania hernandifolia
FBS Fetal bovine serum SI Selectivity index
¢B Glycoprotein B
g Glycoprotein C
g Glycoprotein D Introduction

Herpes simplex virus (HSV), a very common viral pathogen,
Handling Editor: Graciela Andrei. usually infects the skin and mucosa and is classified into
two types (1 and 2). HSV-1 causes herpes labialis, keratitis,
and encephalitis in the upper part of the body, while HSV-2
is the causative agent of herpes genitalis in the lower body
! ICMR-NICED Virus Unit, ID and BG Hospital, GB-4, parts [1, 2]. The virus is transmitted silently from an infected
First Floor, 57 Dr. Suresh C Banerjee Road, Beliaghata, person through sex, body fluids, cuts, and wounds. HSV is
Kolkata 700010, India 0 s » ’ wa p
o ) o a unique contagious virus due to its ability to cause mild
Departmeiit of Microbloldgy, VidyasagarUniversity, to severe infection, latency in nerve ganglia with asympto-
Midnapore, West Bengal, India % 3 S qs oole 3 : p
matic shedding, periodic reactivation, and silent epidemic
potential with hide-and-seek nature [3]. After entry, HSV
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Abstract

Aim Validation of antiviral activity of Stephania hernandifolia against HSV-2. Background Ethnomedicinal
plant Stephania hernandifolia, traditionally used for the management of skin, digestive and nerve
ailments demonstrated significant anti-HSV-1 activity; similar to Stephania cepharantha having
neuroinflammatory and anti-HSV activities. Objectives Thus, the present study was aimed to validate the
potential of the most active fraction-2 (F-2) of S. hernandifolia against HSV-2 in vitro, along with the
underlying mode or mechanism of action. Methods The standardized F-2 was characterized by GC-MS,
TH-NMR, Mass and FTIR spectroscopy. Cytotoxicity (CC50) and antiviral activity (EC50) was evaluated by
MTT and Plaque reduction assay. To determine the mode of action, we have used time-of-addition, virus
inactivation, and entry (attachment and penetration) assays, followed by semiquantitative PCR.
Furthermore, the protein expression levels of immediate early (IE) and early (E) gene products of drug-
treated virions were measured by Western blot. Results The results showed that HSV-2G and ICMR/VU-
2012/20, the clinical isolate of HSV-2, were inhibited by F-2 at EC50 of 20.0 and 20.43 pg/ml respectively,
with Selectivity Index (SI) of 12. Time-of-addition assay showed that F-2 significantly inhibited HSV-2
infection in Vero cells at 4-8 h post-treatment. The infectivity of the virion was lost within Th of exposure
to F-2 (EC50 and EC99). Furthermore, semi-Q-PCR, and Western blot studies demonstrated significant
downregulation of IE and E gene products. The characterization revealed that 2-chloroethyl linoleate is

https://www.researchgate.net/publication/360573465_Ethnomedicinal_Plant_Stephania_hernandifolia_and_its_Active_Fraction_2-Chloroethyl_Linolea...
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Abstract

For practical applications, the development of bio-compatible organic molecules as p-block ion
chemosensors is critical. Herein, we report the single crystal (SC) of new pyridine-pyrazole derived AB*
sensor H,PPC [(2)-N'-(2,3-dihydroxybenzylidene)-5-methyl-1-(pyridin-2-yl)-1H-pyrazole-3-carbohydrazide]
as well as its Cu-complex SC. The probe exhibits an “off-on” fluorescence response towards Al3* ions, and
this has been modulated with different solvents. For selective detection of Al** ions, a special coordination
pocket in the structural backbone is advantageous. The chemosensor exhibits a submicromolar detection
level (LOD = 4.78 uM) for Al>*. The density functional theory (DFT) and time-dependent DFT (TD-DFT)
calculations of H,PPC and [Al(HPP),]* (1) reveal that a change of the structural conformation of probe
H,PPC upon complexation causes the pyrazole and pyridine units to create a specific cavity to tether AI**,
and consequently H,PPC proves to be a promising molecule for AB* detection. Furthermore, the probe has

been successfully used to evaluate Al3* as a low-cost kit using filter paper strips, and the in situ Al** ion

https://pubs.rsc.org/en/content/articlelanding/2021/AY/D1AY00963J
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A Phenyl Thioether-Based Probe: Zn>* lon Sensor,
Structure Determination and Live Cell Imaging’

Sunanda Dey,” Suvendu Maity,”’ Ananya Dasmahapatra,”” Debprasad Chattopadhyay,” and

