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Abstract

THESIS TITLE: A Study on the Synthesis of Phytochemical
Incorporated Biopolymer-based Materials for Evaluating

Therapeutic Potentials
Submitted by: Sanghita Das

Index no.: 93/22/Phys./27

Multifunctional biomaterials have been very popular in revolutionizing the areas of biomedical
applications. The promising pharmacological potentials of phytochemical incorporated
biopolymeric nanomaterials have led researchers to explore their in vitro biological potentials
and preliminary in vivo efficacy. These biocomposites can be extensively used in drug delivery
because of their wide range of versatility, nontoxicity, stability, high drug loading capacities,
sustained drug release properties, biocompatibility compared to other synthetic or inorganic
materials. The therapeutic properties of these biocomposites are introduced by incorporating
phytochemicals i.e. piperine and thymoquinone over conventional antibiotics to overcome the

problem of bacterial resistance.

To understand the plausible effect of fabricated biocomposites we have used naturally
abundant, biodegradable biopolymers like guar gum, sodium alginate, carboxymethyl
cellulose, chitosan and psyllium husk mucilage. Our study involves nanonization of bio active
hydrophobic phytochemicals encapsulating efficient drug delivery vehicle which will
overcome the problem of instability in therapeutic applications. The sustained release
behaviour of phytochemicals from polymeric vehicles makes these biocomposites useful for

prolonged persistence at the site of infection during drug administration.

In the study we have reported the synthesis of some biocomposites such as thymoquinone and
piperine encapsulated guar gum delivery-vehicle; thymoquinone incorporated chitosan-sodium
alginate and chitosan- psyllium husk mucilage composite films; piperine encapsulated guar
gum-psyllium husk mucilage nanocomposites and guar gum-carboxymethyl cellulose
nanocomposites. The physical characterizations of these biocomposites have performed by
techniques such as X-Ray Diffraction (XRD), Fourier-Transform Infrared Spectroscopy
(FTIR), Thermogravimetric Analysis (TGA), Dynamic Light Scattering (DLS) study,
Ultraviolet-Visible Spectroscopy (UV-Vis), Field Emission Scanning Electron Microscopy



(FESEM), Transmission Electron Microscopy (TEM), Atomic Force Microscopy (AFM) etc.
In vitro biological characterizations establish the efficacy of these functionalized biomaterials
which involve estimation of minimum inhibitory concentration (MIC), minimum bactericidal
concentration (MBC), estimation of intracellular reactive oxygen species (ROS) generation etc.
in different pathogenic bacterial strains. We have observed the pH dependent release behaviour
of phytochemicals from the biopolymer-based drug delivery system and evaluated the
biocompatibility in normal human cell line. We have also measured cytotoxicity, intracellular
ROS, GSH and NADPH levels, mitochondrial membrane potential, nuclear damage to evaluate
anticancer potentials. We have observed the hepatoprotective effect of piperine in acute liver
injury in mice model by measuring intracellular ROS generation in hepatocytes, serum levels
of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) and histopathological

study etc.

Moreover, our synthesised phytochemical incorporated biopolymer-based materials possess
commendable ameliorative attributes that could be effectively used against diverse
pathological conditions and these may bring back cost effective, biocompatible natural phyto-

components in further usage.
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Chapter 1

1.1 Motivation

The global health crisis can be avoided thanks to recent advancements in drug delivery systems
that use diverse gene pools of ethnobotanically relevant plant species instead of conventional
therapeutics.}? Despite incredible progression in modern medication, the effectivity of
conventional antibiotics is faded away by the emergence of different resistance mechanisms.
Resistance against frontline antibiotics is established in bacteria by engaging mobile genetic
elements (such as transposons plasmids, insertion sequences), changing cell permeability,
mutation, production of a new range of enzymes, alteration in efflux pumps, etc.>* Almost
similar concerns in cancer treatment regarding in search of more effective chemopreventive
alternatives with lesser side effects are desirable to improve the treatment. Since the advent of
modern pharmaceutical science, formulation of efficient drug delivery systems based on plant-
derived materials such as biopolymers and phytochemicals is a broad field of research on
developing novel carrier systems.®® According to an estimation by the World Health
Organization, 80 % of the rural population rely chiefly on medicinal herbs and traditional
medicine as a primary healthcare system.® It has been reported that approximately 50% of all
modern pharmaceutics in clinical use are plant-derived.® Many of these bioactive compounds
such as flavonoids, terpenoids, and alkaloids have received considerable attention for their
antimicrobial, antiapoptotic, antimutagenic, hepatoprotective, anti-malignant, antineoplastic,
and potential chemo preventive properties.'>*? Despite all these encouraging biomedical
possessions, the implementation of natural therapeutics is arrested due to several difficulties.
Hydrophobic phytochemicals cause hindrances in the effective formulation and may lead to
unstable end products restricting their therapeutic and biomedical applications.***°> To keep
these drawbacks in mind, researchers focus on developing novel biopolymer-based,
biocompatible, environment-friendly nanomaterials for drug delivery that could be
implemented to combat the lethal consequences of chemically synthesized conventional
drugs.’®'” Considering the unique medicinal properties of phytoconstituents that attribute
curative effects, analytical procedures for their identification, isolation, characterization,

nanonization, and dose standardization are required for successful implementation.8°

This thesis focuses on formulating biopolymeric composite materials to deliver natural

therapeutics to evaluate their antibacterial, anti-cancer, and hepatoprotective potential.
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1.2 Biopolymers as excipients in drug delivery

The introduction of polymer science in the field of pharmaceuticals opens a promising route
toward designing versatile drug delivery systems (DDS). The main approach of drug delivery
includes maintaining a proper formulation technique, transporting and delivering therapeutic
components in the target site of a biological system to attain the desired healing effect.?2-22
Biopolymers are natural polymers derived from various living organisms like plants, animals,
fungi and microorganisms which include silk, wool, cellulose, chitin, protein, DNA, etc. The
advancement of derivatives of biopolymers have become popular in the development of novel
drug-delivery devices. For several reasons, considerable interests are generated in the
development of new plant-derived excipients over synthetic ones. Water-solubility,
biodegradability, and biocompatibility of biopolymeric excipients such as gums and mucilages
offer promising characteristics to develop drugs/therapeutic materials with improved release

characteristics (figure 1.1).23%4

Biocompatible Non-immunogenicity
Multiple ; (
active sites Q %>
Nontoxic t \ Biopolymers ’ é Non carcinogenic

Biodegradable Ez jz Sustainable

Cost effective

Figure 1.1: Schematic representation of advantages of biopolymers.

1.2.1 Advantages of biopolymer-based nanocomposite

The development of biopolymer-based nanocomposites with added functionalities has
revolutionized the production qualities required to meet the demands of contemporary
technology. The exceptional mechanical and functional features of biopolymeric
nanostructures make them unique in terms of their potential sustainability, biocompatibility,
low toxicity, and environmentally friendly production and processing..?> This array of
exclusive properties offers opportunities to develop robust functional drug delivery systems

that are not only strong, economic, and non-toxic but also multifunctional.?® For biological
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applications, the biopolymers with bioactive compounds like proteins, lipids, and drugs

collectively develop scaffolds, hydrogels, nanofibers, nanoparticles, nanocomposites, etc. to

achieve targeted delivery, sustained drug release, and biocompatibility.?’

1.2.1.1 Functional advantages

>

Among all the polymers available to be used as excipients in drug delivery systems,
plant-derived polymers are highly suggested because of their compatibility with

bioactive therapeutics.?

Biopolymers are the building blocks for therapeutic formulations because their
biodegradable nature triggers easy removal of this carrier after the release of the

therapeutics in the biological system.?30

New drug delivery systems for oral administration require new excipients to overcome

the inconvenience of multiple regular injections.!

Biopolymer-based nanocomposite offers diverse chemical modifications like

crosslinking, etc.®?

Biopolymeric nanocomposites are less prone to rapid enzymatic degradation which
allows them to maintain the concentration of therapeutics in systemic circulation over

a long time period compared to the bulk therapeutics.*

Sustained and controlled drug release patterns can be achieved by biopolymeric

nanocomposites which offer prolonged release and less frequent doses of drugs.3*

1.2.1.2 Structural advantages

>

Biopolymers can be categorized into polynucleotides, polypeptides, and
polysaccharides. Polysaccharides are long chains of monosaccharide units attached by
glycosidic linkages.®® These polysaccharides are comprised of flexible and semi-
flexible primary structures.®® Required mechanical and functional properties can be
introduced by inducing complementary weak intra- and intermolecular bonding and

folding into these primary structures.®’

Polymeric materials with preferred properties can be achieved by blending i.e simple
mixing of polymers without chemical reactions. Expensive investment or critical
synthesis procedures are not required to achieve proper blending compared to other

polymerization techniques.33°
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» Structural enhancement of polymeric material can be attained by introducing different
techniques of crosslinking which links functional groups of a polymer to another one
through covalent bonding, ionic bonding, hydrogen bonding, etc. It has been reported
that cross-linking of polymer chains can modify the release dynamics of the
incorporated active agents, reduce antigenicity and modulate tensile strength, stiffness,

cell-matrix interactions, resistance to enzymatic actions, and chemical degradation.*%-42

» Some biopolymers bear a resemblance to the structural organizations of the
extracellular environment. The chemical structures of biopolymeric materials are
similar to the macromolecules native to the extracellular matrix of biological systems
which make them compatible. These compatibilities enhance their functional attributes
within the host body.*344

1.2.1.3 Environmental benefits

» The backbone of biopolymer consists of carbon, oxygen, and nitrogen atoms which
make them completely biodegradable.*® As biopolymeric composites are derived from
natural plant sources such as flax, psyllium husk, gum, etc., microorganisms easily

consume these materials and eventually degrade to organic matter.*5

» One of the primary benefits of biopolymeric materials is reduced environmental
footprint.*” Biopolymeric materials can lessen the emissions of CO, and hazardous

waste products as they are readily degraded into their constituent organic residues.*®

» Biopolymers are non-toxic to living organisms including humans and most importantly

environmentally safe for agricultural uses.*®

> Biopolymers are chosen over synthetic alternatives due to their non-toxicity,

compatibility, non-immunogenicity and abundance in diverse biological systems.*°>
1.2.2 Future scope of biopolymers

Biopolymers gain profound attention among the scientific community considering the natures
and features of these natural resources.®® Biopolymers are produced by living organisms and
have the potential to replace synthetic polymers to be used efficiently in different material
synthesis, biomedical and therapeutic applications, food and packaging industry, water
purification etc.52-54 As per reports 300 million tons of synthetic plastics are produced annually
and the application of biopolymeric materials are roughly less than 1% compared to the usage
of petroleum-derived synthetic plastics.>® Some sustainability challenges that influence the

4|Page



Chapter 1

demand for biopolymers are the availability of sources, competition with existing synthetic
polymers, large-scale production issues, etc have to be considered.>>® Factors contributing the
rising demand of biopolymers are the global interest in using natural materials compared to
synthetic one, the unpredictable price of fossil fuels, the greenhouse effect, concern on waste
management etc.>’ Driven by all these aspects, various biopolymer-based industries are
expected to flourish. Considering these issues, to make biopolymers viable for various fields,
it needs to work on some factors like modified manufacturing routes for higher yield, find out
better strains of algae and plant species that can effectively produce sufficient amount of
biopolymers, proper downstream process method to lower the production cost.>®>° Considering
the demands and need of sustainability standards authorities like ISO have issued methods and
procedures for material testing for biopolymer production and extraction.®® Therefore, it can
be said that biopolymer-based industries have an encouraging future, driven by the functional,
structural, environmental, and economic advantages of biopolymers in production of

biomaterials.

1.3 Strategies for drug delivery

1.3.1 Stimuli-responsive strategy

Effective drug delivery is achievable through stimuli-responsive strategy that identifies the
microenvironment of the target site and reacts dynamically.®® The concept of stimuli-
responsive drug delivery was first proposed by introducing thermosensitive liposomes for the
localised release of drugs through hyperthermia in the 1970s.%2 Since then, stimuli-responsive
drug delivery strategies have been widely exploited. Stimuli-responsive drug delivery devices
can be sensitive to endogenous stimuli as well as exogenous stimuli.®® Endogenous stimuli
include variation of pH, redox potential, and increased or decreased concentration of certain
enzymes or compounds.®3%* Exogenous stimuli-responsive drug delivery depends on externally
applied stimuli such as temperature variation, ultrasounds, X-rays, magnetic, light, and electric
fields, etc.* Recently multi-stimuli responsive drug strategies are used to achieve an on-

demand drug release where more than one stimulus is employed to improve drug delivery.
1.3.2 Co-delivery strategy

The development of nanocarrier-based drug delivery strategies offers an advanced co-delivery
system in drug administration with the ability to incorporate therapeutics. Compared to the

direct delivery of free drugs, encapsulation of drugs in a proper vehicle offers distinct
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advantages such as improved solubility of the drug, sustained drug release behaviour, better
pharmacodynamic properties, extended circulation, and less side effects.®*” Co-delivery
systems include drug/gene co-delivery which overcomes the resistance of membrane transport
protein-related efflux pump, which carries profound interest in the multidrug resistance
mechanism.®® Example includes the study of Sun et al. which demonstrated co-delivery of all-
trans-retinoic acid and chemotherapeutic drug doxorubicin for cancer treatment which includes

synergetic suppression of tumour cell as well as inhibition of cancer stem cells.®’
1.3.3 Biomimetic delivery strategy

Biomimetic drug delivery strategies are novel strategies that focus on mimicking the unique
structural configurations, functional mechanisms, and biosynthetic pathways of any living
system. Such strategies maximize the functionality of the drug delivery system by mimicking
the structural composition of biological membranes, and the budding mechanism of
exosomes.’®™ Biomimetic drug delivery strategies involve direct interaction with the
biological system as it has the advantages of excellent biocompatibility, negligible
immunogenicity, prolonged systematic circulation, etc.’>"® Examples include the application
of red blood cell-derived immunomodulatory signals or direct usage of erythrocyte membrane
as a surface coating material.” Such systems are mainly based on advancing membrane-
camouflaged compounds, extracellular vesicles, lipoprotein-coated excipients, etc. for their
significant biomimetic properties. Kuai et al. developed high-density lipoprotein mimicking
nano-discs for neoantigens-based personalized immunotherapy which can induce adaptive

immunity with inhibitory potential on tumour growth.”
1.3.4 Ligand-modified targeted drug delivery

The movement toward ligand-mediated targeted drug delivery has been ushered in by a better
insight into the exclusive biological interactions.”®’’ Ligand-mediated drug delivery has been
widely exploited for biomedical applications that focused on enhanced penetration and
permeation across biological barriers, internalization by target cells or specific subcellular sites,
etc.”®7 Generally this type of delivery systems include targeting moieties that are distributed
on the surface of delivery vehicles. But only a small part of this system can participate in the
interaction with target cells leads to controlled recognition capacity.®’ Inside the systemic
circulation, ligands interact with specific plasma macromolecular moiety and stimulate ligand-
derived modification of surface properties which are considered to be the main initiating signal

to enter into the cells.®! For ligand-modified delivery riboflavin, folate, carbohydrates like
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simple sugar, glycan; cell-penetrating peptides, lipoproteins, and transferrin are used in
transportation and targeting to specific locations.®2 Nanoparticles functionalized on
gangliosides (lipid-anchored glycan) can detect and bind with toxins including cholera toxin of
Vibrio cholera.® Such gangliosides are also known to interact with other pathogenic strains
like S. pneumoniae which suggests that ganglioside-functionalized vehicles have effectiveness

for targeted antibacterial applications.?
1.4 Literature Review on biopolymer-based drug delivery system

The thesis showcases biopolymers, including polysaccharides like guar gum, chitosan,
alginate, carboxymethyl cellulose, and psyllium husk mucilage to develop biopolymeric

vehicles and film.
1.4.1 Guar gum

Guar gum is a non-ionic polysaccharide extracted from endosperms of Cyamopsis
tetragonolobus of the Leguminosae family. This natural gum consists of polysaccharides with
high molecular weight which predominantly contains galactomannans with a linear chain of
(1—4)-p-d-mannopyranosyl units with a-d-galactopyranosyl units attached by (1—6) linkages
(average molecular weight of 220 kDa).2> Guar gum swells to dissolve in polar solvent by
forming strong hydrogen bonds and is utilized as a novel food additive, binder, emulsifier,
disintegrant, stabilizer, and thickener. Guar gum is degraded by Clostridium butyricum, a
human commensal bacterium in the large intestine, and prevents constipation, and obesity,
maintains bowel regularity, controls diabetes, and facilitates mineral absorption.®8” Guar gum
can be widely used in drug delivery due to its high viscosity, water solubility, biocompatibility,
and commercial availability.®8 The derivatives of guar gum such as hydroxypropyl guar gum,
synthesized by reacting the hydroxyl groups with other chemicals, displayed improved
properties.®® Guar gum and its derivatives are employed to develop different coatings, matrix
tablets, hydrogels, nanocomposite, and nano or microparticles that can be used as a vehicle for
sustained and targeted drug delivery.*® The gel-forming property and enzymatic degradation of
guar gum in the colon have been investigated by many researchers which enhances its prospect
in pharmaceuticals for colon-targeted drug delivery.®9?Altaf et al. assessed the potential of
guar gum as a sustained release system of diltiazem as a model drug which revealed that guar
gum derived tablets could be a very efficient alternative for sustained release of diltiazem.*® In
another study, Al-Saidan et al. established that guar gum-based matrix tablets showed sustained
oral delivery of metoprolol tartrate.>* Baweja et al. formulate a hydrophilic matrix of guar gum
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and methylated guar gum to study the controlled release of chlorpheniramine maleate which
exhibited that the rate of drug release was increased with the degree of methylation of guar

gum due to the reduced viscosity of the methylated guar gum.®
1.4.2 Chitosan

Chitosan is a promising hydrophilic cationic polyelectrolyte obtained by alkaline N-
deacetylation of chitin, a structural component of the exoskeleton of crustaceans such as
shrimps, crabs, lobsters, etc.?® The structure of chitosan is composed of a linear binary
heteropolysaccharide of f-1,4-linked glucosamine with N-acetylation of glucosamine
residues.”” The sources and synthesis procedure usually determine the molecular weight of
chitosan which vary between 300 to 1000 kD with a degree of deacetylation from 30% to
95%.% Chitosan is widely utilized in tablet formulation as a diluent, packaging, textile, and
cosmetics industries and has the potential to act as a binder, lubricant, or disintegrating agent.
The mucoadhesive properties of chitosan enhance the prospect as a suitable material for the
localized delivery of drugs in the oral cavity.’®® Recently chitosan has been studied and
employed in pharmaceutical sectors for its outstanding properties such as biodegradability,
biocompatibility, antimicrobial activity, and ecological friendliness, etc.!®® Vasudev et al.
studied the synthesis of chitosan/polyethylene vinyl acetate co-matrix which showed sustained
release of aspirin-heparin to prevent cardiovascular thrombosis.'%? Sahasathian et al. formulate
sustained-release tablets of amoxicillin by using chitosan as a drug carrier which revealed that
chitosan with particle size less than 75 microns showed a significant sustained release profile
of amoxicillin.!®® Bao et al. developed chitosan-functionalized graphene oxide as a nano carrier
for an anti-cancer drug, camptothecin which showed 17.5% drug release in 72 hrs.1%* Xie et al.
studied chitosan and dextran-modified graphene oxide nanocomposite as a vehicle for
anticancer drug doxorubicin. Results showed that the nanocomposite was efficiently
internalized in MCF-7 cells and strong cytotoxicity was observed in MCF-7 cell lines. % Reddy
et al. developed Cefadroxil incorporated cross-linked chitosan-guar gum semi-interpenetrating
network (IPN) microspheres where encapsulation efficiency was between 69% to 78%.
Cefadroxil was found to be released in a sustained and controlled way from the semi-IPN

microspheres up to 10 hrs.1%
1.4.3 Alginate

Alginate or alginic acids are linear, unbranched, hydrophilic, anionic polysaccharides isolated

from the cell wall of brown seaweed and marine algae such as Macrocystis pyrifera,
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Ascophyllum nodosum, and Laminaria hyperborea.’?” Sodium alginate is the sodium salt of
alginate consisting of alternating blocks of p-mannuronic acid and r-guluronic acid residues
linked in a- or B-1,4 glycosidic bonds.*?’ It is used as a thickener in the preparation of creams.
The molecular weight of alginate is between 20 to 600 kDa.l% It has been evaluated and
investigated as a suspending agent, emulsion stabilizer, and binder of tablets and utilized in the
synthesis of microspheres, beads, liposomes, tablets, buccal films, etc.!®® Alginates with
microbial origin have a huge possibility as industrial polymers because of their structural
diversity in chemical composition and their capability to sol-gel transition.®® Different
modifications of alginate have been done to formulate alginate-based drug delivery systems.
Miyazaki et al. studied the release behaviour of bio-adhesive tablets of ketoprofen from the
prepared mixture of chitosan and sodium alginate (1:4 ratio of chitosan and alginate) and oral
sustained release tablets of ketoprofen.!'? Liew et al. evaluate the release behaviour of drug
from a formulation of sodium alginate and observed that sodium alginate-based matrices
showed sustained drug release up to 8 hrs.1%® Goel et al. studied fast disintegrating tablets of
ondansetron HCI using interpolymer chitosan-alginate (1:1) complex and proposed that this
complex swelled up imbibing water which led to rupture of tablet matrix within seconds.
Anirudhan et al. developed pH-sensitive bioactive silica—alginate/folic acid conjugated o-
carboxymethyl chitosan-gelatin nanocomposite for the loading of 5-fluorouracil and
Bisdemethoxycurcumin which showed a sustained release profile and anticancer effect on

colon cancer cell line.1?
1.4.4 Psyllium Husk

Psyllium husk (Ispaghula) is the seed husk of Plantago ovata and Plantago psyllium of
Plantaginaceae family, which is known as a dietary fibre supplement to promote the regulation
of bowel function and also effective in both constipation and diarrhoea, two opposite gut
conditions.!**4 Hydrocolloids extracted from psyllium husk contain a complex
heteropolysaccharide, arabinoxylan.!*® Psyllium husk mucilage is found to prevent high
cholesterol levels, ulcerative colitis, and irritable bowel syndrome; and reduce glucose in the
post-prandial period.!** Psyllium husk contains numerous active components i.e. 4-O-methyl
glucuronic acid, arabinoxylan, campesterol, linoleic acid, oleic acid, palmitic acid, L-
cystine, L-asparagine, sterol, B-sitosterol, etc.!*® Psyllium husk mucilage is used commercially
as sustaining agent, binder, lubricant, demulcent, emulsifying and suspending agent.!® It is a
vital constituent of commercially available laxative materials i.e. metamucil.!’ Several

researches have been performed on clinical usefulness of husk in the pharmaceutical sector.
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Previous studies showed the in vitro release profile of some model drugs i.e. tetracycline
hydrochloride, insulin, and tyrosine from psyllium mucilage and acrylic acid-derived hydrogels
for colon-specific drug delivery. Experimental outcomes revealed that the release kinetics of
drugs from the composite hydrogels follows the non-Fickian mechanism in distilled water as
well as in pH 7.4 buffer. It has also been observed that the polymer chain relaxation rate of
hydrogel and the drug diffusion rate are interrelated.'® Rosu and co-researchers demonstrated
controlled release of aspirin from psyllium-derived composites comprising titanium dioxide
nanoparticles as nanomaterial matrix. The result suggested a slowest delay in the release of
aspirin from the composite nanomaterial.*'® Kumar et al. developed pH-sensitive grafted cross-
linked psyllium by using ceric ammonium nitrate as a redox initiator and quercetin as a model
drug for colon-targeted drug delivery. Results demonstrated 93% quercetin release at pH 7.4
(pH of intestinal fluid) and showed significant anticancer activity compared to bulk
quercetin.? Patil et al. fabricated psyllium seed husk polysaccharide-based wound dressing
films complexed with povidone-iodine and were assessed for antibacterial activity against a

broad range of bacterial strains as well as wound healing potential in albino rats.!?!
1.4.5 Carboxymethyl cellulose

Carboxymethyl cellulose is a cellulose-derived hydrophilic, polysaccharide possessing both
carboxylate and hydroxyl groups with high chemical stability, pH sensitivity, non-toxicity, and
gel-forming properties.*?? Carboxymethyl cellulose is a biocompatible macromolecule that has
the potential to develop drug delivery systems with the aim of sustained and controlled drug
release.*?® It is reported that CMC has several biomedical applications such as wound healing,
bioimaging, tissue engineering, and drug delivery.'?* Cellulose derivatives, especially
carboxymethyl cellulose sodium salt have been utilized as stabilizing or reducing agents in
numerous applications in a variety of fields such as textile, chemical, food, cosmetics, and
pharmaceutical industries, etc.'?>1% Ng et al. carried out a study on lyophilized wafers
containing antimicrobial agents using two different cellulose derivatives, sodium
carboxymethyl cellulose and methylcellulose. Sodium carboxymethyl cellulose-neomycin tri
sulphate salt hydrate showed a better flux of drug release as well as greater inhibition of both
Gram-positive and Gram-negative bacterial strains.*?” In another study Sarkar et al. have
demonstrated multiple applications like drug carrier, osteogenic activity, and bio-imaging of
synthesized carbon dots conjugated carboxymethyl cellulose hydroxyapatite nanocomposite.
Chemotherapeutic drugs like doxorubicin incorporated nanocomposite showed good

anticancer properties.*?® Carboxymethyl cellulose was utilized as an emulsifying agent for
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curcumin to synthesize curcumin-activated carboxymethyl cellulose-clay nanocomposite. The
result demonstrated enhanced release of curcumin in water (pH 5.4) which is over 60% within
2 hrs and 30 mins.*?® Another study reported antioxidant and antimicrobial properties of TiO2—
Ag incorporated carboxymethyl cellulose-gelatin nanoparticle. They developed an antioxidant
film having antibacterial activity of nanoparticles against Escherichia coli and Staphylococcus

aureus bacteria.r®

1.5 Phytochemicals

Plants are a rich source of phyto-active chemicals or bio-nutrients. It is well-established that
plants develop these chemical components to protect themselves, whereas modern researches
revealed that most of these phytochemicals have ameliorative effects against different diseases
of humans.3! In the Ayurveda, several plants with therapeutic possessions are recognized in
various texts but it need advanced guidelines for proper standardization, manufacture, and
quality control. It has been stated that approximately 50% of all modern pharmaceutics in
clinical use are plant-derived.'*? Phytochemicals have a promising biological role in preventing
numerous chronic diseases such as cancer, diabetes, coronary heart disease, etc., and are known
to possess hepatoprotective, antidiabetic, anti-inflammatory, antimutagenic, antimetastatic,
anti-asthmatic, antifungal activity, antineoplastic, chemopreventive and neuroprotective
properties.'*>133 Phytochemicals are secondary metabolites with antioxidants, pro-oxidant,
immunity-potentiating, and detoxifying properties and are taxonomically extremely diverse.
These phytocomponents are the major reservoir of potential precursors of newer drugs based
on their chemical nature and pharmacological actions.®}'3 These bioactive compounds
consist of a wide range of chemicals (alkaloids, flavonoids, terpenoids, polyphenols,
organosulfur, etc) with differing potency.’®® However, Indian medicinal plants-derived
phytochemicals with multi-functional potentials have received considerable attention for
further systematic study for evaluating their potential against a broad range of diseases.

1.5.1 Phytochemicals and disease prevention

Since the earliest times, plant chemicals have been recognized to exert health benefits and heal
infectious diseases due to their content of secondary metabolites. According to previous
reports, medicinal plants containing active components i.e. vitamins, carotene,
polysaccharides, polyphenols, flavonoids, alkaloids, lignin, xanthones, etc. have significant
antibacterial, anticarcinogenic, tumor-suppressive, and antimetastatic activities.**® Though the

conventional therapeutic options have indisputably boosted survival rates, metastasized cancer
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remains fatal.'>" Besides this other health issues like antibacterial resistance, jaundice, and
chronic diseases like diabetes are found to be treatable with these bioactive compounds.*®®
Hence, constant searching for more effective chemo-preventive approaches is urgently
desirable for advanced treatment. According to a survey by the World Health Organization, 80
% of the rural population depends primarily on medicinal herbs and traditional remedies as a
primary healthcare option.**® Thus, the various combinations of the phytochemicals extracted
from these plants may undergo further assessment for their numerous medicinal properties.
According to chemical constituents, phytochemicals can be differentiated into different classes

i.e alkaloids, polyphenols sulfur-containing phytochemicals, and terpenoids, etc.'

> Alkaloids: Alkaloid compounds (sanguinarine, berberine, piperine) have excellent
antibacterial efficacy and can be used in the treatment of many bacterial diseases.!*®
Alkaloids like taxols, camptothecin, harringtonine, acronycine, thalicarpine, ellipticine,
and matrines are generating research interest in the antineoplastic activity due to their

potential to target the DNA and protein of cancerous cells.*

» Polyphenols: Polyphenols classified as flavonoids and non-flavonoids, exert good
antibacterial activity against a broad range of bacterial strains due to their ability to
inhibit bacterial energy metabolism as well as cell membrane function.**! flavonoids
like galangin, kaempferol, quercetin, myricetin, apigenin, luteolin, catechin,
epicatechin, naringenin, hesperetin, cyanidin, and malvidin have been reported for their
inhibitory activity against different bacterial strains.'*2 The non-flavonoid polyphenols
include phenolic acids (ferulic acid and coumaric acid, gallic acid, chlorogenic acid,
cinnamic acid), quinones (derived from benzoquinone, naphthoquinone, or
anthraquinone), tannins and stilbenes, also have received increasing attention due to
their antimicrobial potentials.!*? Phenolic acids have been shown to have significant
antibacterial activity against Gram-positive bacteria than Gram-negative bacteria as
Gram-negative bacteria have an outer hydrophobic layer that can exclude certain
hydrophilic molecules like phenols.!*® Quinones (emodin, thymoquinone,
chrysophanol, and rhein) have shown noticeable antibacterial as well as antineoplastic

activity. 144

» Organosulfur compounds: Organosulfur compounds such as allicin, ajoene, and
isothiocyanates have been found to possess anticancer properties, antibacterial activity
against both Gram-positive and Gram-negative bacteria as well as powerful antioxidant

activity.1%
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» Terpenoid compounds: Terpenoid compounds (myrcene, geraniol, cymene, and
carvacrol) have been studied extensively and several researches have shown their

ability to inhibit the growth of many bacteria. 4®
1.6 Literature review on thymoquinone and piperine

1.6.1 Thymoquinone
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Figure 1.2: Schematic representation of medicinal properties of thymoquinone.

Thymoquinone (2-isopropyl-5-methyl-1,4-benzoquinone) a phyto-active dietary compound of
Nigella sativa, is a traditionally used natural medicine that exerts extensive biomedical
activities like anti-inflammatory, antioxidant, hepatoprotective, antimicrobial, antiparasitic,
anticancer, antihypertensive, and anti-asthmatic properties (figure 1.2).1*" Evidence so far
indicated the effectiveness of thymoquinone against various kinds of microorganisms and this
bioactive compound was known to inhibit the growth of certain pathogenic bacterial strains.
Thymoquinone also reduces the MIC values of conventional antibiotics in case of co-
administration. This phytochemical also confirmed a prominent antifungal activity against
Candida albicans, Aspergillus fumigatus, etc.!* Thymoquinone possesses a significant
bactericidal property against the Gram-positive Staphylococcus aureus and Staphylococcus
epidermidis strains (MICs values ranged from 8 to 32 pg/mL).}® For the wound healing
application, thymoquinone containing polymeric films and hydrogels exhibited in vitro skin
permeation and potential antibacterial activity againstS. aureus.!® In several studies
thymoquinone was reported to induce apoptosis via p53-dependent as well as p53-independent
pathway. ™! It also exerts anticancer activities via inducing apoptosis by regulating pro- as well

as anti-apoptotic genes in different human cancers such as breast, cervical, liver, pancreatic,
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oral, bone, prostate, blood, head, neck, and lung.*®? In a study reported by Liu and his
coworkers, thymoquinone was shown to induce apoptosis by regulating Bcl-2 and Bax genes
in ovarian cancer cell lines.!> Another research reported cytotoxic activity of thymogquinone-
incorporated nanostructured lipid carriers which decreased Hep3B growth, activated cell cycle
arrest, and apoptosis. The study also revealed the antioxidant properties of lipid carriers with

decreasing ROS levels.?>

1.6.2 Piperine
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Figure 1.3: Schematic representation of medicinal properties of piperine.

Piperine is a natural alkaloid extracted from the seeds of Piper longum that possess excellent
antioxidant, anticonvulsant, antimicrobial, neuroprotective, larvicidal, antiparasitic, anticancer
properties, and other pharmacological activities (figure 1.3).2°°Hikal et al. reported
antimicrobial growth inhibition of piperine against S. aureus, B. subtilis, Salmonella sp. and E.
coli by employing the agar well diffusion method.*>® Ameliorative effects of piperine on liver
disease have been investigated in several studies based on different hepatic health biomarkers
which have exerted the lowering of serum ALT, AST, and ALP levels of cholesterol-fed Swiss
albino mice.*>"%8 Piperine has been extensively studied for its inhibiting role in carcinogenesis
as well as chemo-preventive properties.’>® Recent studies reported that piperine as a sole agent
and in the case of co-treatment with other drugs effectively reduces tumorigenesis as well as
carcinogenesis. Ding et al. reported that co-administration of piperine with docetaxel exerted
synergistic cytotoxic activity in HepG2 cell lines compared to docetaxel alone.*® In a study
conducted by Sehgal and coworkers, piperine in combination with curcumin has promising
antigenotoxic potentials against a carcinogenic agent (benzo[a]pyrene) induced toxicity in

Swiss albino mice. The experimental outcome showed reduced lipid peroxidation, and
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enhanced levels of endogenous antioxidants like SOD, catalase, and glutathione peroxidase in
the liver.1®* Studies showed that piperine inhibits concentration-dependent human melanoma
cell growth rate by inducing apoptosis via the suppression of tumorigenesis.'®> A Study
conducted by Rad & Hoskin illustrated that piperine-incorporated nanoparticles induce
apoptosis and repress the growth of triple-negative breast cancer cells. Interestingly no such
cytotoxic activities were observed in normal fibroblast cells.'®® Yaffe et al. showed that
piperine, (dose of 75-150 uM) suppresses the proliferation of various colon cancer cells with
little effect on normal fibroblasts and epithelial cell lines. Piperine has been shown to prevent
the growth of HT-29 colon carcinoma cells by arresting the cell cycle at the G1 phase.®*
Piperine has emerged as a potential autophagy-regulating anticancer therapeutic against

various cancers in vivo and could be an efficient alternative for antitumor therapy.®®

1.7 Materials and Methods

1.7.1 Bacteria, Cells and Animal

Test bacterial strains i.e. Gram-positive Enterococcus faecalis 441, Staphylococcus aureus
740, and Gram-negative Escherichia coli 443, Pseudomonas aeruginosa 1688 were purchased
from Microbial Type Culture Collection, IMTECH (Chandigarh, India). HepG2, A549, PC3,
and W138 Cell lines were procured from the National Centre for Cell Science (Pune, India).C6

glioma cells were collected from Dr. Suvendra Nath Bhattacharya, 1ICB, Kolkata.

The in vivo experiments were performed on Swiss albino mice obtained from a CPCSEA-
approved animal house (Registration No. 50/CPCSEA/1999).

1.7.2 Media, Reagents and Dyes

PIP, TQ, CMCNa (viscosity 400-1000 mPa.s, average Mw ~250,000, degree of substitution
1.2), Na-AL with viscosity (25°C): 5-40 cps, were purchased from Sigma-Aldrich
(Switzerland). GG was obtained from Hi-Media chemicals. CH (CsH11NO4s)n (molecular
weight: 100-300 kDa) was purchased from Acros organics. PH was obtained from a market of
Kolkata, India. All other reagents of analytical grade including fluorescence stains,
paracetamol, and silymarin were supplied by Merck Itd, HiMedia Pvt. Lt., and SRL Pvt. Lt.
(India). All experimental procedures were performed by using deionized water of 18 MQ-cm.
For biological experiments, all therapeutics-loaded vehicles were sterilized under UV

radiation.
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1.7.3 Characterization Tools

To establish the characteristic nature of the synthesized nanomaterials and nanofilms we have
used various characterization tools. Data provided by these tools determine the chemical
structure, thermal stability, size, shape, and morphology of the nanomaterials which contribute

significant effects to the research work.
Brief descriptions of the instrumental methods are discussed below:
1.7.3.1 Fourier Transform Infrared (FTIR) Spectrometer

In our studies, Fourier Transform Infrared (FTIR) Spectroscopy was conducted using FTIR-
8400S; Shimadzu, Japan in the absorbance spectra range from 400 cm™ to 4000 cm™ with high
scan speed. For preparing the nanocomposites for FTIR spectroscopy, it was ground into fine

powder and mixed with potassium bromide to form a pellet.

The quantitative analysis of FTIR spectroscopy was done by using the Lambert-Beer Law.
When infrared radiation passes through a sample, specific wavelengths are absorbed by the
molecules of the sample. The intensity of this absorption is measured and recorded as an
absorption spectrum. According to the Lambert-Beer Law, the absorbance (A) at a given

wavelength is as follows.
AT Co Lo (1.1)

where ¢ is the molar absorptivity, c is the concentration of the sample, and 1 is the path length
of the light through the sample. This relationship allows FTIR spectroscopy to not only identify
the molecular structure based on the absorption peaks but also to quantify the concentration of
specific compounds within the sample by analyzing the absorbance values. Using FTIR spectra
the composition of the biocompatible nanocomposites can be identified and their interaction
patterns can be studied.!®

1.7.3.2 X-ray Diffraction (XRD)

The structural properties of synthesized nanomaterials and films have been examined by X-ray
diffractometer (XRD; Model-D8, Bruker AXS Inc., Madison, WI). For Cu Ka (target operating
at 40 kV voltage and 35 mA current with Wavelength-1.5406 A and scan speed 1s/step)
radiation, Germanium (002) monochromator has been used. A small amount of sample was
taken for grinding to a fine and uniform powder with the help of a mortar pestle which improves

sharp peak and accuracy.
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The working principle of X-ray diffraction can be explained using the equation known as
Bragg’s law. Bragg’s law describes the relationship between the scattering angle (0), the
wavelength of X-rays (1), and the spacing between crystal lattice planes (d). The equation is

used to calculate the lattice spacing of the sample from measured diffraction angles.
7 A Y 7 I (1.2)

According to Bragg’s Law, X-rays are diffracted by striking crystal planes at a specific angle
that satisfies the condition for constructive interference. Constructive interference occurs when
the path difference between the scattered waves from adjacent crystal planes is an integrated
multiple of the X-rays’ wavelength (nA). This leads to the formation of diffraction peaks in the
XRD pattern. By measuring the angle at which the diffraction peaks occur and knowing the
wavelength of the X-ray, the spacing between the crystal lattice parameters and the presence
of specific crystalline phases can be obtained. The obtained diffraction patterns are utilized to

study the structural properties of the synthesized samples.
1.7.3.3 Thermal Gravimetric Analysis (TGA)

To estimate the thermal stability, purity, moisture content, and decomposition mechanism of
samples we used thermal gravimetric analysis (TGA). In addition, to determine the evaporation
rates of any mixture and temperature-dependent mass loss of the samples, TGA has been
performed by using the TGA/SDTAB851e, Mettler Toledo AG instrument.

Approximately, 5mg fine powder of the sample was kept in an aluminum or platinum holder
to scan for TGA.TGA is a method where a change in mass of the material is recorded with the

change in temperature in an inert atmosphere when the initial mass is known. %’
1.7.3.4 Ultra Violet-Visible (UV- Vis) Spectrophotometer

UV-Vis spectroscopy is an analytical technique used to measure the absorbance of ultraviolet
light by a sample, providing valuable information about its structure. In this study, we have

used an Epoch microplate reader, from BioTek, USA.

At first, reference was set with the solvent of the diluted sample and then scan was taken 200
to 800 nm. The spectrum plots absorbance against wavelength, displaying peaks at wavelengths
where absorption occurs. According to the Lambert-Beer Law, the absorbance at each peak is
proportional to the concentration of the molecules and the length of the light through the
sample. This leads to qualitative analyses by identifying compounds based on their absorption

patterns and by determining the concentration of these compounds. In the case of the
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determination of bacterial growth with time at different concentrations of the nanomaterials, a

UV scan was recorded at 600nm. 68

1.7.3.5 Field Emission Scanning Electron Microscope (FESEM)

A field emission scanning electron microscope (FESEM) has been used to observe the surface
morphology of synthesized materials and nanocomposites. The morphological surface images
were captured by using FESEM; INSPECT F50, Netherlands. By using a Q150T Turbo
Pumped Sputter Coater the surface of the sample was gold coated and then with the help of a
holder sample was placed under the FESEM.

