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ABSTRACT

Chitosan and various chitosan derivatives have been found to lend themselves to selective
permeation through the cancer cell membranes and exhibit remarkable anticancer activity via
the immunoenhancement, enzymatic and antiangiogenic mechanism, antioxidant defence
route and apoptotic pathways. They are sequestered from the normal cells and undergo
permeation through the vascular micro environment to show the enhanced biodistribution
level in cancer cells. They attract a great deal of research interest that is associated to more
effective anticancer drug development strategy. In this juncture, the current studies were
focussed at synthesis, characterization and anticancer activity assessment of low and high
molecular weight chitosan functionalized thiosemicarbazones and their copper(ll) complexes
in vitro. The research work aimed to establish the pathway of chitosan tailoring in favour of

structurally viable anticancer drug development strategy.

Chitin, obtained after demineralization and deproteinization of crab shells powder, was
deacetylated into chitosan. Partial deacetylation was evident from Fourier Transform Infra -
red (FT-IR) and solid state *C Nuclear Magnetic Resonance (3C NMR) spectra. The X ray
diffraction (XRD) patterns with two characteristic crystalline peaks (20 at 9.5° and 19.6°) and
the elemental microanalysis corresponding to the monomer structure of chitosan (formula
weight 161.15) were also in close agreement with the partial deacetylation of chitin to
chitosan. The synthesized chitosan showed high thermal stability with a substantial mass of
chitosan as residue at 1000 °C. The physicochemical properties viz. 71% degree of
deacetylation (DDA) and 350 kDa of molecular weight (Mw) in average, 1.00% ash content
and 7.40% moisture content with the chitosan yield of 31.4% revealed crab shells as a rich
source of high molecular weight nanocrystalline chitosan and a biomaterial of multipurpose

applications and futuristic potential.

Synthesis of chitosan thiosemicarbazone as a ligand via the key intermediate formation of
one pot synthesized chitosan thiosemicarbazide, and copper(ll) chitosan thiosemicarbazone
complex in search of potential anticancer agent appeared significant with substantial
inhibition of MDCK tumorigenic cell growth in vitro. Characterisation with FT-IR and solid
state 3C NMR spectroscopic techniques showed the involvement of C2 in pyranose ring of
chitosan in the formation of chitosan thiosemicarbazones. Higher crystallinity phases in
copper(ll) chitosan thiosemicarbazone complexes than in the respective chitosan

thiosemicarbazone ligands as shown by the respective X ray diffractograms are an indicative

Vi



of the coordination behaviour of thiosemicarbazones. Elemental analysis of chitosan
thiosemicarbazone analogues showed the partial introduction of thiosemicarbazone group
into amino group at C2 position of pyranose ring in chitosan. Further, the chelation of
chitosan thiosemicarbazones with copper(ll) was evident from correlative characterization
by FT-IR spectra with decrease in the wave number of C=S and C=N bands from chitosan
thiosemicarbazone ligands to the respective copper(ll) complexes and the presence of an
unpaired electron in copper(ll) chitosan thiosemicarbazone complexes as shown by Electron
Paramagnetic Resonance (EPR) spectra with g > ge (2.0023). The g value in EPR spectrum,
estimated chlorine contents and elemental microanalyses supported a distortion in
mononuclear square planar geometry of complexes. The thermal studies revealed enhanced
stability and less thermal degradation behaviour of complexes than chitosan
thiosemicarbazone ligands. More inhibition of tumorigenic Madin-Darby Canine Kidney
(MDCK) and human breast cancer (MCF-7) cell growth in vitro by the complexes than
chitosan thiosemicarbazone ligands is an indicative of anticancer enhancement or inhibition

upon the process of complex formation.
Keywords: Anticancer activity, Anticancer mechanism of action, Carboxaldehydes,

Characterization,  Chitosan, Chitosan thiosemicarbazones, Copper(ll) chitosan

thiosemicarbazone complexes
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CHAPTER 1
1. INTRODUCTION

1.1. Preface

1.1.1. Cancer Pathophysiology and Proliferation

Cancer often starts as a pathological entity because of genetic alteration in a single cell and it
may take a few days to several years to become invasive and palpable. Cancer cells are
malignant neoplasms that acquire invasive character owing to failure of normal immune
mechanism or natural killer (NK) activity of the intraepithelial lymphocytes to promptly
destroy them (Maeda & Kimura, 2004). They are transformed by genetic mutation of the
cellular deoxyribonucleic acid (DNA) that acts as a selective template for the formation of
transfer, messenger and ribosomal ribonucleic acid (RNA) (Karnofsky,1968). In a
quantitatively altered metabolic pathway, such cells make their clones that abnormally
proliferate irrespective of growth regulating signals in the environment through lymph and
blood vessels. Despite the treatment of primary malignancy, this process of angiogenesis
that governs normal embryonic development, tumour growth and metastasis
(Karnofsky,1968; Miura, et al., 2010; Nishida, et al., 2006; Park, et al., 2007) can lead to
relapse and metastatic manifestations at the distant site of the system affected (Friedel, et al.,
2002). So, the inhibition of angiogenesis is critically important (Miura, et al., 2010; Park, et
al., 2007) in cancer elimination and prevention.