Chittaranjan Sinha*®

3,3'-((1Z2,1'Z)-(((Propane-1,3-diylbis(sulfanediyl))bis(2,1-phenyl-
ene))bis(azanyyldiene))bis(methanylylidene))bis(2-hydroxy-5-
methylbenzaldehyde) (H,-SAP), characterized by different spec-
troscopic data, exhibits yellow emission (A., 560 nm) when
binds with Zn?* in H,0-MeOH (1:9 v/v, HEPES buffer, pH 7.4) in
a mixture of seventeen biologically important other metal ions.
The limit of detection (LOD) is 9.0 nM which is far below the

Introduction

Zinc, the first element in group 12 of the Periodic Table and
the second-most essential metal ion in human body, is an
essential nutrient”” to the baby at the mother's womb and also
to the postnatal development.” Because of redox innocent
feature, rapid ligand exchange ability and brilliant Lewis
acidity®® zinc has been chosen for hydrolytic enzyme
catalyzed reactions.”'” Zinc deficiency is the reason for growth
retardation, delayed sexual development, infection liability, and
diarrhea for children."” Excess zinc is also injurious and can
cause lethargy, induces copper deficiency, ataxia, Alzheimer's
and Parkinson’s diseases."*"? So quantitative estimation of
trace amount of zinc in drinks, food, beverages and also in
living body is one of the important research in analytical
chemistry. The WHO recommended permissible limit of Zn in
drinking water is 76 pM."” There are different analytical
techniques for precise and selective determination of trace
levels of zinc such as atomic absorption spectroscopy,'
inductively coupled plasma mass spectroscopy,'® gel
electrophoresis,"” and reverse-phase liquid chromatography."®
For the recognition of ions (cations, anions) small molecular
fluorescence is one of the most prevailing simple and sensitive
analytical methods."” Luminescent Metal —Organic Frame-
works are also useful for a sensitive and selective fluorescence
sensing of molecules and ions??? Chemical sensing via
fluorescence signal recognition has been first established
during 1980s.%* Since then researchers are engaged to design
various types of fluorogenic sensors to detect Zn?* in different

[a] S. Dey, Dr. S. Maity, A. Dasmahapatra, Prof. Dr. C. Sinha
Department of Chemstry, Jadavpur University, Kolkata-700 032, India
E-mail: crsjuchem@gmail.com

[b] Dr. D. Chattopadhyay
ICMR Virus Unit, Infectious Diseases & Beliaghata General Hospital, GB-4,
57.S. C. Bannerjee Road, Beliaghata, Kolkata-700 010, India

g Supporting information for this article is available on the WWW under

https://doi.org/10.1002/slct.201900194
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World Health Organization (WHO) recommended data. The
composition of the complex, 1:1 Zn?*:SAP*", is supported by
Job’s plot, ESI-MS and single crystal X-Ray crystallographic
structure. Intracellular Zn”>* ion is detected in Vero Cells
(African Green Monkey Kidney) by using the probe, H,-SAP, in
the cell lines under fluorescence microscope. The probe has
successfully been applied to recover Zn’* in surface water.

environment including intracellular measurements, Fluorogenic
motifs like naphthyl? Diformyl derivative,”” terpyridyl,*
quinoline,””**  imidazoylpyridyl,***”  bipyridyl,*'**  pyrenyl
derivatives,”” terphenyl-based motif,*” pyrimidinyl attached
Schiff-base,” pyrazolyl,***” BINOL,”® rhodamine,***” catechol
appended Schiff base,*” coumarinyl Schiff base,? thiazolyl
derivative™ etc. have successfully been used. Our group is also
engaged in the design of vanillinyl thioether Schiff base,“"
diformyl thioether Schiff base.*”!

Herein we report, a diformyl thioether based fluorescent
chemosensor, H,-SAP, prepared by simple Schiff base con-
densation procedure (Scheme S1) which displays selective
fluorescence  sensitivity towards Zn’~ by chelation
enhancement fluorescence effect (CHEF) process in presence of
large number of ions and could identify Zn?* in nM level, much
lower than so far reported results.”***' The composition of the
complex formed between Zn’* and H,-SAP has been sup-
ported by spectroscopic data (Mass, Job’s plot) and single
crystal X-ray crystallography. Theoretical computation of the
probe and its Zn*~ complex has been used for the explanation
of the electronic properties. For the practical applicability, the
ligand (H,-SAP) has been checked in Vero cells (African green
monkey kidney cells, ATCC, Manassas, VA, USA) to determine
the exogenous zinc ions by fluorescence cell imaging proc-
esses.