The working principle is similar to the conventional scanning microscopes. An electron beam
is focused by electromagnetic lenses and scans the surface of the sample, where the reflected
electrons create an image of the surface by generating many low-energy secondary electrons.
FESEM micrographs provide information about the shape as well as the size of the sample

whether it is in the micro-scale or nano-scale range.'®
1.7.3.6 Transmission Electron Microscope (TEM)

To investigate the fine structure of materials at high resolutions, down to the atomic level we
have used TEM (JEOL JEM F200). To prepare the sample, A pinch of material was diluted
with acetone and drop cast on a TEM grid kept overnight for drying. The next day the grid was
observed under TEM.

In TEM, an electron gun emits a beam of high-energy electrons that travel through the vacuum
tube to create the required images. As the electrons interact with the sample, they are either
scattered or transmitted depending on the density and composition of the sample. The contrast
in the TEM image is created by differences in electron density and the scattering properties of

various regions within the sample, providing insights into the morphology of the sample.!”
1.7.3.7 Atomic Force Microscope (AFM)

AFM is a high-resolution scanning microscope which allows for imaging and measuring size
at the nanoscale range. The working principle of AFM involves a sharp tip, typically made of
silicon or silicon nitride, which is mounted on a flexible cantilever. As the tip, scans across the
surface of a sample, it interacts with the surface atoms of the sample, causing the cantilever to
deflect. These deflections are measured using a laser beam reflected off the top of the cantilever
onto a position-sensitive photodetector. The data collected by the photodetector are used to

generate a detailed three-dimensional image of surface at atomic or molecular resolution. The
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sample was cleaned with solvent and then dried with the help of nitrogen gas to eliminate

contaminants.1’?

1.7.3.8 Dynamic Light Scattering (DLS)

Dynamic light scattering (DLS) is an analytical method to determine the size distribution of
particles in suspension by measuring the fluctuations in light scattering intensity. When a laser
beam passes through a sample, the particles within the suspension scatter the light. Due to
Brownian motion, the particles move randomly, causing the scattering intensity to fluctuate
over time. These fluctuations are analyzed to get information about the particle size. The speed
of the fluctuations is related to the diffusion coefficient of the particles, which can be used to

calculate their hydrodynamic radius using the Stokes-Einstein equation,
DEKBT/BANA. ..., (1.3)

Where D is the diffusion coefficient, kg is the Boltzmann constant, T is the absolute

temperature, 1) is the viscosity of the fluid and d is the diameter of the particle.

DLS combined with zeta potential measurement provides a comprehensive analysis of
nanoparticle systems, addressing both particle size and surface charge properties. DLS ensures
the sample is at an optimal concentration, free of contaminants, and properly dispersed to avoid
multiple scattering or insufficient scattering intensity. The particles were dispersed in the
solvent and taken in a clean, rinsed vial for sonication, which helps to eliminate air bubbles.
The solvent is to be compatible with both the sample and the DLS instrument, as the refractive
index and viscosity of the solvent are needed for accurate analysis. Next, the sample is allowed
to equilibrate to the measurement temperature, as temperature variations can impact the

viscosity of the solvent, and consequently the accuracy of the size measurements.*’?

1.7.3.9 Methodology to evaluate the drug loading percentage

The percentage of PIP and TQ loaded within a biopolymeric vehicle was determined
spectrophotometrically. PIP has known absorption maxima at 342-344 nm and.!”® TQ is
characterized by the presence of one prominent peak (Amax) at 254-257 nm regarded as a
distinguishing peak for quinones.}”® During the purification of a sample, through
ultracentrifugation, the supernatant was collected and the absorbance of supernatant was
measured. The concentration of therapeutics i.e. PIP and TQ were assessed from the calibration
curve of [(Absorbance) Amax]pip vs. PIP concentration and [(Absorbance) Amax]tq VS. TQ

concentration respectively (figure 1.4 and 1.5). The drug loading content (DLC) and drug
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loading efficiency (DLE) were assessed by following equations.” Effective concentration of

PIP and TQ were also measured spectroscopically and calculated from calibration curves.

Whotal drug — W free drug

DLC (%) = X 100, ..+, (1.4)

W drug loaded vehicle

W total drug — W free drug
DLE (%) = X200 e, (1.5)
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Figure 1.4: Calibration curve of thymoquinone.

18 ®
16 :
14

12 e

Absorbance

08 e
06

0.4 |

02 .

0 2 4 6 8 10

Concentration (ug/ml)

Figure 1.5: Calibration curve of piperine.
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1.7.3.10 Methodology to determine drug release profile

The rate of release of PIP and TQ from the sample was determined by the dialysis method."®
Purified nanocomposite suspension was taken in a dialysis bag which was dipped in a beaker
containing PBS. Dialysis was allowed under gentle stirring for 100 hrs at 37°C. At different
time intervals, 1 mL solution was withdrawn followed by refilling the volume by adding fresh
PBS into the beaker. The amount of released therapeutics (PIP or TQ) in the withdrawn aliquot
was evaluated by measuring absorbance and then by estimating the corresponding
concentration from the calibration curve of therapeutics (figure 1.4 and 1.5)

1.7.4 Methodology to assess antibacterial activity

1.7.4.1 Determination of MIC, MBC, and tolerance level

The antimicrobial activities of synthesized materials were evaluated against different Gram-
negative and Gram-positive bacterial strains by colony counting method.’” To evaluate the
antimicrobial efficacy minimal inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) were assessed. The concentration of an antibacterial agent that causes
complete growth inhibition of a bacterial population during 18 to 20 hrs of incubation is defined
as MIC, whereas MBC refers to the concentration that is responsible for 99.9% killing of the

bacterial population under the same incubation condition.”®

To evaluate the antibacterial properties, different concentrations of samples were added to this
fresh bacterial culture (5 x 10° CFU ml™) containing nutrient broth (5 ml) and allowed to
incubate on a rotary shaker for 18 hrs. Finally, to measure the growth inhibition, an equal
amount of treated culture was withdrawn and serially diluted. Microbial growth was assessed
and compared with control after plating the diluted culture on nutrient agar plates followed by
overnight incubation. Each experiment was done thrice and strictly performed in a bio-safety

cabinet. The mortality percentage of bacterial strains was calculated using the equation.*”
M (%) = [(C-T)CTXL00 ...t e e e (1.6)

Where M represents the mortality percentage of bacteria, C is the mean number of bacterial
colonies observed on the control plate, and T represents the mean number of colonies observed

on the treated plate.

The tolerance levels of each bacterial strain against our samples were determined by the MBC

and MIC values of our experiments. High tolerance demonstrates a reduced susceptibility to
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antibacterial agents. Tolerance level (MBC) / (MIC) gives a clear indication of the

antimicrobial potential.1&
1.7.4.2 Agar well diffusion study

In the agar well diffusion study, the bacterial strain was allowed to grow until the turbidity of
the culture reached 0.5 McFarland standards. Then 100 pL of this bacterial culture was spread
on the entire agar surface of the plate filled with 30 mL of Mueller Hinton Agar. Afterward,
agar wells were made in each plate having a diameter of approximately 0.563 cm. Antibacterial
materials at their respective MBC concentration were transferred into the agar wells separately
and were allowed to incubate overnight at a temperature of 37°C. The antibacterial agent
diffuses through the agar medium and inhibits the growth of test bacteria. At the end of the

incubation, the zone of inhibition was measured and recorded.®!
1.7.4.3 Time dependent antibacterial study

For the time-dependent colony counting method antibacterial films were added to the bacterial
culture (cell density 10" CFU mL™) containing 5mL nutrient broth and incubated on a rotary
shaker at 37 °C. Finally microbial growth was assessed by plating the treated culture on nutrient
agar plates after 2, 4, 12 and 24 hrs. The microbial culture without any antibacterial films was
considered a control. In the case of control, after the incubation, the inoculum was plated on a
nutrient agar plate and bacterial colonies were counted after 24 hrs. The antibacterial efficacy

was calculated using the previously mentioned equation 1.6.
1.7.4.4 Agar diffusion study

For the agar-diffusion method, 100 uL of overnight grown bacterial culture (cell density 10’
CFU mL™) was dispersed over the petri dish. The antibacterial films were positioned on the
petri plate containing solid media with direct contact with the surface. Then the plates were
incubated at 37 °C overnight.!82

1.7.4.5 Estimation of bacterial reactive oxygen species (ROS)

To evaluate the bacterial ROS (reactive oxygen species) generation DCFH2-DA (2, 7 -
dichlorodihydrofluorescein diacetate) dye was used and fluorescence intensity was measured
using a spectroscope (Hitachi, Japan). The DCF-DA dye reacts with intracellular ROS after
cell penetration which generates a bright green fluorescent compound, dichlorofluorescein

(DCF). Finally, the intensity of this green fluorescence was measured spectroscopically by
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using a fluorescence microscope (DM 2500, Leica, Germany) at wavelengths of 485 nm

(excitation) and 520 nm (emission).!8
1.7.4.6 Bacterial cell morphology study by FESEM

To evaluate the bacterial cell morphology FESEM was used. FESEM micrographs of control
or untreated bacterial cells, as well as treated cells (exposed to MIC dose of the respective
sample), were studied. To prepare a bacterial sample for FESEM, the bacterial broth was
centrifuged and washed the pellet with phosphate buffer saline thrice. After that, the cells were
fixed in 2.5% glutaraldehyde in PBS buffer for 1 hr. After that cells were rinsed in PBS and a
pellet was collected by centrifugation. Then serial dehydration was achieved using a graded
ethanol series (30%, 50%, 70%, 80%, 90%, and 100%) and incubated for 10 minutes in each
concentration of ethanol. Finally, the samples were air-dried in a biological safety hood and
FESEM analysis was performed to study cell morphology.*8*

1.7.5 Methodology to assess anticancer activity

1.7.5.1 Methodology of cell culturing

Cells were grown in Dulbecco’s modified eagle’s medium (DMEM) supplemented with
antibiotic antimycotic solution (100 unit/mL) and 10% fetal bovine serum. The cells were
maintained in a humidified COz incubator at 37°C temperature in 65 mm petri plates and were
allowed to grow up to 80% confluency. After that the growth media was discarded, cells were
washed once with prewarmed phosphate buffer saline (PBS) and were trypsinized using 1X
Trypsin-EDTA (0.25% Trypsin and 0.2% EDTA). The percentage of viable cell number was
calculated by haemocytometry and the desired number of cells was seeded in well plates for

subsequent experiments.
1.7.5.2 MTT assay

The anticancer activity of synthesized samples against different cancer cell lines was
investigated by MTT assay.’®® Cell-permeable MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-tetrazoliumbromide] is broken by active mitochondrial dehydrogenase enzyme of
live cells, resulting in purple formazan crystals that are soluble in dimethyl sulfoxide (DMSO)
or acidified isopropanol. The intensity of the resulting purple-coloured solution can be
measured spectrophotometrically by measurement of [(Absorbance)szonm] Which correlates to
the percentage of living cells in a cell population. For this study, cells were seeded at a
concentration of 3x10° cells/well in a 24-well plate. After proper attachment of the cells, cells
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were treated with different concentrations of samples for subsequent 24 hrs. After treatment,
the media containing the anticancer agent was discarded, cells were washed with prewarmed
PBS and were incubated with 200 pL MTT solution (dissolved in DMEM at a concentration
of 250ug/mL) for 4 hours in the dark at 37°C. Finally, MTT was discarded and the formazan
crystals were dissolved in DMSO. The [(Absorbance)szonm] of the solution was measured.
Percent cell survivability for different treatment groups was expressed with respect to control

cells.

Cell survivability (%) = 100 x [(Absorbancesronm) control — (Absorbanceszonm) treated /
(Absorbances7onm) CONTIOIT 0........ociiiiiiiiiieee s .7

1.7.5.3 Intracellular ROS estimation

The intracellular reactive oxygen species (ROS) content of cells after treatment with
synthesized samples (at 1Cso dose) was studied by fluorescence microscopy technique, using
2',7'-dichlorodihydrofluorescein diacetate (DCFH2-DA) fluorescent dye. DCFH2-DA is cell
permeable, which upon entry into cells gets deacetylated by cellular esterases to DCFH, which
then gets oxidized to highly fluorescent DCF by intracellular ROS. Thus, the extent of DCF
fluorescence directly correlates to the ROS content of cells. For this study same experimental
steps from seeding of the cells, their attachment, drug treatment (at 1Cso dose), and washing
with PBS were followed as described previously in 1.7.5.2. The cells were then incubated with
DCFH,-DA (10 um) at 37°C in the dark for 30 mins. The stained cells were then washed several
times with ice-cold PBS and images were captured using a fluorescence microscope. The
fluorescence intensity of the cells was measured using ‘Imagel’ software. Experiments were
done in three replicates and from each treatment group, 10 different images were taken. From
each snap, the actual fluorescence intensity of cells (15-20 numbers) was measured by
subtraction of background intensity. 18

1.7.5.4 Intracellular NADPH and GSH assay

Intracellular GSH (Glutathione) and NADPH (Nicotinamide Adenine Dinucleotide Phosphate)
sensing assay were performed. GSH-Glo™ Glutathione Assay kit (Promega) is used to
measure GSH content and Amplite™ Fluorometric NADPH Assay kit (Advancing Assay &
Test technologies [AAT] Bioquest, USA) is used for NADPH measurement with the aid of

microplate reader (Bio-Tek).
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1.7.5.5 Determination of mitochondrial membrane potential (MMP)

The MMP of treated cells was studied by fluorescence microscopy technique, using Rhodamine
123 fluorescent dye. Rhodamine-123 is a cationic dye that distributes along the inner
membrane of the mitochondria of cells and its binding is proportional to the potential of the
membrane. Alternation of membrane potential of mitochondria affects the amount of binding
of this dye to the membrane and thus gets reflected in its fluorescence intensity which can be
used to measure the MMP of the cells.*® In our study same steps as described in 1.7.5.3 were
followed with only exception of staining the cells with Rhodamine 123 (5 uM) at 37°C in the

dark for 20 mins.
1.7.5.6 Analysis of nuclear damage by Hoechst staining

The degree of nuclear damage of treated cells was studied by fluorescence microscopy
technique, using Hoechst 33342 fluorescent dye. Hoechst 33342 is a nucleic acid binding stain,
and its uptake gets increased in decondensed chromosomal DNA present in apoptotic cells.
Thus, its level of fluorescence signifies the degree of cellular nuclear damage and apoptosis. &’
For this study same steps as described in 1.7.5.3 were followed with only the exception of
staining the cells with Hoechst 33342 (5 pg/mL) at 37°C in the dark for 15 mins.

1.7.6 Methodology to assess In vivo hepatoprotective properties

1.7.6.1 Animal preparation

The experiments were performed on Swiss albino mice with 23-27 gm of body weight obtained
from CPCSEA, an approved animal house (Registration No. 50/CPCSEA/1999). All animals
were kept in large, clean, polypropylene cages in regular standard laboratory conditions (20+2
°C temperature, relative humidity 50-60%, 12 hrs light and dark cycle). As diet normal food
pellets were provided by Hindustan Lever, Kolkata, and water ad libitum. Before the
experiment, initially, the animals were acclimatized for 7 days. body weights of each mouse
were routinely measured. Ethical issues, scientific animal care, and all experiments used in this
study were performed according to the guidelines recommended by the Committee for Control
and Supervision of Experiments on Animals (CPCSEA), Chennai, India and also approved by
the Institutional Animal Ethics Committee (Approval No. JU/IAEC-24/75).
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1.7.6.2 Methods of animal sacrifice, serum preparation, blood and tissue

collection, cell lysis

Euthanasia is performed when an animal is required to be sacrificed at the termination of an
experiment. The procedure should be carried out by introducing 100% carbon di-oxide (COz)
into a bedding-free cage causing unconsciousness and followed by death within 2.5 mins. At
the end of the treatment, the mice were allowed to survive overnight with a fasting condition
and were sacrificed the next day by CO. overdose. The liver tissue was collected after the
removal of blood and tissue fluid. Liver weight was recorded and kept for further experiments.
The blood samples were collected by retro-orbital and cardiac puncture techniques in an EDTA
container. After that, all the anticoagulant mixed blood samples were preserved from all
experimental groups and used for the haematological study. The remaining part of the blood
was centrifuged at 5000 rpm for 6 mins for the separation of serum and it was utilized for the
analysis of biochemical assays (SGOT, SGPT, ALP, AST, ALT, etc.). Collected liver tissue
was properly washed with chilled PBS, and then ice-cold PBS was added. Then the liver tissues
were cut into smaller pieces. The tissue was homogenized after adding ice-cold RIPA (1X)
lysis buffer. Homogenized tissue was allowed to be kept on ice for 30 mins. Lysed tissue
extract was then sonicated to break the cells up.

1.7.6.3 Biochemical Analysis

a) Haematological study

Haematological parameters deal with the study of blood in different health issues where the
liver performs a crucial role. Previous research studies reported that haematological
abnormalities such as anaemia, platelet aggregation, and thrombocytopenia are associated with
various liver dysfunctions. All EDTA-anticoagulated blood samples were used to perform
haematological studies.

» Haemoglobin Estimation

To measure the haemoglobin, we used a spectrophotometric method called
cyanmethemoglobin or haemoglobin cyanide method with Drabkin’s reagent (introduced by
Drabkin and Austin in 1935). At first, blood was mixed well with Drabkin’s solution
(containing potassium ferricyanide and potassium cyanide) and allowed to stand at 25°C for 5
mins. A reagent containing potassium ferricyanide oxidizes haemoglobin to form

methaemoglobin. The methaemoglobin further reacts with potassium cyanide to develop a
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stable red-coloured complex i.e. cyanmethemoglobin. The absorbance is measured at 540 nm

which is directly proportional to the quantity of haemoglobin present in the blood sample.'8®

> Platelet Estimation

We used platelet diluting fluid containing neutral formaldehyde, sodium citrate, and brilliant
cresyl blue in deionized water to measure the platelet. To count platelets, a haemocytometer
was used. Platelet count was performed in diluted blood samples by the number of cells / mm?
of whole blood.**

> Total count of RBC and WBC

Both RBC and WBC counts require Neuberger’s counting chamber, microscope, RBC and
WABC diluting fluid, and special pipettes for diluting blood. For quantification of RBC, blood
samples were diluted to 1:200 with RBC diluting fluid (Hayem's Fluid) which fixed the red
blood cells without any damage. For quantification of WBC, blood samples were diluted to
1:20 with WBC diluting fluid (2% v/v acetic acid solution) which lyses the red cells, leaving
only the WBC visible. After that cells were counted under a high power (40X) objective lens
by using a Neubauer’s chamber (Neubauer haemocytometer). The number of cells was

calculated as the number of cells / mm? of whole blood.'*!
b) Liver Function Test (LFT)

Liver function tests were evaluated to assess liver function and diagnose hepatic disease
following the standard protocol mentioned in 1.7.6.3 (b) subsection. These blood tests measure
the levels of certain liver enzymes, proteins, and other components made by the liver. The liver
helps in the detoxification of several metabolites, production of proteins and digestive
enzymes, regulation of red blood cells (RBCs), clearing bilirubin, and glucose storage and
production. LFT includes evaluation of aspartate aminotransferase (AST), alanine
aminotransferase (ALT), alkaline phosphatase (ALP), total bilirubin, total protein, albumin
level in blood. Bilirubin is a major yellow-coloured toxic metabolite of various heme-
containing proteins (haemoglobin) which need safe detoxification from the body.'%%1%
Bilirubin test estimated the amount of bilirubin in the serum. Bilirubin is a very distinctive
marker that is included in biochemical assays for hepatic disorders. Bilirubin is present in the
blood circulation both as an unconjugated insoluble form (indirect bilirubin) and soluble (direct
bilirubin) form. If bilirubin cannot be released properly, it accumulates in the body which
indicates liver dysfunction. ALT, ALP, and AST are very crucial liver enzymes and a valuable

diagnostic tool to assess liver dysfunction. Aspartate aminotransferase is an enzyme found in
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the liver, heart, pancreas, and kidneys, muscles.’® In the case of hepatic disorder, AST is
released into the bloodstream resulting in elevated levels of the enzyme. Alanine
aminotransferase is a liver-specific enzyme. Elevated levels of ALT in the circulation specify
liver damage which makes it an efficient indicator of hepatic health.® Alkaline phosphatase
is an enzyme present in the liver and bones. Elevated levels of ALP in the blood also indicate

a liver disorder.1%

» Estimation of serum SGOT and SGPT

At first serum aspartate aminotransferase or glutamate oxalate transaminase (SGOT) buffer
(0.1 M PBS+ 0.1M L aspartate + 2mM a ketoglutarate) and alanine aminotransferase or serum
glutamate pyruvate transaminase (SGPT) (0.1M PBS+ DL alanine + 2mM a ketoglutarate)
buffer were prepared. 20uL serum was added to 100 pL individual buffer solution, then mixed
well and incubated at 37°C for 30 mins. Then 100 pL of 2,4-dinitrophenylhydrazine was added
with the mixture and incubate for 25°C for 20 mins. Then 0.5 mL of 0.4 N NaOH was added
to the mixture solution again to stop the reaction and then measured the OD value after 5 mins.

7SGOT and SGPT enzyme activity was expressed as umol /mg protein.
» Methods of Alkaline Phosphatase (ALP) measurement:

In this study, 50uL tissue homogenate was added with 0.5mL of alkali buffer substrate (0.05M
glycine buffer containing 5.5 mM PNPP, pH 10.5) and incubated for 30 mins at 37°C. Then 5
mL of NaOH (0.02N NaOH) was added to the mixture and the OD was recorded at 400nm,

after 5 mins. ALP activity was determined as umol/mg protein.'%

» Measurement of total protein:
Protein was estimated by the Lowry method.!%®
» Estimation of Bilirubin:

A Bilirubin assay kit from Sigma-Aldrich was used to measure the bilirubin level. Bilirubin
present in blood serum reacts with diazotized sulfanilic acid to develop a colorimetric
compound that can be measured in 530 nm. This bilirubin assay kit is based on the Jendrassik-

Grof method and can measure total and conjugated bilirubin.?%

> Measurement of Albumin:

At pH 4.0~4.2, bromocresol green (BCG) and albumin can interact to generate the yellowish-

green albumin-BCG complex. The amount of albumin present is directly correlated with the

28|Page


https://www.sciencedirect.com/topics/medicine-and-dentistry/alanine-aminotransferase
https://www.sciencedirect.com/topics/medicine-and-dentistry/alanine-aminotransferase
https://www.sciencedirect.com/topics/medicine-and-dentistry/alkaline-phosphatase

Chapter 1

depth of yellowish-green. The OD value at 628 nm can be used to calculate the serum albumin

concentration.20!

1.7.6.4 Methods of oxidative stress measurement

Oxidative stress biomarkers are valuable diagnostic tools to assess liver dysfunction. Oxidative
stress adversely affects some crucial cellular components like proteins, lipids, and DNA and
modulates their functional potentials. Protective activities against oxidative stress are
performed by several enzymes and nonenzymatic compounds which involved in maintaining
redox balance in cells. ROS accumulation is elevated when the capacity of this antioxidant
system declines. These are superoxide dismutase, catalase and glutathione peroxidase,

tocopherol, ascorbic acid, vitamin E and glutathione etc.?%

a) Estimation of lipid peroxidation

To estimate the lipid peroxidation level in cell TBA assay (thiobarbituric acid assay) was
employed. An important by-product of lipid peroxidation, malonaldehyde (MDA) is generated
which can be considered as a biological marker of oxidative stress-mediated lipid peroxidation.
Aldehyde-like MDA can be identified by reacting with TBA which produces a pink-coloured
substance with absorbance at 532 nm. First of all, TCA-TBA-HCL reagent was prepared where
TBA was dissolved in 0.25N HCL. After that, cell lysate was centrifuged (14000 rpm for 15
mins at 4°C) to obtain supernatant. 200 pL TCA-TBA-HCL mixture was added to 100 uL of
tissue supernatant and the mixture was allowed to boil in a water bath for 15 mins. After
cooling, the absorbance of the solution was observed at 532 nm. The MDA concentration of
the sample was estimated using the extinction coefficient of 1.56x10° M cm,203

b) Estimation of superoxide dismutase (SOD)

1mM diethylene triamine penta-acetic acid was added with 3 mL Tris buffer (50 mM, pH 8.2)
and 45 pL pyrogallol mixture (10 mM Pyrogallol added in 10 MM HCL). Then 10 uL of tissue
supernatant (after suitable dilution) was mixed with an aliquot of assay solution prepared
earlier. An increase in absorbance was noted at 420 nm due to auto-oxidation of pyrogallol
using a spectrophotometer. SOD activity was expressed as units/milligrams of protein.?%

c) Estimation of catalase (CAT)

Catalase assessment is based on the degradation of H>O. by catalase present in tissue
homogenate. The tissue CAT activity was measured using the standard protocol described by
Mahapatra, et al. First 0.1 mL supernatant of tissue homogenate was added with 2.9 mL

phosphate buffer and the mixture was transferred in a cuvette used as a control. In another
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cuvette 0.1 mL supernatant of tissue homogenate was also added with 1.9 mL phosphate buffer.
Then it was mixed immediately with 1 mL H20; solution. Then the absorbances at 240 nm

were measured thrice at 30 s intervals to determine the activity.?%

d) Estimation of intracellular reactive oxygen species

A fluorometric assay was used to estimate ROS level (Reactive Oxygen Species) in
hepatocytes by using the chemical 2',7" -dichlorodihydrofluorescein diacetate (DCFH-DA).
Nonfluorescent DCFH-DA dye subsequently oxidized into a strong fluorescent compound
DCF in the presence of intracellular ROS. The fluorescence intensity of DCF is the quantitative
indicator of accumulated intracellular ROS. For the assay, cell lysate from liver tissue was
centrifuged at 10,000 rpm for 10 min at 4°C. The supernatant was collected and 1 uLL of 10 Mm
DCFH-DA was added into 200 pL supernatant containing 800 pL water. The mixture was
allowed to incubate at 37°C for 2 hrs under dark conditions. Finally, fluorescence intensity

was measured with excitation and emission wavelengths set at 485 and 530 nm respectively.2%

1.7.6.5 Histopathological study

Tissue histology refers to the examination of tissue morphology of the organ. For histological
examination liver was excised, rinsed, and dried using tissue paper. Then the organ was
weighed and fixed in neutral formalin buffer solution (10%), dehydrated through a graded
alcohol series (50-100%), cleared in xylol, and passed through paraffin series before finally
embedded in paraffin for block preparation. From the paraffin block tissue slide was prepared
by microtome. Finally, the section was stained with hematoxylin and eosin (H & E) dye and

examined to observe histopathological changes under a light microscope.?’
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Summary

Biopolymers have become highly considerable for their inherent pharmaceutical and
biomedical applications. Our study reported the synergistic antimicrobial and anticancer
potentials of thymoquinone and piperine incorporated guar gum bio composite. Natural
therapeutics like piperine and thymoquinone exhibited less effectivity in human medical trials
due to their hydrophobicity leading to poor clinical efficacy. To overcome this problem, we
have developed a delivery strategy by introducing guar gum, a natural biodegradable
biopolymer. The successful tagging of phytochemicals with the biopolymer were confirmed by
characterizations using different biophysical methods such as XRD, FTIR, FESEM, and UV-
Vis spectra analysis etc. We reported a significant decrease in minimum inhibitory
concentration (MIC) value as well as synergistic bactericidal activity against four different
bacterial strains and also observed remarkably low ICso value against human hepatocellular
carcinoma cell lines along with pH-responsive delivery of therapeutic in the case of
combinatorial dose. In our overall study, we determined, analysed and discussed the structure,
efficacy, and delivery strategy of our designed natural therapeutic amalgamation to pave the
way for augmenting the use of phytochemicals in successful medical applications.
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2.1 Introduction

Natural therapeutics have been very much popular in revolutionizing different biomedical
applications and exert antimicrobial, anti-inflammatory, and anti-cancer potentials because of
their effective outcomes and almost no side effects.?%8212 pathogens have acquired varied
mechanisms to combat the currently available conventional antibiotics and expand as multi-
drug therapeutics resistant forms.?'® Therefore, combinational therapy of these phytochemicals
can be an intelligent therapeutic strategy in the field of applied and therapeutic sciences.?'4-2%
Thymoquinone (IUPAC name: 2-isopropyl-5-methyl 1,4-benzoquinone), a major bioactive
component of Nigella sativa, a plant of Ranunculaceae family is also known as black cumin
(kala jeera).?'® Piperine is extracted as a bioactive amide alkaloid constituent from the Piper
nigram plant of the Piperaceae family.'® Thymoquinone and piperine exhibit potent activity
against a wide range of microorganisms and play an important subject in the fields of
antimicrobial treatment like other therapeutic modalities.’>>?'" The present experiment was
aimed to study the synergistic combinational therapeutic potency of thymoguinone and piperine
and their biomedical application. Studies revealed that the mode of action of a single
antimicrobial drug differs from that of the same drugs when applied in combination with

others.?18

It has been reported that thymoquinone possesses hepatoprotective, antidiabetic, antifungal,
anticancer, and neuroprotective properties.?®?% It is well established that the functional
mechanism of thymoquinone is to alter the biochemical reactions associated with the reactive
oxygen species (ROS) generation.?® Cellular In vivo studies revealed that thymoquinone
induces activities of certain antioxidant enzymes glutathione transferase, superoxide dismutase
(SOD), quinone reductase, glutathione (GSH). Thus, thymoquinone has a potent antioxidant
property by inhibiting lipid peroxidation and preventing the generation of ROS.26:2%
Therefore, thymoquinone exerts a dual function, both antioxidant and pro-oxidant. Piperine is
used as a remedy to cure inflammation, diarrhea, fungal infections, etc. The IUPAC name of
piperine (C17H19NO3 ) is 1-(5-[1,3-benzodioxol-5-yl]-1-0x0-2,4-pentadienyl) piperidine which
is bestowed with extensive pharmacological outputs including analgesic activity, antithyroid
activity, antimutagenic activity, antimetastatic activity, hepatoprotective, diuretic and anti-
asthmatic activity, etc.??2?% The important phytochemicals present in piperine are some
flavonoids and phenolic contents that inhibit reactive oxygen species, lipid peroxidation, and

free radicals.??
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Despite all these promising biomedical properties, the application of thymoquinone and
piperine is arrested due to several difficulties.??>?%" These two natural therapeutics have been
proven to be lipophilic, thus very poorly soluble in aqueous media, restricting its therapeutic
and biomedical applications.#”?2® This hydrophobic nature causes hindrance in the effective
formulation may lead to unstable end products. Generally, hydrophobic components with poor
bioavailability result in lowering the amounts of therapeutics in the target site when used in
clinical trials.?1%228 To increase the stability of the drug, biopolymeric carrier systems can be
employed which is capable of delivering the therapeutics to the target cells effectively.?2%2%0
One of the most stable carrier protocols, used to transport both hydrophilic and hydrophobic
agents, is micro or nano-particle.2% In our study, we used guar gum as vehicle loaded with
piperine and thymoquinone individually and in combination. Guar gum, a natural hydrophilic
nonionic polysaccharide is derived from the seeds of Cymompsis tetraganolobus of the
Leguminaceae family.?® Bio composite formed of biopolymers have long been employed as
vehicles in natural therapeutic delivery due to their unique non-toxic, non-immunogenic,
biocompatible, biodegradable, and rapid hydration properties.®> Due to very high molecular
weight, which ranges from 200,000-300,000 Da, guar gum can form highly viscous aqueous
colloidal dispersion even in cold water.82** The guar galactomannan has a distinctive character
of imbibing a large quantity of water which makes a highly viscous solution of guar
polysaccharide.?3#%*> Being a natural polymer guar gum is appealing for use in natural
therapeutic delivery because of its biocompatibility, nontoxicity, and biodegradability.?3®

Our present experiments with the combinations of natural therapeutics lead to damage to
bacterial cell wall integration which might have caused due to excessive ROS generation or
altered signalling pathway results in improper cell wall synthesis in both Gram-positive and
Gram-negative bacterial strains. Thymoquinone and piperine have an impact on altered cellular
metabolism inhibiting proliferation and metastasis of cancer cells. Reactive oxygen species
(ROS) generation plays a crucial role in the maintenance of the redox balance in most cancer
cells and an elevated ROS level may promote oxidative damage leading to cellular
abnormalities or death.?” Thymoquinone had been proven to induce cell apoptosis by
increasing caspase-3 activity.?®® Caspases are one type of protease enzymes that amplify the
apoptotic signalling pathway which results in cell death due to their proteolytic activity.?3%24
Induced by some initiator caspases (caspase-8, caspase-9, or caspase-10), caspase-3 mediates
fragmentation of DNA within the nuclei and cytoskeletal protein degradation.?** It has been

postulated that in anticancer treatment, the activity of some drugs and bioactive compounds is
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enhanced by the use of piperine.?*? Plant-derived bio-enhancers are responsible for enhancing
the efficiency of some drugs having less bio-availability or in the case of long-term drug
administration.?*® In the current study, we investigated the combinatorial effect of

thymogquinone and piperine on bacterial cells as well as HepG2 cells.

Our study is aimed at using phytochemicals having potent antibacterial and anti-cancer
properties individually or in combination. Here we have studied the effect of thymoquinone
(TQ) and piperine (PIP) loaded guar gum composite (GG) on the prokaryotic and eukaryotic
systems. The guar gum capped TQ and PIP (GG-PIP-TQ) has a promising synergistic effect
against Gram-positive (E. faecalis, S. aureus) and Gram-negative (P. aeruginosa, E. coli)
pathogenic bacterial species. In this study, we investigated the antimicrobial as well as
anticancer activities of these two therapeutics against human hepatocellular carcinoma cell
lines. Thus, the development of these natural therapeutics has the potential to emerge as an

effective dual therapeutic agent.

2.2 Experimental section

2.2.1 Synthesis procedure

Synthesis of GG was carried out by a simple procedure in aqueous media. Initially, 0.1% (w/v)
GG solution was prepared by dissolving powdered GG in lukewarm Milli-Q water and was
vigorously stirred for 24 hrs. The solution became thick after the complete dissolution of the
gum which was then dried in a desiccator at 60°C temperature. The dried sample was then
collected and after cooling mortared for finer grains. The sample was then named as GG and

sent for characterizations.

To synthesis therapeutic loaded bio composite, first, 0.1% (w/v) GG solution was prepared in
lukewarm Milli-Q water and dispersions were allowed to homogenize under vigorous stirring
conditions for about 24 hrs. TQ solution (prepared in DMSO at a concentration of 1 mg mL?
and sonicated) was prepared and added to gum solutions and was allowed to stir for 24 hrs.
The obtained sample was centrifuged at 10,000 rpm for about 10 mins and washed three times.
These solutions were then dried at 60°C in a vacuum desiccator. Finally, the dried sample was
mortared in an agate mortar to obtain finer grains. The same procedure was followed to prepare
GG-PIP. We combined GG with TQ/PIP in different ratios, but the best solubility as well as
the best results were observed in the ratio of 6:4 which was carried by our overall study ignoring
other ratios. To prepare GG-PIP-TQ, same procedure was followed except that TQ and PIP

both were added dropwise to the GG solution randomly in different ratios. As solubility in

34|Page



Chapter 2

water is regarded as an important criterion of biological samples, the solubility of all the
samples was measured in water. The results suggested that the ratio of 6:2:2 showed the best

solubility in water. Hence this ratio was chosen.
2.2.2 Statistical analysis

All experiments were performed in triplicate and data were presented as mean + standard
deviation (SD) for each set of experiments. Single factor one-way statistical analysis was
performed using ANOVA. To determine statistical significance, value of p < 0.05 was

considered to indicate significance or otherwise mentioned.

2.3 Results and Discussion

2.3.1 Physical Characterizations
2.3.1.1 Fourier transform infrared spectroscopy (FTIR) analysis

As figure 2.1 (a) the FTIR spectrum revealed GG absorption peak, spectra around 3328cm™ is
due to O—H stretching vibration of water and gum (polymer) and 772 cm™ is attributed to (1-
4),(1-6) linkage of galactose and mannose respectively, the absorption bands at 2922 cm™ (C—
H stretching of CH: group), 1644 cm™ (ring stretching of mannose) and 1020 cm™(-CH;
twisting vibration).8>24424° The presence of the characteristic peaks of TQ at about 1654 cm™
(C=0 stretch) and 1376 cm™ (C—H methyl rock) established that TQ is successfully attached to
the GG.2*® The presence of absorption peak due to aliphatic C—H stretching around 2942 cm
(GG-PIP) and 2942 cm™ (GG-PIP-TQ) are attributed to the presence of PIP.?> When we
analyzed and compared the FTIR spectrum of GG-PIP, GG-TQ, and GG-PIP-TQ we found that
they show similarities to their corresponding therapeutics indicating that they successfully
attached to the polymer without any change of their chemical properties.

35|Page



Chapter 2

20 30 40 50 60 70 80

180 ) . ) . : .
a T T T T T
(a) ] GG-PIP-TQ (b) ——GG-PIP-TQ
160 - JM
Q
g 1404 GG-PIP - ——GG-PIP
© =
b= 1 p
£ -
g 1201 GG-TQ > A,J \
© 4 —
o 100+ s —GG-TQ
. GG IS
80

¥ T v T ¥ T v T ¥ T ¥ T ¥ GG
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber ( cm'1)

20 30 40 50 60 70 80

20 (degree)

Figure 2.1: (a) FTIR analysis of GG, GG-TQ, GG-PIP, GG-PIP-TQ (b) XRD patterns of GG,
GG-TQ, GG-PIP, GG-PIP-TQ.

2.3.1.2 X-ray diffraction (XRD) study

The incorporation of natural therapeutics in the gum vehicle was confirmed by XRD spectra
are shown in figure 2.1 (b). The diffraction patterns of four samples (GG, GG-TQ, GG-PIP,
GG-PIP-TQ) confirmed the incorporation of natural therapeutics in GG. GG exhibited a broad
hallow which indicates very small crystallinity while on GG-TQ also depicted low intensity
broader peak revealing its incorporation into the polymer matrix in the amorphous state. 244247
The XRD pattern of GG-PIP, as well as GG-PIP-TQ, indicated the similarity with the typical
pattern of PIP (JCPDS Card no: 00-043-1627).24

2.3.1.3 Thermal gravimetric analysis (TGA)

TGA thermograms of GG, GG-TQ, GG-PIP, GG-PIP-TQ are shown in figure 2.2(a). The
curves elucidate thermal stability and the decomposition rate. The degradation has completed
in two stages with increasing temperature. The initial decomposition involved a minimum
weight loss which is due to the evaporation of adsorbed surface water. According to the
thermogram, the initial degradation of mass at around 40-100°C is almost 6.4%, 6.4%, 8.26%
and 3.05% in case of GG, GG-TQ, GG-PIP and GG-PIP-TQ respectively. The second step of
sharp degradation is associated with the combustion of organic molecules present in the
sample. The second decomposition showed more significant weight loss which is about 51.92%
(temperature range 180-313°C) in GG, 65.69% in GG-TQ (temperature range 221-337°C),
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49.66% in GG-PIP (temperature range 215-322°C) and about 68% in GG-PIP-TQ (temperature
range 213-330°C). According to the thermogram GG-PIP-TQ showed least initial weight loss
up to 200°C temperature. On the other hand, GG-TQ and GG-PIP-TQ showed almost similar
total weight loss at 400°C.
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Figure 2.2: (a) TGA analysis (b) UV-Vis spectra of GG, GG-TQ, GG-PIP, GG-PIP-TQ.
2.3.1.4 UV Visible Spectroscopy

The optical behaviour of our formulated therapeutics was characterized by UV-vis
spectroscopy stated in figure 2.2 (b). UV-vis absorbance spectrum of GG did not show any
characteristic peak in its spectrum due to its UV inactiveness whereas GG-PIP and GG-TQ
exhibited prominent peaks at 342 nm and 248 nm respectively which confirm the successful
attachment of PIP in GG-PIP as well as TQ in GG-TQ. GG-PIP-TQ displayed two sharp peaks

at 262 nm and 343 nm which ascertained the successful incorporation of TQ and PIP.24°
2.3.1.5 Field Emission Scanning Electron Microscope (FESEM) analysis

The surface morphology of GG and GG-PIP-TQ are determined by the FESEM study. Figure
2.3 (a) showed FESEM image of GG which indicated a discontinuous and irregular structure
of GG whereas a noticeable change is observed in the case of GG-PIP-TQ (figure 2.3b)
indicating a clear attachment of natural therapeutics (PIP and TQ) with GG which confirmed

by the reduction of porosity of bio composite.
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Figure 2.3: FESEM analysis of (a) GG and (b) GG-PIP-TQ (c) TEM image of GG-PIP-TQ.
2.3.1.6 Transmission electron microscope (TEM) analysis

In TEM image, GG-PIP-TQ particles are appeared to be round shaped with about (600 £ 6) nm
in diameter shown in figure 2.3 (c). TEM image demonstrates spherical shaped mono-dispersed

particles.