Tumour metastasis, the pathological state of major complication in cancer, is a multi-step
process that involves cell adhesion, invasion and migration (Yilmaz, et al., 2007) and this
process requires degradation of connective tissue and proteolysis of extracellular matrix
(Stetler-Stevenson, et al., 1993; Yilmaz, et al., 2007; Yu, et al., 1996). After an increase in
size to a threshold of few millimetres, solid tumour requires new blood vessels to provide
oxygen and nutrient and to take away the metabolic wastages (Folkman,1972). This process
of formation of new capillaries called angiogenesis triggers under suitable pathological
conditions as a result of angiogenic switch (Roskoski,2007) arising from the net balance
between pro-angiogenic compounds like vascular endothelial growth factor(VEGF), basic
fibroblast growth factor (bFGF), transforming growth factor —p ( TGF- B), platelet —derived
growth factor(PDGF), matrix metalloproteinases (MMPs) and anti-angiogenesis factors like
angiostatin, endostatin and tissue inhibitor of metalloproteinase (TIMPs) (Miura, et al., 2010;
Park, et al., 2007; Roskoski,2007).The MMPs are the proteolytic enzymes that cause the



degradation of extracellular matrix (ECM) and play an important role towards regulation of
vascular remodelling and angiogenesis (Benjamin, et al., 2012) .

The pro angiogenic effects such as endothelial cell migration, proliferation and permeability
through vascular membrane are most commonly stimulated and mediated by cell surface
tyrosinase kinase receptor VEGFR2 (Shibuya and Claesson-Welsh, 2006) of VEGF. So,
VEGF is a key regulator of tumour angiogenesis (Roskoski,2007). VEGF and VEGFR2
levels are unusually high in tumour cells and the overexpression of VEGF leads to clinically
incurable increase in tumour growth and metastasis (Shweiki, et al.,1992; Zhang, et al.,
1995). Hence VEGF and VEGFR2 appear as potential molecular targets in cancer
chemotherapy and VEGF-VEGFR2 signal blockers have been prepared for clinical use
(Abou Alfa, et al., 2006; Wilhelm, et al., 2008; Witte, et al., 1998).

Tumour angiogenesis that is essential for tumour growth and metabolism (Zong, et al., 2013)
is caused by proliferation and migration of endothelial cells (Wang, et al., 2014). Newly
formed capillaries take away the metabolic wastes and help metastasis (Wang, et al., 2014).
Chemo preventive agents can bring about better prognosis and intervention to neoplastic
progression and metastasis by inhibition of angiogenesis and tumour growth before the
occurrence of malignant invasion (Chen, et al., 2005; Chen, Chu, et al., 2006; Chen, Kuo, et
al., 2006; Muzzarelli,1997).

1.1.2. Pathways of Anticancer Activity

The general mechanism or pathway of anticancer drugs is associated with interference with
the structure or function of DNA and deterioration in the synthetic processes of ribonucleic
acid (RNA) templates and enzymes. Such disturbances in normal functioning of central
dogma of molecular biology from DNA to RNA to protein or enzymatic synthesis
(Karnofsky,1968) can bring about the desirable cytotoxic effects and the agents approved for
anticancer use can damage DNA, block DNA synthesis by inhibition of nucleic acid
synthesis, disrupt hormonal and enzymatic path to biosynthesis and inhibit the growth of
cancer cells (Crick, 1970; Karnofsky,1968; Morgan, 1995).

Anticancer agents exert their cytotoxic action using their own specific pathways. For
instance, antimetabollites inhibit DNA synthesis, alkylating agents disrupt DNA and
intercalcating agents cause interference to DNA transcription or duplication
(Karnofsky,1968). Ribonucleotide reductase (RR) plays a central role in the de novo
synthesis of deoxyribonucleotides required for DNA replication and repair (Cory & Sato,
1983; Thelander & Reichard, 1979). As such, RR offers a particularly attractive target for

neoplastic agents directed against rapidly growing tumors.



Anticancer pathways of various agents in clinical uses (scheme 1) include inhibition of
synthesis of nucleic acid, disruption in hormonal and enzymatic path to growth of cancer
cells and amplification of the signals to programmed cell death or apoptosis (Wimardhani, et
al., 2014) with activation of caspase-3 (Sugano, et al., 1980) and also to extrinsic apoptosis
with activation of caspase 8 (Takimoto, et al., 2004). Necrosis can also be a cause of cell
death (QI, et al., 2005). The checkpoint at S phase in the cell cycle (scheme 2) controls the
progression of cell proliferation according to the signals from the cellular environment
(Nurse, 2000; Zheng, et al., 2006). Certain antimetabolites cause inhibition of biosynthesis of
nucleic acids and vinca alkaloids produce metaphase arrest as a result of disorganization of
mitotic spindle during cell division (Karnofsky,1968).