Results and Discussion
Synthesis and structural formulation

3,3'-((1Z,1°2)-(((Propane-1,3-diylbis(sulfanediyl))bis(2,1-phenyl-
ene))bis(azanylylidene))bis(methanylylidene))bis(2-hydroxy-5-
methylbenzaldehyde) (H,-SAP) is characterized by the mass ion
peak at 583.6974 which corresponds to (M+H)" (Figure S1).
The 'HNMR spectrum (CDCl;) shows characteristic peaks at
13.85 ppm (singlet) corresponds to phenolic-OH; aldehyde-H
(CH=0) appears at 10.5 ppm (singlet); imine-H (CH=N) is found

2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim



An azine-based carbothioamide chemosensor for selective and sensitive turn-
on-off sequential detection of Zn(II) and H2POy, live cell imaging and

INHIBIT logic gate

Rakesh Purkait,® Ananya Das Mahapatra,” Debprasad Chattopadhyay,” Chittaranjan Sinha*®

“Department of Chemistry, Jadavpur University, Kolkata 700 032, India
’ICMR Virus Unit, Infectious Diseases & Beliaghata General Hospital, GB-4, 57, S. C.
Bannerjee Road, Beliaghata, Kolkata — 700 010
Abstract

Hydrazino-carbothioamide, 1, serves as a turn-on fluorescent chemosensor to Zn?>' and
the mixture shows green emission (Aem 492) in presence of large number of ions with impressive
limit of detection (LOD), 0.59 nM. Intense fluorescence of Zn-complex is selectively turn-off
upon adding H>PO4™ only to the limit of detection, 26 pM, while other anions remain silent. The
sensing mechanism of 1 is established by suppressing the ESIPT of 1 and complexation with
Zn*" (CHEF) is supported by Job’s plot, 'H-NMR, and HR-MS data. Turn-on-off sequential
detection of Zn*" and HoPO4 also have successfully been employed for the engineering of
INHIBIT molecular logic gate. The sensor is non-toxic and has been used in identifying Zn*" in

the intracellular region of African green monkey kidney cells (Vero cells).

Keywords : Hydrazino-carbothioamide sensor; turn-on-off detection, Zn(Il) and H>POy,

INHIBIT logic gate, live cell imaging.
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A visible light excitable chromone appended hydrazide chemosensor
for sequential sensing of Al*3 and F~ in aqueous medium and in Vero
cells
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ARTICLE INFO ABSTRACT

Article history:

Received 13 May 2017

Received in revised form 27 October 2017
Accepted 28 October 2017

A probe, quinoline-2-carboxylic acid (4-oxo-4H-chromen-3-ylmethylene)-hydrazide, (HL), acts as selec-
tive and specific fluorogenic sensor to Al** in the visible light (435nm) excitation in presence of
biologically available large number of cations and emission appears at (Aem) 520nm. The limit of
detection (LOD) for Al*? is 7.6 nM in aqueous medium which is less than 10— times of WHO recom-
mended data (7.41 mM). The Job's plot and mass spectral data support 1:1 composition of the complex

g;-‘::’:’f:;h Siabs [AI(HL)(OH)H,0](NOs ),. The strongly emissive complex turns off upon addition of F- and is detected at
AL sencor ! the level of (LOD) 7.4 nM. Thus, F-, a harmful water pollutant, could be identified at much lower level
Quenching with F- of WHO recommended toxic limit (3.68 uM). The absorption and emission spectral features of HL and
Cell imaging its Al**-complex have been explained by DFT computation of optimized geometries and calculation of
DFT computation molecular functions. The devised receptor is non-toxic and has been used in detecting Al*? in the intra-

cellular region of African green monkey kidney cells (Vero cells) and exhibits an INHIBIT logic gate with
Al"? and F~ as chemical inputs by monitoring the emission mode at 520 nm.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Aluminium, a non-essential element and significantly avail-
able on the earth’s crust (8.3% of total mass), is useful in the
manufacturing of household utensils, water purification instru-
ments, electrical wirings, and is entering into human body through
foods and beverages [ 1]. It causes Al-related bone disease (ARBD),
encephalopathy, myopathy and various neurodegenerative dis-
eases such as, Alzheimer’s disease, Parkinsonism dementia etc. in
human body and can also damage plant roots [2-5]. World Health
Organization (WHO) has assigned Al*? as prime food pollutants
with limiting concentration 200 p.g/litre (7.41 mM) and has recom-
mended that tolerable weekly dietary human intake is 7.0 mg/kg
body weight [6-8]. Thus detection of AlI*3 in water is of urgent
important for monitoring human health. Exploration of selective
and sensitive chemosensor for detection of ions in solution has
been of considerable attention with biological and environmen-

* Corresponding author.
E-mail addresses: debprasadc@gmail.com (D. Chattopadhyay),
crsjuchem@gmail.com (C. Sinha).
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tal interest [9-14]. Schiff base ligands have gained recent interest
as fluorescent sensors for metal ions including Al*3> due to their
relatively easy one step synthesis |15-24]. However, sensing of
aluminum in aqueous medium have been rarely reported [25,26],
mainly due to sparing or insolubility of organic probe in aqueous
media. Therefore it is a challenging task today to develop new sen-
sors for selectively detecting Al*? in aqueous solutions.