2.3.1.7 Dynamic light scattering (DLS) study

Table 2.1: Represents the Hydrodynamic Diameter, Polydispersity Index and Zeta potential
of GG, GG-PIP, GG-TQ, GG-PIP-TQ.

Hydrodynamic Polydispersity Index Zeta potential

Diameter (nm)

176+3.4 0.16 12.34+2.8
197+3.8 0.24 14.54+1.4
204+2.2 0.27 11.34+2.4

GG-PIP-TQ 215+2.5 0.29 13.27+4.4

GG-PIP-TQ showed a zeta potential of 13.27+4.4 mV and hydrodynamic diameter of 215+2.5
(table 2.1). TQ or PIP loading do not alter the zeta potential drastically, but increases the

hydrodynamic diameter. The presence of therapeutics inside the matrix also increases the size
of the composite than the bare ones. The corresponding polydispersity index (PDI) values of
the samples are a quite low, suggesting that they form a homogenous solution that is desirable

for any biological application.
2.3.1.8 Loading percentage of natural therapeutic in GG

The loading efficiencies of any therapeutic in the vehicle depend on the molecular structure and
the interactions between the polymer vehicle and therapeutics used. The percentage of PIP and
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TQ loaded within GG was determined spectrophotometrically (as mentioned in subsection
1.7.3.9). The natural therapeutic loading profile stated that in GG, drug loading efficiencies of
TQ and PIP were 75% and 79%, respectively. The high natural therapeutics loading efficiency
IS due to the extensive large surface area of the composite material.

2.3.1.9 Release profile of natural therapeutic from GG

The rate of release of PIP and TQ from GG was determined by dialysis method mentioned in
subsection 1.7.3.10. Approximately 28% and 34% TQ release was observed from GG-PIP-TQ
after 12 hrs and 24 hrs, respectively at pH 7.4 whereas at pH 5.5, the corresponding release was
44% and 58% respectively. The release profile of PIP from GG-PIP-TQ after 12 hrs and 24 hrs
were 23% and 29% respectively at pH 7.4 whereas at pH 5.5, the corresponding release was
41% and 56% respectively. This controlled release of natural therapeutics is very much
effective to combat the problem of rapid elimination from the system as well as an increase in

therapeutic efficiency.?>
2.3.2 Evaluation of antibacterial activity

2.3.2.1 Determination of MIC and MBC

To assess minimum inhibitory concentration (MIC) and minimum bactericidal concentration
(MBC), different concentrations (50 pug/mL, 100 pg/mL, 200 pg/mL, 400 pg/mL, 600 pg/mL)
of synthesized composite were used against four bacterial strains i.e. Gram-positive S. aureus,
E. faecalis and Gram-negative E. coli, P. aeruginosa. The experimental procedure was
mentioned in subsection 1.7.4.1. To develop an alternative way to combat bacterial pathogens
and to minimize the adversity associated with the conventional antibiotics, PIP and TQ
incorporated GG were screened singly and in combination with each other to determine their
synergistic, additive, or antagonist interactions against S. aureus, P. aeruginosa, E. faecalis and
E. coli. Figure 2.4 showed that with increasing concentration of therapeutics the bacterial
growth was gradually decreasing which confirmed the antibacterial efficacy of therapeutic
loaded GG. This decrease is more significant in the case of Gram-positive bacteria.
Experimental results showed that MIC values were decreased in treatment with both TQ and
PIP i.e. GG-PIP-TQ against all four pathogenic bacterial strains which depicted in table 2.2.
Bare GG does not possess any antimicrobial property. Well diffusion study (figure 2.4e)
demonstrated that GG-PIP-TQ have prominent synergistic antibacterial activity against all four

pathogenic strains, especially against Gram-positive bacteria (S. aureus, E. faecalis).
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Figure 2.4: Analysis of antibacterial activity of GG, GG-PIP, GG-TQ, GG-PIP-TQ by MIC
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Staphylococcus aureus; (e) Well diffusion method indicating synergistic activity of GG-PIP-

TQ.
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Table 2.2: Represents MIC, MBC and Tolerance level of bacterial strains against GG, GG-
PIP, GG-TQ, GG-PIP-TQ.

Bacteria Sample MIC MBC Tolerance
Level
_ GG-PIP 33155 1160.43 35
_ GG-TQ  281.82 1018.55 3.61
_ GG-PIP-TQ 259.37  907.8 35
_ GG-PIP  397.65 1391.76 35
_ GG-TQ  309.66 1052.85 3.4
_ GG-PIP-TQ 244.88  883.57 3.6
_ GG-PIP 25373  867.76 3.42
_ GG-TQ  202.38  684.04 3.38
_ GG-PIP-TQ 184.71  600.30 3.25
_ GG-PIP 2451  808.83 33
_ GG-TQ  196.72 674.75 3.43
_ GG-PIP-TQ 178.89  572.45 3.2

2.3.2.2 Determination of tolerance level

Tolerance level is an important parameter which reflects the bactericidal capacity of natural
therapeutics. For a particular bacterium, if the MBC/MIC ratio is less than or equal to 4, then
are considered as a bactericidal agent. Table 2.2 stated that GG-PIP, GG-TQ, GG-PIP-TQ

shows bactericidal activity.
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2.3.2.3 Determination of ROS Generation
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Figure 2.5: Determination of bacterial ROS by DCFDA assay in (a) Pseudomonas

aeruginosa (b) Escherichia coli (c) Enterococcus faecalis (d) Staphylococcus aureus.

To estimate intracellular ROS generation 2, 7-dichlorofluorescein diacetate (DCFH2-DA) assay
was used where bacterial cells were treated with different concentrations (50pg/mL, 100ug/mL,
200 pg/mL, 400pg/mL, 600ug/mL) of GG, GG-TQ, GG-PIP, GG-PIP-TQ (as mentioned in
subsection 1.7.4.5). Reactive oxygen species (ROS) like peroxides, superoxide, hydroxyl
radical, singlet oxygen is generated by the inappropriate transferring of electrons to 02.24°
Bacterial cells are susceptible to raised intracellular ROS level which cause loss of cellular
integrity.?** We found a remarkable difference in the intracellular ROS generation between GG
treated and GG-PIP-TQ treated cells as shown in figure 2.5. Experimental data also showed
that when treated with GG-PIP-TQ, ROS accumulations were almost 2.5-3 fold higher than
control in case of all four bacterial strains. Our study indicated the efficacy of GG-PIP-TQ
which significantly increase intracellular ROS generation compared to GG-PIP and GG-TQ
treated cells in the case of all the four pathogenic strains confirming the synergistic activity of
combinational treatment.
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2.3.2.4 Bacterial morphology study by FESEM

CONTROL

TREATED

Figure 2.6: FESEM micrographs showing morphological characteristics of control and
treated (after treatment with GG-PIP-TQ) Pseudomonas aeruginosa, Escherichia coli,
Enterococcus faecalis and Staphylococcus aureus cells.

FESEM detected ultrastructural and morphological changes in bacteria after exposed to the
MIC values of synthesized composites as shown in figure 2.6. All untreated bacterial cells
looked undamaged with a smooth and intact surface morphology. GG-PIP-TQ treated bacterial
cells become uneven and distorted in shape. Red circled parts in FESEM images of treated P.
aeruginosa revealed shrivelled cellular surface and cell perforations whereas treated E. coli
cells appeared to be shrunk and deformed. Image of treated E. faecalis cells revealed cell
deformation with disintegrated cell surface whereas treated S. aureus cells appeared to be
deformed with perforated cell surface. Cell deformations and membrane damage confirmed
GG-PIP-TQ induced loss of cellular integrity in Gram-positive as well as Gram-negative

strains.
2.3.3 Assessment of anticancer activity

2.3.3.1 Cytotoxicity Study
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Figure 2.7: MTT assay on HepG2 cell line after treatment with GG, GG-PIP, GG-TQ, GG-
PIP-TQ.
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Table 2.3: ICso values of GG, GG-PIP, GG-TQ, GG-PIP-TQ.

Sample I1Cso Values
(ug/mL)

:

GG-PIP 61.24
GG-TQ 50.46
GG-PIP-TQ 48.03

The HepG2 cell viability was assayed by employing 3-(4, 5-dimethylthiazol-2-yl) -2, 5-

diphenyltetrazolium bromide (MTT) assay. The experimental procedure was mentioned in
subsection 1.7.5.2. The anticancer activity was examined after exposure to GG, GG-TQ, GG-
PIP, GG-PIP-TQ at the concentrations of 20pug/mL, 40ug/mL, 60pug/mL, 80pug/mL, 100pg/mL.
Untreated cells were considered as control. Figure 2.7 exhibited that GG-PIP, GG-TQ, GG-
PIP-TQ exerted a decrease in the cell survivability in a dose-dependent manner. On the other
hand, bare GG showed no such cytotoxic activity. Table 2.3 stated the significantly low ICso
value of GG-PIP-TQ against HepG2 cells compared to GG-TQ and GG-PIP.

2.3.3.2 Study of Intracellular ROS generation
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Figure 2.8: (a) Graphical representation of mean fluorescent intensity for ROS generation in
HepG2 cells (b) Fluorescence microscopic image of intracellular ROS generation in HepG2

cells.
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The generation of reactive oxygen species was estimated after treatment of HepG2 with GG,
GG-PIP, GG-TQ, GG-PIP-TQ at concentrations of 40ug/mL, 80ug/mL, 100ug/mL. The
experimental procedure was mentioned in subsection 1.7.5.3. Figure 2.8 (a) exhibited that
treatment with GG-PIP, GG-TQ, GG-PIP-TQ cause increase in ROS accumulation in a dose-
dependent manner. The fluorescence microscopic images clearly depicted the gradual
enhancement of green fluorescence intensity (figure 2.8 b). On treated with GG, GG-PIP, GG-
TQ, GG-PIP-TQ at their respective ICso dose, enhancement of ROS accumulation was
measured spectroscopically. Untreated control cells and GG treated cells displayed almost
similar fluorescence intensity. GG-PIP-TQ treatment resulted in generation of higher levels of
intracellular ROS which contributed to higher cell cytotoxicity and its anticancer properties

corroborating with the results of MTT assay.

2.3.3.3 Determination of NADPH and GSH level
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Figure 2.9: (a) Graphical representation of Intracellular depletion of GSH after treatment
with GG, GG-PIP, GG-TQ, GG-PIP-TQ. (b) Graphical representation of Intracellular
NADPH level after treatment with GG, GG-PIP, GG-TQ, GG-PIP-TQ.

In order to examine the intracellular antioxidant level in HepG2 cells on treatment with different
concentrations (i.e. 20pg/mL, 40ug/mL, 60pug/mL, 80ug/mL, 100 pg/mL) of GG, GG-PIP,
GG-TQ, GG-PIP-TQ, the intracellular GSH and NADPH levels were estimated following
standard protocol as described in subsection 1.7.5.4. The homeostasis of the ROS level is
critically maintained inside the cell and solely regulated by intracellular antioxidant levels
(NADPH and GSH) in mitochondria and cytosol.?>> NADPH and GSH play critical role to
protect cells from oxidative stress related damages. Glutathione reductase enzyme helps to
generate GSH from its oxidized form glutathione disulfide (GSSG). GSH to GSSG ratios are
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crucial for maintaining overall cellular health and function. NADP is a coenzyme which exists
in two forms, NADP+ (oxidized form) and NADPH (reduced form). NADPH/NADP+ ratio
counteract ROS mediated oxidative stress.?? In this experiment, the results (figure 2.9) exhibit
a drastic dose-dependent diminish in the percentage of GSH and NADPH levels on the exposure
of HepG2 cells to GG-PIP, GG-TQ and GG-PIP-TQ. Treatment with bare GG showed no such
decrease in GSH and NADH level while GG-PIP-TQ treatment exhibited a maximum decrease.
The intracellular depletion of NADPH and GSH levels suggest cellular redox imbalance
mediated cell death.
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Figure 2.10: Graphical representation of synthesis and general mechanisms for antibacterial

and anticancer mode of action of GG-PIP-TQ.

2.4 Conclusion

Several studies have been carried out to combat cancer progression and various infectious
diseases without any detrimental side effects. We used an inexpensive, abundantly available
natural biopolymer and assembled TQ and PIP with this polymer for synergism assay, which
overcomes the poor aqueous solubility of these natural bioactive compounds. In this regard,
GG-PIP, GG-TQ, GG-PIP-TQ have been assessed on four bacterial strains which are capable
of causing systemic infections in human. We have also evaluated the cytotoxic activity of our
samples against HepG2 cell line (figure 2.10). FTIR, XRD and UV-Vis spectroscopy data
clearly demonstrated efficient interaction as well as successful incorporation of therapeutics.
The solubility of hydrophobic TQ and PIP can be increased and optimum delivery can be
achieved by an appropriate combination of GG. Bare GG exhibited no such activity against
bacterial and cancer cells which was established by ROS estimation studies. We observed a
remarkable synergistic antibacterial activity by MIC, MBC, ager well diffusion and tolerance
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level study on four bacterial strains specially against Gram-positive bacteria. An effective
permeability barrier of Gram-negative bacteria results in the restriction of proper penetration
of bioactive phytochemicals through it. The tolerance level reflects the bactericidal capacity of
natural therapeutics as obtained from MBC/MIC ratio which is less than 4. Increased level of
bacterial ROS is observed possibly due to the effective penetration of natural therapeutics into
the bacterial cells that causes oxidative stress and acts as an ideal bactericidal agent following
bacteriostatic activity. Additionally, the pH-responsive release of natural therapeutic from
porous GG suggested that the TQ and PIP release in intracellular acidic pH of cancer cell (~
5.5) is faster than that of the normal physiological pH (~7.4). Previous study suggested that
also at acidic pH guar gum could retain stability.?>3 During incorporation of natural therapeutics
within gum, they form a covalent linkage between them. The possible reason behind the faster
release of therapeutic may be the breakage of the interlinking bonds at acidic pH, followed by
the release of therapeutics gradually. In case of HepG2 cells, increased ROS generation and
cytotoxic activity observed in MTT assay suggested that the natural therapeutics loaded
composite could exert encouraging anticancer activity. The elimination of NADPH and GSH
levels leads to oxidative stress-mediated cell death.?®* Estimated ROS, GSH and NADPH
content within the cells after treatment with GG-PIP, GG-TQ, GG-PIP-TQ indicated towards
the synergistic activity of TQ and PIP. GSH and NADPH levels were significantly decreased
when treated with GG-PIP-TQ indicating ROS liberation. Both antibacterial and anticancer
activities of GG-PIP-TQ implied that these two phytochemicals may activate each other’s mode
of action. Otherwise, one of them followed a mechanism that enhanced the activity of the other
natural therapeutics. The bio enhancing activity of PIP was proven to be effective in synergism
assay. The synergistic interaction between two drugs may lead to modified and more effective
binding mechanism for the active site or it may result in delayed efflux of accumulated
therapeutic complex out of the cell. Thus, combination of drugs often exerts their synergistic
effect in a particular species of microorganisms either by inhibiting the cell wall synthesis or
by triggering its lysis. By calculating the tolerance level of bacteria and the 1Cso value in case
of HepG2 cells, this new amalgamation of TQ and PIP with biopolymer GG suggested a
remarkable synergistic effect. The pH-responsive release of therapeutics is advantageous for
cancer therapy and also required for the survivability of normal healthy cells. The result of the
study demonstrated that GG-PIP-TQ exerts more effect on Gram-positive than Gram-negative
bacteria. Thus, the therapeutic application of our combined amalgamation can be a suitable
alternative of conventional drugs to overcome the problem of side effects and antibiotic
resistivity. In conclusion, we have established that the hydrophilic biocompatible GG-PIP-TQ
can emerge as an ideal platform for multiple therapeutic applications.
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Summary

The fabrication of biopolymeric film containing natural therapeutics envisioned to develop
edible, nontoxic and biodegradable composite using polymers. Our study focused on extraction
of psyllium husk mucilage, a medicinally acknowledged natural polysaccharide and develop a
proper composite with chitosan. We combined chitosan with both alginate and husk mucilage
separately to prepare two composite films. Drug release dynamics from the complex polymeric
networks was evaluated where polymeric films showed sustained release of thymoquinone, a
water-insoluble phytocomponent. Structural and physico-chemical properties of the films were
confirmed by FTIR, XRD, FESEM, TGA analysis. Significant antimicrobial activities against
Enterococcus faecalis and Pseudomonas aeruginosa strains and strong anticancer activities
against human prostate cancer cell line (PC3) and adenocarcinomic human alveolar basal
epithelial cell line (A549) was observed. We also evaluated the biocompatibility of composite
films on normal cell i.e. human lung fibroblasts (W138) cell line. This biodegradable polymer
combination suggests towards the possibility of potential applications for the food industry and

variety of biomedical applications such as wound dressing, tissue scaffolding etc.
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3.1 Introduction

Multifunctional biomaterials, polymer composite are extensively used in the field of
pharmaceutical drug delivery because of their wide range of versatility, biocompatibility and
stability to serve as a matrix or vehicle for drugs compared to synthetic or inorganic materials
255256 polymer composites with proper ratio and modifications can be a better excipient
constituent as sustained drug carrier with improved physical, mechanical, functional properties
257258 The stability of polymer composite could be affected by molecular weight, crystallinity,
mixing ratio, presence of functional groups, pH of reaction medium, distribution of ionic

groups, drying process, etc.?*

Chitosan has been used as a positively charged polymeric drug carrier due to its
biocompatibility, biodegradability and relatively low production cost.?%° Alginate is a water
soluble, unbranched, biodegradable polysaccharide consisting of alternating blocks of 1-4
linked -I-guluronic (G-block) and -d-mannuronic acid (M-block) residues.?®! Carboxylic acid
groups of alginate is responsible for negative charges which attribute characteristic electrostatic
interaction with the positively charged molecules.?®® Alginates are extracted from brown
seaweeds and marine algae such as Laminaria hyperborea, Ascophyllum nodosum and
Macrocystis pyrifera.?522%3 Since chitosan is positively charged at low pH values (below its
pKa value), it spontaneously associates with negatively charged polyions like alginate in
solution to form a special type of macromolecules, the polyelectrolyte complexes.?®® Psyllium
mucilage obtained from the seed coat of Plantago ovata and Plantago indica belongs to the
family Plantaginaceae which can be obtained by mechanical grinding of the outer layer of the
seeds.?® Psyllium mucilage is fibrous mucilaginous hydrocolloid used in treatment of intestinal
inflammation, constipation, etc.?®®> Arabinoxylan, a complex heteroxylan of two pentose sugars
i.e. arabinose and xylose is a highly branched hemicellulose.?®®2%" Sodium alginate (AL) and
chitosan (CH) are widely used as a matrix or hydrogel material to attain sustained drug release
but still under widespread exploration.?%82%° Bindu et al. also reported that in combination with
HPMC K4M, husk mucilage retarded the release of the drug which facilitate sustained release
by reducing the instant swelling of the composite.?”® Psyllium husk mucilage (PH) was chosen
to interact with chitosan (CH) to synthesis a stable complex to improve the drug loading
efficiency when interacted with thymoquinone (TQ). The phyto-active component of the
Nigella sativa essential oil (TQ) with cytotoxic, antimicrobial, antioxidant, antifungal
properties is used to combine with polymer composites. According to previous studies, TQ was
able to induce apoptosis via p53-dependent as well as p53-independent pathways.?’+%7
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In this context, our present study is an effort toward the synthesis of high-performance
biocompatible composite polymer films to obtain good antibacterial as well as cytotoxic
activity with minimal side effects followed by a discussion on their probable interaction with
polymer composites. Our experiments demonstrate a comparative structural characterization
and therapeutic efficacy of chitosan-sodium alginate (CH-AL), chitosan-psyllium mucilage
(CH-PH) films as well as thymoquinone (TQ) loaded polymeric composites (TQ@CH-AL and
TQ@CH-PH).

3.2 Experimental section

3.2.1 Extraction and purification of PH

PH was extracted by mixing with deionized water in a 1:100 (w/v) ratio, for 4 h, under constant
agitation at 60°C. To prevent the water loss as a result of evaporation, water (60°C) was added
at different intervals to the system. The insoluble non-carbohydrate fractions of psyllium seeds
removed by filtration. Mucilage was stirred for 10 minutes with ethanol at a ratio of 100:50
(mucilage volume: ethanol volume). After centrifuging at 2000 rpm for 3 mins the supernatant
was used to quantify the non-precipitated carbohydrates. Ethanol was removed from the
precipitate by using a rotary evaporator. Further, it was kept for drying in hot air oven after

spreading on a glass plate at 50°C temperature to dehydrate the carbohydrates.?”

3.2.2 Synthesis of composite films

Chitosan | Alginate /
Husk mucilage
=@+ Biodegradable - B .
o Nontoxic e - .
« Controlled drug
delivery In-situ synthesis of
Thymoquinone loaded
3 g polymeric film
e - Plant derived
0 - Biodegradable
B W% Sustained drug :
¥ delivery Polymer Thymoquinone
» complex .»\>
[(EEam=——— e S}
o €
Stirring
Centrifugation
Dry at60 C

Figure 3.1: Schematic representation of synthesis procedure of polymeric films.

Briefly, 50 mg AL was dissolved completely in 50 mL distilled water to form a 0.1% (w/v) AL
solution at room temperature. The solution was adjusted to a pH of 9. 50 mg of CH were

dissolved in 50 mL of 1% (v/v) acetic acid solution to obtain a 0.1% (w/v) CH solution. pH of
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the CH solution was adjusted to 5. Both dispersions were homogenized with a magnetic stirrer
4 hrs at room temperature. Then AL solution was added dropwise to CH solution under
constant magnetic stirring. The resulting opalescent suspension was cast on a glass petri dish
and allowed to dry at 60°C for 24 hrs. Similar experimental procedure was followed in case of
CH-PH synthesis. To incorporate TQ in to composite film, TQ was added in lukewarm
millipore water (60°C), mixed with polymer solution and was allowed to stir for 24 hrs at room
temperature. The obtained sample was centrifuged at 10,000 rpm for about 10 mins and washed
three times and then dried at 60°C in a vacuum desiccator. A schematic representation of the

synthesis procedure of therapeutic loaded polymeric film depicted in figure 3.1.
3.2.3 Statistical analysis

All experiments were performed in triplicate and data were presented as mean * standard
deviation (SD) for each set of experiments. Single factor one-way statistical analysis was
performed using ANOVA. To determine statistical significance, value of p < 0.05 was

considered to indicate significance or otherwise mentioned.
3.3 Results and discussion

3.3.1 Formation of polymer composite

(a) (b)

» ‘<
\\\\\\\

3 Chitosan

R, O :
", 120

\

Arabinoxylan

Chitosan

Figure 3.2: Interaction pattern of chitosan with (b) sodium alginate and (c) arabinoxylan.

In case of CH-AL the negatively charged carboxylic acid (-COQ) groups of manuronic and
guluronic acid units of AL interact electrostatically with the positively charged amino (—-NH>)
groups of CH and form a polyelectrolyte complex.?® In acidic environment CH becomes
positively charged due the protonation of the —NH2 group results in formation NHs+ ions.?"

The CH-PH composite film is formed due to the interaction between the free amino (—NH.)
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group of CH with the hydroxyl (~OH) group present in arabinoxylan. Figure 3.2 demonstrate
the interaction patterns of CH with AL/ PH hydrocolloid.

3.3.2 Physical Characterizations

3.3.2.1 Fourier transform infrared (FTIR) analysis

FT-IR analysis has been performed to determine the chemical structure and the presence of
characteristic functional group. In figure 3.3(a) a broad absorption band at 3307.9 cm? is
observed which may be due to —OH stretching of alcohols of PH. A band appearing at 2891.2
cm in PH is due to —CH stretching of alkanes. Similar peaks are observed in CH-PH and in
TQ@CH-PH.?" The FTIR spectrum of PH (arabinoxylan) shows a peak at 894.97 cm™ which
represent the bending of polymer backbone of arabinoxylan.?®® Similarly, CH-PH and
TQ@CH-PH shows this characteristic peak at 891.11 cm™ and 889.18 cm™ respectively. The
absorption band at 1529.55 cm™ in TQ@CH-AL and 1556.55 cm™ in TQ@CH-PH corresponds
to amide Il groups present in CH at 1589.34 cm™.2’® Peaks at 950.96 cm™ and at 883.40 cm
are observed due to the presence of uronic acid group and mannuronic acid functional group in
Na-alginate. Similar peaks are appearing at FTIR spectra of CH-AL and TQ@CH-AL ascribed
the presence of Na-alginate.?’” A broad peak at 3342.63 cm™ correspond to the hydroxyl group
2" The recorded peaks at 1328.95 cm™ in TQ@CH-AL and 1369.46 cm™ at TQ@CH-PH
could be assigned the presence of TQ.?*® Further, the FTIR spectrum of TQ@CH-AL and
TQ@CH-PH respectively at 3329.13 cm™ and 3304.07 cm™ represent O—H stretch of TQ.4
A peak at 1398.39 cm™ in CH-AL and TQ@CH-AL possibly corresponded to electrostatic
interaction between —COO groups of AL with the —NH: groups of CH.?8 In case of CH-PH
and TQ@CH-PH, the direct C-N bond formation via coupling of —-OH group present in
arabinoxylan and —NH: group of CH is which confirmed by the peak at 1251.80 cm*(C-N-C

asymmetric stretch).?’®
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Figure 3.3: (&) FT-IR spectra and (b) XRD pattern of synthesized polymer composites.
3.3.2.2 X-ray diffraction (XRD) study

XRD study was performed to find out the phase and crystallinity of the composite film. Figure
3.3 (b) demonstrates the XRD spectra of PH, CH-AL, CH-PH, TQ@CH-AL and TQ@CH-PH.
All four synthesized polymeric film exhibited a broad hallow which indicates very low
crystallinity due to amorphous nature. Amorphous forms consist of disordered arrangements
of molecule which do not have a distinguishable crystal lattice.?8° CH has very broad peaks at
20 = 20°.281 AL showed three broad humps at 26 =20°, 20 = 30°, 20 =40°. The XRD pattern
of PH also indicated an amorphous form with two humps at around 26 of 15° and 20°. CH-AL,
CH-PH, TQ@CH-AL and TQ@CH-PH displayed shifted hump at around 26 of 20° and sharp
peak of chitosan at 20 = 20° became weak. These results confirmed good compatibility and the
interaction between CH with AL or PH to form CH-AL and CH-PH. The XRD pattern also
suggested the amorphous form of composite film. The amorphous natures of polymer films

were maintained after incorporation of TQ, which is beneficial for biomedical applications.
3.3.2.3 Thermal gravimetric analysis (TGA)

Thermogravimetric analysis of PH and TQ loaded composite was measured to determine the
thermal stability and the decomposition temperature shown in figure 3.4 (a). It was observed
that the TGA of PH, TQ@CH-AL and TQ@CH-PH showed a two-step of weight loss. Initial
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weight loss may correspond to the evaporation of moisture or loss of adsorbed or bound water.
The second weight loss of PH is about 49.6% in the range 230-311°C was due to the
complexity of the process, which led to the degradation of the sample. At the end of 400°C the
total weight loss of sample was 56.36% in case of TQ@CH-AL and 39.68% in case of
TQ@CH-PH.
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Figure 3.4: (a) TGA curve of PH, TQ@CH-AL and TQ@CH-PH (b) UV-Vis spectra of

polymer composites.
3.3.2.4 UV-visible spectrophotometric analysis

In our study, UV-visible spectroscopy was used to study the absorption spectra of films. The
UV-VIS spectra of TQ is characterized by the presence of one prominent peak (Amax) at 254—
257 nm regarded as a distinguishing peak for quinones.™ As observed in figure 3.4 (b), UV-
vis absorbance spectrum of TQ@CH-AL and TQ@CH-PH displayed a prominent peak at 248
nm and 252 nm respectively. The results ascertained the successful interaction with TQ.

3.3.2.5 Morphology study of composite film

Figure 3.5: FESEM micrograph of (a) PH (b) CH-AL, (c) TQ@CH-AL, (d) CH-PH and (e)
TQ@CH-PH.
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As observed in FESEM image (figure 3.5) the surface morphologies of all these five samples
are porous in nature. Figure 3.5 (a) revealed discontinuous and irregular microporous surface
of PH which is also observed in image of CH-PH and TQ@CH-PH depicted in figure 3.5 (d)
and (e). Figure 3.5 (b) and (c) shows flaky polymeric structure of CH-AL and TQ@CH-AL
respectively. FESEM image clearly indicate the marked differences between TQ tagged

polymer composites and bare polymer composites.
3.3.2.6 Estimation of therapeutic loading efficiency

The TQ loading percentage within polymeric composite film was determined by calculating
the concentration of the TQ using standard procedure which was mentioned in subsection
1.7.3.9.1 The loadings content and loading efficiencies of a wide range of natural therapeutics
in polymer matrix are highly depend on the chemical nature and the interaction pattern between
polymer and drug. Loading content is determined to be 36.15% in case of TQ@CH-AL and
38.10% in case of TQ@CH-PH. We report higher loading efficiency of TQ when we replace
alginate with PH. Condensed porous surface of polymer composite restricted the leakage of
drug from the films results in high loading efficiency of hydrophobic TQ. The loading
efficiency of TQ@CH-AL and TQ@CH-PH is 78.33% and 81.30% respectively. These results
indicated that the incorporation capacity of CH-PH is higher than CH-AL.

3.3.2.7 pH-responsive release of TQ
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Figure 3.6: Graphical representation of pH-responsive time-dependent release study of
thymoquinone from (a)TQ@CH-AL (b)TQ@CH-PH.

To determine the amount of TQ discharged from synthesized composite film, in vitro TQ
release was calculated in a time dependent manner in physiological pH conditions (pH ~7.4)
and intracellular pH conditions of cancer cells (pH ~ 5.5) at 37°C using standard curve of TQ

(as mentioned in subsection 1.7.3.10). We verified whether these polymer complexes can
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achieve stability and controlled release of TQ in physiological conditions as well as acidic
environment which is essential for clinical applications. The in vitro release behaviour of
incorporated TQ from TQ@CH-AL and TQ@CH-PH occurred in two steps, i.e., an initial rapid
release within the first 12 hrs followed by a slow leaching over a period of 96 hours (figure
3.6). At pH 5.5 (acidic condition), after 24 hrs the estimated release percentage of TQ from
TQ@CH-PH (approx. 55.40%) was found to be greater than TQ@CH-AL (approx. 44.60%).
Release behaviour depends on the nature of interaction of therapeutics with polymer mesh.
Moreover, the release profile suggested sustained but faster release in acidic condition and thus

it confirms the efficacy of polymer composite to release adequate amount TQ for its anticancer

applications.
3.3.3 Evaluation of antibacterial activity

3.3.3.1 Determination of antibacterial property by time dependent colony counting method
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Figure 3.7: (a) Plate count photograph showing the antibacterial efficacy of films after 24
hours of incubation. Graphical representation of the percentage of cell mortality of (b)

Enterococcus faecalis and (c) Pseudomonas aeruginosa.
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Table 3.1: Effective concentration of TQ during antibacterial assay.

TIME (hr) TQ@CH-AL (pg/mL) TQ@CH-PH (ug/mL)

12.15 12.12
“ 24.73 19.93
63.77 74.07
77.43 109.27

Antimicrobial properties of TQ loaded composite films were studied in respect of time by
colony counting method on P. aeruginosa and E. faecalis (as mentioned in subsection 1.7.4.3).
As because our samples are film matrix, we carried out an additional agar-diffusion method
based on direct contact between the sample and the bacteria to examine their potential
effectivity (as mentioned in subsection 1.7.4.4). For time dependent colony counting method a
strip (weighted 3 mg) of CH-AL, CH-PH, TQ@CH-AL and TQ@CH-PH were added to
bacterial culture. After incubation, microbial growth was assessed by plating treated culture on
nutrient agar plates after 2, 4, 12 and 24 hrs. The microbial culture without polymer composite
was considered as control. Figure. 3.7 (a) represents the antibacterial potentials of four types
of composite films (namely, CH-AL, CH-PH, TQ@CH-AL and TQ@CH-PH) against P.
aeruginosa and E. faecalis as determined by the plate counting method. Percent of cell
mortality was plotted in time dependent manner over a period of 24 hrs to determine the effect
of the composite films which were found to display significant antibacterial activity against
pathogenic bacteria. Agar plates of the control and treated bacteria after 24 hrs of incubation
are displayed in figure 3.7 (a). The differential antibacterial kinetics of test bacteria are checked
against our four samples by time kill assay using colony count method. E. faecalis display
96.80% and 98.50% mortality rate when treated against TQ@CH-AL and TQ@CH-PH during
the same incubation period (figure 3.7 b). Figure 3.7 (c) demonstrate that within 24 hrs of
incubation period the mortality rate of P. aeruginosa for TQ@CH-AL and TQ@CH-PH are
73.60% and 74.50% respectively. The test result also demonstrates excessive colonies against
composite without TQ i.e., CH-AL, CH-PH. Bacteriostatic activities of CH-AL and CH-PH
occurred because of the antibacterial property of chitosan. PH has no such antibacterial activity
when we treated our test bacteria against PH alone.

Table 3.1 demonstrate time and pH dependent effective concentration of TQ. If we compare
the MIC value reported by Chaieb et al. it can be said that in case of E. faecalis, treatment with
both TQ@CH-AL and TQ@CH-PH showed high bacterial mortality within 4 hrs even if the

effective concentration of TQ is less than the MIC value.'*® However, in the 12-24 hrs range
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the effective concentration of TQ is more than MIC value which correspond to the observed
antibacterial activity.

E. faecalis

P. aeruginosa

()

CONTROL

Figure 3.8: (a) Photographic images of the antimicrobial activity of films (b) FESEM

micrographs showing morphological characteristics of control and treated bacterial cells.
3.3.3.2 Agar diffusion study

For agar-diffusion study polymer films were positioned on the petri plate for incubation
following standard protocol. Figure 3.8 (a) showing agar diffusion method which revealed that
CH-AL, CH-PH, did not display any significant zone of inhibition but there is no trace of
bacterial biofilms formation on film surface. On the other hand, the TQ encapsulated composite
films revealed a zone of inhibition. Upon contact with the TQ loaded film, the ionic interactions
may occur between positively charged amino groups present in CH and negatively charged
lipopolysaccharides of bacterial cell wall. The hydrophobic moieties of TQ possibly interact
with the cell membrane lipopolysaccharides may results in destabilization in cellular membrane
and altered permeability for TQ.%?

3.3.3.3 Bacterial morphology study by FESEM

FESEM image of figure 3.8 (b) confirmed the damaged bacterial membrane integrity upon
interaction with CH-AL, CH-PH, TQ@CH-PH and TQ@CH-AL compared to the smooth and
undamaged structure of control groups.
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3.3.3.4 Determination of ROS generation
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Figure 3.9: Graphical representation of bacterial ROS generation by DCFDA assay in case

of (a) Enterococcus faecalis (b) Pseudomonas aeruginosa.

To estimate intracellular ROS generation DCFH2-DA was used and fluorescence intensity was
measured (as mentioned in subsection 1.7.4.5). Oxidative stress can be a major cause of
disruption of cellular integrity by damaging DNA, RNA, lipids and proteins.?®® Figure 3.9 (a)
and (b) also stated the higher ROS generation in bacterial cell in case of TQ@CH-PH compared
to TQ@CH-AL which also correlate with the cell mortality study stated earlier. Due to ROS
accumulation polyunsaturated fatty acids of bacterial membrane are attacked which initiate

lipid peroxidation and alter the integrity of membrane-bound proteins.?8
3.3.4 Assessment of anticancer properties

3.3.4.1 Cytotoxicity study
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Figure 3.10: MTT assay on (a) PC3 and (b) A549 cell line after treatment with films. The Cell
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Survivability Percentage was expressed as a mean + SD of three independent experiments and
significance was shown as *(P<0.05), **(P<0.01) and ***(P<0.001).

The in vitro cytotoxicity of synthesized films was assessed by MTT assay to human PC3 and
A549 cell lines using standard protocol (as described in subsection 1.7.5.2). During incubation,
cells were exposed to polymeric films (3ug/uL each) for 24 hrs. In figure 3.10 we had observed
that the cell treated with TQ@CH-PH and TQ@CH-AL resulted in significant cell death in
case of both cell lines compared to CH-AL and CH-PH which did not exhibit any marked cell
death. In case of PC3 cell line TQ@CH-PH treated cell exhibited 19.73% cell survivability

whereas 33.66% cell survivability is observed in case of A549 cells.
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Figure 3.11: Schematic representation showing the efficacy of polymeric film on pathogenic
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bacterial strains and carcinoma cells.

3.3.4.2 Study of Intracellular ROS generation
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Figure 3.12: Graphical representation of mean fluorescent intensity for ROS generation in
(a)PC3 and (b)A549 cell line. The fold change with respect to control was expressed as a mean
+ SD of three independent experiments and significance was shown as *(P<0.05), **(P<0.01)
and ***(P<0.001). Fluorescence microscopic image of intracellular ROS generation for
(c)PC3 and (d) A549 cell line.

Monitoring intracellular ROS generated from the activity of polymer composites (dose: 3ug/pL
for each film) we found out that the fold change in case of CH-AL, CH-PH both was almost
similar to untreated cells whereas TQ@CH-PH and TQ@CH-AL exhibited a marked increase
in the production of ROS (figure 3.12). This was confirmed by both spectrophotometry as well
as fluorescence microscopy (as described in subsection 1.7.5.3).

3.3.5 Biocompatibility study

3.3.5.1 Cytotoxicity study
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Figure 3.13: MTT assay on WI38 cell line after treatment with films. The Cell Survivability
Percentage was expressed as a mean + SD of three independent experiments and significance
was shown as *(P<0.05), **(P<0.01) and ***(P<0.001).
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In vitro cytotoxicity was evaluated with MTT assay using standard protocol (as described in
subsection 1.7.5.2) where normal cell line - human lung fibroblasts (W138) were exposed to
polymeric films (3ug/uL each) for 24 hrs. In WI38 cells, TQ@CH-AL treatment exhibited
29.46% cell survivability whereas TQ@CH-PH treatment exhibited 33.98% cell survivability
(figure 3.13)

3.3.5.2 Study of Intracellular ROS generation
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Figure 3.14: Graphical representation of mean fluorescent intensity for ROS generation in
WI38 cell line. The fold change with respect to control was expressed as a mean + SD of three
independent experiments and significance was shown as *(P<0.05), **(P<0.01) and
**%(P<0.001).

Intracellular ROS accumulation was evaluated by DCFH>-DA assay using standard protocol
(as described in subsection 1.7.5.3) where normal cell line- human lung fibroblasts (WI38)
were exposed to polymeric films (3ug/pL each). Monitoring intracellular ROS generated from
the activity of polymer composites we found out that the fold change in case of CH-AL, CH-
PH both was almost similar to untreated cells whereas TQ@CH-PH and TQ@CH-AL
exhibited a marked increase in the production of ROS (figure 3.14).