Purine and Pyrimidine syntheses

U

Ribonucleotides

-« inhibits Ribonucleotide
Reductase (RR) synthesis
Deoxyribonucleotides

U <¢——  inhibits DNA synthesis

DNA ——— disrupts DNA
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U

Proteins

blocks signalling

Enzymes <& pathways activity

Scheme 1: General pathways of anticancer agents
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G2- Growth before cell division
M- Mitosis

Scheme 2: Cell cycle



One of the mechanisms of action of chemopreventive drugs involves the induction of the
detoxification enzymes such as quinone reductase (QR) and glutathione S-transferase (GST)
(Talalay, et al., 1995). QR acts with xenobiotic metabolism to protect the cells from the
carcinogenesis and mutation (Nam, et al., 2007a). GST detoxifies the exogenous and
endogenous electrophiles by catalysing their conjugation with glutathione (GSH) and protects
the cells from toxicity due to exposure in excessive amounts of these carcinogenic
electrophiles (Nam, et al., 2007a). GST performs this by interfering the formation of DNA
adducts (Sheweita & Tilmisany, 2003).

The activity of enzyme ornithine decarboxylase (ODC) is more in tumour than in nontumour
tissue (Rozhin, et al., 1984). It is a rate limiting enzyme that acts on polyamine biosynthetic
pathway (Lee, et al., 2005) and its activity can be a useful biomarker of tumour growth and
progression (Nam, et al., 2007a).

Cyclooxygenase (COX) is an enzyme involved in biosynthesis of prostaglandin from
arachidonic acid (Nam, et al., 2007a) and secretion of its isoform COX-2 is induced by
tumour promoters along with certain serum and growth factors and proinflammatory
cytokines (Vane & Botting, 1998). COX-2 have been found to be more highly expressed in

colon tumours (Eberhart, et al., 1994).

Over expression of inducible nitric oxide synthase (iNOS) produced by proinflammatory
cytokines (Marletta, 1993) is correlated to metastatic potential (Ambs, et al., 1998; Lagares-
Garcia, et al., 2001; Nam, et al., 2007b), and the regulation of blood vessel growth is affected
by the unfavourable biological processes like angiogenic diseases and cancer (Folkman,
1995).

Antitumour effect is largely shown by enhanced cytotoxicity arising from increased natural
killer (NK) activity of intestinal intraepithelial lymphocytes (IELs) and splenic lymphocytes
through the activation of intestinal immune functions (Maeda & Kimura, 2004). Thus,
antitumour effect is correlated with immune potentiating of tumoricidal immunocytes like T-
lymphocytes (Truitt, et al., 1979), macrophages (Nathan, et al., 1979) and natural Killer cells
(Minato, et al., 1980).

Cellular Invasion through a vascular basement membrane (BM) that lies as a barrier between
malignant cells and bloodstream is critical step in metastasis (Liotta, et al., 1980). This
process involves degradation of interstitial connective tissue in BM before the approach of
malignant cells in circulating blood (Stetler-Stevenson, et al., 1993; Yu, et al., 1996).



When antioxidant defense system is not effective, there is no proper scavenging of
superoxide free radicals and the cellular oxidative damage in vivo can lead to diseases like
cancer, arthritis, cataract, brain dysfunction, decline in immune system and heart disease
(Gordon, 1996; Halliwell, et al., 1995; Zhong, et al., 2010). Natural antioxidants can show

radical scavenging effect and retard the progress of these diseases (Kinsella, et al., 1993).
1.1.3. Chitin and Chitosan

Chitin (CgH130sN)n (figure 1) is a naturally obtained biopolymer that shows most abundance
in crustacean and mollusc shells, insect cuticles and cell walls of fungi. The crustacean shells,
as the major source of chitin, consist of 15-40% chitin, 20-40% protein and 20-50% calcium
carbonate and magnesium carbonate minerals in close association with minor constituents
like lipids and pigments, astaxanthin, and other minerals (Khoushab & Yamabhai, 2010).
Chitin is a homopolymer that consists of 2-acetamido-2-deoxy- p -D-glucose monomers (N-
acetyl glucosamine units) linked through B (1—4) linkages (Percot, et al., 2003; Ramya, et
al., 2012). It is the source of chitosan (figure 2), a polymer that is made of deacetyl a-(1, 4)
glucosamine (CsH1104N), monomers. Chitosan can be synthesized by alkaline deacetylation
of chitin with sodium hydroxide (Sagheer, et al., 2009; Zhang, et al., 2002) (figure 3) after
the finely powderd crustacen shells are demineralized with acid and deproteinized with alkali