Besides, emissive Al*3-complexes are serving as anion sensor,
especially to F~ [27-30]- Among the entire range of biologically
useful anions, F~ possesses significant potential in the prevention
of dental caries and treatment for osteoporosis [31,32]. Conversely
presence of excess of fluoride in the human body may be dumped
as fluorapatite in the bones and teeth leading to osteoporosis,
osteosclerosis, dental fluorosis and skeletal fluorosis [ 33-35]. Thus,
it is quite important to develop an efficient F~ sensor. The design
of dual sensor which is capable to detect sequentially Al*3> and
F~ by fluorescence ON—OFF signaling response is highly effec-
tive. Recently, coumarin based molecular switch for the sequential
detection of Al*® followed by its use for F~ sensing is reported
|127,28]. Besides, rhodamine based [29] and quinaldine appended
|30] chemosensors are also available for the detection of Al*3 and



Boswellia serrata oleo-gum-resin and B-boswellic acid inhibits HSV-
1 infection in vitro through modulation of NF-kB and p38 MAP
kinase signaling
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Spectroscopic characterization, antimicrobial activity and Molecular Docking

Study of novel azo-imine functionalized sulphamethoxazoles

Nilima Sahu, Sudipa Mondal , Kaushik Naskar, Anyna Das Mahapatra, Suvroma Gupta,

Alexandra M. Z. Slawin , Debprasad Chattopadhyay and Chittaranjan Sinha’

Sulfamethoxazolyl-azo-imine derivatives (1, 2a-f) have been examined against gram positive
bacteria, B. subtillis and gram negative E. coli and have found effective selectively on B.
subtillis. Some of them also show antiviral activity against HSV-1Finfection. The structures of
the compounds are supported by different spectroscopic data and single crystal X-ray structure of
2¢. The compounds have been docked in the DHPS protein cavity to examine their binding

strength and 2¢ shows highest binding strength.
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Pyridylthioether-hydroxycoumarin Schiff base as selective Zn**
fluorescence sensor, application in life cell imaging and uses of resulting

complex as secondary probe for ATP sensing
Chiranjit Patra,® Chandana Sen," Ananya Das Mahapatra,® Debprasad Chattopadhyay,®
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CHAPTER 3

Ethnomedicinal Wisdom: An
Approach for Antiviral Drug
Development

Ananya Das Mahapatra', Priyanka Bhowmik', Anwesha Banerjee’,
Apurba Das’', Durbadal Ojha’ and Debprasad Chattopadhyay'-

"TCMR -Virus Unit Kolkats, ID & BG Hospital Campus, Kolkatta, West Bengal, India
*ICMR-National Institute of Traditional Medicine, Belagavi, Karnataka, India

3.1 ETHNOMEDICINE: A BOON

A famous quote of Norwegian Artist Edvard Munch “Nature is not all
that is visible to the eye. .. also includes the inner pictures of the soul”
speaks many things about the mother “Nature” and her creation. For
the past 100 years, mankind have been trying to unravel the secrets of
nature, yet continue to be surprised by its revelations day by day.
Nature is vast in its resources which not only provide food, clothes,
shelter, and antiques but also provide medicine since ages. Out of these
resources the greatest gift of nature is her atmosphere with food and
medicine, which not only to help mankind to sustain but also to grow,
develop, and survive, particularly from the diseases and sufferings. The
study of natural resources traditionally used to cure or manage ailments
in diverse ethnic culture is collectively termed as “Ethnomedicine”
(Chattopadhyay, 2010; Chattopadhyay et al., 2009a).

Scientifically, “Ethnomedicine” is the study of “traditional medicine”
of ethnic communities, their knowledge and practices that transmitted
orally over centuries, and evolved over millennia of human existence
(Chattopadhyay, 2009, 2010). The indigenous people of India till date
used their medicaments or “so called medicines” which might be more
appropriately defined as the use of plants in the treatment of diseases and
should be more accurately termed as “Ethnobotanical medicine”
(Fabricant and Farnsworth, 2001). For a considerable period of time, tra-
ditional medicine and ethnomedicine were ignored by the clinicians and
biomedical practitioners due to a number of factors including the

New Look to Phytomedicine © 2019 Elsevier Inc.
DOI: https://doi.org/10.1016/B978-0-12-814619-4.00003-3 All rights reserved. 35
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