3.4. Conclusion

In this study, antimicrobial and anticancer composites were obtained by simply combining CH
with PH or AL without the addition of any compatibilizer or chemical modification of film
surfaces, thus providing a simple synthetic procedure to develop biopolymeric film with

bactericidal as well as cytotoxic applications. The obtained polymer composites incorporating
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TQ were characterized regarding their morphology, physico-chemical properties and thermal
stability by different techniques, from which we can confirm effective interactions and good
compatibility between CH and PH / AL as well as between the polymer composite and the TQ.
The incorporation efficiencies and release kinetics of TQ were also evaluated and contrasted
with results attained for the antimicrobial activity against bacterial strains. Notably, compared
to TQ@CH-AL, TQ@CH-PH exhibited significantly improved in vitro TQ release as well as
better antibacterial efficacy. In the FESEM study of bacterial cell, morphological changes
induced by the TQ and CH in polymeric films are evident due to cell damage. An in vitro
cytotoxicity study revealed that the TQ-loaded polymeric films showed remarkable cell death
against PC3 and A549 cell lines in a highly effective manner (figure 3.11). Moreover,
experimental results confirmed that the broad-spectrum antibacterial and cytotoxic activity
observed due to the chitosan and TQ released from polymer film. The prepared polymeric film
either adhered to the bacterial cell wall or the released TQ interact with the bacterial membrane
and promote ROS generation thus destabilized the cellular integrity and membrane
permeability. MTT assay against WI38 cell line also confirmed moderate biocompatibility.
Hence, from overall study it has been established that PH mucilage can be used to develop
effective polymeric film in combination with another polymer if properly standardised. Thus,
in combination with therapeutic agents i.e., TQ, TQ@CH-PH is established as an excellent
antibacterial as well as anticancer film which can be advantageous for further investigations.
Thus, this type of film containing nontoxic plant derived materials has promising potential for

therapeutic applications and in biomedical industry.
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Summary

The synthesis of guar gum and psyllium husk mucilage-mediated piperine nanocomposite was
reported in order to develop a modified phytochemical-based nanomaterial with potent
antimicrobial and anticancer properties. Piperine was nanonized by entrapping within guar gum
and psyllium husk mucilage-derived nanocomposite. We have taken guar gum and husk
mucilage in three different ratios to formulate nanocomposites for comparative study. Loading
percentage of piperine in nanocomposites indicated excellent incorporation efficiency. The
release kinetics of piperine from nanocomposites showed sustained but faster release behaviour
which confirms the availability of adequate amount of therapeutics at the site of application.
The as-prepared nanocomposite showed strong oxidative stress mediated antimicrobial
activities against Gram-positive Staphylococcus aureus and Gram-negative Pseudomonas
aeruginosa. 1Cso values of nanocomposites against adenocarcinomic human alveolar basal
epithelial cell line were evaluated where the effective concentration of piperine was
significantly low. The biocompatibility of the nanocomposite was evaluated against human
lung fibroblast cell line. Moreover, the nanocomposite had the potential to induce oxidative

stress, for which significant mortality of bacterial and cancer cells was detected.
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4.1 Introduction

The modifications and applications of biomaterials are extensively studied for their increasing
usage in the health and medical sectors. The versatile developmental procedures of
nanocomposites are employed to improve the desired properties as well as introduce new
interesting properties in biopolymeric composites. Natural polymers and polymer-derived
structures have immense applicability due to their intrinsic pharmacological properties as well
as low environmental impact.?* Nanomaterial-based drug delivery systems (DDS) get more
attention in biomedical applications resolving challenges such as poor intestinal absorption
rate, ineffective delivery mechanism at target site, less solubility, and plasma inconsistency of

therapeutic agents.?8>-2%

A wide variety of polysaccharides have indeed been explored in synthesis of nanoparticles and
nanocomposites. Guar gum and psyllium husk are suitable compounds for preparation of
polymer composite, are valued for biocompatibility, biodegradability, and non-toxicity. Guar
gum (GG) is isolated from the endosperm of seeds of the legume Cyamopsis tetragonalobus,
which contains polysaccharides of galactomannans.?®” GG is used as a primary gelling agent,
stabilizer, emulsifier, or thickener due to its cost-effectivity, high viscosity, and
hydrophilicity.?®* GG is also known to aid obesity prevention and lowers cholesterol and
glucose level.2*#?87 The seed husk (psyllium husk or Ispaghula) of Plantago ovata plant,
traditionally utilized as a dietary fibre supplement for regulation of bowel function and is also
effective in both constipation and diarrhoea, two opposite gut conditions. Psyllium husk (PH)
contains numerous active components i.e. 4-O-methylglucuronic acid, arabinoxylans, aucubin,
campesterol, linoleic acid, oleic acid, palmitic acid, L-cystine, L-asparagine, rhamnose, sterol,
B-sitosterol etc.?®® PH has mucilaginous properties and essential component of many
commercially available laxative agents i.e. Metamucil.1%6

Several pharmacological and therapeutic procedures have been employed to repress cancerous

288 |t js now evident that the

growth often displaying partial efficacy with severe side effects.
consumption of certain phytochemicals can play a protective role against tumorigenesis and
cancer.?® In the recent decade, this type of “chemoprevention” using some phototherapeutics
with redox-mediated mechanisms has enormous capability to interfere with the proliferation of
cancer cells effectively.?®® For this study, we have chosen piperine (1-[5-(1,3-Benzodioxol-5-
yl)-1-oxo0-2,4-pentadienyl] piperidine), a principal alkaloid extracted from Piper longum and

Piper nigrum plants as a bioactive phytochemical.?®! Piperine (PIP) is recently getting attention
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for its bio enhancing capacity by diminishing P-glycoprotein mediated transport as well as
CYP3A4 mediated drug metabolism.?®? Studies reported the prooxidant property of PIP which
induces radical mediated mitochondrial pathway of apoptosis of Hep G2 cells by repressing
the peroxide-detoxifying enzyme catalase.?®2 PIP is also known to induce apoptosis in rectal
and colon cancer cells by ROS-mediated pathway.?®*1% Molecular docking and western
blotting studies revealed the PIP- mediated inhibition of receptor tyrosine kinase and mitigation

of hepatocellular carcinoma progression.2%?

Our study shows that PIP may be a promising prooxidant drug for antibacterial applications
and also for the amelioration of adenocarcinomic human alveolar basal epithelial cell line
(A549). Biocompatibility of nanocomposites was also measured on normal human lung
fibroblasts (W138) cell lines. In this work, we have chosen PH and GG to synthesis a stable,
multifunctional nanocomposite and three different ratios of GG and PH (1:1, 2:1 and 1:2 for
GG-PH-1, GG-PH-2, GG-PH-3 respectively) were taken to standardize the synthesis of
nanocomposites. On the other hand, PIP was incorporated into GG-PH-1, GG-PH-2, GG-PH-
3 to synthesize GG-PH@PIP-1, GG-PH@PIP-2, GG-PH@PIP-3 respectively. Our present
study is an effort toward the synthesis of high-performance, biocompatible nanocomposite to
attain good antibacterial and cytotoxic activity against cancer cells. This chapter describes a
comparative structural characterization and clinical efficacy of three different GG and PH
derived nanocomposites (GG-PH-1, GG-PH-2, GG-PH-3) as well as PIP incorporated
nanocomposites (GG-PH@PIP-1, GG-PH@PIP-2, GG-PH@PIP-3).

4.2 Experimental section

4.2.1 Synthesis of bio-nanocomposite (GG-PH@PIP)

In GG-PH@PIP nanocomposite the main nano formulation was of GG-PH within which PIP
was incorporated. Extraction and purification of PH was performed following the protocol
which we have already mentioned in subsection 3.2.1.2%* For GG-PH@PIP-1, GG-PH@PIP-2
and GG-PH@PIP-3 the ratios of GG and PH were 1:1, 2:1 and 1:2 respectively. For GG-
PH@PIP-1, 0.1% (w/v) GG solution was prepared dissolving 50 mg GG in milli-Q water.
Similarly, to obtain a 0.1 % (w/v) PH solution, 50 mg of PH was dissolved in 50 mL of milli-
Q water. Both dispersions were homogenized followed by dropwise addition of GG solution
to PH solution under moderate magnetic stirring. After that the resulting polymer suspension
was dried at 50°C. For the synthesis of PIP-loaded nanocomposite, 3 mL PIP solution (prepared
in DMSO at a concentration of 1 mg mL™* and sonicated) was added dropwise to GG-PH
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biopolymeric mixture and allowed to stir for further 10 hrs. The obtained reaction mixture was
centrifuged at 10,000 rpm for about 10 mins, washed twice, followed by drying at 50°C in a
desiccator. A schematic diagram illustrating the synthesis procedure of piperine loaded bio

nanocomposite is showed in figure 4.1.

~

GG-PH@PIP
Nanocomposite

fROS Generatm

Antibacterial Anticancer
Activity Activity

Figure 4.1: Schematic representation describing synthesis and biological potentials
of GG-PH@PIP nanocomposites.
4.2.2 Statistical analysis

All experiments were performed in triplicate and data were presented as mean * standard
deviation (SD) for each set of experiments. Single factor one-way statistical analysis was
performed using ANOVA. To determine statistical significance, value of p < 0.05 was

considered to indicate significance or otherwise mentioned.
4.3 Results and Discussion

4.3.1 Physical Characterizations
4.3.1.1 Fourier transform infrared spectroscopy (FTIR) analysis

FT-IR spectra has been studied to determine the chemical interaction at the molecular level. As
figure 4.2 (a) FTIR spectrum of GG has absorption peaks around at 792 cm™ is attributed to
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(1-4), (1-6) linkage of galactose and mannose, 3328 cm™ (O—H stretching vibration of water
and polymer), 1644 cm (ring stretching of mannose), 1020 cm™ (~CH. twisting vibration) and
2922 cmt (C—H stretching of CH, group).244242% A proad absorption band appearing at 3311
cm™ represents —OH stretching of PH. A band is observed at 2904 cm™ due to the -CH
stretching of alkanes at the FTIR spectrum of PH. Similar peaks are observed in GG-PH and
GG-PH@PIP.?® A peak at 891 cm™ is observed in the case of PH is due to the bending of the
polymer backbone of PH (arabinoxylan).?®® As for PIP, the most characteristic C-O bond and
the stretching of the amide group are clearly shown by peaks at 924 cm™ and 1634 cm™,
respectively. It also displayed peaks at 2935 cm™ corresponding to aromatic C—H stretching,
at 1444 cm™ which corresponds to C=H stretching, and at 1248 cm™ corresponding to
asymmetrical stretching of =C—0—C.?? All these characteristic peaks were retained at almost
the same positions in GG-PH@PIP nanocomposite demonstrating the entrapment of PIP into

the nanocomposites.
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Figure 4.2: (a) FT-IR spectra and (b) XRD spectra of nanocomposites.

4.3.1.2 X-ray diffraction (XRD) study

XRD study shown in figure 4.2 (b) demonstrates the diffraction patterns of nanocomposite
confirming the incorporation of natural therapeutic. XRD patterns of GG-PH and GG-PH@PIP

nanocomposites displayed a broad hallow which implies low overall crystallinity because of
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disordered molecular arrangements.?®® GG showed a very broad peaks at 20 = 20°.24 In XRD
spectra of PH prominent humps at around 20 of 15° and 20° were observed confirmed an
amorphous nature. PIP displayed evidence of diffraction peaks at 20 of 14°, 22°, and 25° which
shows similarity with the characteristic spectra of PIP (JCPDS Card no: 00-043-1627).2%% GG-
PH exhibited shifted hump at around 26 = 20° where GG-PH@PIP showed a characteristic
sharp peak of PIP which established the incorporation of PIP to form GG-PH@PIP.
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Figure 4.3: (a) TGA curve of GG-PHs and (b) UV-Vis spectra of nanocomposites.

4.3.1.3 Thermal gravimetric analysis (TGA)

Thermal gravimetric analysis of our bio nanocomposites was studied to evaluate the thermal
stability by the TGA thermograph shown in figure 4.3 (a). It can be noticed that the TGA of
GG-PH-1, GG-PH-2, and GG-PH-3 displayed a two-step weight loss with increasing
temperature. Initial weight loss attributes of evaporation of adsorbed surface water. According
to the thermogram of GG-PH-1, GG-PH-2, and GG-PH-3, the initial degradation of mass at
around 25-100°C is almost 12%, 7%, and 16% respectively. The second step of steady mass
loss is associated with the volatilization, pyrolysis, and combustion of organic molecules of the
nanocomposites. The second weight loss of GG-PH-1 is about 50.18% (temperature range 210-
301°C). The thermogravimetric curve explains it is about 48.98% (temperature range 205-310
°C) in GG-PH-2 and 52.61% in GG-PH-3 (temperature range 190-300°C) which led to the
degradation of the samples. At 400°C the overall mass loss was 83%, 71%, and 87%
respectively according to the thermogram of GG-PH-1, GG-PH-2, and GG-PH-3.

4.3.1.4 UV-visible spectroscopy

UV-visible absorption spectra of synthesized nanocomposites have been shown in figure 4.3
(b). A prominent characteristic peak (Amax) of PIP is observed at 342—345 nm.1"® As exhibited
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in figure 4.3 (b), GG-PH@PIP-1, GG-PH@PIP-2, GG-PH@PIP-3 also displayed a strongest
peak at 340 nm, followed by an additional less intense peak at around 310 nm, whereas between
246 and 258 nm a low-intensity absorption band can be observed which ascertained the

successful interaction with PIP.
4.3.1.5 Dynamic light scattering (DLS) study

Table 4.1: DLS study showing hydrodynamic diameter, polydispersity index (PDI) and zeta
potential of GG-PH@PIPs; and loading percentage of PIP in GG-PH@PIP.

Nanocomposite  Hydrodynamic  Polydispersity  Zeta Potential Loading % of

Diameter (um) Index PIP in

GG-PH@PIP-1 705+ .1 322 + .05
GG-PH@PIP-2 1.506 + .23 551+ .11 -23.8+15 69+1.4
GG-PH@PIP-3 984 + .13 .386 + .08 -30.8+2.3 79 £ 1.66

The size, shape and morphology of synthesized nanocomposites were determined by DLS,
FESEM, TEM, and AFM study. DLS study displays the hydrodynamic diameter of any particle

nanocomposites

-31.1+.97 83+1.2

I.e., the size of the core particle, with additional hydration layer around it. Therefore, the size
measured by DLS instrument was always larger than the actual size of any nanoparticle. As
DLS study the mean size of the GG-PH@PIP-1 nanoparticle was found to be about .705 + .1
pm with a polydispersity index (PDI) value of .322 + .05 (table 4.1). Lower PDI values
characterize the mono-dispersed nanoparticles. Therefore, the PDI value of GG-PH@PIP
signified a good synthesis procedure with almost equal sized mono-dispersed nanocomposite
suspension. When the ratio of the used precursor biopolymers is altered, the diameters and PDI
values of the particles have changed (Table 4.1). As enhanced PDI values (.551 + .11 of GG-
PH@PIP-2) indicated lower homogeneity of the samples.

The zeta potential ({) of GG-PH@PIP gradually increased from (-) 23.8 + 1.5 mVto (-) 31.1 +
.97 mV with altered ratio of the precursor biopolymers (Table 4.1). The magnitude of zeta
potential signifies the potential stability of our synthesized nanocomposites. The higher (+) or
(-) value of ( indicates repulsion of particles which prevents agglomeration of particles. The
stability of nanoparticles is compromised in particles with low { value. { value >+ (30) mV is

normally considered as stable.?®® (-) value of zeta potential indicated (-) surface charges on
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GG-PH@PIPs. Therefore, the { value of GG-PH@PIP-1 can be considered as more stable
compared to GG-PH@PIP-2 and GG-PH@PIP-3.

4.3.1.6 Field emission scanning electron microscopy (FESEM) analysis

Figure 4.4: FESEM image of (a) GG-PH-1, (b) GG-PH-2, (c) GG-PH-3, (d) GG-PH@PIP-1,
(e) GG-PH@PIP-2, (f) GG-PH@PIP-3.

FESEM image revealed the porous surface morphologies of our samples. Irregular,
discontinuous, and flaky microporous surface structures appeared in the images captured from
GG-PH nanocomposites (figure. 4.4 a, 4.4 b, 4.4 ¢) and GG-PH@PIP nanocomposites (figure.
4.4d,4.4e,4.41). From the FESEM image, noticeable differences can be observed between

PIP-loaded composites and the bare polymer composites.
4.3.1.7 Transmission electron microscopy (TEM) analysis

TEM image demonstrates the mono-dispersed, round shaped nanoparticles. As shown in figure
4.5 (a), GG-PH@PIP-1 particles is smooth surfaced, spherical shaped and diameter was about
(219 + 6) nm.
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Figure 4.5: (a) TEM image of GG-PH@PIP-1 (b) AFM image of GG-PH@PIP-1.
4.3.1.8 Atomic force microscopy (AFM) analysis

AFM image (figure 4.5 b) illustrate that almost all particles were spherical shaped and singly
dispersed. By AFM, the sizes of the GG-PH@PIP-1 were measured to be (255 + 10) nm. In
both TEM and AFM images, the nanocomposites appeared to be spherical shaped and particle

size was in the overlapping zone.
4.3.1.9 Loading percentage of PIP in GG-PH@PIPs

The loading efficiencies of any therapeutic in the composite matrix highly depend on the
molecular structure and the interactions between the composite and therapeutics used. The
percentage of PIP loaded within GG-PH was determined spectrophotometrically (as mentioned
in subsection 1.7.3.9). PIP has known absorption maxima at 344 nm.1” The loading percentage
of PIP is determined to be 79 = 1.66 % in GG-PH@PIP-3 which is the highest among all three
PIP-loaded nanocomposites. Table 4.1 shows the percentage of loaded PIP in nanocomposites
which indicated very good incorporation capacity. Condensed porous mesh of biopolymeric
nanocomposite constrained the release of PIP which in turn results in high loading efficiency
of hydrophobic PIP.%’
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4.3.1.10 Release profile of PIP from GG-PH@PIPs
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Figure 4.6: Time-dependent release study of PIP from GG-PH@PIPs at physiological pH.

The rate of release of PIP from GG-PH@PIP nanocomposite was determined by dialysis
method mentioned in subsection 1.7.3.10. We examined whether GG-PH@PIPs can show
controlled and sustained release of PIP in physiological pH (pH 7.4) throughout 100 hrs which
is desirable for therapeutic applications. The in vitro release of PIP from GG-PH@PIPs
occurred in two steps, i.e., a rapid burst release within the first 20 hrs followed by slow and
controlled leaching over 100 hrs (figure. 4.6). At physiological pH, after 24 hrs the release
percentage of PIP from GG-PH@PIP-1 is approximately 65% which was found to be greater
than GG-PH@PIP-2 (approx. 45%) and GG-PH@PIP-3 (approx. 56%). In the case of in vivo
experiments, drug release behaviour was supposed to be faster at the initial stage compared to
the later stage of administration.?®® Initial rapid release of therapeutics could be sufficient to
inhibit the primary infection and subsequent slower and sustained release might maintain the
concentration of therapeutic agent required to alleviate further infection. Moreover, the release
profile of PIP from GG-PH@PIPs nanocomposites ascertained sustained but faster release
which confirms the effectiveness of our synthesized nanocomposites to release an adequate

amount of therapeutics at the site of application.
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4.3.2 Evaluation of antibacterial activity

4.3.2.1 Determination of MIC and MBC
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Figure 4.7: Antibacterial activity of GG-PH@PIPs on (a) S. aureus and (b) P. aeruginosa.
Graphical representation of the antibacterial activity of GG-PHs on (c) S. aureus and (d) P.

aeruginosa.

To study the antibacterial potentials of GG-PH@PIPs the bacterial cells were incubated with
different concentrations (1000, 2000, 3000, 4000, 5000, 6000 pg/mL) of GG-PH@PIPs and
their survivability was evaluated from colony counting method mentioned in subsection
1.7.4.1. Figure 4.7 (a) and 4.7 (b) demonstrate that GG-PH@PIP-1 have better antibacterial
potential compared to GG-PH@PIP-2 and GG-PH@PIP-3. In figure 4.7 (a) the result showed
that at 3 mg/mL, the bacterial cell population before and after incubation were almost equal
i.e., the MIC of GG-PH@PIP-1 for S. aureus was around 3 mg/mL. At concentrations of 4, 5
and 6 mg/mL, around 95%, 100% and 100% mortality were observed respectively. Therefore,
MBC of GG-PH@PIP-1 was between 4 and 5 mg/mL. Figure 4.7 (b) demonstrates that MIC
values of GG-PH@PIP-1 for Gram-negative P. aeruginosa is about 4 mg/mL. At
concentrations of 4, 5 and 6 mg/mL, around 89, 93 and 99.9% cells were Killed respectively.

Therefore, MBC of GG-PH@PIP-1 was around 6 mg/mL. The antimicrobial activities of GG-
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PHs were evaluated using different concentration (1000, 2000, 3000 pg/mL) of GG-PH-1,2,3.
Results portrayed that bare polymer composites (GG-PH-1,2,3) have no antibacterial activity
against S. aureus and P. aeruginosa (presented in figure 4.7 ¢ and d respectively) i.e. bacterial
growth rate was not retarded by the treatment of bare GG-PH. The above antibacterial
experiments confirmed that GG-PH@PIP could be a very effective antibacterial agent against
different Gram-negative and Gram-positive bacterial strains. According to our experimental
investigation, GG-PH@PIP has potential bactericidal properties against both Gram-positive

and Gram-negative strains.

4.3.2.2 Determination of ROS generation
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Figure 4.8: Graphical representation of bacterial ROS generation by DCFDA assay in case

of (a) S. aureus (b) P. aeruginosa.

To evaluate the bacterial ROS generation DCFH2-DA dye was used and fluorescence intensity
was measured (as mentioned in subsection 1.7.4.5). ROS mediated oxidative stress is a major
cause of disruption of cellular integrity mediated cell mortality.?®® Figure. 4.8 (a) and 4.8 (b)
displayed the higher ROS generation in GG-PH@PIPs treated S. aureus and P. aeruginosa
cells respectively compared to GG-PHs treated cells. Due to ROS accumulation in cells,
bacterial membrane lipids are oxidized which initiates lipid peroxidation and free radical chain

reactions which will disrupt the integrity of membrane-bound proteins.3®
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4.3.2.3 Bacterial morphology study by FESEM

Figure 4.9: FESEM image displaying morphological changes of bacterial cells where red

circled parts indicate ruptured and damaged cell membrane.

FESEM images of bacterial cells, exposed to MIC dose of GG-PH@PIPs, displayed ruptured

surface with the damaged cell membrane (figure. 4.9) compared to the undamaged membrane

of the control bacterial cells in the case of both strains. S. aureus cells appeared to be shrunk

and surface disintegration of the cells was detected. Similar surface disintegrations and cell

perforations were observed in treated P. aeruginosa. Thus, red circled parts marked in FESEM

images confirmed membrane leakage which trigger the release of cellular materials through

perforated and disintegrated cell membranes.*** These must be the definitive causes of bacterial
cell death after being treated with GG-PH@PIPs.

4.3.3 Assessment of anticancer property

4.3.3.1 Cytotoxicity Study
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Figure 4.10: Survivability of A549 cells after treatment by MTT assay with (a) GG-PH@PIPs

and (b) GG-PHs.
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The in vitro anticancer properties of the nanocomposites were evaluated by MTT assay to the
human A549 cell line. The A549 cells were treated with various concentrations of GG-
PH@PIPs (2.5, 3.75, 5 mg/ mL) and were afterward followed by MTT assay (as described in
subsection 1.7.5.2). Figure 4.10 (a) demonstrates that the cells treated with GG-PH@PIPs
resulted in significant cell death. Bare nanocomposites i.e. GG-PHs did not exhibit any marked
cell death after being treated with a 5 mg/ mL concentration of GG-PHs (the results are
presented in Figure 4.10 b). At the highest concentration, GG-PH@PIP-1 treated cells
exhibited 19.7% cell survivability whereas 46.5% and 21.9% cell survivability are observed in
the case of GG-PH@PIP-2 and GG-PH@PIP-3 respectively. The ICso value of GG-PH@PIP-
1 was assessed to be 3.14 mg/mL which is lower than the 1Csg values of the other two PIP
incorporated samples (table. 4.2).

Table 4.2: I1Cso Value of GG-PH@PIPs and corresponding effective concentration of PIP.

Nanocomposite ICso Value  Effective concentration of PIP
(mg/mL) (Hg/mL)

GG-PH@PIP-1 3.14 76.3
GG-PH@PIP-2 4.87 98.8
GG-PH@PIP-3 3.64 84.3

4.3.3.2 Study of Intracellular ROS generation
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Figure 4.11: (a) Graphical representation of ROS mediated fluorescence intensity in A549 cell

line. (b) Fluorescence microscopic image of intracellular ROS generation for A549 cell line.
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To measure intracellular ROS generation in A549 cells after treatment with GG-PHs and GG-
PH@PIPs (5 pg/uL each), DCFH2-DA dye was used (as mentioned in subsection 1.7.5.3). GG-
PHs treated cells showed very low amount of ROS generation almost similar to control cells
whereas GG-PH@PIPs treated cells displayed a significant increase in ROS generation (figure
4.11 a and b). Estimated ROS content within the cells after treatment with nanocomposites
indicated the highest oxidative stress in case of GG-PH@PIP-1 treated cells which was

established by spectroscopically as well as by fluorescence microscopy.

4.3.4 Biocompatibility study

4.3.4.1 Cytotoxicity Study
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Figure. 4.12: Graphical representation of MTT assay on WI38 cell line after treatment with
(a) GG-PH@PIPs and (b) GG-PHs.

To evaluate the biocompatibility of synthesized nanocomposites, in vitro cytotoxicity was
estimated by MTT assay (as mentioned in subsection 1.7.5.2). Human lung fibroblasts (W138)
cells were exposed to GG-PH@PIPs with three different concentrations (2.5, 3.75, 5 mg/mL)
and GG-PHs at a concentration of 5 mg/mL each. In W38 cells, treatment with GG-PH@PIP-
2 showed the highest biocompatibility. At 2.5 mg/mL dose, GG-PH@PIP-1 exhibited 54%,
GG-PH@PIP-3 showed 58.3% cell survivability whereas GG-PH@PIP-2 treatment exhibited
88.3% cell survivability (figure. 4.12 a). In WI38 cells, treatment with GG-PH-1 showed 92%
cell survivability whereas treatment with GG-PH-2 and GG-PH-3 exhibited respectively 93%
and 94.7% cell survivability (figure. 4.12 b). From experimental results we can conclude that

GG-PHs are completely biocompatible and used biopolymers do not exert any cytotoxic effect
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on cells whereas in case of GG-PH@PIPs cytotoxicity can be avoided by standardize the dose

of nanocomposite used.

4.3.4.2 Study of Intracellular ROS generation
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Figure. 4.13: (a) ROS generation study in WI38 cell line. (b) Fluorescence microscopic image

displayed ROS generation in WI38 cell line

Intracellular ROS generation was evaluated when W38 cells were exposed to GG-PH@PIPs
and GG-PHs (at a concentration of 5 mg/mL each) and fluorescence intensity was measured
spectroscopically (as mentioned in subsection 1.7.5.3). The graphical representation of
intracellular ROS generation study (figure. 4.13 a) showed higher amount of ROS generation
in GG-PH@PIPs treated cells compared to GG-PHs treated cells. Figure. 4.13 (b) exhibited a
marked increase in green fluorescence in GG-PH@PIPs treated cells compared to the control
and GG-PHs (bare nanocomposites) treated cells which established the ROS-mediated stress
in GG-PH@PIPs treated cells. Experimental results confirmed the non-cytotoxic properties of
GG-PHs in normal human lung fibroblasts (W138) but after encapsulation of PIP the doses of
GG-PH@PIPs nanocomposite should be standardized and maintained carefully to avoid the
PIP-mediated side effects.
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4.4 Conclusion

This chapter discussed about nanonization of a multifunctional bioactive compound PIP by
loading it in the biopolymeric nanocomposite. The synthesis procedure was economical, simple
and robust using only plant-derived polymers. Natural polysaccharides such as GG and PH
mucilage derived nanocomposite are emerging drug delivery systems that offer promising
advantages such as non-toxicity, non-immunogenicity, excellent swelling ability,
biocompatibility, and most importantly having an innate pharmacological property of
polysaccharides. The synthesized nanocomposites exhibited very high loading capacity i.e. up
to 83% of PIP (added as precursors) was loaded in the nanocomposites. The zeta potential
which signifies the stability of nanoparticles was about (-) 31 mv. The Zeta potential and
loading percentage of PIP in nanocomposites decreased gradually with the change in the ratio
of the precursor polymers and mucilage. The sustained release profile of PIP from GG-
PH@PIPs nanocomposites confirms the efficiency of our synthesized nanocomposites. As we
incorporate a very low amount of PIP in a polymer composite, a lesser concentration of PIP
was found to exhibit potential antibacterial and anticancer activity. GG-PH@PIP
nanocomposites have shown promising bactericidal capacities against Gram-negative
Pseudomonas aeruginosa, and Gram-positive Staphylococcus aureus as well as these
nanocomposites were found to have significant anticancer properties against human A549 cell
lines. Experimental results also confirmed the moderate biocompatibility of these phyto-
nanocomposites against normal human lung fibroblasts (WI38) cell lines. From experimental
outcomes, it can be said that PH mucilage can be utilized to formulate effective bio-polymeric
drug carrier in combination with other biomaterials if properly standardised. PIP, being a
predominant dietary alkaloid with pro-oxidant properties might be convenient in development
of a potential nanomedicine. As disease treatment frequently requires multi-dimensional drugs
to combat with wide range of complications, the development of a multiple-response
biopolymer-based nanocomposite like GG-PH@PIP is an urgent need to explore diverse

biomedical applications.
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Summary

Guar gum-carboxymethyl cellulose derived piperine nanocomposite (GG-CMC@PIP) i.e.,
piperine loaded in guar gum-carboxymethyl cellulose composite was synthesized to develop a
phytochemical-based nanomaterial by following a simple synthetic procedure. In this study,
piperine was nanonized by entrapping within guar gum-carboxymethyl cellulose derived
nanocomposite (GG-CMC). GG-CMC@PIPs were of (i) size (25 £ 3) nm by TEM, (ii) zeta
potential (—) 33.1 £.73 mV and (iii) entrapment efficiency 86 + .46 %. High loading percentage
of piperine in polymeric nanocomposites revealed excellent incorporation efficiency. In
addition, the release behaviour of piperine from nanocomposites exhibited sustained but faster
release pattern. Minimal inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) of piperine- loaded nanocomposite on Gram-positive Enterococcus
faecalis and Gram-negative Escherichia coli, Pseudomonas aeruginosa were in the range of
200400 pg/mL. The nanocomposite also showed potential anticancer property against C6
glioma cell line. Excessive accumulation of reactive oxygen species (ROS), mitochondrial
depolarization and higher degree of nuclear damage followed by increased mortality of C6

glioma cell were observed after the treatment with piperine loaded nanocomposite.
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5.1 Introduction

There is a rising interest in the modifications and applications of biomaterials that can
efficiently replace synthetic counterparts, particularly in the biomedical and pharmaceutical
sectors. An important driving force to explore bio-based nanocomposites is to enhance the
diversified possibilities of clinical applications of these natural compounds as well as introduce
new interesting properties in biopolymeric composites. Plant derived polymers have immense
applicability due to their outstanding inborn merits, such as biocompatibility, biodegradability
and multifunctional applicability over synthetic polymers as well as they synergistically
improve the functionality of constituent bio-materials.>*?> Advanced plant-derived drug delivery
systems (DDS) attract more attention in biomedical applications resolving drawbacks such as
less effective rate of intestinal absorption, inefficient delivery mechanism at target site, poor
solubility, and plasma inconsistency of phytocomponents.?®>?% Among the reported plant
derived polysaccharides, chitosan, cellulose, guar gum, xanthan gum, alginate, and f-
cyclodextrin have been efficaciously applied as a vehicle for drug encapsulation, targeted
delivery and controlled release.>”> We have chosen guar gum and carboxymethyl cellulose for

our study to develop bio-polymer derived nanocomposite.

Guar gum (GG) is processed from endosperm of a drought tolerant legume Cyamopsis
tetragonalobus, which predominantly contains galactomannans.®> GG swells to dissolves in
polar solvent on dispersion by forming strong hydrogen bonds and used as a novel food
additive, stabilizer, emulsifier, or thickener.858 GG is degraded by Clostridium butyricum, a
human commensal bacterium in the large intestine and prevent constipation, obesity, maintain
bowel regularity, control diabetes and facilitate mineral absorption.8% Carboxymethyl
cellulose (CMC) is a cellulose derived hydrophilic polysaccharide possessing both carboxylate
and hydroxy! groups with high chemical stability, pH-sensitivity, non-toxicity, and gel-forming
properties.'?t CMC is a biocompatible macromolecule that has been used for DDS with the aim
of sustained drug release.'?? It is reported that CMC has several biomedical applications such

as wound healing, bioimaging, tissue engineering and drug delivery.?!

According to World Health Organization (WHO), infectious diseases are the second important
cause of universal death.3%* It is necessary to develop effective advanced multi-functional
antibacterial material to alleviate the improper usage of conventional antibiotics. Enterococcus
faecalis is a common enterococcal species associated with infections in humans and is one of

the prevalent nosocomial pathogens.>® Gram-positive E. faecalis resides in the gastrointestinal

82|Page



Chapter 5

as well as genitourinary tracts and is associated with bacteraemia, intra-abdominal infections,
infective endocarditis, wound infections, endodontic diseases and urinary tract infections.>°
Generally, Gram-negative Escherichia coli is harmless and coexist in its human host with
mutual benefit. However, specific pathogenic strains of E. coliare known to cause
enteric/diarrhoeal disease, urinary tract infections and sepsis/meningitis.3” Gram-negative
Pseudomonas aeruginosa is an opportunistic pathogen capable of causing a range of infections
including intra-abdominal infections, wound infections, urogenital sepsis and pneumonia in

immunocompromised persons.3%

Plant derived phytochemicals have been known to exert medicinal properties against numerous
infectious disease due to presence of secondary metabolites.'** Over past few decades, much
attention has been given to explore “chemoprevention” by using bioactive phytocompounds
for their protective role against bacterial infection, tumorigenesis, and proliferation of cancer
2% For this study, piperine (1-[5-(1,3-Benzodioxol-5-yl)-1-0x0-2,4-pentadienyl] piperidine), a
principal alkaloid extracted from the fruits of Piper nigrum and Piper longum plants have
chosen as a bioactive phytochemical.?®! Diverse physiological effects of piperine (PIP) have
been reported including enhanced digestion due to stimulation of gastric acid secretion,
increased bioavailability of drugs by increasing their absorption, and decreasing drug
metabolism by inhibition of cytochrome P450/CYP3A4.3%® Recent studies reported the
cytotoxic nature of PIP for 4T1 mouse mammary carcinoma cell line and PC3 human prostate
cancer cell line.3% It is reported that PIP alone induced more potent cytotoxicity to Dalton’s
lymphoma ascites cells than the alcoholic extract Piper longum.>® Studies showed the
prooxidant property of PIP which is known to induces radical mediated mitochondrial pathway
of apoptosis in Hep G2 cells.?%2 In addition, PIP also functions as an inducer of apoptosis in
rectal and colon cancer cells by ROS-mediated pathway.'%32% Taken together, all these
experimental reports suggest that PIP may possess therapeutic property in prevention or

treatment of cancers.

Therefore, the present research was designed to study the effectivity of PIP as a promising pro-
oxidant drug and offers a novel approach for the treatment of C6 glioma cells and a broad range
of bacterial infections. The synthesised nanocomposites are well-characterized using XRD,
FTIR, FESEM, AFM, TEM, TGA, DLS study, UV- Vis spectra and drug release dynamics etc
to analyse the morphological, physical and chemical properties. We have chosen two plant
derived polymers i.e. CMC and GG to synthesis a stable, multifunctional PIP incorporated

nanocomposite to attain improved drug loading efficiency and sustained drug release
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properties. Our experimental results report structural characterization and clinical efficacy of
GG and CMC derived nanocomposites (GG-CMC) as well as PIP incorporated
nanocomposites (GG-CMC@PIP). This study has focused on evaluating the anti-cancer
potentials of GG-CMC@PIP against C6 glioma cells as well as bactericidal properties against
Gram-positive E. faecalis, and Gram-negative E. coli, P. aeruginosa strains. A schematic
representation of general mechanisms for antibacterial and anticancer mode of action of PIP

loaded bio nanocomposite is illustrated in figure 5.1.
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Figure 5.1: Schematic representation of general mechanisms for antibacterial and anticancer

mode of action of GG-CMC@PIP nanocomposites.
5.2 Experimental section

5.2.1 Synthesis of bio-nanocomposite (GG-CMC@PIP)

GG-CMC@PIP nanocomposite contains the nano formulation of GG and CMC within which
PIP was nanonized. Briefly, at room temperature 50 mg GG was dissolved completely in 50
mL distilled water to obtain a 0.1% (w/v) solution. 50 mg of CMC was dissolved in 50 mL of
distilled water to form a 0.1 % (w/v) solution. Homogenized GG and CMC solutions were
prepared using a magnetic stirrer for 2 hrs at room temperature. Under stirring condition, CMC
solution was added slowly to GG solution. The resulting suspension was allowed to dry at 60°C
for 24 hrs. For the synthesis of PIP incorporated nanocomposite, 10 mL PIP solution was

prepared in DMSO at a concentration of 5 mg mL™ was added dropwise to the above-
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mentioned polymer mixture and suspension was vigorously stirred for 8 hrs. The prepared
sample were purified by centrifugation at 10,000 rpm for about 10 mins and obtained pellet
was washed twice with Milli-Q water followed by drying at 60°C in a vacuum desiccator.
Ultrasonic bath sonicator is used for preparing suspensions of nanocomposite used in further

studies.
5.2.2 Statistical analysis

All experiments were performed in triplicate and data were presented as mean + standard
deviation (SD) for each set of experiments. Single factor one-way statistical analysis was
performed using ANOVA. To determine statistical significance, value of p < 0.05 was

considered to indicate significance or otherwise mentioned.

5.3 Results and Discussion

5.3.1 Physical Characterizations

5.3.1.1 Fourier transform infrared spectroscopy (FTIR) analysis

Figure 5.2 (a) shows the FTIR spectra of GG, CMC, PIP, GG-CMC, GG-CMC@PIP. FTIR
spectrum of GG showed peaks around at 798 cm™ is assigned to (1-4), (1-6) linkage of
galactose and mannose, at 1008 cm™ is attributed to —CH, twisting vibration, 1647 cm (ring
stretching of mannose), 3304 cm™ (O—H stretching vibration) and 2904 cm™ (C—H stretching
of CHz group).?#424 According to the FTIR spectra of CMC a wide peak is observed at 3323
cm™ (-OH stretching), at 2906 cm™ (asymmetric —CHj stretching), at 1578 cm™ (Asymmetrical
COO-) and at 1413 cm™ (Scissoring —CHy).%1° Similar peaks are observed in FTIR spectra of
GG-CMC and GG-CMCQ@PIP. As is shown in figure 5.2 (a) FTIR spectra of PIP have
characteristic peaks at 928 cm™ (C-O bond) and 1633 cm (stretching of the amide group).
The FTIR spectrum of PIP displays clear peaks at 1248 cm™ corresponding to asymmetrical
stretching of =C—O—C bond, at 1444 cm™* which attributes to C=H stretching and at 2935 cm™
which assigned to aromatic C—H stretching.?> All these characteristic peaks were present in
GG-CMC@PIP nanocomposite which representing the entrapment of PIP. The intensity of
peaks was suppressed in FTIR spectra of GG-CMC@PIP, which indicates presence of minor
ionic interaction and absence of significant chemical interaction between the PIP and polymer

composite.
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Figure 5.2: (a) FTIR spectra, (b) XRD pattern of GG-CMC and GG-CMC@PIP

nanocomposites.
5.3.1.2. X-ray diffraction (XRD) study

XRD diffraction pattern of GG-CMC@PIP nanocomposite is shown in figure 5.2(b). GG,
CMC and GG-CMC composites displayed a broad hallow which suggests the amorphous
nature and low crystallinity of polymers. Disordered molecular arrangements with lack of
distinguishable crystal lattices were observed in Amorphous forms.?8° GG showed a broad peak
at 20 = 20 °.24" XRD diffraction peaks of CMC appeared at 20=15 °, 20 °, 34 ® and 44 °.3'1 XRD
pattern of PIP showed diffraction peaks at 20 = 14°, 22°, and 25° which displays resemblance
with the typical pattern of PIP (JCPDS Card no: 00-043-1627).24 XRD pattern of CMC and
GG revealed that it has no crystalline structure while the XRD pattern of GG-CMC@PIP
nanocomposites displayed sharp peaks represents gaining of crystalline nature due to the

introduction of PIP.
5.3.1.3 Thermal gravimetric analysis (TGA)

TGA thermograms of GG-CMC, GG-CMC@PIP nanocomposites are shown in figure 5.3(a).
The curves elucidate thermal stability and the decomposition rate. TGA curve of GG-CMC and
GG-CMC@PIP displayed almost similar pattern and GG-CMC had a slower slope. The
degradation has completed in two stages with increasing temperature. The initial

decomposition involved a small weight loss which is due to the evaporation of moisture and
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adsorbed surface water. According to the thermogram of GG-CMC and GG-CMC@PIP, the
initial degradation of mass at around 40-150°C is almost 10.5%, and 4% respectively. The
second step of sharp degradation is associated with the pyrolysis, volatilization, and
combustion of organic molecules present in the nanocomposites. The second decomposition
showed more significant weight loss which is about 40.01% (temperature range 175-320°C) in
GG-CMC and about 61.41% (temperature range 183-330°C) in GG-CMC@PIP. According to
the thermograms of GG-CMC and GG-CMC@PIP, at 400 °C the total weight loss of samples

was 59% and 72% respectively.
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Figure 5.3: (a) TGA curve and (b) UV-Vis spectra of GG-CMC and GG-CMC@PIP

nanocomposites.
5.3.1.4 UV-visible spectroscopy

The UV-vis spectra of GG-CMC and GG-CMC@PIP nanocomposites is shown in figure
5.3(b). PIP has a prominent characteristic peak (Amax) at 342-345 nm.”® As observed in the
spectra, GG-CMC@PIP exhibited a prominent and strongest peak at 340 nm, followed by a
less intense peak ataround 310 nm, whereas between 248 and 256 nm a low-intensity absorption
band has been observed which established the successful incorporation of PIP into the

nanocomposite.
5.3.1.5 Determination of size and shape of nanocomposites

DLS study determine the hydrodynamic diameter which includes the size of core particle
together with the thick hydration layer around it. So, the hydrodynamic diameter measured in
DLS study was always larger than the definite size of any particle. Therefore, actual size and
shape of our synthesized nanocomposites were determined by FESEM, TEM and AFM. Poly
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dispersity index (PDI) value represented the dispersibility and efficacious synthesis of
nanoparticles. The mean size of the GG-CMC@PIP particle, measured by DLS instrument,
was found to be about 300 nm with a poly dispersity index (PDI) value of .291. Lower PDI
values of GG-CMC@PIP demonstrates the mono-dispersed and almost equal-sized

nanocomposite suspension.