(scheme 3).
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Scheme 3: Steps involved in the preparation of chitosan

It is a nontoxic, biocompatible and biodegradable material with adsorptive behaviour
(Glnbeyaz, et al., 2010; Park, et al., 2011; Wimardhani, et al., 2012). It is a pharmaceutical
excipient (Ray, 2011), permeation enhancer (Sadeghi, et al., 2008) and hemostatic agent (Gu,
et al., 2010) used in targeted delivery of drugs (Park, et al., 2010), wound healing and
dressing (Burkatovskaya, et al., 2006). It shows antimicrobial (Martins, et al., 2014),
anticancer (Wimardhani, et al., 2014), antifungal (Lopez-Moya, et al., 2015), antioxidant
(Park, et al., 2003) and anti-obesity (Han, et al., 1999) activities. Owing to its non-toxicity,
biodegradability, suitable physicochemical properties and thermal stability, chitosan has been
found widely useful in the fields such as tissue engineering (Zhang & Zhang, 2002), gene
therapy (Lavek & Singh, 2017), food preservation (No, et al., 2007), dietary supplements
(Muzzarelli, 1996), wastewater treatment (Onsosyen & Skaugrud, 1990) and pulp and paper
industries (Habibie, et al., 2016). The functional properties of chitosan such as film forming
ability, chelation, adsorption, biocompatibility and bioactivity (Ravi Kumar, 2000) are greatly
influenced by its physicochemical parameters, Mw and viscosity (No & Lee, 1995). So, the
standardisation of synthetic conditions and methods is very significant. High molecular
weight chitosan (HMWC) has been found more effective as a food preservative (Lee, et al.,
2002), flocculating and chelating agent and heavy metal ions trapper (Dutta, et al., 2004).
The chitosan film or hydrogel can be used in burn dressing and fabrication of suturing threads
(Harish Prashanth, et al., 2007).

Nano chitosan, prepared as biocompatible polymeric nanoparticles, undergoes prolonged
circulation in blood with more extravasation and passive targeting (Gaur, et al., 2000). So, it
is a suitable drug delivery candidate (Lee, et al., 2008; Zhang, et al., 2009), antimicrobial
(Martins, et al., 2014) and anticancer (Wimardhani, et al., 2014) agent with a controlled
delivery to the target cells in a sustained release manner by enhanced permeation and
retention (EPR) effect (Maeda, 2001). The nanocrystalline chitosan, with a high hydrophilic
and nanoparticulate creating behaviour, has a great potential towards the development of new
complexes for regenerative medicine and tissue engineering (Pighinelli, et al., 2016).



1.1.4. Thiosemicarbazones and Chitosan Thiosemicarbazones

Thiosemicarbazones are synthetic compounds obtained by the condensation of
thiosemicarbazides with aldehydes or ketones. They are named by the class name
thiosemicarbazone after the name of the aldehyde or ketone condensed (Casas, et al., 2000).
Upon the grafting of thiosemicarbazone with chitosan, there is an enhancement in antioxidant
activity as a result of weakening of intermolecular and intramolecular linkages made by
hydrogen bonds, and interaction of C=S and N-H groups with free radicals (Zhong, et al.,
2010). The antioxidant behavior is attributed to amino and hydroxyl groups attached to C-2,
C-3 and C-6 positions of the pyranose ring that can introduce the abstraction of hydrogen
easily from free radicals (Xie, et al., 2001). Thiosemicarbazones have been shown to impart
the potent anticancer effects (Beraldo & Gambinob, 2004; Zhong, et al., 2011) and such
effects are linked to scavenging of cancer-inducing free radicals and lowering of oxidative
damage of cells (zZhong, et al.,, 2010). Replication and repair of DNA require
deoxyribonucleotides that are synthesized in de novo by the essential involvement of
ribonucleotide reductase (RR) (Cory & Sato, 1983; Thelander & Reichard, 1979). Inhibition
of RR activity by a-(N)-heterocyclic carboxaldehyde thiosemicarabazones (HCTs) has been

found to trigger the antineoplasic activity (Moore & Sartorelli, 1989).

Synthetic modifications in the heterocyclic ring system or substituents and the side chain of
thiosemicarbazone moiety can give the HCT derivatives with anticancer activity (Agrawal &
Sartorelli, 1969; Brockman, et al., 1956; French & Blantz Jr., 1966; French & Blantz Jr.,
1971; Klayman, et al., 1979). Antioxidant effects are introduced by scavenging of reactive
oxygen species (ROS), preventing the generation of ROS and activating a battery of
detoxifying proteins. Natural antioxidants are crucial to protect the human body from free
radicals and retard the progress of many chronic diseases (Kinsella, et al., 1993). Low
molecular weight chitosan thiosemicarbazones have been reported to show better free
radicals scavenging activity (Ji, et al., 2007). The higher antioxidant behavior of chitosan
thiosemicarbazones associated to better scavenging and curtailing of the free radicals (Zhong,
et al., 2010) is likely to bring about the cerebral dysfunction, immune system decline and
cancer (Mc Cord, 2000; Rao, et al., 2006). The cationic nature of chitosan with reactive
functionalities can create some tight junctions in the cell membrane and biochemical
modification of chitosan attributed to such behavior can give the derivatives of unique
properties (Gavhane, et al., 2013). The non-toxic behavior and higher abundance in nature

can make chitosan an antioxidant of sustainable utility (Castagnino, et al., 2008). On the basis
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of antioxidant behavior and favorable structural molecular make-up of the chain, chitosan

thiosemicarbazones are hypothesized to bring about the potent anticancer effects.

The better scavenging effect of chitosan thiosemicarbazone than chitosan has been revealed
by the results of antioxidant activity with superoxide anion scavenging assay (Zhong, et al.,
2010). In this study, water soluble chitosan (Mw=8 k Da), high molecular weight chitosan
(HMWC) (Mw =200 k Da), hydrazine thiosemicarbazone chitosan (lower My) and 2-
phenylhydrazine thiosemicarbazone- chitosan (higher Mw) were found to show the
scavenging effects of 12.67, 0.4, 43.12 and 35.23 respectively (Zhong, et al., 2010). The data
revealed more scavenging activity of chitosan thiosemicarbazone than chitosan and a better

scavenging effect with a decrease in My, of chitosan.
1.1.5. Chitosan — metal Complex

Chitosan is a multifunctional, cationic polymer that shows coordination behavior with several
metal ions (Pestov & Bratskaya, 2016). Antitumor activity of chitosan-metal complex is
favored by an appropriately fixed ratio of chitosan to metal ion (Zheng, et al., 2006) and such
ratio can be determined by cleavage of the chain at relatively weak points under the influence
of coordinate covalent bonds. The cleavages at the weak points can give the coordination
compounds of similar molecular weight, and such cleavages are brought about by the
oxidative hydrolysis with the oxidants such as ozone, hydrogen peroxide and acetic acid
under the controlled conditions of coordination like the rates of addition and stirring (Yin, et
al., 2004). Chitosan degradation by hydrogen peroxide has been found to cause a decrease in
Mw in a manner that is dependent upon the increase in concentration of hydrogen peroxide,
time and temperature. Chitosan was found to undergo a decrease in My from 51 k Da to 1.2 k
Da with the substantial structural changes attributed to the deamination, formation of 2.86
mmol/g of carboxyl group and loss of 40% amino groups in the products (Qin, Du, & Xiao,
2002). With an increase in pH, there was increase in the rate of chitosan degradation by the
oxidative action of hydrogen peroxide, and this process was attributed to enhancement of
degradation by hydroxy radicals. It showed that the controlled degradation could be carried
out by maintaining the proper pH of the solution (Qin, Du, & Xiao, 2002).

Chitosan-copper complexes in copper(ll) to chitosan ratio of 0.4:1 showed a selective
inhibition of 293 cancer cell line (ICso 34 umol/L) and HelLa tumor cell line (1Cso 48 pmol/L)
but no inhibitory effect was observed against the growth of HLF (Zheng, et al., 2006). This

was clearly an indicative of concentration dependent in vitro anticancer activity of chitosan-



copper complexes and their nontoxicity in normal cells. The synthetic reaction of 10 g of
chitosan per litre of 1% acetic acid with copper(ll) sulfate pentahydrate in a molar ratio of
1:0.4 has been found to give the chitosan -copper(Il) complex of square planar geometry and
conspicuous anticancer activity (Zheng, et al., 2006) (figure 4).
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Figure 4: Structure of chitosan- metal complex

1.2. Rationale

The research provides a cutting-edge perspective towards development of the compounds
with anticancer structural enhancement. Functionalization of chitosan as chitosan
thiosemicarbazones is a novel approach of preparation of ligands, and the synthesis of
copper(Il) chitosan thiosemicarbazone complexes. Chitosan and chitosan derivatives show
effective permeation through the negatively charged cancer cell surfaces so as to ensure the
higher biodistribution of these materials in cancer cells. The study is expected to correlate the
structural make-up of chitosan thiosemicarbazones and their copper(ll) complexes with their
tumor suppression and antimetastatic behavior in different cellular pathways, and leave a
treasure of data for further mechanistic investigation. Synthetic preparation of chitosan,
chemical modification of chitosan through functionalization, graft copolymerization and
complex formation could open up an avenue towards the tailoring of biocompatible chitosan

materials of anticancer applications.