The zeta potential ({) of GG-CMC@PIP was found to be (—) 33.1 + .73 mV. The magnitude
of zeta potential implies the potential stability of nanocomposites. Negative zeta potential
demonstrates the negative surface charges on GG-CMC@PIP. Higher positive or negative
value of nanoparticles prevent agglomeration whereas stability is compromised in decreased
value of { by inducing aggregation of particles. As { value > + 30 mV of any nanoparticle is
considered as stable, therefore, GG-CMC@PIP nanocomposite can be considered stable

enough for biomedical applications.?%®
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Figure 5.4: (a) FESEM image (b) TEM image (c) AFM image of GG-CMC@PIP.

FESEM image of GG-CMC@PIP illustrated almost spherical morphologies of nanocomposites

with smooth, microporous surface structures (figure 5.4 a).

In TEM image, GG-CMC@PIP particles are appeared to be spherical shaped with about (25 +
3) nm in diameter shown in figure 5.4 (b). TEM image demonstrates round shaped mono-

dispersed particles.

AFM image (figure 5.4 c) revealed that almost all spherical shaped particles are singly
dispersed. According to AFM image, the sizes of the GG-CMC@PIP were measured to be (55
+ 4) nm. All three images of FESEM, TEM and AFM exhibited the synthesized

nanocomposites were spherical in shape.
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5.3.1.6 Loading percentage of PIP in GG-CMC@PIP

The percentage of PIP loaded within GG-CMC was determined spectrophotometrically (as
mentioned in subsection 1.7.3.9). PIP has known absorption maxima at 344 nm.1”® Loading
percentage is determined to be 86 £ .46 % i.e. about 86 + .46 % precursor PIP got loaded within
the GG-CMC@PIP. The loading efficiency of any drug in composite polymer matrix are
depend on the molecular interaction pattern between the polymer-composite and therapeutics
used. High drug loading efficiency of PIP in nanocomposites indicated very good incorporation
capacity. Condensed porous structure of nanocomposite may restrict the dissociation of PIP

which can cause high drug loading efficiency of PIP loaded nanocomposites.?®’

5.3.1.7. Release profile of PIP from GG-CMC@PIP
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Figure 5.5: Graphical representation of time-dependent release study of PIP from GG-

CMC@PIP.

The in vitro release behaviour of PIP from GG-CMC@PIP nanocomposite was assessed by
dialysis method mentioned in subsection 1.7.3.10. Drug release profiles were performed in
physiological pH at 7.4 and in acidic at pH 5.5. As shown in figure 5.5 we measured the release
pattern of PIP from GG-CMC@PIP over a period of 100 hrs which is crucial for clinical
applications. The in vitro release behaviour of incorporated therapeutic from GG-CMC@PIP
occurred in two steps. The release pattern showed an initial burst release in the first 10 hrs
followed by a slow and sustained leaching over a period of 100 hours (figure 5.5). After 24 hrs
at pH 5.5 (acidic condition), the estimated release percentage of PIP (approx. 78.4%) was found
to be greater than at physiological pH (approx. 58.2%). At pH 5.5 about 96% of PIP was
released over a period of 100 hrs. The interaction pattern between therapeutics and polymer
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composite modulates drug release behaviour. PIP that is adsorbed on to the surface of the
nanocomposite might be the reason for initial bulk release. This initial release is adequate to
inhibit the infectious agents and subsequent controlled release might maintain the concentration
of therapeutic which is essential to alleviate spreading of infection. The release of PIP from
GG-CMC@PIP was observed to be faster in acidic pH than physiological pH. As some tumours
and cancer cells have poor blood vessel architecture, cellular metabolic end products tend to
be accumulated in those cells resulting in lowering of pH. Hence, the accumulated
nanocomposite can release its therapeutic content more efficiently in acidic pH.3!2

5.3.2 Evaluation of antibacterial activity

5.3.2.1 Determination of MIC and MBC
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Figure 5.6: Graphical representation of the antibacterial activity of GG-CMC@PIP on (a)

Enterococcus faecalis (b) Escherichia coli and (c) Pseudomonas aeruginosa.

To study the antibacterial potentials of GG-CMC and GG-CMC@PIP the bacterial cells were
incubated with different concentrations (100, 200, 300, 400, 500, 600 pg/mL) of GG-
CMC@PIP in nutrient medium and their survivability was evaluated from colony counting
method on agar plates (as mentioned in subsection 1.7.4.1). The results depicted that GG-CMC
does not have any potential antibacterial properties against all three bacterial strains i.e. Gram-
positive E. faecalis and Gram-negative E. coli and P. aeruginosa as the growth rate of bacterial
cells was not at all affected after treatment with GG-CMC. In figure 5.6 (a) the result portrayed
that bacterial cell viability of Gram-positive E. faecalis is increased slowly below the
concentration of 200 pug/mL of GG-CMC@PIP. The MIC of GG-CMC@PIP for E. faecalis
was found between 200 pg/mL and 300 pg/mL. At concentrations of 400 pug/mL and 500
pg/mL, around 99.9% and 100% E. faecalis cells were killed respectively. Therefore, MBC of
GG-CMC@PIP for E. faecalis was around 400 pug/mL. Figure 5.6 (b) demonstrates that MIC
values of GG-CMC@PIP for Gram-negative E. coli was between 300 pg/mL and 400 pg/mL.
At concentrations between 400 pg/mL, 500 pg/mL and 600 pg/mL, 97 %, 99.9% and 100%
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cells were killed respectively. Therefore, MBC of GG-CMC@PIP for E. coli was around 500
pg/mL and. Figure 5.6 (¢) demonstrates that MIC values of GG-CMC@PIP for Gram-negative
P. aeruginosa was between 300 pg/mL and 400 pg/mL. At concentrations of 400, 500 and 600
pg/mL, around 98, 99.9 and 100% cells were killed respectively. Therefore, MBC of GG-
CMC@PIP for P. aeruginosa was around 500 pg/mL. Thus, the above experimental results
clearly demonstrate that the GG-CMC@PIP may come out as a potential antibacterial
compound against a broad range of bacterial strains. Thus, nanonization of PIP through its
loading within GG-CMC helped to gain the effective bactericidal property over the bulk PIP.
However, our experimental investigations proved GG-CMC@PIP as a potential bactericidal

nanocomposite against both Gram-positive and Gram-negative strains.

5.3.2.2 Estimation of bacterial ROS generation
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Figure 5.7: Graphical representation of bacterial ROS generation by DCFDA assay.

The extent of intracellular reactive oxygen species (ROS) production in bacterial cells was
assessed using DCFH-DA as a visual indicator inside the cell, according to the
spectrofluorimetric method (as mentioned in subsection 1.7.4.5). Reactive oxygen species
(ROS) include highly reactive molecules (Peroxides, superoxide, hydroxyl radical, singlet
oxygen) formed by the inappropriate transferring of electrons to 02.31® Bacterial cells are
vulnerable to elevated intracellular ROS level as it causes disruption of cellular integrity
releasing the cellular components like DNA, RNA, lipids, and proteins.?®® From figure 5.7 we
found a remarkable difference in the intracellular accumulation of ROS between the GG-
CMC@PIP treated and GG-CMC treated cells. In this regard, the control set (not exposed to

nanocomposites) showed the lowest intracellular ROS generation. The results further revealed
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that the maximum ROS accumulation was observed when treated with GG-CMC@PIP (~4.8,
3.9 and 4.1-fold higher than control in case of E. faecalis, E. coli and P. aeruginosa
respectively). Thus, the result indicated that our synthesised PIP incorporated nanocomposite
increases the accumulation of ROS in the test organism considerably that cause bacterial cell

death.

5.3.2.3 Bacterial morphology study by FESEM

CONTROL

GG-CMC@PIP
TREATED

Figure 5.8: FESEM micrographs showing morphological characteristics of bacterial cells.

FESEM images of bacterial cells, exposed to MIC dose of GG-CMC@PIP, revealed that
discontinuity of cell wall (figure 5.8) compared to the uniform and uninterrupted cell surface
of the untreated control cells. Red circled parts in FESEM images of treated E. faecalis revealed
cell deformation with uneven cell surface whereas treated E. coli cells appeared to be shrunk
and surface disintegration was observed. Similar shrivelled surface morphologies with cell
perforations were detected in treated P. aeruginosa. From the above findings it can be assumed
that the accumulated intracellular ROS attacked polyunsaturated fatty acids of bacterial
membranes and resulted in lipid peroxidation which eventually altered the integrity of
membrane-bound proteins.3® This loss of membrane uniformity caused cell leakage through

ruptured, perforated and disintegrated cell membranes.3%
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5.3.3 Assessment of anticancer property

5.3.3.1 Cytotoxicity Study
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Figure 5.9: Survivability of cells treated with different concentrations (100-700 pg/mL) of
GG-CMC and GG-CMC@PIP for 24 hours as obtained by MTT assay.

In vitro anticancer activity of both GG-CMC and GG-CMC@PIP was studied against C6
glioma cell line following standard protocol (as mentioned in subsection 1.7.5.2). Treatment of
cells with different concentrations (100-700 pug/mL) of GG-CMC and GG-CMC@PIP for 24
hours showed that cytotoxicity of GG-CMC@PIP got increased in a dose-dependent manner
(figure 5.9). At around 500 pg/mL dose GG-CMC@PIP resulted in ~50% cell death (ICso),
which showed its potential to be used as an anticancer therapeutic. On the other hand, GG-
CMC had no significant cytotoxic effect on C6 glioma cells up to concentration of 500 pg/mL,
beyond which slight cytotoxicity was observed (around 10% cell death at 700 pg/mL

concentration).
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5.3.3.2 Study of Intracellular ROS generation
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Figure 5.10: Fluorescence microscopic images of DCFH2-DA-stained (a) untreated control,
(b) GG-CMC treated and (c) GG-CMC@PIP treated C6 glioma cells; (d) represents the
fluorescence intensity of the images. Statistical significance was analysed with respect to

control using one-way ANOVA with Dunnett's multiple comparisons test.

The level of intracellular ROS contents of untreated control, GG-CMC and GG-CMC@PIP
treated cells were investigated by fluorescence microscopy using DCFH2-DA staining (as
mentioned in subsection 1.7.5.3). The fluorescence intensity of untreated control cells and GG-
CMC treated cells were somewhat similar with a value of (14.02+0.98) a.u. and (14.34+1.02)
a.u. respectively. The fluorescence intensity of GG-CMC@PIP treated cells was comparatively
higher with a value of (39.12+£3.06) a.u (figure 5.10). These results showed that GG-CMC
treatment had no significant effect on ROS generation in treated cells. On the other hand, GG-
CMC@PIP treatment resulted in generation of higher levels of intracellular ROS which
contributed to higher cell cytotoxicity and its anticancer activity, corroborating with the results
of MTT assay. To maintain redox homeostasis, cancer cells display a moderate increase in
ROS level together with a powerful antioxidant defense system compared to normal cells.
Increased ROS level may induce emergence of malignancy, whereas an excess ROS level over

the threshold will trigger apoptosis of cancer cell due to ROS mediated oxidative damage.3*
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5.3.3.3 Determination of mitochondrial membrane potential (MMP)
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Figure 5.11: Fluorescence microscopic images of Rhodamine 123-stained (a) untreated
control, (b) GG-CMC treated and (c) GG-CMC@PIP treated C6 glioma cells; (d) represents
the fluorescence intensity of the images. Statistical significance was analysed with respect to

control using one-way ANOVA with Dunnett's multiple comparisons test.

The depolarization level of mitochondrial membrane potential of GG-CMC and GG-
CMC@PIP treated cells with respect to untreated control cells was studied by fluorescence
microscopy using Rhodamine 123 staining (as described in subsection 1.7.5.5). The
fluorescence intensity of untreated control and GG-CMC treated cells were (41.91+2.65) a.u.
and (39.32+1.90) a.u. respectively. On the other hand, the fluorescence intensity of GG-
CMC@PIP treated cells was (13.29+0.95) a.u., which was comparatively lower than both
untreated and GG-CMC treated cells, signifying higher rate of depolarization levels of MMP
(figure 5.11). Mitochondria are major target of oxidative stress in cells and disruption of MMP
results in decrease of ATP production which is the main energy source for different vital
biochemical reactions of cells. GG-CMC@PIP treatment caused oxidative stress mediated

depolarization of MMP which contributed to its cytotoxicity and anticancer activity.
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5.3.3.4 Determination of degree of nuclear damage
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Figure 5.12: Fluorescence microscopic images of Hoechst 33342-stained (a) untreated
control, (b) GG-CMC treated and (c) GG-CMC@PIP treated C6 glioma cells; (d) represents
the fluorescence intensity of the images. Statistical significance was analysed with respect to

control using one-way ANOVA with Dunnett's multiple comparisons test.

The degree of nuclear damage of untreated control, GG-CMC and GG-CMC@PIP treated cells
were investigated by fluorescence microscopy using Hoechst 33342 staining (as described in
subsection 1.7.5.6). The study showed that the fluorescence intensity of both untreated control
and GG-CMC treated cells were lower [(30.93+1.58) a.u. and (37.86+2.14) a.u. respectively]
than that of GG-CMC@PIP treated cells (78.72+2.78) a.u., (figure 5.12) implying higher
degree of nuclear damage and consequent apoptosis by GG-CMC@PIP treatment and its

anticancer activity.
5.4 Conclusion

In our study, we investigated antibacterial and anticancer activity of newly synthesized GG-
CMC@PIP. In summary, this chapter discussed on nanonization of phyto-active compound
PIP by incorporating it in the biopolymeric nanocomposite. We have successfully developed
biopolymer-based GG-CMC@PIP nanocomposite using PIP for therapeutic applications.

Synthesis procedure of this nanocomposite was simple, cost-effective, and robust comprising
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only natural polysaccharides such as GG and CMC. GG-CMC@PIP can be an efficient drug
delivery system with several promising advantages such as non-toxicity, excellent swelling
ability, high drug loading capacity, sustained drug release property etc. Our study revealed a
very high loading capacity (86 + .46 %) of PIP (added as therapeutic) in GG-CMC@PIP. High
zeta potential of about (=) 33.1 £ .73 mV demonstrates the good stability of nanocomposite.
The sustained and controlled release profile of PIP from nanocomposites suggests the efficacy
of GG-CMC@PIP as an appropriate drug delivery system. Our study has shown promising
bactericidal capacity of GG-CMC@PIP nanocomposites against Gram-positive E. faecalis and
Gram-negative E. coli and P. aeruginosa. PIP being a pro-oxidant compound, trigger ROS
accumulation by disrupting intracellular defence mechanism which maintain redox
homeostasis in cells. Experimental results also confirmed depolarized mitochondrion and
higher degree of nuclear damage which in turn revealed prominent anticancer activity against
C6 glioma cell. Thus, PIP can be considered as an interesting candidate in the ROS-mediated
apoptosis in C6 glioma cell. From experimental outcomes, it can be said that natural plant
derived polymers with innate pharmacological activity can be used to synthesize suitable
polymeric vehicle for a broad range of drugs if properly standardised. Considering all these
new observations, we believe that PIP, being an alkaloid phytochemical might be convenient
as a potential nanomedicine for versatile applications. As new-generation medicinal treatment
frequently requires multi-dimensional drugs to combat with wide variety of complications, the
development of a multiple-response biopolymer-based nanocomposite like GG-CMC@PIP is

a crucial need to explore diverse biomedical applications.
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Summery

In this chapter, we investigated the effectivity of GG-CMC@PIP nanocomposite on
biochemical, haematological, and histological parameters to assure the ameliorative potential
of piperine in hepatotoxicity induced by the paracetamol in Swiss albino mice model. Piperine
was nanonized by entrapping within a guar gum-carboxymethyl cellulose-derived polymer
composite (GG-CMC). GG-CMC@PIPs were of (i) size (25 £ 3) nm measured by TEM, (ii)
zeta potential (—) 33.1 = .73 mV, and (iii) entrapment efficiency of piperine 86 + .46 %.
Nanocomposite administration (Img/kg body weight) to paracetamol-intoxicated mice
significantly reversed (p<0.05) the hepatic damage almost similar to silymarin. Antioxidant
screening (MDA, CAT, SOD levels) was performed to study the therapeutic efficacy of
synthesized nanocomposite. Oral administration of piperine-incorporated nanocomposite for
15 days significantly reduced increased serum bilirubin, aspartate transaminase, alanine
transaminase, and alkaline phosphatase levels in damaged liver and showed a marked
amelioration in the histopathological hepatic necrosis and boosted antioxidant enzyme levels
in hepatocytes. Whereas the biochemical and antioxidant status was found to be recovered in
nanocomposite-treated animals compared to that of the bulk PIP-treated animals. No
significant changes in haematological parameters and antioxidant response were observed in
animals after GG-CMC treatment compared to the animals which received only paracetamol
treatment confirming the inert nature of bare polymer composite (GG-CMC). The results
suggested that piperine as a phytochemical has promising hepatoprotective efficacy against

paracetamol-induced hepatotoxicity in mice.
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6.1 Introduction

The liver is a critical organ responsible for various functions, including micro- and
macromolecular metabolism, bile production, and removal of bilirubin, cholesterol, hormones,
toxins, drugs, and other harmful substances.®® There is a rising concern in the search of
alternative plant-derived medicines for treating acute and chronic liver diseases.
Phytochemicals and their derivatives might be suitable candidates to treat different liver
disorders. One of them is silymarin, a flavonolignan extracted from the milk thistle, or Silybum
marianum which is widely used as a hepatoprotective component.3!® Silymarin contains several
flavoligands and the flavonoid taxifolin.3!” The hepatoprotective property of silymarin is
caused by its high antioxidant assets which cut off excess free radicals produced from the
metabolism of toxic materials such as paracetamol, ethanol, etc. It has also been found that
silymarin stimulates protein synthesis in hepatocytes by activating the RNA polymerase |
enzyme and positively regulates new hepatocyte growth, 317318

In this chapter, we have investigated the hepatoprotective effect of piperine, an alkaloid
phytochemical with immense therapeutic properties isolated from Piper nigrum or Piper
longum plants in paracetamol-intoxicated liver disease of Swiss albino mice.?®! A wide range
of medicinal potentials have been attributed to PIP in animal models, such as suppression of
tumour growth, hepatotoxicity, metastasis, and inflammation, etc.3%®3% Molecular docking
studies showed PIP decreases drug metabolism by inhibiting cytochrome P450/CYP3A4.3%
Several experimental outcomes reported about the prooxidant property of PIP which can induce
radical mediated mitochondrial pathway of apoptosis in Hep G2 cells.?®? Recently advanced
bio-based drug delivery systems (DDS) are gaining attention in biomedical applications
resolving disadvantages of phytochemicals like PIP such as less effective rate of intestinal
absorption, inefficient delivery mechanism at target site, poor solubility, and plasma
inconsistency.?%2% As PIP is hydrophobic we introduced two naturally abundant
polysaccharides, guar gum and carboxymethyl cellulose to develop bio-polymer derived
nanocomposite and nanonize PIP to incorporate into the polymeric nanocomposite (GG-
CMC@PIP). The simple and robust synthesis procedure and characterization techniques were
explained in subsection 5.2.

Acetaminophen or paracetamol (N-acetyl-para-aminophenol) is a non-opioid drug possessing
analgesic, anti-inflammatory, and antipyretic properties.®*® Even though paracetamol is

considered a safe medication at its normal therapeutic doses, chronic usage often leads to
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hepatotoxicity in a dose-dependent manner.3?° According to several investigations paracetamol
is metabolically activated in the liver by cytochrome P450 to form N-acetyl-p-benzoquinone
imine (NAPQI), one type of reactive metabolite that is capable of covalently binding to various
essential proteins lead to the formation of inactive conjugates. NAPQI is detoxified in the liver
by glutathione (GSH) by developing a paracetamol-glutathione conjugate. These conjugates
result in serious damage to hepatocytes causing liver necrosis.*?* The centrilobular zone of the
liver is the prime site of hepatic necrosis caused by paracetamol as cytochrome P450 is
abundant in this portion of the liver.3?2 Experimental results showed that several animals as
well as humans may develop fulminate acute centrilobular hepatic necrosis due to an overdose
of paracetamol.3?332% Excessive accumulation of reactive oxygen species within hepatocytes
and depletion of antioxidant enzymes are the critical factors that lead to acetaminophen-

induced hepatotoxicity.’%

In this study, the hepatoprotective potential of GG-CMC@PIP nanocomposite was measured
against the hepatotoxicity induced by paracetamol overdose in Swiss albino mice. Estimation
of liver markers (total bilirubin, ALT, ALP, and AST) were carried out in serum, while the
antioxidant status (SOD, CAT, MDA, ROS level) was determined in liver homogenate.
Hepatoprotection has been documented by liver histopathological changes for evaluation of

hepatic toxicity as well as recovery aided by synthesized nanocomposite.
6.2 Experimental section

6.2.1 Synthesis procedure

The synthesis procedure of GG-CMC and GG-CMC@PIP was mentioned in subsection 5.2.1.

Characterizations of synthesized nanocomposites were discussed in subsection 5.3.1.
6.2.2 Experimental design

Animal preparation and other methodology explaining animal sacrifice, serum preparation,
blood and tissue collection, and cell lysis are described in subsection 1.7.6. After
acclimatization for 7 days, all mice were randomly assigned to 6 groups (n = 4). Group |
without any treatment was assigned as a control group. Group Il was designated as a toxic
group and treated with paracetamol (75 mg /kg, 1:1 combination with olive oil) for 15 days
(almost 5 times less than the LDso value).3® Group 111 was graded as the therapy with GG-
CMC which first treated with paracetamol (75 mg/kg BW) for 15 days followed by GG-CMC
(Img/kg BW) for another 15 days. Group IV was graded as the therapy with PIP which first
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treated with paracetamol (75 mg/kg BW) for 15 days followed by PIP (1mg/kg BW) for 15
days. Group V was graded as the therapy with GG-CMC@PIP which was first administered
with paracetamol (75 mg/kg BW) for 15 days followed by GG-CMC@PIP (1mg/kg BW) for
15 days. Group VI was designated as the therapy with silymarin which was first administered
with paracetamol (75 mg/kg BW) for 15 days followed by silymarin (1mg/kg BW) for 15 days.
Mice belonging to Group-I1 to Group VI were administrated with paracetamol (75 mg/kg BW)
for 15 days, and group-I1l to VI received therapeutic treatment with 1 mg/kg BW. Groups I,
IV, V and VI mice were treated with respective sample therapeutics for 15 consecutive days.

Table 6.1 Represents the animal experimental design and treatment protocol.

Animal Group Drug Administration RENEES

n=4
N.A. N.A. Control
Group 11 Paracetamol N.A. Paracetamol
- (75 mg/ kg BW)
Group 111 Paracetamol Biopolymer composite Paracetamol +
(75 mg / kg BW) (GG-CMC) GG-CMC
(Img/kg BW)
Group IV Paracetamol PIP Paracetamol +
- (75 mg / kg BW) (Img/kg BW) PIP
Group V Paracetamol Nanocomposite Paracetamol+
(75 mg / kg BW) (GG-CMC@PIP) GG-CMC@PIP
(Img/kg BW)

Group VI Paracetamol Silymarin Paracetamol+
(75 mg / kg BW) (Img/kg BW) Silymarin

6.2.3 Statistical analysis

All experimental data were represented as Mean + Standard Error (SE) of the mean. The
statistical significance was determined by using a one-way analysis of variance (ANOVA). p
< 0.05 was considered to be an indication of statistical significance.
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6.3 Results and Discussion

6.3.1. Cell Cytotoxicity study and dose determination of PIP
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Figure 6.1: Graphical representation of MTT assay on WI38 cell line after treatment with
GG-CMC@PIP and GG-CMC.

Table 6.2: Concentration of GG-CMC@PIP in cytotoxicity study and corresponding effective
concentration of PIP. All data are represented as Mean + SEM, P values calculated by

ANOVA test, a test of significance p<0.05 implies.

Dose of GG-CMC@PIP Effective concentration of PIP

(g/mL) (hg/mL)
50 15.06

100 30.13
150 45.19
200 60.25
250 75.31
300 90.38
350 105.44
400 120.50

To evaluate the biocompatibility of synthesized nanocomposites, in vitro cytotoxicity was
estimated by MTT assay following standard protocol (as mentioned in subsection 1.7.5.2).
Human lung fibroblast (WI38) cells were exposed to GG-CMC and GG-CMC@PIPs of
different concentrations (50-400 pg/mL). Experimental outcomes displayed 99-100% cell
viability which confirmed the nontoxic nature of GG-CMC composite. Treatment with GG-
CMC@PIP also showed excellent biocompatibility. At 400 pg/mL dose, GG-CMC@PIP
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exhibited 70.1% cell survivability (figure 6.1). From experimental results we can conclude that
GG-CMC@PIP is biocompatible and cytotoxicity can be avoided by proper standardization of
doses. Biopolymeric composite without PIP (GG-CMC) does not exert any cytotoxic effect on
WI38 cells.

Table 6.2 displayed the effective concentration of PIP corresponding to the concentration of
GG-CMC@PIP used in the cytotoxicity study (experimental procedure was mentioned in
subsection 1.7.3.9). At a concentration of 400 pg/mL of GG-CMC@PIP, the effective
concentration of PIP was found to be 120.5 pg/mL which is responsible for only 29.9% cell

mortality.

A previous study suggested that 1.12 mg of PIP /kg BW showed no immuno-toxicological
effects in Swiss albino male mice. As this concentration of PIP is immunologically safe for
mice, it can be considered as no observed adverse effect level (NOAEL) dose.®?’ Therefore,
we chose a dose of 1mg/kg BW for all experimental samples i.e. PIP, GG-CMC, GG-
CMC@PIP, and silymarin. In Img/mL solution of GG-CMC@PIP, the effective concentration
of PIP is approximately 301.25ug/mL (suggested by Table 6.2) which is significantly less than
the NOAEL dose of PIP.

6.3.2 Study of haematological parameters

Table 6.3: Effect of GG-CMC@PIP on haematological parameters in paracetamol-intoxicated
mice. All data are represented as Mean + SEM, P values calculated by ANOVA test, a test of

significance p<0.05 implies.

Parameters Group | Group 11 Group 111 Group IV Group V Group VI

Control Paracetamol Paracetamol Paracetamol Paracetamol + Paracetamol +
+GG-CMC +PIP GG- Silymarin
CMCQ@PIP

OO 131411  10.2+5 10.9+.4 11.1+1.2 12.7+.7 11.9+.2

Platelet
711.32+2.1  688+3.5 690+2.2 720+2.4 737+3.2 733+3.1
(10%cu.mm)

&
WBC (x 10°) Y e 0] 6.4+.53 6.1+.30 5.4+.62 5.7+.41

The experiment was conducted to examine the adverse effects of orally administered

paracetamol and to investigate the ameliorative effect of GG-CMC@PIP on haematological
changes in mice following the standard protocol mentioned in 1.7.6.3 (a) subsection. The study
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showed that the paracetamol-treated (auto-recovery) group (Gr-11) and GG-CMC-treated group
(Gr-111) have a lower platelet count when compared to the control group (Gr-1). On the other
hand, the paracetamol-intoxicated GG-CMC-treated group (Gr-111) showed a reduced platelet
count than PIP-treated (Gr-1V), GG-CMC@PIP treated (Gr-V) and silymarin-treated (Gr-1V)
group. Abnormalities in haematological parameters are often found in liver diseases. The liver
plays a crucial role in regulating iron homeostasis by producing the hepcidin hormone. The
hepatic disorder causes an overactive spleen called hypersplenism which leads to
thrombocytopenia i.e. low platelet count and anaemia.3?® Elevated liver enzyme levels can also
result in low platelet counts. In group 1l Hb% level is found to be dropped (10.2+.5 g/dL).
Subsequently, the paracetamol-treated group (Gr-I1) and the groups treated with GG-CMC (Gr-
[11) had significantly (P<0.05) lower levels of haemoglobin compared to the groups treated
with bulk PIP (11.1+1.2 g/dL), GG-CMC@PIP (12.7+.7 g/dL) and silymarin (11.9+.2 g/dL).
The WBC level of the GG-CMC@PIP treated group (Gr-V) was much lower than the auto
recovery group (Gr-11) while the PIP treated Group (Gr 1V) showed a lower level of WBC level
than Gr-111. Haematological parameters of Table 6.3 showed that the Hb%, platelet, and WBC
levels of the paracetamol-treated group (Gr-11) are closer to the GG-CMC treated group (Gr-
[11). The positive control mice group, which received silymarin treatment showed a decrease
in WBC levels which is closer to the control group. This result implies that all treated mice
have higher levels of inflammation than GG-CMC@PIP treated mice which showed closer
WBC level to control group.

6.3.3 Measurement of body weight

The changes in body weight during treatment are summarized in Table 6.4. In this experiment,
we monitored body weight at regular intervals as a vital indicator of health issues associated
with paracetamol doses. Slow weight gain or weight loss is generally the first sign of negative
effects. The body weights of mice under six different circumstances are depicted in Table 6.4.
The findings revealed that all paracetamol-intoxicated mice groups showed decreased weight
gain till the 15th day. The delivery of bulk PIP, silymarin, and GG-CMC@PIP nanocomposite
almost restores the normal physiological condition of mice which is confirmed by a steady
increase in body weight. After treatment with GG-CMC@PIP nanocomposite in (Gr-V) body
weight was significantly (p<0.05) increased which was almost similar to the control group. The
obtained data implied a significant decrease in weight gain in group Il and group 111 mice when

compared to the control and other treated groups.
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Table 6.4: Measurement of body weight (gm) in control and treated mice. All data are

represented as Mean + SEM, P values calculated by ANOVA test, the test of significance

p<0.05 implies.

DEVA] Group | Group 11 Group 111 Group IV Group V Group VI
Control Paracetamol  Paracetamol + Paracetamol + Paracetamol + Paracetamol +
GG-CMC PIP GG- Silymarin
CMC@PIP

Ll 23+0.14 23+0.84 23+0.33 23+0.80 23+0.22 23+0.71
Sl 24+0.54 23+£0.53 23+0.64 23+0.17 23+£0.94 23+£0.77
5 25+0.11 24+0.46 24+0.74 24+0.74 24+0.74 24+0.74
i 25+0.74 24+0.45 24+1.12 24+0.98 24+0.76 24+0.88
gth 26+0.90 24+0.56 24+0.87 25+0.74 25+0.68 25+0.91

26+0.88 25+0.83 25+0.48 25+0.63 26+0.71 25+0.80
27+1.12 25+0.34 25+0.65 25+0.57 26+0.47 25+0.81

27+1.14 26+0.54 26+0.11 26+0.42 26+0.86 26+0.45
17t 28+0.68 270.21 2620.20 27+0.34 27+0.50 26+0.72
19t 28+0.75 27+0.35 26%0.51 27+0.56 28+0.67 26+0.53
21th 29+0.80 27+0.44 2620.68 27+0.34 28+0.48 27+0.49
23th 30+1.22 27+0.71 27+0.41 28+0.24 29+0.62 28+0.51
25th 30+1.30 27+0.85 27+0.63 28+0.67 29+0.48 28+0.96
27t 31+1.11 28+0.41 27+0.88 29+0.52 30%0.69 29+0.30
29th 32+0.40 28+0.55 28+0.73 29+0.21 30+0.80 29+0.67
31t 32+1.10 28+0.90 28+1.04 30+0.49 31+1.38 30+0.35

6.3.4 Measurement of organ weight (Liver)

Measurement of organ weight was performed immediately after the isolation of the liver (figure
6.2) from sacrificed animals. This study demonstrated that the liver weight (table 6.5) of
paracetamol treated group (1.39+£0.4 gm) was increased compared to the control group (0.98
+0.06 gm), whereas the paracetamol treated group (Gr-I1) and GG-CMC treated group (Gr-I11)
revealed an almost similar increase in organ weight which are 1.39+0.4 gm and 1.36+0.08 gm
respectively. Here, in these experiments, the liver weight of PIP treated group (1.27+0.08 gm)
was found to be increased than the GG-CMC@PIP treated group. In GG-CMC@PIP treated
group (Gr-V) the organ weight (1.1+0.04 gm) was significantly (p<0.05) restored and the
weight was found to be near to the silymarin treated group (.99+0.07).
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Figure 6.2: Morphology of isolated liver from (a) Control (b) Paracetamol treated
(c)Paracetamol +GG-CMC treated (d) Paracetamol +PIP treated (e) Paracetamol + GG-
CMC@PIP treated (f) Paracetamol +Silymarin treated mice.

Table 6.5: Organ weight of control and paracetamol intoxicated mice. All data represent as

Mean £ SEM, P values calculated by ANOVA test, test of significance p<0.05 implies.

Group | Group Il Group 111 Group IV Group V Group VI
Control Paracetamol Paracetamol + Paracetamol + Paracetamol Paracetamol +
GG-CMC PIP + GG- Silymarin
CMC@PIP
S\ 0.98+0.06 1.39+0.4 1.36+0.08 1.27+0.08 1.1+0.04 .99+0.07
weight
Cl)

6.3.5 Study of liver biomarkers

We assessed the serum level of liver biomarkers following the standard protocol mentioned in
1.7.6.3 (b) subsection. The results obtained from the mice that received oral administration of
GG-CMC@PIP nanocomposite showed a significant (P < 0.05) decrease in all the serum
enzymes in comparison with the PIP-treated group. Our study demonstrated that excessive
paracetamol treatment raised the bilirubin and other liver enzyme levels while lowering total
protein i.e. aloumin and globulin levels. According to figure 6.3, compared to group I all
paracetamol-treated mice were determined to have significantly increased serum ALT, AST,
ALP and total bilirubin levels after treatment. Figure 6.3(a) demonstrated that the PIP and GG-
CMC@PIP treated group had lower bilirubin levels than the paracetamol-treated group (Gr-
I1). Figure 6.3 (b) and (c) showed serum AST and ALT activity of the GG-CMC@PIP and the
silymarin-treated group was significantly decreased when compared to GG-CMC treated group
(Gr-111) which confirms the hepatoprotective activity of PIP and silymarin respectively. Figure
6.3 (d) showed almost similar decrease in serum ALP levels in group V and VI mice compared
to group II, 111, and IV mice. Table 6.6 displayed paracetamol overdoses reduced the total
protein level in group Il mice which received only paracetamol treatment. While in GG-
CMC@PIP treated animals the total protein level was increased significantly (p<0.05)
compared to other treatment groups. Elevated total cholesterol level was observed in group Il
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and group Il mice whereas increased total cholesterol level was markedly depleted after
treatment with PIP, GG-CMC@PIP, and silymarin. Furthermore, elevated levels of serum
ALT, AST, and ALP levels in group Il implied the dysfunctional condition of the liver. The
result showed that the bilirubin level in the GG-CMC-treated group was not significantly
reduced to the control group. On the other hand, nanocomposite treated group (Gr-V) the
bilirubin level was reduced which was almost near to the control group. Total protein as well
as albumin and globulin ratio (A/G ratio) can be a crucial indicator of liver disease. It was
observed that in the case of paracetamol, treated group (Gr-11) the albumin level (2.3+.2 gm/dL)
was significantly reduced compared to the control group (3.4+.33 gm/dL). Whereas in GG-
CMC@PIP treated animals the albumin and total protein levels showed significant (p<0.05)
elevation compared to the paracetamol-treated group (Gr-11). In this study, it was observed that
in a positive control group i.e. silymarin treated group and GG-CMC@PIP treated group the
level of bilirubin was reduced to .32+0.05 mg/dL and .29+£0.03 mg/dL respectively. Results
suggested the ameliorative effect of GG-CMC@PIP was more efficient than silymarin in
respect to the control group. Simultaneously it was also observed that the serum activities of
aminotransferases (ALT and AST) and ALP levels in the nanocomposite treated group was
significantly reduced than the group treated with PIP.
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Figure 6.3: (a) Serum bilirubin level (b)serum AST level (c) serum ALT level (d) serum ALP
level of control and treated mice groups. All data represent as Mean £ SEM, P values

calculated by ANOVA test, test of significance p<0.05 implies.
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Table 6.6: Total protein, albumin and total cholesterol level of control and treated mice. All
data represent as Mean £+ SEM, P values calculated by ANOVA test, test of significance
p<0.05 implies.

Parameters Group Il Group 111 Group IV Group V Group VI
Paracetamol [Paracetamol +| Paracetamol + | Paracetamo |Paracetamol +

GG-CMC PIP | + GG- Silymarin
CMC@PIP

Total 6.6+.54  4.9+.23 4.3+.51 5.5+.71 7.1+.46 6.3+.69

Protein

(gm/dL)
Albumin [EEREK] 2.3t.2 2.2+.06 3.1+.41 3.9+.22 3.3+.24
Total 90+5.4  168+3.13 165+4.6 152+3.1 110+3.1 118+4.1

Cholesterol

(mg/dL)

6.3.6 Study on oxidative stress and antioxidant responses

6.3.6.1 Hepatic MDA Activity

Lipid peroxidation is considered to be one of the main factors affected by paracetamol induced
hepatotoxicity. Malondialdehyde (MDA) is produced in response of peroxidation of
polyunsaturated fatty acids under antioxidant deficiency. A distinct enhance in free radicals in
system caused hyperproduction of MDA.32° Thus, MDA level is used as a biomarker to assess
oxidative damage and lipid peroxidation in different tissues (as mentioned in subsection 1.7.6.4
a). Table 6.7 illustrates that the paracetamol treated mice develop a significantly (p<0.05)
higher level of MDA in liver homogenate (2.1+.11 nmol/mg protein) than the control group
(1.12£.07 nmol/mg protein) which is due to the paracetamol induced lipid peroxidation. In
comparison between PIP treated group and the GG-CMC@PIP treated group, MDA level is
significantly depleted in GG-CMC@PIP treated mice which suggests better effectivity of GG-
CMC@PIP nanocomposite, whereas GG-CMC treated mice showed significantly increased

level of MDA compared to control mice.

6.3.6.2 Hepatic SOD activity

Superoxide dismutase (SOD) is an effective antioxidant enzyme and front-line defense system
against oxidative stress-mediated injury.>*® SOD level of liver homogenate was estimated

following standard protocol as mentioned in subsection 1.7.6.4 b. Table 6.7 showed that
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treatment with paracetamol caused a significant decrease in the SOD activity in liver tissue.
The increased production of free radicals caused by administration of paracetamol is a major
cause of reduced SOD activity. Experimental data showed that the SOD activity significantly
increased (P < 0.05) in mice treated with GG-CMC@PIP nanocomposite compared with those
of paracetamol treated as well as GG-CMC-treated mice. Administration of PIP also caused an
increase in SOD activity in liver tissues. But the elevation in SOD level is significantly higher
in GG-CMC@PIP and silymarin-treated group compared to PIP treated group. Thus, a
significant recovery related to SOD was observed in response to the presence of

nanocomposite.

Table 6.7: Liver MDA levels, SOD and CAT activities of the control and treated groups. All
data represent as Mean = SEM, P values calculated by ANOVA test, test of significance p<0.05

implies.

Parameters Group !l  Group Il Group Il Group IV Group V Group VI

Control Paracetamol Paracetamol + Paracetamol + Paracetamol Paracetamol +
GG-CMC PIP + GG- Silymarin

CMC@PIP
o2 (ainlellingle] 1.12+.07 | 2.1+.11 2.17+.13 1.3+.14
SeDX(V/ilol 3.5+.05 2.2+.13 2.11+.14 2.61+.08 2.98+.2 2.77+.14
OV NN(V/isaN 2.32+0.1 1.45+.09 1.39+.07 1.88+.15 2.28+.08 2.04+.1

6.3.6.3 Hepatic CAT Activity

1.97+.13 1.7+.07

Catalase is a vital enzyme responsible for breaking down H2O: in cells to maintain redox
balance.®3! Estimation of CAT level in tissue homogenate was performed following standard
protocol mentioned in subsection 1.7.6.4 c. Table 6.7 demonstrates CAT activity in the liver
homogenate. The catalase activity was shown to be depleted after paracetamol treatment in all
examined tissues. There was an insignificant increase of CAT activity in PIP-treated (1.88+.15
U/mg protein) mice than in the silymarin-treated group (2.04+.1 U/mg protein). It was also
found that the liver homogenate of the GG-CMC@PIP-treated group had noticeably enhanced
CAT activity than the PIP-treated group. There was a significant increase in liver CAT activity

in PIP-treated mice than in the paracetamol-treated group Il. Furthermore, significantly
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(p<0.05) enhanced CAT activity in the nanocomposite (GG-CMC@PIP) treated group than

other treated groups was also observed. The increase in CAT activity mainly signifies the

functional anti-oxidant mechanism in the GG-CMCQ@PIP treated group. Therefore,

experimental results confirmed that nanonized PIP in GG-CMC@PIP nanocomposite

possesses improved ameliorative potential than bulk PIP to regain hepatic CAT enzyme

activity to restore liver function.
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Figure 6.4: Schematic representation showing mode of action of GG-CMC@PIP

nanocomposites in paracetamol induced hepatotoxicity.