1.3. Objectives of the Research Studies

The aim of this research is to bring about the synthesis and characterization of chitosan based
thiosemicarbazones and their copper (I1) complexes and study their cytotoxic activity on

human cancer cell lines in search of potential anticancer drug formulae.
1.3.1. General Objectives

The general objectives of the studies are to synthesize oligo chitosan thiosemicarbazones and

high molecular weight chitosan thiosemicarbazones with different carboxaldehydes,



synthesize and characterize their copper(l) complexes, and study the anticancer activity of
both ligands and complexes in vitro. The research work aims to establish the pathway of
chitosan tailoring through functionalization as chitosan thiosemicarbazones and their

complex formation in favour of a viable anticancer drug development strategy.
1.3.2. Specific Objectives

> To prepare, characterize and investigate the physicochemical properties of chitosan
from crab shells.

» To carry out the functionalization of both commercially available chitosan
oligosaccharide and crab shell chitosan as chitosan-thiosemicarbazones.

> To characterize chitosan thiosemicarbazone ligands by FT-IR, ¥C NMR
spectroscopic techniques, powder X ray diffraction, TG/DTA thermal studies and
elemental microanalysis.

» To synthesize copper(ll) chitosan thiosemicarbazone analogues and estimate their
chlorine content.

> To characterize copper(ll) chitosan thiosemicarbazone complexes by FT-IR, 3C
NMR, EPR spectroscopic methods, magnetic susceptibility measurement and the
analytical ways of powder X ray diffraction, TG/DTA/DTG thermal studies and
elemental microanalysis.

» To investigate the in vitro anticancer activity of chitosan thiosemicarbazones and their
copper(11) complexes.

» To bring about the structure-activity relation, and recommend the compounds with

anticancer activity against the prioritized cancer cell lines.

1.4. Scope of the Studies

Chitosan with higher reactivity under different chemical modifications (Kurita, et al., 1993;
Kurita, et al., 1994) can give the derivatives that act as pharmaceutically active ingredient
(Ray, 2011), permeation enhancer of cellular permeation (Sadeghi, et al., 2008) and a
hemostatic agent (Gu, et al., 2010). It can be used in wound healing sheet, and dressing
material (Burkatovskaya, et al., 2006), weight loss and cholesterol management (Shields, et
al., 2003). Cancer cells have been found resistant to both the in vitro and in vivo use of
chemotherapeutic drugs such as docetaxel, methotrexate, cisplatin, 5-fluorouracil (5-FU), and
procarbazine (Andreadis, et al., 2003). These compounds of the current chemotherapeutic
applications have the adverse effects. They have been found to cause the acute, persistent,
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and serious toxic effects on the lining of gastrointestinal tract, gonads, reticuloendothelial
system and bone marrow (Remesh, 2012). Chitosan and chitosan derivatives, and their
nanoformulations as the potential chitosan-drug candidates show non-toxicity to healthy
cells, biocompatibility to cancer cells and biodegradability. These properties and in addition,
the specificity of their anticancer effects can make these compounds stand as strategically
favorable alternatives for the natural anticancer drug development.

1.5. Limitations of the Studies

Cancer appears as a major killer of human beings in the world and the comprehensive
research works have been centred at the strategical focal point of anticancer drug
development. It is critically worthwhile that chitosan and chitosan derivatives show marginal
toxic effects in normal cells (Wimardhani, et al., 2014), but the general therapeutic
interventions of chitosan biomaterials are still limited by their low toxicity against many

types of cancer cells (Kuppusami & Karuppaiah, 2013).

The US Food and Drug Administration (FDA) has labelled chitosan as a biocompatible and
non-toxic polymer for dressing of wounds. Chitosan has been given the generally recognized
as safe (GRAS) status, but it is likely to bring about the constipation and nausea as the
adverse effects after a safe regular oral intake of 4.5 g/day for three months in humans
(Baldrick, 2010). The alterations in pharmacokinetic behavior of nano particles upon the
chemical modifications have been suspected to cause the in vivo toxicity (Kean & Thanou,
2010). This has necessitated the assessment of individual cytotoxicity profile of these
chitosan biomaterials against the specific cancer cells. The biological activity and solubility
of chitosan can be enhanced only through the repeated procedures of increasing the degree of
deacetylation. Further, the synthetic routes and conditions of chemical modification have to
be optimised to give the specific derivatives of chitosan (Gavhane, et al., 2013).

Chitosan and chitosan-based biomaterials may show the accumulation in limited amount in
the target cells and the conditions of arterio- venous shunting, necrosis, hypoxia, tumour
perfusion and a high fluid pressure in interstitial spaces may arise as undesirable implications
of the drug consumption. To get rid of such problems, the drug formulations should be
prepared with specific moderations. The anticancer drug in nanoparticulated form shows
better delivery and accumulation in cancer cells by EPR effect upon the encapsulation with
chitosan. There is better delivery of doxorubicin to tumor cells when the doxorubicin-dextran

conjugate is encapsulated with nano chitosan (Bisht & Maitra, 2009).
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CHAPTER 2

2. LITERATURE REVIEW
2.1. Introduction

The semi synthetic natural product chitosan with multifaceted applications often exists as a
cationic polysaccharide (Da Sacco & Masotti, 2010; Khoushab & Yamabhai, 2010; Percot, et
al., 2003; Yuan, et al., 2011) The anticancer activity of chitosan against different cancer cell
lines with marginal toxicity on healthy cells (Wimardhani, et al., 2014) has been found to
significantly depend upon My, and DDA (Park, et al., 2011) and the pattern of distribution of
D-glucosamine and B-(1,4)-linked- N-acetylglucosamine units in chitosan monomer
determines My and DDA (Vishu Kumar, et al., 2007; Xia, et al., 2008). Chitossan
nanoparticles have been found to show antiangiogenic activity (Xu, Wen, & Xu, 2009) and
chitosan nanoparticles with more DDA was found to undergo enhanced absorption by
cultured fibroblasts (Huang, et al., 2004). Chitosan oligosaccharide with low molecular
weight is soluble in aqueous media and its conspicuous bioactivities with tumor growth
suppression behavior have been reported in literatures (Harish Prashanth & Tharanathan,
2005; Maeda & Kimura, 2004; Park, et al., 2011; Qin, Du, Xiao, Li, & Gao, 2002; Wang, et
al., 2008; Yamada, et al., 2007).

An extensive survey of literatures shows that chemical modification of chitosan that involves
amino group and acetamido residue can result in the tailoring of chitosan derivatives with
augmented solubility and enhanced biological activity with a wide range of applications
(Alves & Mano, 2008; Batista, et al., 2006; Jayakumar, et al., 2005; Jayakumar, et al., 2007,
Jayakumar, et al., 2011; Jayakumar, Chennazhi, et al., 2010; Jayakumar, Nagahama, et al.,
2008; Jayakumar, Prabaharan, et al., 2010; Jayakumar, Tamura, et al., 2008; Kumar, et al.,
2009; Kumar, et al., 2011; Kumar, Dutta, et al., 2010; Kumar, Nigam, et al., 2010; Manna, et
al., 2009; Mourya & Inamdar, 2008; Rejinold, et al., 2011). Anticancer activity of chitosan -
metal complexes has been associated with their interaction with deoxyribonucleic acid
(DNA) (Zheng, et al., 2006) and free radicals scavenging behaviour (Wang, et al., 2009; Yin,
et al., 2004; Zheng, et al., 2006). Antitumor property of the derivatives carboxymethyl
chitosan (CMCS) (Jiang, et al., 2015), chitosan thymine conjugate (Kumar, et al., 2012),
sulfated chitosan (SCS) and sulfated benzaldehyde chitosan (SBCS) (Jiang, et al., 2011),
glycol-chitosan (GChi) and N-succinyl chitosan (Suc-Chi) conjugates (Kato, et al., 2005),

furanoallocolchicinoid-chitosan conjugate (Svirshchevskaya, et al., 2016) and polypyrrole

12



chitosan (Salahuddin, et al., 2017a; Salahuddin, et al., 2017b) reported in literatures has been

found to be attributed to different cellular apoptotic pathways.

2.2. Mechanism of Anticancer Activity of Chitosan

2.2.1. Permeation Enhancing Mechanism

Amino group in C2 position of ring chitosan is protonated in normal to acidic to medium, and
this cationic polysaccharide (pKa ~6.5) becomes water soluble. It shows enhanced bio
adhesivity and permeation through negatively charged surfaces of mucosal and basement
membranes (Gavhane, et al., 2013; Thonou, et al., 2001). As a result, the polar drugs show
higher bioavailability in oral route and a greater release through the epithelial cell surfaces.
Since chitosan is biocompatible and nontoxic to healthy cells, it finds many applications in
pharmaceutical and commercial fields, such as the preparation of binder in wet granulation,
tablets with slow release of drugs, drug carrier in microparticle system, disintegrant,
hydrogels, site specific drug delivery and carrier of vaccine delivery and gene therapy
(Gavhane, et al., 2013). Chitosan shows both in vivo and in vitro antimetastatic activity due
to its permeation enhancing mechanism (Gavhane, et al., 2013). Chitosan has been found to
inhibit the migration of human breast carcinoma cells MDA-MB-231 through a matrigel
coated membrane (Nam & Shon, 2009) as a result of the interacive effect of chitosan and
carcinoma cell lines towards decreasing the activity and bulk of MMP9 protein, and this
antimetastatic activity was found to increase in a dose dependent manner with the increase in

concentration of native chitosan (Nam & Shon, 2009).
2.2.2. Antiangiogenic Mechanism

The antitumor effect of chitosan has been found to be associated with antiangiogenic
mechanism in which there is interference to mutual regulation of anti-angiogenic and pro-
angiogenic factors under the existing pathological conditions (Jiang, et al., 2015). Growth
inhibitory effect of chitosan nanoparticles (CNP) against the human hepatocellular carcinoma
has been found to be attributed to CNP-mediated anti-angiogenic mechanism that involves a
deterioration in the normal levels of vascular endothelial growth factor receptor 2 (VEGFR2)
(Xu, Wen, & Xu, 2009).