6.3.6.4 Evaluation of ROS in liver hepatocytes
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To measure the overall oxidative status of liver tissue, ROS was measured with a DCFDA
probe in the liver homogenates (as mentioned in subsection 1.7.6.4 d). In paracetamol-induced
hyperbilirubinemia, excessive bilirubin production triggers the generation of reactive oxygen
species (ROS) which induces oxidative stress.®3? Increased ROS levels with paracetamol
treatment were suppressed by the administration of GG-CMC@PIP nanocomposite as shown
in figure 6.5. ROS level in paracetamol and GG-CMC treated group Il was significantly
(p<0.05) closer to the paracetamol treated group. The ROS level was marginally higher in the
PIP-treated group than silymarin-treated mice and it was significantly (P<0.05) higher than
GG-CMC@PIP treated group. Reduced ROS levels in the nanocomposite-treated group

indicate the hepatoprotective activity of nanonized PIP.
6.3.7 Liver histopathology study

The effect of nanocomposite on paracetamol-induced mice was assessed by observing the
histopathological changes in liver sections stained with hematoxylin and eosin (H&E) under a
light microscope (figure 6.6) following the standard protocol mentioned in 1.7.6.5 subsection.
Livers of the control group (Gr-1) showed normal liver morphology with lobular architecture,
and central veins with hepatic cords with no signs of inflammation. Within each lobule, hepatic
cords comprising hepatocytes radiated from the central vein. No histological abnormalities
were observed. In contrast, the liver sections from paracetamol-induced mice (Gr Il) showed

Figure 6.6: Photomicrographs of hematoxylin-eosin-stained histological sections of the liver

of control and experimental mice.

endothelial sloughing, mild sinusoidal dilation, necrosis, vacuolization in liver parenchyma
with distorted tissue architecture. Notably, these pathologic changes were markedly reduced in
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the livers of PIP, GG-CMC@PIP, and silymarin-treated groups. In the case of group-IV and
VI animals that received PIP and silymarin treatment respectively after paracetamol induction
displayed mild endothelial sloughing in liver parenchyma compared to group-V mice.
Histological study of the liver section of group-V mice displayed signs of recovery from
necrosis and damaged cellular architecture induced by paracetamol. All the experimental
results suggested the efficacy of GG-CMC@PIP nanocomposite which has very prominent

hepatoprotective activity against paracetamol-induced oxidative damage.
6.4 Discussion

The co-morbidity, mortality, and economic burden of chronic liver disease (CLD) and its
related complications i.e. cirrhosis, and liver cancer are substantial. The burden of CLD is
significant and rising, according to data released by the World Health Organization and the
Global Burden of Disease.>® These days, research on appropriate herbal remedies is necessary
due to the negative consequences of conventional drugs used to treat liver disorders.®3* Herbs
are less toxic, easily obtained, inexpensive, and have fewer side effects than the medications
now in use. Numerous research using biomarkers for hepatic function have documented the
beneficial effect of piperine on liver health. Researchers have found that piperine can reduce
the levels of ALT, AST, and ALP enzymes.>®

In the present investigations, we administered paracetamol (75 mg/kg BW) to induce
hepatotoxicity in the Swiss albino mice model. Experimental results indicated that
paracetamol-induced hepatic damage is associated with inflammation and hyperbilirubinemia.
Serum bilirubin level markedly elevated after paracetamol overdose confirming the liver
damage. As seen in our studies, mice receiving paracetamol (auto recovery) had ALT and AST
levels that were noticeably greater than those of the mice receiving the other treatments. This
is because paracetamol damages liver cells more severely, which results in cellular leakage, a
reduction in cell membrane integrity, and the release of these enzymes into the bloodstream.
Paracetamol is metabolized into a toxic active metabolite NAPQI which binds to lipid, protein,
and DNA macromolecules through covalent bonds which in turn reduce glutathione levels in
the hepatocytes trigger mitochondrial dysfunction (figure 6.4). Depletion in antioxidant level
leads to loss of functional integrity of the cell membrane of hepatocytes. Membrane leakage
leads to the release of excessive serum markers i.e. AST, ALT, and ALP in the blood.
Moreover, NAPQI can interact with liver tissue glutathione to remove this antioxidant causing

oxidative stress and tissue necrosis.®*® The results of our study showed that group Il receiving
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oral doses of paracetamol (75 mg/kg BW) had higher levels of MDA level than the
nanocomposite treated group. In the present study, mice treated with 1mg/kg BW GG-
CMC@PIP had a significant reduction in the MDA level of the homogeneous liver tissue as
compared to group Il. Similarly, the changes of body weight significantly increased rapidly
after the administration of GG-CMC@PIP. Possibly GG-CMC@PIP nanocomposites inhibit
protein oxidation properties. Superoxide dismutase (SOD) is a very powerful free radical
scavenger that converts superoxide radicals into H20, and oxygen whereas catalase (CAT)
enzyme reduces oxidative stress by converting H.O> into water and oxygen.33% ! These two

antioxidant enzyme levels are restored after nanocomposite treatment.

Our biochemical results were consistent with the histological finding, and the group that
received only paracetamol treatment indicated a higher degree of liver injury. Histological
analysis of this auto-recovery group showed centrilobular hepatic necrosis, sinus contractions,
and the presence of inflammatory cells at the site of liver haemorrhage. The normal liver
function was regained and oxidative stress was found to reduce in paracetamol-induced mice
by treatment with equivalent quantities (1mg/kg BW) of GG-CMC@PIP nanocomposites, PIP,
and silymarin. Our findings suggested that GG-CMC@PIP nanocomposites could be effective
as a traditional paracetamol antidote as PIP has promising antioxidant properties. Additionally,
our results showed that the synthesized nanocomposites had no negative effects on the liver if
the dose was properly standardized. Therefore, it may be suggested that the nanocomposite
possesses a potentially promising therapeutic role against paracetamol-induced oxidative

stress-mediated acute liver disorders.
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7. Conclusion

In conclusion, this thesis discussed and highlighted the significant potential of various polymer-
based composite materials including TQ and PIP incorporated GG composite, TQ incorporated

CH-AL and PH-AL composite film, PIP loaded GG-CMC and GG-PH nanocomposite.

In Chapter 2, a biopolymeric vehicle derived from guar gum is synthesized and two natural
therapeutics PIP and TQ were incorporated to evaluate their dual therapeutic properties. The
solubility of hydrophobic TQ and PIP can be increased by nanonization and optimum delivery
can be achieved by an appropriate combination of GG. Synthesized biocomposites (GG-PIP,
GG-TQ, GG-PIP-TQ) showed remarkable synergistic bactericidal activity against Gram-
positive (E.faecalis, S.aureus) and Gram-negative (P. aeruginosa, E. coli) strains which are
capable of causing systemic infections. Our study revealed that elevated level of ROS
accumulation is the major cause of bacterial growth inhibition. Increased levels of bacterial
ROS may be due to the effective penetration of natural therapeutics into the bacterial cells that
causes oxidative stress, resulting in cell perforations, cell deformations, and membrane damage
confirmed by FESEM images of treated bacteria. In hepatocellular carcinoma cell line (HepG2)
GG-PIP-TQ exhibited oxidative stress-mediated synergism in cytotoxic activity confirmed by
dose-dependent MTT assay. As intracellular NADPH and GSH levels are crucial in maintaining
homeostasis of the ROS level, a drastic dose-dependent diminish in NADPH and GSH levels
leads to oxidative stress-mediated mortality of HepG2 cells after GG-PIP-TQ treatment.
Considering the tolerance level of bacteria and the 1Cso value against HepG2 cells, this new
amalgamation of TQ and PIP with biopolymer GG suggested a remarkable synergistic effect.
Both antibacterial and anticancer activities of GG-PIP-TQ implied that these two
phytochemicals may activate each other’s mode of action leads to synergism in their
bactericidal and anticancer potentials. From the overall observations, we can conclude that this
novel amalgamation with porous polymeric substances can improve the efficacy of natural
therapeutic delivery. The pH-responsive sustained release of therapeutics is beneficial for
anticancer activity and also required for the survivability of normal healthy cells. Thus, the
therapeutic application of our combined amalgamation can be a suitable alternative to
conventional drugs to overcome the problem of side effects and antibiotic resistance associated
with synthetic drugs.

In chapter 3, we have synthesized high-performance biocompatible composite polymer films
having antimicrobial and anticancer properties by simply combining CH with PH or AL

without the addition of any stabilizer or chemical modification of film surfaces. The obtained
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polymer composites incorporating TQ were characterized to evaluate their morphology,
physico-chemical properties and thermal stability by different techniques, from which we can
confirm effective interactions and good compatibility between precursor polymers and TQ. We
observed elevated intracellular ROS-mediated cell mortality in P. aeruginosa and E. faecalis
strains after treatment with the composite films. Notably, compared to TQ@CH-AL, TQ@CH-
PH displayed significantly enhanced in vitro TQ release as well as better antibacterial efficacy.
An in vitro cytotoxicity study by MTT assay showed that the therapeutic loaded polymeric
films possess ROS mediated anticancer potentials against PC3 and A549 cell lines. MTT assay
against WI38 cell line also confirmed moderate biocompatibility which suggests proper dose
standardisation during therapeutic applications. Hence, from an overall study, we can conclude
that husk mucilage can be used to develop effective polymeric film in combination with another
polymer if properly standardized. Thus, the combination of compatible nontoxic therapeutic
agents with bio-composite films can emerge as an excellent dual therapeutic material.

In chapter 4, We developed natural polysaccharides such as GG and PH mucilage-derived PIP
incorporated nanocomposite following an economical and robust synthesis procedure where
hydrophobic phytocomponent PIP was nanonized and loaded in the biopolymeric composite.
Natural polysaccharides such as GG and PH mucilage exert promising advantages such as non-
toxicity, non-immunogenicity, excellent swelling ability, biocompatibility, and most
importantly having an innate pharmacological property of polysaccharides. The synthesized
nanocomposites exhibited a very high loading capacity (up to 83%) and sustained release
behaviour of piperine. GG-PH@PIP nanocomposites have shown promising bactericidal
capacities against Gram-negative P. aeruginosa, and Gram-positive S. aureus. Therapeutic
loaded nanocomposites have elevated oxidative stress mediated anticancer properties against
human A549 cell lines as well as moderate biocompatibility against normal human lung
fibroblasts (W138) cell lines. From experimental outcomes, it can be said that PH mucilage can
be utilized to formulate effective bio-polymeric drug carriers in combination with other
biomaterials if properly standardized. PIP, being a predominant dietary alkaloid with pro-
oxidant properties might be convenient in formulation of a potential nanomedicine. The
development of a multiple-response biopolymer-based nanocomposite like GG-PH@PIP is a
crucial need to explore diverse biomedical applications.

In chapter 5, We have successfully developed natural polymer (GG and CMC) derived PIP
incorporated nanocomposite following a cost-effective and simple synthesis procedure for dual
therapeutic applications. GG-CMC@PIP can be an efficient drug delivery system with several
promising advantages such as non-toxicity, excellent swelling ability, high drug loading
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capacity (86 + .46 %), sustained drug release property, etc. Our study has shown excellent
bactericidal property of GG-CMC@PIP nanocomposites against Gram-positive E. faecalis and
Gram-negative E. coli and P. aeruginosa. Oxidative stress, depolarized mitochondrion and
higher degree of nuclear damage confirmed promising anticancer activity against C6 glioma
cell. Considering all these new observations, we believe that PIP, being an alkaloid
phytochemical might be convenient as a potential nanomedicine for versatile applications. As
disease treatment frequently requires multi-dimensional drugs to combat with wide range of
complications, the development of a multiple-response biopolymeric nanocomposite like GG-
CMC@PIP is an urgent requirement to explore diverse pharmacological applications. In
conclusion, our study established that the hydrophilic biocompatible GG-CMC@PIP can
emerge as an ideal platform for multiple therapeutic applications.

In chapter 6, Nowadays, research on appropriate phyto-therapeutical remedies is necessary
due to the adverse effects of conventional drugs used to treat liver disorders. Phytochemicals
are less toxic, easily available, inexpensive, and biocompatible. We synthesized natural
polymer (GG and CMC) derived PIP incorporated nanocomposite to investigate in-vivo
hepatoprotective activity of synthesized GG-CMC@PIP in Swiss albino mice model. The
induction with paracetamol leads to hyperbilirubinemia and a significant increase in liver
enzymes such as AST, ALT, and ALP levels in all the paracetamol-treated groups when
compared to the normal control. SOD and CAT enzyme levels are associated with the
antioxidant defense system of liver cells. The stored antioxidant enzyme pool is depleted
quickly resulting in oxidative stress-mediated liver injury and hyperbilirubinemia after a
paracetamol overdose. GG-CMC@PIP treatment significantly increased these antioxidant
enzyme activities. The ROS accumulation in the hepatocytes of paracetamol-treated animals
was significantly higher than that in the control animals but significantly reduced in the livers
of GG-CMC@PIP treated mice. After that, all the results of body weight demonstrated that the
group receiving paracetamol treatment gained satisfactory weight after initiation of
nanocomposite treatment. Whereas GG-CMC treated group displayed similar retarded weight
gain when compared to paracetamol treated auto-recovery group. Moreover, our study
suggested the enhanced efficacy of orally administered GG-CMC@PIP compared to bulk PIP
as well as silymarin, a well-known hepatoprotective therapeutic. Therefore, it can be concluded
that synthesized nanocomposite had promising hepatoprotective property against paracetamol-
induced liver disorder.
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The fabrication of biopolymeric film containing natural therapeutics envisioned to develop edible, nontoxic and
biodegradable composite using polymers. Our study focused on extraction of psyllium husk mucilage, a
medicinally acknowledged natural polysaccharide and develop a proper composite with chitosan. We combined
chitosan with both alginate and husk mucilage separately to prepare two composite films. Drug release dynamics
from the complex polymeric networks was evaluated where polymeric films showed sustained release of thy-
moquinone, a water-insoluble phytocomponent. Structural and physico-chemical properties of the films were
confirmed by FTIR, XRD, FESEM, TGA analysis. Significant antimicrobial activities against both bacterial strains
and strong anticancer activities against human prostate cancer cell line (PC3) and adenocarcinomic human
alveolar basal epithelial cell line (A549) was observed. This biodegradable polymer combination suggests to-
wards the possibility of potential applications for the food industry and variety of biomedical applications such as

wound dressing, tissue scaffolding etc.

1. Introduction

Multifunctional biomaterials, polymer composite are extensively
used in the field of pharmaceutical drug delivery because of their wide
range of versatility, biocompatibility and stability to serve as a matrix or
vehicle for drugs compared to synthetic or inorganic materials [1,2].
Polymer composites with proper ratio and modifications can be a better
excipient constituent as sustained drug carrier with improved physical,
mechanical, functional properties [3,4]. The stability of polymer com-
posite could be affected by molecular weight, crystallinity, mixing ratio,
presence of functional groups, pH of reaction medium, distribution of
ionic groups, drying process, etc [5].

Chitosan has been used as a positively charged polymeric drug car-
rier due to its biocompatibility, biodegradability and relatively low
production cost [6]. Alginate is a water soluble, unbranched, biode-
gradable polysaccharide consisting of alternating blocks of 1-4 linked -1-

guluronic (G-block) and -d-mannuronic acid (M—block) residues [7].
Carboxylic acid groups of alginate is responsible for negative charges
which attribute characteristic electrostatic interaction with the posi-
tively charged molecules [6]. Alginates are extracted from brown sea-
weeds and marine algae such as Laminaria hyperborea, Ascophyllum
nodosum and Macrocystis pyrifera [4,8,9]. Since chitosan is positively
charged at low pH values (below its pKa value), it spontaneously asso-
ciates with negatively charged polyions like alginate in solution to form
a special type of macromolecules, the polyelectrolyte complexes [4].
Psyllium mucilage obtained from the seed coat of Plantago ovata and
Plantago indica belongs to the family Plantaginaceae which can be ob-
tained by mechanical grinding of the outer layer of the seeds[10].
Psyllium mucilage is fibrous mucilaginous hydrocolloid used in treat-
ment of intestinal inflammation, constipation, etc. [11]. Arabinoxylan, a
complex heteroxylan of two pentose sugars i.e. arabinose and xylose is a
highly branched hemicellulose [12-14]. Sodium alginate (Al) and

Abbreviations: Ch, Chitosan; Al, Sodium alginate; Ph, Psyllium husk mucilage; Tq, Thymoquinone.
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Fig. 1. (a) Schematic representation of synthesis procedure of polymeric films, Interaction pattern of chitosan with (b) sodium alginate and (c) arabinoxylan.

chitosan (Ch) are widely used as a matrix or hydrogel material to attain
sustained drug release but still under widespread exploration [15,16].
Bindu et al. also reported that in combination with HPMC K4M, husk
mucilage retarded the release of the drug which facilitate sustained
release by reducing the instant swelling of the composite [17]. Psyllium
husk mucilage (Ph) was chosen to interact with chitosan (Ch) to syn-
thesis a stable complex to improve the drug loading efficiency when
interacted with thymoquinone (Tq). The phyto-active component of the
Nigella sativa essential oil (Tq) with cytotoxic, antimicrobial, antioxi-
dant, antifungal properties is used to combine with each polymer
separately (provided as supplementary data) as well as with polymer
composites. Tq was able to induce apoptosis via p53-dependent as well
as p53-independent pathways [18-20].

In this context, our present study is an effort toward the synthesis of
high-performance composite polymer films to obtain good antibacterial
as well as cytotoxic activity with minimal side effects followed by a
discussion on their probable interaction with polymer composites. The
paper describes a comparative structural characterization and clinical
efficacy of chitosan-sodium alginate (Ch-Al), chitosan- Psyllium muci-
lage (Ch-Ph) films as well as Thymoquinone (Tq) loaded polymeric
composites (Tq@Ch-Al and Tq@Ch-Ph).

2. Materials and methods
2.1. Materials and cultures
Na-Alginate with viscosity (25 °C): 5-40 cps and thymoquinone were

procured from Sigma-Aldrich (Switzerland). Psyllium husk was acquired
in local markets of Kolkata, India. Chitosan (CgH11NO4), (molecular

weight: 100-300 kDa) was purchased from Acros organics. All other
reagents were supplied by SRL Pvt. Lt. (India) and Merck 1td. Deionized
(Millipore) water of 18 MQ-cm was used in all experiments.

Test bacterial strains (Enterococcus faecalis 441 and Pseudomonas
aeruginosa 1688) were purchased from Microbial Type Culture Collec-
tion, IMTECH (Chandigarh, India). Cell lines were procured from the
National Centre for Cell Science (Pune, India).

2.2. Synthesis of Tq@Ch-Al/Ph

2.2.1. Extraction and purification of Ph

Ph was extracted by mixing with deionized water in a 1:100 (w/v)
ratio, for 4 h, under constant agitation at 60C. To prevent the water loss
as a result of evaporation, water (60C) was added at different intervals to
the system. The insoluble non-carbohydrate fractions of psyllium seeds
removed by filtration. Mucilage was stirred for 10 min with ethanol at a
ratio of 100:50 (mucilage volume: ethanol volume). After centrifuging at
2000 rpm for 3 min the supernatant was used to quantify the non-
precipitated carbohydrates. Ethanol was removed from the precipitate
by using a rotary evaporator. Further, it was kept for drying in hot air
oven after spreading on a glass plate at 50C temperature to dehydrate
the carbohydrates [21].

2.2.2. Synthesis of composite films

Briefly, 50 mg Al was dissolved completely in 50 ml distilled water to
form a 0.1% (w/v) Al solution at room temperature. The solution was
adjusted to a pH of 9. 50 mg of Ch were dissolved in 50 ml of 1 % (v/v)
acetic acid solution to obtain a 0.1 % (w/v) Ch solution. pH of the Ch
solution was adjusted to 5. Both dispersions were homogenized with a
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magnetic stirrer 4 h at room temperature. Then Al solution was added
dropwise to Ch solution under constant magnetic stirring. The resulting
opalescent suspension was cast on a glass petri dish and allowed to dry at
60°C for 24 hrs. Similar experimental procedure was followed in case of
Ch-Ph synthesis.

2.2.3. Loading of Tq on Ch-Al/Ph film

Tq was added in lukewarm Millipore water (60C), mixed with
polymer solution and was allowed to stir for 24 hrs at room temperature.
The obtained sample was centrifuged at 10,000 rpm for about 10 mins
and washed three times and then dried at 60°C in a vacuum desiccator. A
schematic representation of the synthesis procedure of therapeutic
loaded polymeric film depicted in Fig. 1(a).

2.3. Apparatus and characterization of Tq@Ch-Al/Ph

The chemical interactions were confirmed by X-ray diffraction (XRD)
spectra by using X-ray diffractometer (model-D8 Bruker AXS, Wisconsin,
USA) and Fourier transform infrared spectroscopy (FTIR-8400S, Shi-
madzu, Tokyo) in the wavenumber range from 400 cm ™! to 4000 cm L.
Field emission scanning electron microscope (FESEM) was conducted
for the surface texture study employing INSPECT F50 (FEI, the Nether-
land) and EVO 18 Special edition, Carl Zeiss (Germany). The UV visible
spectrophotometer (Epoch microplate reader, BioTek, USA) was used to
estimate the absorbance intensity. Epoch Microplate Spectrophotom-
eter, USA was used in natural therapeutics release study. Spectroscope
(Hitachi, Japan) and fluorescence microscope (DM 2500, Leica, Ger-
many) were used for the ROS detection. Ultrasonic bath sonicator is used
for preparing all type of suspensions. All bacterial and cellular exami-
nations were performed in a biosafety cabinet.

2.4. Antibacterial efficacy assessment

Antimicrobial properties of Tq loaded composite films were studied
in respect of time by colony counting method on P. aeruginosa and
E. faecalis. As because our samples are film matrix, we carried out an
additional agar-diffusion method based on direct contact between the
sample and the bacteria to examine their potential effectivity.

For agar-diffusion method, 100 pl of overnight grown bacterial cul-
ture (cell density 107 CFU ml™!) was dispersed over the petri dish. The
polymer films were positioned on the petri plate containing solid media
with direct contact with the surface. Then the plates were incubated at
37°C for overnight [22].

For time dependent colony counting method a strip (weighted 3 mg)
of Ch-Al, Ch-Ph, Tq@Ch-Al and Tq@Ch-Ph were added to bacterial
culture (cell density 107 CFU m1™H containing 5 ml nutrient broth and
incubated on a rotary shaker at 37°C. Finally microbial growth was
assessed by plating treated culture on nutrient agar plates after 2, 4, 12
and 24 h. The microbial culture without polymer composite was
considered as control. In case of control, after the incubation, inoculum
was plated on nutrient agar plate and bacterial colonies were counted
after 24 hrs. The antibacterial efficacy was calculated using the
equation.

M(%) = [(C—T)/C) x 100

Where, M is the mortality percentage, C is the mean number of
bacterial colonies on the control plate and T is the mean number of
bacterial colonies on the treated plate [23].

To estimate intracellular ROS generation 2, 7 -dichlorodihydro-
fluorescein diacetate (DCFH2-DA) was used which can detect a broad
range of reactive oxygen species after treatment. Finally, fluorescence
intensity was measured spectroscopically at emission wavelengths 520
nm with an excitation wavelength of 485 nm [24]. To study bacterial
cell morphology after treatment scanning electron microscopy (SEM)
was performed for untreated P. aeruginosa and E. faecalis cells as well as
treated (treated with Ch-Al, Ch-Ph, Tq@Ch-Al and Tq@Ch-Ph) for
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comparative study.
2.5. Evaluation of Tq loading and release

The Tq loading percentage within polymeric composite film was
determined by calculating the concentration of the Tq using standard
procedure. The drug loading content (DLC) and drug loading efficiency
(DLE) were calculated using the following equations [25].

Wiotat drug — Wiree dru
DLC(%) = —dldrg — Treedrs 10 1)

drug loaded vehicle

Wlolal drug — Wfree drug

DLE (%) = % 100 2

Wiotal drug

To determine the amount of Tq discharged from synthesized com-
posite film, in vitro Tq release was calculated in a time dependent
manner in physiological pH conditions (pH ~ 7.4) and intracellular pH
conditions of cancer cells (pH ~ 5.5) at 37°C. The release percentage at
different time intervals was calculated from a standard curve of Tq.

2.6. Anticancer activity assessment

2.6.1. Cytotoxicity study

In vitro cytotoxicity was evaluated with the help of the 3-(4, 5-
dimethylthiazol-2-yl) — 2, 5-diphenyltetrazolium bromide (MTT) assay
following a standard protocol against human lung fibroblasts i.e., WI38
cell line (provided as supplementary data), human prostate cancer cell
line (PC3) and adenocarcinomic human alveolar basal epithelial cell line
(A549). Cells were exposed to polymeric films (3 pg/ul each) for 24 hrs.
After incubation, cells were washed with 1X PBS twice and further
incubated for 4 h with MTT solution (450 pg/ml). After 4 hrs of incu-
bation at 37°C the MTT solution was discarded and after addition of
extraction buffer (Isopropanol, Tween 20, HCI), a crystal violet colour
was observed. The absorbance the resulting formazan crystals was
measured at 570 nm using a spectrophotometer, and the values were
compared with untreated cells [26].

2.6.2. ROS estimation

To estimate intracellular ROS generation in PC3 and A549 cells
DCFH2-DA assay was used. DCF-DA dye enters the cell and reacts with
reactive oxygen to give a green fluorescent colour compound dichloro-
fluorescein (DCF). The absorbance was measured at excitation and
emission wavelengths of 485 and 520 nm respectively using a spectro-
photometer, and the values were compared with untreated cells to
determine the fold change [27].

In separate experiments, cancer cells were seeded on coverslips
placed on 35 mm cell culture plates and next day cells were treated with
films for 24 hrs (3 pg/pl each). After incubation with 100 pM of DCF-DA
for 30 mins at 37°C cells were observed under fluorescence microscope
to observe and compare intensity of fluorescence.

2.7. Statistical analysis

All experiments were performed in triplicate and data were pre-
sented as mean =+ standard deviation (SD) for each set of experiments.
Single factor one-way statistical analysis was performed using ANOVA.
To determine statistical significance, value of p < 0.05 was considered to
indicate significance or otherwise mentioned.

3. Results and discussion
3.1. Formation of polymer composite
In case of Ch-Al the negatively charged carboxylic acid (-COO)

groups of manuronic and guluronic acid units of Al interact electro-
statically with the positively charged amino (-NH2) groups of Ch and
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Fig. 2. (a) FT-IR spectra and (b) XRD pattern of synthesized polymer composites (c) TGA curve of Ph, Tg@Ch-Al and Tq@Ch-Ph (d) UV-vis spectra of poly-

mer composites.

form a polyelectrolyte complex [4]. In acidic environment Ch becomes
positively charged due the protonation of the -NH2 group results in
formation NH3 + ions [28]. The Ch-Ph composite film is formed due to
the interaction between the free amino (-NH2) group of Ch with the
-hydroxyl (-OH) group present in arabinoxylan. Fig. 1(b) and 1(c)
demonstrate the interaction patterns of Ch and Al/ Ph hydrocolloid.

3.2. Characterization of Tq@Ch-Al and Tq@Ch-Ph

3.2.1. FTIR analysis of Tq@Ch-Al/Ph

FT-IR analysis has been performed to determine the chemical
structure and the presence of characteristic functional group. In Fig. 2(a)
a broad absorption band at 3307.9 c¢m™! is observed which may be due
to —OH stretching of alcohols of Ph. A band appearing at 2891.2 cm ™! in
Ph is due to —~CH stretching of alkanes. Similar peaks are observed in Ch-
Ph and in Tq@Ch-Ph [29]. The FTIR spectrum of Ph (arabinoxylan)
shows a peak at 894.97 cm ™! which represent the bending of polymer
backbone of arabinoxylan [15]. Similarly, Ch-Ph and Tq@Ch-Ph shows
this characteristic peak at 891.11 cm ™! and 889.18 cm ™! respectively.

The absorption band at 1529.55 cm ™! in Tq@Ch-Al and 1556.55 cm ™
in TQ@Ch-Ph corresponds to amide II groups present in Ch at 1589.34
em ™! [30]. Peaks at 950.96 cm ™! and at 883.40 cm ! are observed due
to the presence of uronic acid group and mannuronic acid functional
group in Al . Similar peaks are appearing at FTIR spectra of Ch-Al and
Tq@Ch-Al ascribed the presence of Al [31]. A broad peak at 3342.63
em ™! correspond to the hydroxyl group [29]. The recorded peaks at
1328.95 cm™! in Tq@Ch-Al and 1369.46 cm™! at Tq@Ch-Ph could be
assigned the presence of Tq [32]. Further, the FTIR spectrum of Tq@Ch-
Al and Tq@Ch-Ph respectively at 3329.13 em ™! and 3304.07 cm™
represent O—H stretch of Tq [32]. A peak at 1398.39 cm ™! in Ch-Al and
Tq@Ch-Al possibly corresponded to electrostatic interaction between
—COO groups of Al with the -NH2 groups of Ch [33]. In case of Ch-Ph
and Tq@Ch-Ph, the direct C—N bond formation via coupling of -OH
group present in arabinoxylan and -NH2 group of Ch is which confirmed
by the peak at 1251.80 cm™}(C—N—C asymmetric stretch) [34].

3.2.2. XRD study of Tq@Ch-Al/Ph
XRD study was performed to find out the phase and crystallinity of



S. Das et al.

European Polymer Journal 180 (2022) 111608

Fig. 3. (c) FESEM image of (a) Ph (b) Ch-Al, (c) Tq@Ch-Al, (d) Ch-Ph and (e) Tq@Ch-Ph.

the composite film. Fig. 2(b) demonstrates the XRD spectra of Ph, Ch-Al,
Ch-Ph, Tq@Ch-Al and Tq@Ch-Ph. All four synthesized polymer film
exhibited a broad hallow which indicates very low crystallinity due to
amorphous nature. Amorphous forms consist of disordered arrange-
ments of molecule which do not have a distinguishable crystal lattice
[35]. Ch has very broad peaks at 20 = 20° [36]. Al showed three broad
humps at 20 = 20°, 20 = 30°, 20 = 40°. The XRD pattern of Ph also
indicated an amorphous form with two humps at around 26 of 15°and
20°. Ch-Al, Ch-Ph, Tq@Ch-Al and Tq@Ch-Ph displayed shifted hump at
around 20 of 20° and sharp peak of chitosan at 20 = 20° became weak.
These results confirmed good compatibility and the interaction between
Ch with Al or Ph to form Ch-Al and Ch-Ph. The XRD pattern also sug-
gested the amorphous form of composite film. The amorphous nature of
polymer films were maintained after incorporation of Tq, which is
beneficial for biomedical applications.

3.2.3. Thermal stability of Tq@Ch-Al/Ph

Thermo Gravimetric Analysis of Ph and Tq loaded composite was
measured to determine the thermal stability and the decomposition
temperature shown in Fig. 2(c). It was observed that the TGA of Ph,
Tq@Ch-Al and Tq@Ch-Ph showed a two-step of weight loss. Initial
weight loss may correspond to the evaporation of moisture or loss of
adsorbed or bound water. In case of Ch and Al the initial degradation at
around 30-100°C are almost 5% and 10% respectively [37,38]. The
second weight loss of Ph is about 49.6% in the range 230-311°C was due
to the complexity of the process, which led to the degradation of the
sample. At the end of 400°C the total weight loss of sample was 56.36%
in case of Tq@Ch-Al and 39.68% in case of Tq@Ch-Ph.

3.2.4. UV-visible spectrophotometric analysis

In our study, UV-visible spectroscopy was used to study the ab-
sorption spectra of films. The UV-vis spectra of Tq is characterized by
the presence of one prominent peak (\™®*) at 254-257 nm regarded as a
distinguishing peak for quinones [39]. As observed in Fig. 2(d), UV-vis
absorbance spectrum of Tq@Ch-Al and Tq@Ch-Ph displayed a promi-
nent peak at 248 nm and 252 nm respectively. The results ascertained
the successful interaction with Tq.

3.2.5. Morphology study of Tq@Ch-Al/Ph
As observed in FESEM image (Fig. 3) the surface morphologies of all

these five samples are porous in nature. The SEM image of Ph (Fig. 3(a)
revealed discontinuous and irregular microporous surface which is also
observed in image captured from Ch-Ph and Tq@Ch-Ph depicted in
Fig. 3(d) and (e). Fig. 3. 3(a) and (b) shows flaky polymeric structure of
Ch-Al and Tq@Ch-Al respectively. FESEM image clearly indicate the
marked differences between Tq tagged polymer composites and bare
polymer composites.

3.2.6. Drug loading efficiency

The loadings content and loading efficiencies of a wide range of
natural therapeutics in polymer matrix are highly depend on the
chemical nature and the interaction pattern between polymer and drug.
Loading content is determined to be 36.15% in case of Tq@Ch-Al and
38.10% in case of Tq@Ch-Ph. We report higher loading efficiency of Tq
when we replace alginate with Ph. Condensed porous surface of polymer
composite restricted the leakage of drug from the films results in high
loading efficiency of hydrophobic Tq. The loading efficiency of Tq@Ch-
Al and Tq@Ch-Ph is 78.33% and 81.30% respectively. These results
indicated that the incorporation capacity of Ch-Ph is higher than Ch-Al.

3.3. Antimicrobial activity

Fig. 4(a) represents the antibacterial potentials of four types of
composite films (namely, Ch-Al, Ch-Ph, Tq@Ch-Al and Tq@Ch-Ph)
against P. aeruginosa and E. faecalis as determined by the plate count-
ing method. Percent of cell mortality was plotted in time dependent
manner over a period of 24 hrs to determine the effect of the composite
films which were found to display significant antibacterial activity
against pathogenic bacteria. Agar plates of the control and treated
bacteria after 24 hrs of incubation are displayed in Fig. 4(a). The dif-
ferential antibacterial kinetics of test bacteria are checked against our
four samples by time kill assay using colony count method. Fig. 4(c)
demonstrate that within 24hrs of incubation period the mortality rate of
P. aeruginosa for Tq@Ch-Al and Tq@Ch-Ph are 73.60% and 74.50%
respectively. E. faecalis display 96.80% and 98.50% mortality rate when
treated against Tq@Ch-Al and Tq@Ch-Ph during the same incubation
period (Fig. 4b). The test result also demonstrates excessive colonies
against composite without Tq i.e., Ch-Al, Ch-Ph. Bacteriostatic activities
of Ch-Al and Ch-Ph occurred because of the antibacterial property of
chitosan. Ph has no such antibacterial activity when we treated our test
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bacteria against Ph alone.

Fig. 4(d) showing agar diffusion method which revealed that Ch-Al,
Ch-Ph, did not display any significant zone of inhibition but there is no
trace of bacterial biofilms formation on film surface. On the other hand,
the Tq encapsulated composite films revealed a zone of inhibition. Upon
contact with the Tq loaded film, the ionic interactions may occur be-
tween positively charged amino groups present in Ch and negatively
charged lipopolysaccharides of bacterial cell wall. The hydrophobic
moieties of Tq possibly interact with the cell membrane lipopolysac-
charides may results in destabilization in cellular membrane and altered
permeability for Tq [40].

FESEM image of Fig. 4(e) confirmed the damaged bacterial mem-
brane integrity upon interaction with Ch-Al, Ch-Ph, Tq@Ch-Ph and
Tq@Ch-Al compared to the smooth and undamaged structure of control
groups.

Oxidative stress can be a major cause of disruption of cellular
integrity by damaging DNA, RNA, lipids and proteins [41]. Fig. 4(f) and
4(g) also stated the higher ROS generation in bacterial cell in case of
Tq@Ch-Ph compared to Tq@Ch-Al which also correlate with the cell
mortality study stated earlier. Due to ROS accumulation poly-
unsaturated fatty acids of bacterial membrane are attacked which
initiate lipid peroxidation and alter the integrity of membrane-bound
proteins [42].

3.4. Drug release

We verified whether these polymer complexes can achieve stability
and controlled release of Tq in physiological conditions as well as acidic
environment which is essential for clinical applications. The in vitro
release behaviour of incorporated Tq from Tq@Ch-Al and Tq@Ch-Ph
occurred in two steps, i.e., an initial rapid release within the first 12 h

Table 1
Effective concentration of thymoquinone in bacterial broth during antibacterial
assay.

TIME (hr) Tq@Ch-Al (ug/ml) Tq@Ch-Ph (ug/ml)

2 12.15 12.12

4 24.73 19.93

12 63.77 74.07

24 77.43 109.27

followed by a slow leaching over a period of 96 h (Fig. 5a and b). At pH
5.5 (acidic condition), after 24 hrs the estimated release percentage of
Tq from Tq@Ch-Ph (approx. 55.40%) was found to be greater than
Tq@Ch-Al (approx. 44.60%). Release behaviour depends on the nature
of interaction of therapeutics with polymer mesh. Moreover, the release
profile suggested sustained but faster release in acidic condition and
thus it confirms the efficacy of polymer composite to release adequate
amount Tq for its anticancer applications.

Table 1 demonstrate time and pH dependent effective concentration
of Tq. If we compare the MIC value reported by Chaieb et al. it can be
said that in case of E. faecalis, treatment with both Tq@Ch-Al and
Tq@Ch-Ph showed high bacterial growth within 4 h even if the effective
concentration of Tq is less than the MIC value [43]. However, in the
12-24 hrs range the effective concentration of Tq is more than MIC value
which correspond to the observed antibacterial activity.

3.5. Assessment of anticancer properties

The in vitro cytotoxicity of synthesized films were assessed by MTT
assay to human PC3 and A549 cell lines. In Fig. 6 we had observed that
the cell treated with Tq@Ch-Ph and Tq@Ch-Al resulted in significant
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Fig. 6. MTT assay on (a)PC3 and (b)A549 cell line after treatment with films. The Cell Survivability Percentage was expressed as a mean =+ SD of three independent
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as *(P < 0.05), **(P < 0.01) and ***(P < 0.001). Fluorescence microscopic image of intracellular ROS generation for (e)PC3 and (f) A549 cell line.

cell death in case of both cell lines compared to Ch-Al and Ch-Ph which
did not exhibit any marked cell death. In case of PC3 cell line Tq@Ch-Ph
treated cell exhibited 19.73% cell survivability whereas 33.66% cell
survivability is observed in case of A549 cells.

Monitoring intracellular ROS generated from the activity of polymer

composites we found out that the fold change in case of Ch-Al, Ch-Ph
both was almost similar to untreated cells whereas Tq@Ch-Ph and
Tq@Ch-Al exhibited a marked increase in the production of ROS
(Fig. 6). This was confirmed by both spectrophotometry as well as
fluorescence microscopy.
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4. Conclusion

In this study, antimicrobial and anticancer composites were obtained
by simply combining Ch with Ph or Al without the addition of any
compatibilizer or chemical modification of film surfaces, thus providing
a simple synthetic procedure to develop biopolymeric film with bacte-
ricidal as well as cytotoxic applications. The obtained polymer com-
posites incorporating Tq were characterized regarding their
morphology, physico-chemical properties and thermal stability by
different techniques, from which we can confirm effective interactions
and good compatibility between Ch and Ph / Al as well as between the
polymer composites and the Tq. The incorporation efficiencies and
release kinetics of Tq were also evaluated and contrasted with results
attained for the antimicrobial activity against bacterial strains. Notably,
compared to Tq@Ch-Al, Tq@Ch-Ph exhibited significantly improved in
vitro Tq release as well as better antibacterial efficacy. In the FESEM
study of bacterial cell, morphological changes induced by the Tq and Ch
in polymeric films are evident due to cell damage. An in vitro cytotox-
icity study revealed that the Tq-loaded polymeric films showed
remarkable cell death against PC3 and A549 cell lines in a highly
effective manner (Fig. 7). Moreover, experimental results confirmed that
the broad-spectrum antibacterial and cytotoxic activity observed due to
the chitosan and Tq released from polymer film. The prepared polymeric
film either adhered to the bacterial cell wall or the released Tq interact
with the bacterial membrane and promote ROS generation thus desta-
bilized the cellular integrity and membrane permeability. Hence, from
overall study it has been established that Ph mucilage can be used to
develop effective polymeric film in combination with another polymer if
properly standardised. Thus, in combination with therapeutic agents i.
e., Tq, Tq@Ch-Ph is established as an excellent antibacterial as well as
anticancer film which can be advantageous for further investigations.
Thus, this type of film containing nontoxic plant derived materials has
promising potential for therapeutic applications and in biomedical
industry.
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ARTICLE INFO ABSTRACT

Keywords: This study reports the observed synergy in antimicrobial and anticancer activity of thymoquinone and piperine,
T?ym_oqum‘me encapsulated in porous guar gum micro-vehicle. Natural therapeutics like piperine and thymoquinone showed
Piperine ) less effectivity in human medical trials due to their hydrophobicity leading to poor clinical efficacy. To overcome
g;?j;:e?mm_vehmle this problem, we have developed a delivery strategy by using guar gum, a natural biodegradable biopolymer. The

successful encapsulation of phytochemicals and the microstructures of gum micro-vehicles were confirmed by
Fourier transform infrared spectroscopy (FTIR), x-ray diffraction (XRD), Field emission scanning electron mi-
croscopy (FESEM) and UV-Vis spectra analysis. We also report here a significant decrease in minimum inhibitory
concentration (MIC) value and synergistic bactericidal activity against four different bacterial strains and
observed remarkably low median lethal dose (LD50) value against human hepatocellular carcinoma cell lines
along with pH-responsive delivery of therapeutic in the case of combinatorial therapy. In our overall study, we
analyze and discuss the structure, efficacy, and delivery of our designed natural therapeutic amalgamation to
pave the way for augmenting the use of phytochemicals in medical applications.

Antibacterial activity
Anticancer activity

1. Introduction potent activity against a wide range of microorganisms and play an

important subject in the fields of antimicrobial treatment like other

Natural therapeutic components have been very much popular in
revolutionizing different antimicrobial, anti-inflammatory, and anti-
cancer treatments because of their effective outcomes and almost no
side effects [1-6]. Pathogens have acquired varied mechanisms to
combat the currently available conventional antibiotics and expand as
multi-drug therapeutics resistant forms [7]. Therefore, combinational
therapy of these phytochemicals can be an intelligent therapeutic
strategy in the field of applied and therapeutic sciences [8,9]. Thymo-
quinone (IUPAC name: 2-isopropyl-5-methyl 1,4-benzoquinone), a
major bioactive component of Nigella sativa, a plant of Ranunculaceae
family is also known as black cumin (kala jeera) [10]. Piperine is
extracted as a bioactive amide alkaloid constituent from the Piper nigram
plant of the Piperaceae family [11]. Thymoquinone and piperine exhibit

* Corresponding author.
E-mail address: sunimondal@yahoo.com (A. Dey).

https://doi.org/10.1016/j.jddst.2020.101994

therapeutic modalities [11,12]. The present experiment was aimed to
study the synergistic combinational therapeutic potency of thymoqui-
none and piperine and their biomedical application. Studies revealed
that the mode of action of a single antimicrobial drug differs from that of
the same drugs when applied in combination with others [13].

It has been reported that thymoquinone possesses hepatoprotective,
antidiabetic, antifungal, anticancer, and neuroprotective properties [10,
14,15]. It is well established that the functional mechanism of thymo-
quinone is to alter the biochemical reactions associated with the reactive
oxygen species (ROS) generation [10]. Cellular In vivo studies revealed
that thymoquinone induces activities of certain antioxidant enzymes
glutathione transferase, superoxide dismutase (SOD), quinone reduc-
tase, glutathione (GSH). Thus, thymoquinone has a potent antioxidant

Received 23 June 2020; Received in revised form 21 July 2020; Accepted 31 July 2020

Available online 14 August 2020
1773-2247/© 2020 Elsevier B.V. All rights reserved.


mailto:sunimondal@yahoo.com
www.sciencedirect.com/science/journal/17732247
https://www.elsevier.com/locate/jddst
https://doi.org/10.1016/j.jddst.2020.101994
https://doi.org/10.1016/j.jddst.2020.101994
https://doi.org/10.1016/j.jddst.2020.101994
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jddst.2020.101994&domain=pdf

S. Das et al.

property by inhibiting lipid peroxidation and preventing the generation
of ROS [10,16]. Therefore, thymoquinone exerts a dual function, both
antioxidant and pro-oxidant. Piperine is used as a remedy to cure
inflammation, diarrhea, fungal infections, etc. The IUPAC name of
piperine (C;7H;9NO3) is 1-(5-[1,3-benzodioxol-5-yl]-1-0x0-2,4-penta-
dienyl) piperidine which is bestowed with extensive pharmacological
outputs including analgesic activity, antithyroid activity, antimutagenic
activity, antimetastatic activity, hepatoprotective, diuretic and
anti-asthmatic activity, etc. [17,18]. The important phytochemicals
present in piperine are some flavonoids and phenolic contents that
inhibit reactive oxygen species, lipid peroxidation, and free radicals
[19].

Despite all these promising biomedical properties, the application of
thymoquinone and piperine is arrested due to several difficulties
[20-22]. These two natural therapeutics have been proven to be lipo-
philic, thus very poorly soluble in aqueous media, restricting its thera-
peutic and biomedical applications [21-23]. This hydrophobic nature
causes hindrance in the effective formulation may lead to unstable end
products. Generally, hydrophobic components with poor bioavailability
result in lowering the amounts of therapeutics in the target site when
used in clinical trials [13,24]. To increase the stability of drugs, it can be
encapsulated within a biopolymeric carrier system which is capable of
delivering the therapeutics to the target cells effectively [25-29]. One of
the most stable carrier protocols, used to encapsulate both hydrophilic
and hydrophobic agents, is micro or nano-particle [30-33]. In our study,
we used guar gum micro-vehicle loaded with piperine and thymoqui-
none individually and in combination. Guar gum, a natural hydrophilic
nonionic polysaccharide derived from the seeds of Cymompsis tetraga-
nolobus of the Leguminaceae family [34]. Micro-vehicles formed of
biopolymers have long been employed as vehicles in natural therapeutic
delivery due to their unique non-toxic, non-immunogenic, biocompat-
ible, biodegradable, and rapid hydration properties [35,36]. Due to very
high molecular weight, which ranges from 200,000-300,000 Da, guar
gum can form highly viscous aqueous colloidal dispersion even in cold
water [34,37]. The guar galactomannan has a distinctive character of
imbibing a large quantity of water which makes a highly viscous solu-
tion of guar polysaccharide [36,38]. Being a natural polymer guar gum
is appealing for use in natural therapeutic delivery because of its
biocompatibility, nontoxicity, and biodegradability [39].

Our present experiments with the combinations of natural thera-
peutics lead to damage in bacterial cell wall integration which might
have caused due to excessive ROS generation or altered signaling
pathway results in improper cell wall synthesis in both Gram + ve and
Gram — ve bacterial strains. Thymoquinone and piperine have an impact
on altered cellular metabolism inhibiting proliferation and metastasis of
cancer cells. Reactive oxygen species (ROS) generation plays a crucial
role in the maintenance of the redox balance in most cancer cells and an
elevated ROS level may promote oxidative damage leading to cellular
abnormalities or death [40]. Thymoquinone had been proven to induce
cell apoptosis by increasing caspase-3 activity [41]. Caspases are one
type of protease enzymes that amplify the apoptotic signaling pathway
which results in cell death due to their proteolytic activity [42,43].
Induced by some initiator caspases (caspase-8, caspase-9, or
caspase-10), caspase-3 mediates fragmentation of DNA within the nuclei
and cytoskeletal protein degradation [44]. It has been postulated that in
anticancer treatment, the activity of some drugs and bioactive com-
pounds is enhanced by the use of piperine [45,46]. Plant-derived bio--
enhancers are responsible for enhancing the efficiency of some drugs
having less bio-availability or in the case of long-term drug adminis-
tration [46]. In the current study, we investigated the combinatorial
effect of thymoquinone and piperine on bacterial cells as well as HepG2
cells.

Here we have studied the effect of thymoquinone (TQ) and piperine
(PIP) loaded guar gum micro-vehicle (GG) on the prokaryotic and
eukaryotic systems. The guar gum capped TQ and PIP (GG-PIP-TQ) has a
promising synergistic effect against Gram + ve (E.faecalis, S. aureus) and
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Gram —ve (P.aeruginosa, E. coli) pathogenic bacterial species. In this
study, we investigated the antimicrobial as well as anticancer activities
of these two therapeutics against human hepatocellular carcinoma cell
lines. Thus, the development of these natural therapeutics has the po-
tential to emerge as an effective dual therapeutic agent.

2. Experimental details
2.1. Materials

TQ and PIP were procured from Sigma-Aldrich (Switzerland). Guar
gum was obtained from Hi-Media chemicals. All other reagents
including fluorescence stains, MTT reagent, glutaraldehyde were pur-
chased from Merck Ltd. and SRL Pvt. Lt. (India). Deionized (Millipore)
water of 18 MQ-cm was used in all experiments. For antibacterial ex-
periments, all therapeutics loaded gum micro-vehicles were sterilized
under UV radiation.

2.2. Microbial cultures

In this study, the antibacterial property of our designed natural
therapeutics was tested on four pathogenic bacterial strains. These are
Gram + ve (Staphylococcus aureus740 and Enterococcus faecalis441) and
Gram—ve (Escherichia coli 443 and Pseudomonas aeruginosa 1688) ob-
tained from Microbial Type Culture Collection, IMTECH (Chandigarh,
India).

2.3. HepG2 cell lines

Human hepatocellular carcinoma cell lines (HepG2) were obtained
from National Center for Cell Science (NCCS) Pune, India. These cells
were allowed to grow in DMEM/RPMI 1640 with 10% Fetal Bovine
Serum, penicillin/streptomycin (100 units/ml), amphotericin-B (anti-
fungal) at 37 °C and 5% CO, respectively. All the treatments were per-
formed with their respective LDs( doses. All the experiments were done
at 37 °C allowing to grow exponentially.

2.4. Synthesis

2.4.1. Preparation of GG

GG was carried out by a simple procedure in aqueous media.
Initially, powdered GG was dissolved in lukewarm Millipore water and
was vigorously stirred for 24 h. The solution became thick after the
complete dissolution of the gum which was then dried in a desiccator at
60 °C temperature. The dried sample was then collected and after
cooling mortared for finer grains. The sample was then named as GG and
sent for characterizations.

2.4.2. Synthesis of TQ/PIP loaded GG

First, GG was dissolved in lukewarm Millipore water allowed for
stirring under vigorous stirring conditions for about 24 h. TQ was
measured and added to gum solutions and was allowed to stir for 24 h.
The obtained sample was centrifuged at 10,000 rpm for about 10 min
and washed three times. These solutions were then dried at 60 °C in a
vacuum desiccator. Finally, the dried sample was mortared in an agate
mortar to obtain finer grains. The same procedure was followed to
prepare PIP tagged gum vehicle. Finally, we got GG-TQ, GG-PIP for
further characterizations. We combined GG with TQ/PIP in different
ratios, but the best solubility as well as the best results were observed in
the ratio of 6:4 which was carried by our overall study ignoring other
ratios.

2.4.3. Synthesis of both TQ-PIP loaded GG

The same procedure was followed except that TQ and PIP both were
added to the GG solution randomly in different ratios. Since solubility in
water is regarded as an important criterion of biological samples, the
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solubility of all the samples was measured in water. The results sug-
gested that the ratio of 6:2:2 showed the best solubility in water. Hence
this ratio was chosen and the sample was named as GG-PIP-TQ.

2.5. Characterization

The interactions between GG and bioactive therapeutics were stud-
ied by Fourier transform infrared spectroscopy (FTIR), FTIR-8400S,
Shimadzu, Tokyo in the wavenumber range from 400 cm™! to 4000
em™), x-ray diffraction (XRD) spectra by using x-ray diffractometer
model-D8 Bruker AXS (Wisconsin, USA) employing Cu-Ka radiation.
Field emission scanning electron microscope (FESEM) was conducted
for the surface texture study of our therapeutics as well as bacterial
strains employing INSPECT F50 (FEI, the Netherland) and EVO 18
Special edition, Carl Zeiss (Germany). The UV visible spectrophotometer
(Epoch microplate reader, BioTek, USA) was used to estimate the
absorbance intensity of solubilized MTT formazan product and the
natural therapeutics after being dispersed completely in MilliQ water.
The average particle diameter and the zeta potential of samples were
measured by Zetasizer (NANO ZS90, Malvern Instruments Ltd, UK).
Epoch Microplate Spectrophotometer, USA was used in natural thera-
peutics release study. During the ROS estimation spectroscope (Hitachi,
Japan) and fluorescence microscope (DM 2500, Leica, Germany) were
used. GSH-Glo™ is used to record the experimental data. Glutathione
Assay kit (Promega) for GSH measurement and Amplite™ Fluorometric
NADPH Assay kit (Advancing Assay & Test technologies [AAT] Bioquest,
USA) for NADPH measurement with the aid of Microplate reader (Bio-
Tek) were used. All suspensions were prepared by using an ultrasonic
bath sonicator. All bacterial and cellular examinations were methodi-
cally done in a biosafety cabinet.

2.6. Antibacterial activity assessment

2.6.1. MIC and MBC

The microdilution method was chosen to assess the minimum
inhibitory concentration (MIC) and minimum bactericidal concentra-
tion (MBC) values [47]. Different concentrations (50 pg/ml, 100 pg/ml,
200 pg/ml, 400 pg/ml, 600 pg/ml) of our synthesized natural thera-
peutics were added to 1 ml nutrient broths containing 10 pl of bacterial
culture (2.5 x 10° CFU/ml bacteria) and were incubated for 24 h at 37
°C in an incubator shaker. The MIC was performed by measuring the
turbidity of bacterial growth, which implies nearly 99% growth inhi-
bition. Each experiment was done thrice. The MBC was measured using
the MIC dilutions of bacterial cultures and incubated for 24 h at a
temperature of 37 °C. MBC value signifies the lowest concentration of
synthesized therapeutics required for the complete killing of the
bacteria.

The tolerance levels of each bacterial strain against TQ and PIP
loaded GG were determined by MBC and MIC values of our experiments.
Tolerance level (MBC)/(MIC) gives a clear indication of the antimicro-
bial activity of our natural therapeutics loaded gum [48].

2.6.2. Agar well diffusion method

The antimicrobial activities of GG-TQ, GG-PIP, GG-PIP-TQ were also
measured by using the agar well diffusion method. Antibacterial activity
against four pathogenic bacterial strains was measured by adding each
GG, GG-PIP, GG-TQ, GG-PIP-TQ at their respective MBC concentration
into the wells separately for comparative study and left them to grow on
the Mueller Hinton agar overnight at a temperature of 37 °C. At the end
of the incubation, the zone of inhibition surrounding the disc was
measured and recorded [47,49].

2.6.3. Bacterial ROS estimation

To detect intracellular ROS generation 2, 7-dichlorofluorescein
diacetate (DCFH2-DA) assay was used [50]. Bacterial cells were
treated with different concentrations (50 pg/ml, 100 pg/ml, 200 pg/ml,
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400 pg/ml, 600 pg/ml) GG, GG-TQ, GG-PIP, GG-PIP-TQ and cultured for
overnight. Afterward, the culture was washed by centrifugation at 5000
rpm for 5 min by using PBS solutions. Then the cells were allowed to
incubate for 30 min with DCFH2-DA in the dark conditions at 37 °C.
Finally, the images of bacteria cells were measured both spectroscopi-
cally and with a fluorescence microscope at excitation and emission
wavelengths of 485 and 520 nm, respectively.

2.7. Evaluation of release of natural therapeutic

The natural therapeutics loading percentage within the polymeric
GG was determined by calculating the concentration of the TQ by
obtaining the absorbance of the solution using standard procedure. The
absorbance of the bare micro-vehicle (GG) was considered as the base-
line. The drug loading content (DLC) and drug loading efficiency (DLE)
were determined by the following equations [51].

DLC (%) = {(Weight of natural therapeutics encapsulated in micro-vehicles/
Weight of micro-vehicles taken)} X 100 (€8]

DLE (%) = {(Weight of natural therapeutics in micro-vehicles) / (Weight of
natural therapeutics injected)} X 100 2)

To determine the amount of TQ discharged from the micro-vehicle in
respect of time interval, in vitro TQ release was calculated. The cumu-
lative natural therapeutics release study was carried out in physiological
pH conditions (pH ~7.4) and intracellular pH conditions of cancer cells
(pH ~ 5.5) at 37 °C. The percentage of TQ released at different time
intervals was calculated from a standard curve of TQ by measuring the
absorbance of the supernatant solution at 340 nm.

2.8. Anticancer activity assessment

2.8.1. MTT assay

The HepG2 cell viability was assayed with the help of the 3-(4, 5-
dimethylthiazol-2-yl) —2, 5-diphenyltetrazolium bromide (MTT) assay
following a standard protocol [50]. The cell viability was examined after
exposure to GG, GG-TQ, GG-PIP, GG-PIP-TQ respectively at the con-
centrations of untreated as a control and 20 pg/ml, 40 pg/ml, 60 pg/ml,
80 pg/ml, 100 pg/ml. In this method, the absorbance of solubilized MTT
formazan product was estimated by a UV-vis spectrophotometer at a
wavelength of 570 nm.

2.8.2. ROS estimation

Reactive oxygen species are induced by some stressful conditions like
exposure to different concentrations of therapeutics (40 pg/ml, 80 pg/
ml, 100 pg/ml) which leads to oxidative stress. To monitor intracellular
ROS generation in HepG2 cells DCFH2-DA assay was used.

2.8.3. NADPH and GSH assessment

In order to examine the intracellular antioxidant level in HepG2 cells
on treatment with different concentrations (i.e. 20 pg/ml, 40 pg/ml, 60
pg/ml, 80 pg/ml, 100 pg/ml) of GG, GG-PIP, GG-TQ, GG-PIP-TQ the
intracellular GSH and NADPH sensing luminescence was performed
using standard protocols.

3. Results
3.1. Characterization of the micro-vehicle

The incorporation of natural therapeutics in the gum micro-vehicle
was confirmed by XRD spectra are shown in Fig. la. The diffraction
patterns of four samples (GG, GG-TQ, GG-PIP, GG-PIP-TQ) confirmed
the incorporation of natural therapeutics in gum micro-vehicle. GG
exhibited a broad hallow which indicates very small crystallinity while
on GG-TQ also depicted low intensity broader peak revealing its incor-
poration into the polymer matrix in the amorphous state [52,53]. The



S. Das et al.

()

20 25 30 35 40 45 50 55 60 65 70 75 80
SN S UL S T R L B O S R

ﬁ —GG-PIP-TQ
I

I
Jh\\/\«)\u‘w\,

Intensity (a.u.)

20 25 30 35 40 45 50 55 60 65 70 75 80

20 (degree)

Journal of Drug Delivery Science and Technology 60 (2020) 101994

(b) 500 1000 1500 2000 2500 3000 3500 4000
GG-prprQ” T T T T T
‘,f‘,'\.“]"\' Y
/ r |
ﬂ( "f\ "
|
| 1 1 1 1
|1H
- ( S
- ‘WW
el
71
o
=
] 1 1 1
p= (.(.-10
£ \/\/—
w
p /YV\
=
St
[
" 1 " 1 " 1 " 1 " 1 " 1
GG
(
L l‘ i 1 " 1 " 1 " 1 " 1 "
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm'l)

Fig. 1. Characterization of Guar Gum Micro-vehicles (a) XRD patterns of GG, GG-TQ, GG-PIP, GG-PIP-TQ, (b) FTIR analysis of GG, GG-TQ, GG-PIP, GG-PIP-TQ.

XRD pattern of GG-PIP, as well as GG-PIP-TQ, indicated the similarity
with the typical pattern of PIP (JCPDS Card no: 00-043-1627) [54].

The FTIR spectrum (Fig. 1b) revealed GG absorption peak, spectra
around 3328 cm ™! is due to O-H stretching vibration of water and gum
(polymer) and 772 cm ! is attributed to (1-4), (1-6) linkage of galactose
and mannose respectively, the absorption bands at 2922 em ™! (C-H
stretching of CHagroup), 1644 cm ™! (ring stretching of mannose) and
1020 cm™! (-CHy twisting vibration) [52,55,56]. The presence of the
characteristic peaks of TQ at about 1654 em~! (C==O0 stretch) and
1376 cm™! (C-H methyl rock) established that TQ is successfully
attached to the GG [57]. The presence of absorption peak due to
aliphatic C-H stretching around 2942 cm~! (GG-PIP) and 2942 cm ™!
(GG-PIP-TQ) are attributed to the presence of PIP [20]. When we
analyzed and compared the FTIR spectrum of GG-PIP, GG-TQ, and
GG-PIP-TQ we found that they show similarities to their corresponding
therapeutics indicating that they successfully attached to the polymer
without any change of their chemical properties.

The optical behaviour of our formulated therapeutics was charac-
terized by UV-vis spectroscopy stated in Fig. 2a [58]. UV-vis absorbance
spectrum of GG, GG-PIP did not show any sharp peak in its spectrum due
to its UV inactiveness whereas the GG-TQ, GG-PIP-TQ sample exhibited
a prominent peak at 340 nm and 335 nm which ascertained the suc-
cessful incorporation of TQ.

The surface morphology of GG and GG-PIP-TQ are determined by the
FESEM study. Fig. 2b and ¢ showed FESEM image of GG which indicated
a discontinuous and irregular structure of gum micro-vehicles whereas a
noticeable change is observed in the case of GG-PIP-TQ indicating a
clear attachment of natural therapeutics (PIP and TQ) with GG which
confirmed by the reduction of porosity of micro-vehicles.

GG-TIQ-PIP showed a zeta potential of 13.27 + 4.4 mV (Table 1). TQ
loading does not alter the zeta potential, but increases the hydrodynamic
diameter. The presence of TQ inside the matrix also increases the size of
the micro-vehicle than the bare ones. The corresponding polydispersity
index (PDI) values of the samples are a quite low, suggesting that they
form a homogenous solution that is desirable for any biological
application.

3.2. Synergistic antibacterial activity of GG-PIP-TQ

MIC values were decreased in case of a combination between TQ and
PIP against all four pathogenic bacterial strains which depicted in
Table 2. To estimate an alternative way to combat bacterial pathogens
and to minimize the adversity associated with the conventional antibi-
otics, PIP and TQ encapsulated GG were screened singly and in combi-
nation with each other to determine their synergistic, additive, or
antagonist interactions against S. aureus, P. aeruginosa, E. faecalis and
E. coli (Fig. 3). This decrease is more significant in the case of Gram + ve
bacteria.

Tolerance is an important parameter which reflects the bactericidal
capacity of natural therapeutics. For a particular bacterium, if the MBC/
MIC ratio is greater than or equal to 16, the antibacterial agents are
considered as a bacteriostatic type, and while less than or equal to 4,
then are considered as a bactericidal agent. Table 2 stated that GG-PIP,
GG-TQ, GG-PIP-TQ shows bactericidal activity. In a well diffusion study
(Fig. 3e), GG-PIP-TQ exhibits synergistic bactericidal activity against all
four pathogenic strains, especially against Gram + ve bacteria (S.aureus,
E. faecalis).

Our study indicated the efficacy of GG-PIP-TQ which significantly
increase intracellular ROS generation compared to GG-PIP and GG-TQ in
the case of all the four pathogenic strains as shown in Fig. 4.

Scanning electron microscopy (SEM) detected ultrastructural
morphological changes in bacteria as shown in Fig. 5. All untreated
strains looked undamaged with a smooth and intact surface. GG-PIP-TQ
treated bacterial cells become uneven and distorted. Perforated mem-
branes indicate GG-PIP-TQ induced membrane damage.

3.3. A pH-responsive release of natural therapeutic from GG

The natural therapeutic release profile showed in Fig. 6 stated that in
GG, DLC and DEE are 58% and 79%, respectively. The high natural
therapeutics loading content is due to the extensive large surface area of
the micro-vehicle. Approximately 28% and 34% TQ release was
observed from GG-TQ after 12 h and 24 h, respectively at pH 7.4. This
controlled release of natural therapeutics is very much effective to
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Table 1 Table 2

Represents the DLS and Zeta potential of the samples.

SAMPLE DLS SIZE (d.nm) P.D.I Zeta potential
GG 176 + 3.4 0.16 12.34 + 2.8
GG-PIP 197 + 3.8 0.24 14.54 + 1.4
GG-TQ 204 + 2.2 0.27 11.34 + 2.4
GG-PIP-TQ 215+ 2.5 0.29 13.27 + 4.4

combat the problem of rapid elimination from the system as well as an
increase in therapeutic efficiency [59]. On the other hand, in the case of
pH 5.5, the corresponding release was 44% and 58% respectively.

3.4. Remarkable anticancer activity observed in HepG2 cell lines

3.4.1. Cytotoxicity study

In-vitro cytotoxicity of the therapeutics is evaluated for determining
the cytotoxic effects on HepG2 cell line. The cells were treated with
various concentrations of GG, GG-TQ, GG-PIP, GG-PIP-TQ (0-100 pg/
ml) for a time span of 24 h and were afterward followed by MTT assay.
Fig. 7a exhibited that GG-PIP, GG-TQ, GG-PIP-TQ exerted a decrease in
the cell survivability in a dose-dependent manner whereas bare GG
showed no such activity. Table 3 stated the LDs( values against HepG2
cells.

3.4.2. ROS generation study
The generation of reactive oxygen species was evaluated in case of

Represents MIC, MBC and Tolerance level of bacterial strains against GG, GG-
PIP, GG-TQ, GG-PIP-TQ.

BACTERIA SAMPLE MIC MBC TOLERANCE
LEVEL
Pseudomonas GG - - -
aeruginosa GG-PIP 331.55 1160.43 3.5

GG-TQ 281.82 1018.55 3.61
GG-PIP- 259.37 907.8 3.5
TQ

Escherichia coli GG - - -
GG-PIP 397.65 1391.76 3.5
GG-TQ 309.66 1052.85 3.4
GG-PIP- 244.88 883.57 3.6
TQ

Enterococcus feacalis GG - - -
GG-PIP 253.73 867.76 3.42
GG-TQ 202.38 684.04 3.38
GG-PIP- 184.71 600.30 3.25
TQ

Staphylococcus aureus GG - - -
GG-PIP 245.1 808.83 3.3
GG-TQ 196.72 674.75 3.43
GG-PIP- 178.89 572.45 3.2
TQ

treatment of HepG2 with GG, GG-PIP, GG-TQ, GG-PIP-TQ at concen-
trations of 40 pg/ml, 80 pg/ml, 100 pg/ml for 12 h and was then
incubated with DCFDA for 30 min. The treated cells were evaluated with
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the help of the UV-Vis spectrophotometer which stated in Fig. 7b.
Furthermore, the fluorescence microscopic images clearly depicted the
gradually enhanced green fluorescence intensity after 12 h when treated
with a dose of 100 pg/ml (Fig. 7c).

3.4.3. NADPH and GSH level determination

In this experiment, the results (Fig. 8) exhibit a drastic dose-
dependent diminish in the percentage of GSH and NADPH level on the
exposure of HepG2 cells to GG-PIP, GG-TQ, GG-PIP-TQ treatment where
treatment with GG showed no such decrease in GSH and NADH level
while GG-PIP-TQ exhibited a maximum decrease.

4. Discussion

Several studies have been carried out to combat cancer progression
and various infectious diseases without any detrimental side effects. In
this regard, GG-PIP, GG-TQ, GG-PIP-TQ have been assessed on four
bacterial strains which are capable of causing systemic infections in
human as well as HepG2 cells. FTIR and XRD data clearly demonstrated
efficient interaction as well as successful encapsulation of therapeutics.
The solubility of hydrophobic TQ and PIP can be increased and optimum
delivery can be achieved by an appropriate combination of GG.
Encapsulation of gum by TQ and PIP cannot affect their antibacterial or
anticancer property. Bare GG exhibited no such activity against bacterial
and cancer cells which was established by ROS estimation studies. We
observed a remarkable synergistic antibacterial activity by MIC, MBC,
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ager well diffusion and tolerance level study on four bacterial strains
specially against Gram + ve bacteria. An effective permeability barrier
of Gram -ve bacteria results in the restriction of proper penetration of
bioactive phytochemicals through it. The tolerance level reflects the
bactericidal capacity of natural therapeutics as obtained from MBC/MIC
ratio which is less than 4. Increased level of bacterial ROS is may be due
to the effective penetration of natural therapeutics into the bacterial
cells that causes oxidative stress and acts as an ideal bactericidal agent
following bacteriostatic activity.

Additionally, the pH-responsive release of natural therapeutic from
porous GG suggested that the TQ release in intracellular acidic pH of
cancer cell (~ 5.5) is faster than that of the normal physiological pH
(~7.4). Previous study suggested that also at acidic pH guar gum could
retain stability [60]. During the encapsulation of natural therapeutics
within gum, they form a covalent linkage between them. The possible
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reason behind the faster release of therapeutic may be the breakage of
the interlinking bonds at acidic pH, followed by the release of TQ
gradually.

In case of HepG2 cells, increased ROS generation and cytotoxic ac-
tivity observed in MTT assay suggested that the natural therapeutics
loaded micro-vehicles could exert encouraging anticancer activity. The
homeostasis of the ROS level is critically maintained inside the cell and
solely regulated by intracellular antioxidant levels (NADPH and GSH) in
mitochondria and cytosol [61]. Therefore, the elimination of NADPH
and GSH levels leads to oxidative stress-mediated cell death [62]. Esti-
mated ROS, GSH and NADPH content within the cells after treatment
with GG-PIP, GG-TQ, GG-PIP-TQ indicated towards the synergistic ac-
tivity of TQ and PIP. GSH and NADPH levels were significantly
decreased when treated with GG-PIP-TQ indicating ROS liberation.

Both antibacterial and anticancer activities of GG-PIP-TQ implied
that these two phytochemicals may activate each other’s mode of action.
Otherwise one of them followed a mechanism that enhanced the activity
of the other natural therapeutics. The bio enhancing activity of PIP was
proven to be effective in synergism assay [45]. The synergistic interac-
tion between two drugs may lead to modified and more effective binding
mechanism for the active site or it may result in delayed efflux of
accumulated therapeutic complex out of the cell. Thus, combination of
drugs often exerts their synergistic effect in a particular species of

Table 3
Represents LDsq values of GG, GG-PIP, GG-TQ, GG-
PIP-TQ.
SAMPLE LDso VALUE
GG —
GG-PIP 61.24
GG-TQ 59.46
GG-PIP-TQ 48.03
= 48 Bl cc
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Fig. 7. (a) MTT assay on HepG2 cell line after treatment with GG, GG-PIP, GG-TQ, GG-PIP-TQ. (b)Graphical representation of mean fluorescent intensity for ROS
generation in HepG2 cells (c)Fluorescence microscopic image of intracellular ROS generation for HepG2 cells control, treated with GG, GG-PIP, GG-TQ, GG-PIP-TQ at

their respective LDso dose measurement which indicates the enhancement of ROS.
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microorganisms either by inhibiting the cell wall synthesis or by trig-
gering its lysis. By calculating the tolerance level of bacteria and the
LDsq value in case of HepG2 cells, this new amalgamation of TQ and PIP
with biopolymer GG suggested a remarkable synergistic effect.

5. Conclusion

Our study is aimed at using phytochemicals having potent antibac-
terial and anti-cancer properties individually or in combination. We
used an inexpensive, abundantly available natural biopolymer and
assembled TQ and PIP with this polymer for synergism assay, which
overcomes the poor aqueous solubility of these natural bioactive com-
pounds. Novel amalgamation with porous polymeric substances can
improve the efficacy of natural therapeutic delivery as well as give a new
perspective on polymeric technology. The pH-responsive release of TQ is
advantageous for cancer therapy and also required for the survivability
of normal healthy cells. The result of the study demonstrates that GG-
PIP-TQ exerts more effect on Gram + ve than Gram —ve bacteria.
Thus, the therapeutic application of our combined amalgamation can be
a suitable alternative of conventional drugs to overcome the problem of
side effects and antibiotic resistivity. In conclusion, we have established
that the hydrophilic biocompatible GG-PIP-TQ can emerge as an ideal
platform for multiple therapeutic applications.
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ABSTRACT

Bengal possesses a diverse gene pool of ethno-botanically important plant
species for alternative medicinal agents. Herbal remedies, also known as
botanical medicine, have been recognized as a promising complementary
treatment for cancer. In this article, we have methodically highlighted
and summarized most popular and effective Bengal plants which possess
phytocomponents with anti-cancer properties. Several in vitro as well as in
vivo studies demonstrated the details of plant derived metabolites and their
promising efficacy against different cancer cell lines. Therefore, recapitulated
data about the bioactivity of these phytochemicals, with special emphasis on
Bengal medicinal plants will enrich our knowledge about developing carefully
designed standardized drug in controlling the carcinogenic processes
traditionally over conventional therapies to prevent this global health crisis.

KEYWORDS: Phytochemicals; Anti-cancer; Medicinal plant; Traditional
medicine

INTRODUCTION

Cancer remains to be one of the leading causes of mortality worldwide.
Though the modern conventional therapeutic approach has indisputably
enhanced survival rate, metastasized cancer remains untreatable. Hence,
continued searching for more efficient and effective chemoprevention is
clearly desirable to improve the treatment [1]. According to an estimation of
World Health Organization, 80 % of rural population rely chiefly on medicinal
herbs and traditional medicine as a primary healthcare system [2]. In the
Ayurveda, numerous plants with medicinal properties are documented in
various texts but it requires newer guidelines of standardization, production
and quality control. It has been reported that approximately 50% of all modern
pharmaceutic in clinical use are plant derived [3]. Many of these have been
recognized to have apoptotic activity in various cancer cells of human origin
[1]. Any part of a medicinal plant such as seeds, bark, leaves, roots, flowers,
fruits can contain some bioactive substances that can be used for therapeutic
or medicinal purposes. Phytochemicals are the secondary metabolites that
are taxonomically extremely diverse in nature and an excellent reservoir of
potential precursors of new drugs based on their modes of pharmacological
action [4,5]. Moreover, these bioactive compounds such as flavonoids,
terpenoids and alkaloids have received considerable attention for their anti-
mutagenic, anti-malignant, antineoplastic and potential chemo preventive
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properties through their effects on signal transduction in cell
proliferation and angiogenesis [5].

India is a heritage country in term of natural resources and
biodiversity. West Bengal (a state occupies only 2.7% of India’s
land area) possesses an enormous number of medicinal plants
[6]. The tropic of cancer passes almost through the middle of
the state. Diverse climatic conditions of West Bengal include
a tropical wet-dry climate in the southern part and a humid
subtropical climate in the north (http://www.westbengalforest.
gov.in). The total forested area of West Bengal is 11879 sq. km.
which is 13.38% of the total geographic area of the state (http://
www.westbengalforest.gov.in/history.php). At present West
Bengal has 23 districts which are distributed in five agro-climatic
zones i.e. Darjeeling Himalayan hill region, Tarai - Dooars region,
western undulating high land and plateau, north and southern
plains of Bengal and Gangetic deltaic regions are favourable
to establish the diversity of plants [7]. But unscientific and
unorganized harvesting and production of raw materials,
lesser concern about quality control, fluctuation in demand
and supply, lack of coordination, research and inefficient
marketing infrastructure are the main difficulties to promote
these therapeutic plants effectively. As per recommendations
of the National Medicinal Plant Board (NMPB) as well as West
Bengal State Medicinal Plant Board (WBSMPB) some medicinal
plant species are recognized for the scientific cultivation in
West Bengal. These herbal plants are prioritized because of its
vast uses in Indian System of Medicine and Homeopathy (ISM
& H). Department of AYUSH (Ayurveda, Yoga, Unani, Siddha and
Homeopathy systems) of the Government of India regulates
researches on indigenous alternative medicines and their quality
control and practices (https://www.ayush.gov.in/). Therefore,
scientific cultivation, conservation, suitable maintenance
measures regarding harvesting and marketing of medicinal
plants may lead to greater success in cancer prevention.

PLANTS WITH ANTICANCER ACTIVITY

According to previous reports, these medicinal plants
contain some important active components i.e. vitamins,
carotene, enzymes, minerals, polysaccharides, polyphenols,
flavonoids, lignin, xanthones, etc. [Figure 1] which exert potent
anticarcinogenic and antimetastatic activities [1]. Plants
described in this study are endemic in West Bengal state and
also well acknowledged possessing several antioxidants. A
significant number of research work has been done about
the anticancer efficacy of these plants. Thus, the various
combinations of the phytochemicals extracted from these
plants may undergo further assessment for their synergistic
activity after identification. With the above background, this
review article enumerates 20 medicinal plants from West Bengal,
according to their suppressive and antiproliferative effect
on specific cancer types as well as anti-tumor, antimetastatic
and antioxidant properties [Table 1]. We have chosen these
plant species based on their availability throughout the state,
their popularity among people and last but not the least their
significant ability to cure the deadly disease cancer to some

extent.

Extraction in
solvent

Compounds identification

Phenolics  Alkaloids  Terpenoids Organosulfur  Carotenoids Other Nitrogen

Compounds containing Compounds

Figure 1: Schematic representation of isolation techniques and
types of phytochemicals.

Serial Scientific Name with Active Components Effect in Cancer
No. Family
1 Achyranthes aspera Achyranthine, phenolic «  cytotoxic activity against pancreatic cancer
(Amaranthaceae) compounds . . . o .
«  antiproliferative activity against breast and
cervix cancer
2 Aerva lanata Aervitrin, aervolanine, antiproliferative activity against hepatic cancer
(Amaranthaceae) campesterol, kaempferol cells (Hep3B)
« induce apoptosis of MCF - 7 cells
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3 Allium sativum (Liliaceae) Allicin, alliin, allixin, Z-again suppress colorectal, lung and esophageal
cancers
anti-proliferative effects on cancer stem cells of
brain malignancies (Glioblastoma multiforme)
4 Alstonia scholaris Echitamine, alstonidine, alstonin cytotoxic activity against human lung cancer cell
(Apocynaceae) lines, adenocarcinoma (MOR-P)
cytotoxicity against HepG2, HL60, HelLa, KB,
MCEF-7 cells, Vero cells, fibrosarcoma
5 Andrographis paniculate Andrographolide, xanthones, anti-proliferative activity against HT-29 (colon
(Acanthaceae) stigmasterols cancer), KB (human epidermoid carcinoma) cells
and P388 (lymphocytic leukaemia)
antitumor activity against breast cancer cell lines
6 Artemisia indica Ludartin, lupeol strong inhibitory activity against cultured MCF-7,
(Asteraceae) BHY, Miapaca-2, Colo-205 and A-549 cell lines
toxic effects on liver cancer cells (HepG2)
7 Azadirachta indica Nimbolide,azadirachtins, anticancer activity in lung cancer, osteosarcoma,
(Meliaceae) nimocinol, isomeldenin, neuroblastoma, choriocarcinoma, leukemia and
azadirachtol, melanoma
suppress viability of HeLa cervical cancer cells
and breast cancer cells
8 Bauhinia variegata Flavonoids, anthraquinones, cytotoxic activity against ovarian cancer cell lines
Fabaceae saponins
( ) P chemo-preventive against human epithelial
larynx cancer (HEp2) and human breast cancer
(HBL-100) cell lines
9 Butea monosperma Butrin, butein, butin, isobutrin, isocoreopsin exhibits remarkable efficacy in cell
(Fabaceae) isocoreopsin mortality on human colon and liver cancer cell
lines
floral extracts exhibit strong inhibitory activity
on HCT-116 cells
10 Calotrophis gigantea Pregnanes, terols, flavonol antitumor activityof methanol extract
Asclepiadaceae lycosides, usharin, gigantin, . . .
( P ) Ead ] ) 919 anticancer effect against human epidermal
giganteol, giganteol . )
carcinoma of the nasopharynx tissue
1 Camellia sinensis Epigallocatechin-3-gallate, inhibit tumour cell proliferation of leukaemia
(Theaceae) epigallocatechin, epicatechin-3- cells and hepatocellular carcinoma cell
allate, epicatechin
g P prevent growth of skin tumors
12 Cassia fistula Rhein, emodine, physion, remarkable chemopreventive ability
Leguminosae chrysophanol, Obtusin, L . .
(Leg ) ysop ) tumour inhibitory activity of methanolic
chrysoobtusin . .
extract of seed on the growth of Ehrlich ascites
carcinoma
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13

Centella asiatica
(Apiaceae)

Asiatic acid, kaempferol,
asiaticosside

induce apoptosis of MCF-7 breast cancer cells,
human melanoma SK-MEL-2 cells and human
HepG2 cell line

effective antiproliferative activity on skin and
lung cancer cells

14

Curcumalongal L.
(Zingiberaceae)

Curcumin, demethoxycurcumin,
bisdemethoxycurcumin

activity against melanoma, leukemia, colon, CNS,
renal, and breast cancer cell lines

inhibits the proliferation of several tumour cells

15

Emblica officinalis
(Euphorbiaceae)

Pyrogallol, gallic acid

cause decrease in the HepG2 and H520 cell
viability
induce apoptosis in Hela (cervical), A549 (lung),

MDA MB 231 (breast), SK OV3 (ovarian) and
SW620 (colorectal) cell lines

16

Oroxylum indicum
(Bignoniaceae)

Baicalein, oroxylin A

cytotoxic activity in MDA-MB-435S and Hep3B
cell lines

anticancer activity when treated against CT-26
colon carcinoma and human breast cancer cells

17

Semecarpus anacardium
(Anacardiaceae)

Galluflavanone, phenolic
compounds

cytotoxic effects against acute myeloblastic
leukemia (HL-60), chronic myelogeincleukemia
(K-562),

anticancer activity against breast
adenocarcinoma (MCF-7) and cervical epithelial
carcinoma (Hela) cell lines

18

Syzygium cumini
(Myrtaceae)

Betulinic acid, Kaempferol
7-O-methylether isoquercitin,
quercetin

induce apoptosis in human cervical cancer cell
lines Hela, A2780, MCF7, PC-3, H460 and SiHa
cell lines

pro-apoptotic properties against breast cancer
cells

19

Vitex negundo
(Verbenaceae)

Evn-50

cytotoxic effect on breast cancer, prostate cancer
and ovarian cancer

broad spectrum cytotoxic activity on hormone
dependent as well as hormone independent
cancers

20

Withania somnifera
(Solanaceae)

Withaferin A

in-vitro cytotoxicity against A-549 (lung),
PC-3 (prostrate), HCT-15 (colon), and IMR-32
(neuroblastoma) cell lines.

efficient cytotoxicity on MCF-7, A549 and PA-1
cancer cell line

Table 1: Name of the selected Bengal plants, active components and their role in anticancer studies.
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Achyranthes aspera
Family: Amaranthaceae Parts Used: Leaf, stem, seed

Activity: In traditional medicinal system of Ayurveda A. aspera
(local name: Apang) is well known for hepatoprotective,
diuretic, immunostimulatory and anti-cancer properties [8,9].
A. aspera, an annual shrub frequently found in tropical and
warmer regions in India reportedly contains fatty acids, oleonic
acid, triterpenoid based saponins, oleanolic acid, triacontanol,
dihydroxy ketones, betaine, achyranthine and various amino
acids [10]. The methanol extract of A. aspera shows higher
quantity of phenolic compounds compared to aqueous extract
[9]. It has been reported that leaf extract is used to treat cancer,
particularly breast and cervix cancer [10]. Alkaloid extract of leaf
induced apoptosis in breast cancer cell through p53 pathways
[11]. Several studies demonstrated that the methanolic extract
of leaves contains potent antiproliferative and cytotoxic activity
against pancreatic cancer cell lines through the inhibition in the
expression of pro metastatic and angiogenic genes [8].

Aerva lanata
Family: Amaranthaceae Parts Used: Aerial parts

Activity: In traditional Ayurvedic medicines, A. lanata (local
name: Chaya) was found to be effective against several medical
conditions for its antihyperglycemic, hepatoprotective, anti-
diabetic, anti-urolithiasis, immunomodulatory properties [12].
A. lanata extracts have significant amount of biologically active
secondary metabolites like polyphenols, flavanoid glycosides,
aervitrin, aervolanine, aervoside, kaempferol, amyrin betulin,
campesterol [12]. Some previous studies proved free radical
scavenging activity of ethanol, chloroform and hexane extracts
of A. lanata leaves [13]. A. lanata displays strong antiproliferative
activity and induced apoptosis of Hep3B (hepatic cancer cells)
celllines[14]. Previous studies showed that p53 mRNA expression
was found to decrease Hep3B cells in a dose dependent manner
and induced apoptotic activity when treated with petroleum
ether extract of A. lanata [14]. The methanolic callus extract of
this plant contains potential anticancer property on MCF - 7 cell
lines for its significant anti- proliferative activity by induction
of the apoptosis in cancer cells. Also the methanol extract of
the aerial parts of A. lanata has proven to be a source of potent
anticancer and antioxidant compounds when treated on Ehrlich
Ascites Carcinoma (EAC) cells in Swiss albino mice by monitoring
inhibition of tumor cell growth , measurement of tumor weight
and survival time of mice [15].

Allium sativum

Family: Liliaceae Parts Used: Bulb

Activity: A. sativum (local name: Rasun) has been attributed
in the Indian medicinal system to possess several medicinal
effects. The consumption of garlic offers multiple beneficial
properties for its chemo-preventive as well as anti-tumor
activity [16]. It has been reported that garlic extract contains
some organosulfur phytochemicals like diallylthiosulfinate
(allicin), S-allylcysteine sulfoxide (alliin), allixin, adenosine,
allyl1,5-hexadienyl trisulphide, allyl methyl trisulphide and
eight vital amino acids [17]. There is convincing evidence that
the consumption of garlic bulb extract reduces the risk of
colorectal, lung and esophageal cancers [16]. Studies showed
that garlic can also act against stomach cancer by repressing
Helicobacter pylori [18]. Its organosulfur components which
have free radical scavenging activity also cause cell cycle arrest
[17]. It has been found from studies that garlic in several forms
can change carcinogen metabolism, reduce formation of
carcinogenic products, induce phase Il detoxification enzymes
including glutathione transferases, quinone reductase, promote
apoptosis in cancer cells and inhibit tumour initiation [16].
Several studies demonstrated that the bioactive phytochemicals
of garlic modifying the cytokine pattern which leads to an
inhibition of a NFkB, a prime regulator of pro-inflammatory
gene expression [19]. The immune modulatory activity of garlic
shifts a proinflammatory and immunosuppressive cellular
environment to an enhanced anti-tumor response which
helps in tumorsuppression. Garlic contains two very effective
trace metals, germanium and selenium, which have potential
therapeutic value in cancer treatment [17]. Researchers
hypothesized that the phytocomponents presentin garlicevokes
anti oxidative, immune-modulating and anti-inflammatory
responses which suppress a developing malignancy [18].
Z-again, a component derived from garlic reportedly has a
range of biological properties like anti proliferative effects on
cancer stem cells (CSC) of brain malignancies like Glioblastoma
multiforme (GBM) [18].

Alstonia scholaris
Family: Apocynaceae Parts Used: Bark

Activity: A. scholaris (local name: Saptaparni) is a medicinal
plant, whose bark have been pharmacologically proven to
possess anticancer properties [20]. It is most extensively used
in different cultures and civilizations such as India, in herbal
formulations for many years [20]. The bark of this species are
rich in alkaloids, steroids, triterpenoids, and flavonoids but it is
valued for its alkaloids such as echitamine, alstonidine, alstonin,
ditain, ditainealstovenine, echicaoutchin, echicerin, echiretin,
porphyrine, echaitein, and

chlorogenine, porphyrosine,

reserpine [21]. The powerful alkaloids of A. scholaris protect cells
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from the damage by free radicals [21]. From earlier researches
it has been revealed that the methanolic extracts of the root
bark possess cytotoxic activity against human lung cancer
cell lines, adenocarcinoma (MOR-P), and large cell carcinoma
(COR-L23). Studies showed that a hydroalcoholic extract of
A. scholaris also has promising antineoplastic effects [22].
The antineoplastic activity of this bark extract from the same
tree in vitro study against Hela cells (cultured human cervical
neoplastic cells) showed that the rate of cell mortality was
dependent on the season when the plant bark was harvested
and the cytotoxic effects were highest in summer (IC50 of 30 pg/
ml) [22]. Echitamine, a bioactive phytochemical of bark extract
also has cytotoxicity against HepG2, HL60, Hela, KB, MCF-7
cells, Vero cells, fibrosarcoma, and Ehrlich ascites carcinoma
in vitro [23]. Alstonine, another indole alkaloid present in A
scholaris, is reported to possess antineoplastic effect [24].
Multiple reports also demonstrated that the triterpenoid
lupeol present in A. scholaris induced cell cycle arrests at G1-S
phase and is responsible for increase in the expression of p21
protein in PC-3 cells as well as decrease in cyclin D1, cyclin D2,
and cdk2 expressions. It has been reported that bioactive bark
components reduce the expression of Ras oncoprotein [22].
Additionally, studies revealed that bark extracts downregulate
Bcl2, upregulate Bax, activate caspase-3, and induce poly(ADP)
ribose polymerase cleavage, and activate caspase-3, -9, and
apafl genesin CWR22Rnu1 and PC-3 neoplastic cells which lead
to apoptosis [22].

Andrographis paniculate
Family: Acanthaceae Parts Used: Aerial part

Activity: A. paniculate (local name: kalmegh) has been widely
recognized as a natural remedy for various physiological
disorders. Diversified medicinally active phytochemicals like
flavonoids,diterpenoid lactone, xanthones, stigmasterols
have been isolated from the extract of A. paniculate [25]. The
methanol extract (concentration of 10 pg/mL) of aerial part
displays the anti-proliferative activity against HT-29 (colon
cancer) cells by 50% but the aqueous extract did not inhibit the
proliferation of HT-29 cells [26]. Andrographolide, a diterpenoid,
repressed the proliferation of cancer cells promisingly. Previous
studies demonstrated that andrographolide exhibited cytotoxic
activity against KB (human epidermoid carcinoma) cells
and P388 (lymphocytic leukaemia) [26]. Andrographolide 1
(diterpene lactone) of A. paniculate extract also has antitumor
activity against breast cancer cell lines and mouse myeloid
leukaemia cells [27]. Some recent reports displayed the

potential of andrographolide (1) to act as a promising anticancer

chemotherapeutic compound as it blocks cell cycle progression
by decreasing cyclin-dependant kinase (CDK4) expression [27].

Artemisia indica
Family: Asteraceae Parts Used: Leaves, flowering stems

Activity: Aerial parts of A. indica (local name: Naagdana) has
been reported to have anti-parasitic, hepato-protective, anti-
helminthic and antiseptic properties [28]. It deserves further
research into the chemoprevention and anticancer activity [28].
Among the 43 compounds isolated from extracted essential
oils (representing 96.6% of the oil), artemisia ketone (42.1%),
germacrene B (8.6%), borneol (6.1%) and cis-chrysanthenyl
acetate (4.8%) are some major phytoconstituents exhibiting
significant cytotoxic and antioxidant activities [29]. Some
biological evaluation demonstrated that the essential oil from
A. indica leaves have strong toxic effects on liver cancer cells
HepG2 [30]. Essential oil extracted from A. indica exhibited
significant reduction of cell viability against the HT-29 cells
of colon cancer, THP-1 cells of leukaemia, A-549 cell of lung
cancer [30]. A strong inhibitory activity of the ethyl acetate
extraction of A. indica (having ludartin and lupeol) was
reported against cultured human tumor cell lines MCF-7, BHY,
Miapaca-2, Colo-205 and A-549. Researchers also revealed that
the anti-proliferative effects of ludartin and lupeol as anticancer
agents may be due to the significant DNA damage and loss of
mitochondrial membrane potential. However, a favourable
interaction between the chemicals may be responsible for the
overall antiproliferative action of the extract [28].

Azadirachta indica
Family: Meliaceae Parts Used: Leaf, seed, bark

Activity: A. indica (local name: Neem), a plant containing are
markably diverse array of phytochemicals like terpenoids,
flavonoids,coumarins, carbohydrates, proteinswerefoundtocure
different ailments due to its anti-plasmodial, antioxidant, anti-
angiogenic, anti-cancer, anti-bacterial, antiviral, and fungicidal
activities [31]. Its varied pharmacological properties attributed
to extractions of different parts of these plants containing
phytocompounds like azadirachtins, nimocinol, isomeldenin,
2,3X-dehydrosalanol
odoratone,

azadirachtol (a tetranortriterpernoid),

gedunin, nimbin, nimolicinol, azadironolide,
isoazadironolide [31]. The chemo-preventive effects of dietary
doses of aqueous neem leaf extract are useful for its anticancer
activity [32]. Leaf and seed extract have potential antioxidant
activity. Previous studies demonstrated that polysaccharides and
limonoids present in the neem bark, leaves and seed oil reduced

tumors and exhibited efficacy against lymphocytic leukemia
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[33]. Researchers revealed that nimbolide, a triterpenoid present
in the extract, arrested the HT-29 (human colon carcinoma cells)
in G2 /M and GO /G1 stages apparently through upregulation
of p21 thereby inhibit tumorigenesis [33]. Nimbolide has also
exhibited anticancer activity in numerous cancer types such as
lung cancer, osteosarcoma, neuroblastoma, choriocarcinoma,
leukemia and melanoma. Also, Azadirachtin and nimbolide
of neem suppressed the viability and increase in apoptosis of
Hela cervical cancer cells [34]. The neem extracts also exhibit
anti-proliferative effects in both estrogen-dependent as well
as independent breast cancer cells and the neem seed oil can
inhibit the growth of Hela cervical cancer cells [34].

Bauhinia variegate
Family: Fabaceae Parts Used: Leaf

Activity: B. variegate (local name: Raktakanchan) is reported
to have different phytochemicals, which possess a wide range
of activities and give protection against some skin diseases,
stomatitis and chronic diseases reported in Indian Ayurvedic
medicine [35]. The study revealed the presence of secondary
metabolites such as terpenoids, phenolics, flavonoids,
anthraquinones, saponins, tannins, and alkaloids in B. variegata
leaf extract [35]. Flavonoids extracted from B. variegata stem
have been shown to possess cytotoxic activity against Dalton’s
ascetic lymphoma, leukemia, and many more cancer cell lines
[36]. B. variegataleaf extracts have capability to combat oxidative
damage because of its iron binding, radical neutralization ability.
It has been reported that extracted flavones are more selective
against ovarian cancer cell lines and the presence of flavonoids,
anthraquinones, and saponins are responsible for its promising
anticancer activity [36]. Ethanol extract of B. variegata showed
a significant chemo-preventive and cytotoxic effect against
human epithelial larynx cancer (HEp2) and human breast cancer

(HBL-100) cell lines [37].
Butea monosperma
Family: Fabaceae Parts Used: Flower

Activity: B. monosperma (local name: Palash) is widely known
in the traditional Indian Ayurvedic system for the treatment
of a variety of ailments including cancer and liver disorders
[38]. The main constituent of the flower is butrin, butein,
butin, isobutrin, plastron, and isocoreopsin [39]. The ability of
aqueous extract of B. monosperma flowers to impose growth
arrest, alter mitogenic signalling and trigger pro-apoptotic
death in hepatoma cells associated with its strong chemo-
preventive effect in vivo with almost zero cytotoxic effect [38].
Isocoreopsin, a purified flavonoid isolated from flower extract

possess significant free radical scavenging activity, showed
remarkable efficacy in cell mortality on human colon and liver
cancer cell lines (50 ug/ml in HT-29 and 100 pg/ml in HepG2)
[40]. Intraperitonial administration of the aqueous extract of
flowers of B. monosperma in the X-15-myc onco mice showed
antitumorgenic activity [39]. Ethyl acetate, butanol and aqueous
solutions derived from total methanol extract of B. monosperma
flowers have effective free radical scavenging activities due
to the higher phenolic content [39]. Cytotoxic property of B.
monosperma floral extracts revealed significant inhibitory effect
on HCT-116 cells [41].

Calotrophis gigantea
Family: Asclepiadaceae Parts Used: Leaf, root

Activity: Traditionally extracts and preparations from roots and
leaves of C. gigantean (local name: Akanda) are used against
abdominal tumours, syphilis, tuberculous, leprosy, skin diseases,
piles, wounds, and insect-bites [42]. Several phytochemicals
have been isolated from C. gigantea and they include cytotoxic
cardenolides, antifeedant nonprotein amino acid, a mixture
of tetracyclic triterpene compounds, pregnanes, ursane-type
triterpenoids, terols, flavonol glycosides, usharin, gigantin,
calcium oxalate, alpha and beta-calotropeol, beta-amyrin., fatty
acids (both saturated and unsaturated), giganteol and giganteol
[43]. Some experiments explore antitumor activity of methanol
extract of C. gigantea root [42]. The plant has been reported to
have cytotoxic potentials besides pharmacological properties
such as cardiotonic, antimicrobial and many more [44]. Study
also revealed that the plant C. gigantea possess anti-oxidant
activity and alcoholic extracts of the root and the leaves were
found to have anticancer activity against human epidermal
carcinoma of the nasopharynx tissue [45].

Camellia sinensis
Family: Theaceae Parts Used: Leaf

Activity: C. sinensis (local name: Cha) is one of the most
common drinks consumed worldwide as green tea, a rich
source of nutritional flavonoids like epigallocatechin-3-gallate,
epigallocatechin, epicatechin-3-gallate and epicatechin
[46]. Studies have shown that green tea has a potential to
inhibit tumour cell proliferation and induce mortality of
leukaemia cells [46]. Some previous research demonstrated
that epigallocatechin-3-gallate has free radicals scavenging
activity and by arresting cell cycle it suppresses the proliferation
of hepatocellular carcinoma cell [47]. Several investigations
have suggested that epigallocatechin gallate (EGCG), the

major tea polyphenol along with other polyphenols have
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anti-inflammatory and anti-cancer properties that may help
prevent the onset and growth of skin tumors [48]. C. sinensis
is a potent anti-carcinogen with no side effects [47]. The
antioxidant activity of tea polyphenols is not only due to their
ability to scavenge superoxide but also due to increased activity
of some detoxifying enzymes such as glutathione peroxidase,
glutathione reductase, glutathione-S-transferase, catalase
and quinine reductase in small intestine, liver and lungs [49].
Moreover, researchers found that people who drank tea were
less susceptible to develop stomach cancer, colorectal cancer,
esophageal cancer, pancreatic cancer and lung cancer than

those who did not drink green tea [47].
Cassia fistula
Family: Leguminosae Parts Used: Flower, seed, leaf, bark

Activity: C. fistula (local name: Amaltaas), a well-known
Indian medicinal plant possesses significant antimicrobial,
anti-inflammatory, hepatoprotective, wound healing and
hypoglycemic activity [50]. It has been reported that C. fistula
leaf extract have a rich amount of anthraquinone glycosides,
flavonoids and phenolic compounds [50]. It is also suggested
that anthraquinone glycoside (rhein, emodine, physion,
chrysophanol, Obtusin, chrysoobtusin etc) have an anticancer
activity. C. fistula extracts are high in total phenolics and
proanthocyanidin content which are responsible for the
synergistic oxidative potency of the extracts [51]. The results
of some studies revealed that methanol extract of C. fistula
seed has an antitumor activity [52]. Researchers demonstrated
the tumour inhibitory activity of methanolic extract of C
fistula seed on the growth of Ehrlich ascites carcinoma [53].
Oral administration of bark extracts in 7, 12-dimethyl benz(a)
anthracene (DMBA) induced oral squamous cell carcinoma in
hamster showed complete prevention of carcinogenesis due to

its remarkable chemopreventive ability [54].
Centella asiatica
Family: Apiaceae Parts Used: leaf

Activity: C. asiatica (local name: Thankuni) is valued in
traditional Ayurveda medicine for treating a variety of diseases
like skin problems, wound healing, mental fatigue, stomach
ulcers, diarrhea, epilepsy, and for revitalizing the nerves and
brain cells. The scientific studies have demonstrated a variety
of biochemical components i.e. amino acids (mainly Alanine
and serine), flavonoids, terpenoids, essential oils, alkaloids
present in aerial parts of this herb [55]. The flavonoids of leaf
extract include kaempferol, kaempferol-3-o-f-d-glucuronide,
castillicetin,

quercetin, quercetin-3-o0-3-d-glucuronide,

castilliferol, apigenin, rutin, luteolin etc and the triterpenes
are composed of asiatic acid, madecassic acid, asiaticosside,
madecassoside, centelloside, madasiatic acid, brahminoside,
brahmoside, brahmic acid, thankiniside, isothankunisode,
centic acid, and cenellicacid [55]. C. asiatica methanolic extract
showed concentration dependent inhibition of cell proliferation
and induction of apoptosis in MCF-7 breast cancer cells [56]. At a
concentration above 0.1% of C. asiatica juice, an increased DNA
damage and apoptotic cell death was noticed on human HepG2
cell line [57]. Asiatic acid, a phytocompound from C. asiatica
showed effective antiproliferative activity on skin and lung
cancer cells and also responsible for induction of apoptosis and
lowering viability in human melanoma SK-MEL-2 cells [56]. When
treated with 40 pg/ml concentration of asiatic acid, a reduction
up to 50% in viability in ovarian cancer cells was observed and
it also showed cell cycle arrest at the GO/G1 phase followed
by increased apoptosis by 7-10 folds [58]. A partially purified
fraction of methanol extract of C. asiatica inhibited the tumour
growth with no toxic effects on lymphocytes and leaf water
extract has a chemo preventive effect on colon tumorigenesis

[59].
Curcuma longalL.
Family: Zingiberaceae Parts Used: Root, stem and leaves

Activity: Curcumin, a phenolic compound from the plant
Curcumalongal L. (local name: Haldi) has shown a wide-spectrum
chemo-preventive, antioxidant and antitumor activities.
Curcumin is the natural yellow pigment in turmeric isolated
from the rhizome of the plant C. longa [60]. Curcumin was found
to inhibit the generation of ROS including superoxide dismutase
and hydrogen peroxide in peritoneal macrophages. Curcumin
as an anti-inflammatory agent, inhibits the proliferation of
several tumour cells [60]. Recently, curcumin has been listed
as the third generation of antitumor drug by the US National
Cancer Institute (NCI) [61]. Curcumin, demethoxycurcumin
and bisdemethoxy curcumin are the most common antitumor
constituents in the curcuminoids of turmeric [62]. Curcumin
I, curcumin Il (monodemethoxycurcumin) and curcumin il
(bisdemethoxycurcumin) from C. longa was assayed for their
cytotoxicity, antioxidant and anti-inflammatory activities [63].
These compounds showed activity against melanoma, leukemia,
colon, CNS, renal, and breast cancer cell lines [63]. Cell viability
assays demonstrated the efficacy of rubusoside-solubilized
curcumin against human colon, breast, and pancreatic cancer
cell lines. Multiple mechanisms of action of curcumin are
responsible for various effects on cancer cells including cell
cycle arrest at G1/S stage, apoptosis induction which has been
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observed in different tumor cell lines [64].
Emblica officinalis
Family: Euphorbiaceae Parts Used: Fruit pulp

Activity: E. officinalis (local name: Amlaki) has been used in
Asian herbal pharmaceuticals for treatment of various illnesses
specially in case of gastrointestinal problems [65]. It has been
reported that the medicinal fruit of E. officinalis contains unique
biologically active ingredients tannoids and flavanoids, having
powerful antioxidant properties and high content of the
antioxidant vitamin C, gallic acid [65]. The isolated ingredients
from fruit extract have shown their protective effect against
lipid peroxidation [66]. From previous studies, it has been
proven that fruit extract act as an antimutagen directly as well
as against mutagens that need metabolic activation and it also
showed anticarcinogenic activity against methylcholanthrene-
induced sarcoma formation [67]. The anticancer properties of
the bioactive components of fruit extract is exerted through
the removal of free radicals and by inhibiting Phase-I enzymes
which are required for the activation of carcinogen and
activation Phase-ll enzymes (antagonist of Phase-l enzyme)
[67]. It has been proven that aqueous extracts of E. officinalis
cause decrease in the HepG2 cell viability by reducing ROS
generation as well as improving reduced intracellular GSH
levels. E. officinalis aqueous extracts also induce apoptosis in
several cancer cell lines i.e. Hela (cervical), A549 (lung), MDA
MB 231 (breast), SK OV3 (ovarian) and SW620 (colorectal) [68].
Pyrogallol, a bioactive catechin compound of E. officinalis fruit
extracts showed significant anti proliferative activity against
H520 (lung squamous cell carcinoma) and human lung cancer
cell lines H441 (lung adenocarcinoma) [69]. Development of
pyrogallol based high potency anti lung cancer drug needs to
be supported by further researches.

Oroxylum indicum
Family: Bignoniaceae Parts Used: bark

Activity: The medicinally active plant O. indicum (local name:
Sonapatha) has drawn considerable attention in research
because of wide nutritional and medicinal properties to treat
biliousness, fevers, intestinal worms, leucoderma, inflammation,
diarrhoea, dysentery, diaphoretic, bronchitis pneumonia and
respiratory troubles etc [70]. Bioactive phenolic compounds
present in O. indicum extract are baicalein, oroxylin A, chrysin
and its variety of derivatives. [70]. O. indicum in its methanol
and aqueous extracts have previously been reported for its
cytotoxicity in MDA-MB-435S and Hep3B cell lines [71]. The bark
decoction of O. indicum has also been reported for its use in

treating cancer, despite the lack of mechanistic evidence about
this therapeutic function [72]. O. indicum bark extracts were
furthermore reported to possess anti-proliferative property
on human breast cancer cells [73]. The stem bark extract of O.
indicum showed effectual cytotoxicity, apoptosis-inducing
abilities and distinctive anti-metastatic potentials against
estrogen receptor-negative breast cancer [71]. Baicalein, a
naturally occurring flavonoid compound isolated from O.
indicum possesses effectual anticancer activity when treated
against CT-26 colon carcinoma [70].

Semecarpus anacardium
Family: Anacardiaceae Parts Used: Nut

Activity: The fruits of S. anacardium (local name: Bhallatak), a
tropical tree growing wild in the Indian subcontinent, are used
extensively for the treatment of human cancers in the Ayurvedic
medicine [74]. The nut milk extract of this plant exhibits anti-
tumor activity by inducing the in vivo antioxidant system or by
suppressing hypoxic and angiogenic factors (hypoxia inducible
factor-1 alpha), vascular endothelial growth factor, and inducible
nitric oxide synthase [74]. The oil extracted from S. anacardium
nut is reported to have cytotoxic effects against acute
myeloblastic leukemia (HL-60), chronic myelogeincleukemia
(K-562), breast adenocarcinoma (MCF-7) and cervical epithelial
carcinoma (Hela) cell lines [75]. Phytochemical analysis of the
nut reveals the presence of bioflavonoids (galluflavanone),
bhilawanols, phenolic compounds, glycosides and sterols [76].
S. anacardium oil having strong antioxidant capacity showed
its anti-tumour activity through a mechanism which does not
cause any acute physiological disturbance [77]. Reports have
also established that a single injection of nut extract could bring
complete inhibition of tumour growth in rats. S. anacardium
nut extract may be a potential antineoplastic agent against
mammary carcinoma cell [78].

Syzygium cumini
Family: Myrtaceae Parts Used: Fruit, seed

Activity: S. cumini (local name: Kaalojaam), a large evergreen
tree native to India has been valued in traditional Ayurveda
and Unani medication for its therapeutic potentials [79]. The
various parts of the plant (bark, leaf, fruit and seed) is reported
to possess antioxidant, anti-inflammatory, anti-microbial,
anti-bacterial, anti-HIV, anti-leishmanial, anti-fungal, nitric
oxide scavenging, free radical scavenging, anticancer, anti-
clastogenic, anti-diarrheal, gastroprotective, anti-ulcerogenic
and chemotherapeutic activities [80]. These parts have been
extensively investigated for their bioactive phytochemical
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constituents like maleic acid, oxalic acid, gallic acid, ellagic acid,
oleanolic acid, betulinic acid, isoquercitin, quercetin, myricetin,
kaempferol, cynidin glycoside, flavonoids, tannins, essential
oils and triterpenoids [81]. Some of these components may be
collectively responsible for the antineoplastic, radioprotective,
[81].
Anthocyanins and Betulinic acid, Cyanidin diglycoside, Ferulic

chemopreventive properties of such plant extract

acid were reported for their potent anticancer activity. Study
showed that ethanol extract of fruit containing Kaempferol
7-O-methylether and Y-Sitosterol is responsible for their
antioxidant and anti- leukemia activities [79]. The crude extract
of S. cumini fruits inhibited growth and induced apoptosis
in human cervical cancer cell lines HelLa and SiHa in a dose
and time-dependent manner [82]. S. cumini fruit extract has
been further observed to have anti-tumor and anti-oxidative
potential against chemically induced stomach carcinogenesis
[80]. Some studies also revealed the significant cytotoxic
activity of the seed extract of S. cumini on various cancer cell
lines (A2780, MCF7, PC-3, H460) [82]. Previous experiments have
shown that the standardized fruit extract of this plant possesses
antiproliferative as well as pro-apoptotic properties against
breast cancer cells.

Vitex negundo
Family: Verbenaceae Parts Used: Leaves, seed

Activity: Traditionally, plant parts of V. negundo (local name:
Nishinda) are used for the treatment of skin-ulcers, leukoderma,
rheumatoid arthritis, bronchitis, leucoderma, gonorrhea,
bronchitis etc. V. negundo also exhibits anti-bacterial, anti-fungal,
anti-inflammatory, anti-tumor activity [83]. The phytochemical
study of ethanolic extract of leaves of V. nigundo indicated the
presence of flavonoids, Alkaloids and terpenoids [84]. The anti-
tumour effect shown by the ethanolic extract may be due to
antioxidant potential of flavonoids [84]. Evn-50 is a mixture of
lignan compounds extracted fromV. negundo possesses a broad
spectrum of cytotoxic activity for various cancers including
hormone dependent and hormone independent cancers
ranging from pancreatic cancer, liver cancer, kidney cancer, lung
cancer, gastric cancer, and colon cancer [85]. This cytotoxicity of
EVn-50 may be due to cell cycle arrest at G2/M phase as observed
by flow cytometric study, followed by apoptosis of cancer cells.
EVn-50 exerts cytotoxic effect on some hormone related cancers
including breast cancer, choriocarcinoma, prostate cancer and
ovarian cancer, possibly via apoptosis inducing mechanism and

so acknowledged as potential anticancer compound [85].

Withania somnifera
Family: Solanaceae Parts Used: Root, stem and leaves

Activity: In Indian traditional Ayurvedic medicine W. somnifera
(local name: Ashwagandha) is well proven as a potential source
of various anticancer components due to the presence of
several bioactive components acting as free radical scavengers,
reducing agents and quenchers of singlet oxygen [86]. Some
recent studies using 50% ethanol extract of root, stem and
leaves of W. somnifera exhibited in-vitro cytotoxicity against
five human cancer cell lines of four different tissues i.e. A-549
(lung), PC-3(prostrate), DU-145 (prostrate), HCT-15 (colon),
and IMR-32 (neuroblastoma) [87]. W. somnifera also has anti-
inflammatory, anti-tumour and radio-sensitizing actions and
analgesic activity [87]. Studies on W. somnifera suggest that it
decreases tumour cell proliferation and boosts the efficiency of
radiation therapy while potentially mitigating unwanted side
effects. Hydro alcoholic (1:1) sample of W. somnifera (leaves)
shows efficient cytotoxicity on MCF-7, A549 and PA-1 cancer
cell line (breast, lung and ovary respectively) [86]. In a study, W.
somnifera was suggested as an alternative long-term therapy to
prevent the spread of cancer cells. In this case, the root extracts
were tested against vimentin pro-metastatic protein. Thus,
different formulations of W. somnifera were used to establish as
cell motility inhibitor in case of breast tumours [88]. Withaferin
A, an active anticancer agent extracted from the leaf of the
plant [89]. Moreover, some experiments proved that the lower
concentrations of root extract of W. somnifera can constrain
breast cancer metastasis with negligible adverse effects in rat
model [88,89]. These findings paved the way for researchers
to focus on the bioactivities of this plant and to formulate the
composition for medicinal use.

ANTICANCER APPLICATIONS OF PHYTOCHEMICALS

The curative properties of these plants are due to the presence
of complex phytochemical constituents of diverse compositions
grouped alkaloids, glycosides, corticosteroids, essential oils
etc. [Figure 2]. Plant derived medicines are basically multi-
compounds extract with complicated compositions in which
fractional components possess chemo preventive activity.
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Figure 2: Structural representation of phytochemicals having
cytotoxicoranticancer properties.The structuresand Compound
identification number (CID) are taken from PubChem Database
of National Centre for Biotechnology Information (NCBI). (A)
campesterol, CID: 173183 ; (B) allicin, CID: 65036 (C) Z-ajoene,
CID: 9881148 (D) echitamine, CID: 5364099 (E) alstonine CID:
24188474 (F) andrographolide, CID: 5318517; (G) ludartin, CID:
14355826; (H) lupeol, CID: 259846; (I) nimbolide, CID: 100017; (J)
isocoreopsin, CID: 12309899; (K) epigallocatechin gallate, CID:
65064; (L) proanthocyanidin, CID: 108065 (M) kaempferol, CID:
5280863 (N) asiatic acid, CID: 119034 (O) curcumin, CID :969516
(P) baicalein, CID : 5281605; (Q) galluflavanone, CID: 101326873
(R) ferulic acid, CID: 445858 (S) betulinic acid, CID: 64971 (T)
withaferin A, CID: 265237 (accessed on 19th July 2020).

Several emerging analytical separation methods are reported
to have more advantages over conventional procedures to
separate and screen the phytochemical constituents of certain
medicinal activities. But it is still a challenge to formulate an ideal
phytochemical-based medicine containing isolated bioactive
anticancer agents. Phytochemical studies revealed that A. aspera,
A. scholaris, B. variegate, C. asiatica, V. negundo possess alkaloid
compounds with chemo preventive effects. A. scholaris from
(Apocynaceae) has been reported to have an alkaloid derivative
antineoplastic agent, Alstonine [24]. Manyphenolic compounds
areisolated from A. aspera, A. lanata, B. variegate, B. monosperma,
C. sinensis, C. longa, O. indicum, S. anacardium. Epigallocatechin
gallate, a polyphenol isolated from C. sinensis (Theaceae)
leaf reported to have broad chemopreventive efficacy [47].
Proanthocyanidin is another polyphenol (oligomeric flavonoid)
identified in C. fistula (Lequminosae) extract has potent anti-
carcinogenic activity [51].Curcumin, a natural polyphenol
present in C. longa (Zingiberaceae) modulates cell signalling
thus interfering cancer cell proliferation and angiogenesis [60].
E. officinalis (Euphorbiaceae) fruit extracts contain a bioactive
polyphenol called pyrogallol that exhibited significant anti-
proliferative activity [69]. Ferulic acid, a phenolic compound
present in S. cumini (Myrtaceae) extract has promising chemo

preventive as well as anti-neoplastic activity against various
cancer cell lines [80,81]. Campesterol, a phytosterol possessing
radical scavenging activity have been isolated from A. lanata
(Amaranthaceae) [12,13]. Some organosulfur phytochemicals
like allicin from A. sativum (Liliaceae) have promising repressing
properties against numerous cancer cell lines [17]. Various
bioactive flavonoid compounds are isolated from A. paniculate,
A. indica, B. variegate, B. monosperma, C. asiatica, C. gigantea, C.
sinensis, C. fistula, S. anacardium and V. negundo. Isocoreopsin,
a flavonoid extract of butanol B. monosperma flower showed
excellent efficacy against human liver and colon cancer cell
lines [40]. Kaempferol, a flavonol present in C. asiatica (Apiaceae)
extract was reported to have metastasis and angiogenesis
repressing capacity [55]. Baicalein, a flavonoid extracted from
O. indicum (Bignoniaceae) was known to suppress invasiveness
of colorectal cancer [70]. Galluflavanone, a new biflavonone
isolated from S. anacardium nut shells are known to possess
cancer preventive potential [76]. Extracts of A. aspera, A.
scholaris, A. paniculate, A. indica, B. variegate, C. gigantea, C.
asiatica, S. cumini, V. negundo have been reported to contain
terpenoid compounds. Andrographolide, a diterpenoid from
A. paniculate (Acanthaceae) exhibited cytotoxic activity against
human epidermoid carcinoma cells, breast cancer cell lines and
lymphocytic leukaemia [26]. Nimbolide, a tetranortriterpernoid
isolated from A. indica (Meliaceae) leaf involved in modulating
multiple signalling pathways in malignant cells which showed
potent chemopreventive activity [33]. Asiatic acid, a pentacyclic
triterpenoid extracted from C. asiatica (Apiaceae) possesses
excellent anti-proliferative efficacy against various cancer
cell lines including human lung cancer [58]. Evn-50, a lignan
compounds mixture of V. negundo (Verbenaceae) has excellent
broad-spectrum cytotoxic activity specially against SMMC-7721
(liver cancer) and MDA-MB-435 (breast cancer) cell lines [85].

There are some trademarks common in every type of cancer
i.e. self-sufficiency in growth signals and uncontrolled cell
proliferations, growth inhibitory signal resistance capability,
evasion of apoptosis, unrestricted replication capacity,
sustained angiogenesis, metastatic activity and invasion.
The complicated mechanism of actions requires strong
multi-targeted treatment [90]. Bioactive multi-components
plant extract involves in modulating various mechanism by
interfering cellular transportations, activating pro-drugs to
alter metabolites, inhibiting binding to target proteins etc. It
has been observed that natural therapeutics exert significant
additive or synergistic mode of action at the signalling cascade
by which severe toxic side effects associated with conventional

cancer therapies can be avoided. In this scenario, we should
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focus on preclinical studies i.e. quality control, drug designing,
delivery strategy, drug safety and therapeutic efficacy as well as
clinical studies to overcome the problem of data insufficiency
about majority of plant derived drugs. Considering the findings
of these ethnopharmacological researches on medicinal plants
of Bengal, it is possible to formulate effective anticancer drugs
either using single or in combination with other phytochemicals
through an extensive scientific analysis.

CONCLUDING REMARKS

Science has long acknowledged the value of natural
phytochemical based remedies. These traditional therapeutic-
inspired approaches to drug discovery attract considerable
attention in cancer therapy due to presence of diverse range of
active ingredients. But the effectiveness of any herbal product
is dependent upon molecular recognition, rational designing,
proper standardization, smart delivery strategy during clinical
trials. While some natural formulations have shown to exert
promising cytotoxicity against cancer cell lines, many remedies
aren't supported by research. Our article highlighted twenty
most common Bengal plants having strong anti-cancer
properties by promoting anti-tumour or anti carcinogenic
activities and boosting up the immunity machineries. Our
review helps to make a potent data base on those medicinal
plants from different plant families with antiproliferative and
anti-carcinogenic effect on some specific cancer types and
pave the way for the development and utilization of new
phytotherapeutic agents in medical applications.
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GRAPHICAL ABSTRACT

Cost-effective and time-efficient synthesis of natural mineral (kyanite) based biocompatible, fluorometric
sensor for highly selective and sensitive detection of Cr (V1) in aqueous media, industrial wastewater and
living cells.
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ABSTRACT

This article reports a facile strategy to detect hexavalent chromium (Cr (V1)) using a naturally formed
mineral (kyanite) based fluorometric sensor. Nitrogenous carbon dots have been incorporated into nat-
ural kyanite (KYCD) nanoparticles causing a stable bright blue fluorescence compared to its pristine coun-
terpart. This sensing probe structurally stabilizes and resists the agglomeration of carbon dots, thus
retaining fluorescence quality for a longer period. The promising bright blue fluorescence has been uti-
lized further to detect Cr (VI) in wastewater and living cells. Ease of synthesis, low cost, and stability
of the system offers the benefit for large-scale production, which is convenient for industrial production
the sensing probe. The sensor shows high selectivity and sensitivity (LOD and LOQ of 0.11 uM and
0.36 uM respectively in case of linear fitting, whereas 0.26 yM and 0.88 uM respectively for full range
plot) towards hexavalent chromium in presence of other interfering elements. A detailed study of pho-
toinduced electron transfer (PET) mediated rapid "turn off' sensing mechanism was carried out using
Time-Dependent Density functional (TDDFT) calculations. The sensing efficacy of the probe remains unal-
tered under a wide range of pH and can be effective in various water types. Onsite sampling and probing
of Cr (VI) in tannery wastewater has been performed to validate its real-life efficiency that yields excel-
lent results. The sensor can effectively detect chromium at a cellular level (Hela cells) in a similar way as
the bright blue fluorescence diminishes in presence of the quenching ion. Experimental in vitro studies
along with theoretical docking analysis has been conducted to substantiate such issues and a higher
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Chapter 1

Nano-fertilizer: A distinctive entreaty of nanomaterials to crop
field

Abstract:

Fertilizers are very important for plant growth and development. However, most
of the applied fertilizers are rendered unavailable to plants due to many factors,
such as leaching, degradation by photolysis, hydrolysis, and decomposition.
Hence, it is necessary to minimize nutrient losses through fertilization and to
increase crop yield through the exploitation of new applications with the help of
nanotechnology and nanomaterials. Higher plants, as sessile organisms and as the
best ecological receptors of our environment, have an amazing capability to
develop versatile mechanisms to perform better under suitable as well as adverse
conditions.

Interactions of plants with nano-fertilizers include uptake, translocation, and
accumulation of nanoparticles depending on the nature of plant species as well as
their shape, size, type, chemical composition, functionalization, and stability in
the nano-fertilizers.

In agricultural-based countries like India, any kind of positive strategy for
agricultural purposes will no doubt be helpful to farmers. Under these
circumstances, incorporating nanoparticles in the nano-fertilizer and its
application in the crop fields will open a new window in agricultural sectors
which will help to fight against the huge food demand of the ever-growing
population.

Keywords: bio-compatibility, bio-fertilizer, conventional fertilizer, crop yield,
inorganic fertilizer, Nano-fertilizer, nanoparticle, Nutrient use efficiency, organic
fertilizer, plant growth
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