2.2.3. Controlled Drug Delivery: A Sustained Release Mechanism

The anticancer functionality of chitosan is associated to its capacity to bring about an
increased level of biodistribution and accumulation of drug in cancer cells. The mifepristone

(MIF) loaded chitosan nanoparticles (MCNS) have been shown pharmacokinetically to cause
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controlled drug delivery in a sustained release manner. Consequently, the anticancer activity

increases with the increase in oral bioavailability of the drug in vivo (Zhang, et al., 2016).
2.2.4. Immunoenhancement Mechanism

The mechanism of tumor growth inhibitiory effect of chitosan, as studied in sarcoma 180
bearing mice, has been found to be attributed to an enhancement in the immunological
system that comprises the cytotoxic lymphocytes as natural killer tumoricidal immunocyte
cells (Kuppusami & Karuppaiah, 2013; Maeda & Kimura, 2004). Chitosan oligosaccharide
has been found to show anticancer activity via the invigoration of intestinal immune
functions as a result of NK activity enhancement in splenic lymphocytes or intraepithelial
lymphocytes (IELs) (Maeda & Kimura, 2004). Chitosan in microcrystalline state has been
reported to cause the suppression of HepG2 tumor growth in the severe combined immune
deficient (SCID) mice (Shen, et al., 2009) and the growth inhibition of HT29 colon
carcinoma cell line (Hosseinzadeh, et al., 2012). The high molecular weight native chitosan
has low solubility in aqueous and non-acidic media. So, it has to be depolymerized into low
molecular weight COS (Qin, et al., 2004). Water soluble chitosan oligosaccharide can be
obtained by the treatment with cellulase that introduces enzymatic hydrolysis and chain
degradation with no change in structural make-up of the residues (Qin, et al., 2004). Such
prepared water-soluble chitosan oligosaccharide product inhibits the growth of cancer cells
(Seo, et al., 2000; Suzuki, et al., 1986; Tokoro, et al., 1988). The tumor growth inhibitory
activity of chitohexaose and hexa- N- acetylchitohexaose has been found to be associated
with maturation of killer T- cells and splenic T- lymphocytes due to increase in interleukin (I
and I1) levels (Tokoro, et al., 1988). The low molecular weight chitosan in the presence of
IFN-y was found to activate the murine peritoneal macrophases so as to kill the tumor cells
(Seo, et al., 2000).

The COS has been found to cause the direct killing of tumor cells, and this phenomenon is
associated with the molecular mechanism of immunoenhancement that introduces an immune
response or brings about an inhibition in the IL-1 and TNF-a cytokines mediated production
of tumor cells by the activation of NK-cells and T-cells (Tokoro, et al., 1989; Tsukada, et al.,
1990). The IL-1 and IL-2 mediated proliferation of Thl cells is critically contributed by the
synergistic effects shown by TNF-a in vitro (Tokoro, et al., 1989) and the up-regulation of
TNF-a, IL-1 and IFN-y can make COS show the immune responses towards the increase in
immunoefficiency of lymphocytes (Seo, et al., 2000; Suzuki, et al., 1986; Tokoro, et al.,
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1989; Tsukada, et al., 1990; Wang & He, 2001). Chitosan has also been shown to act via the

antioxidant defence pathways to show the antitumor activity (Fernandes, et al., 2012).
2.2.5. Cellular Apoptotic Mechanism

Cellular apoptosis has been found to be a critical mechanism of action of anticancer activity
of chitosan (Park, et al., 2011; Wimardhani, et al., 2014; Xu, Jin, et al., 2009) and this
mechanism is associated with the activation of procaspase, breakage of the cascade due to
signals triggered from outside, and amplification of the cellular death signals (Wimardhani, et
al., 2014).

Molecular weight (Mw) and degree of deacetylation (DDA) are the prominent factors that
affect cytotoxicity of chitosan (Park, et al., 2011). The in vitro cytotoxic activity of low
molecular weight chitosan (LMW(C) on the oral squamous cell carcinoma (SCC) Ca9-22 has
been found to involve the extrinsic apoptotic pathways with activation of caspase-8 causing
the arrest of cell cycle and caspase- 3 mediated induction of apoptosis by activation of
caspase- 3 (Sugano, et al., 1980; Takimoto, et al., 2004; Wimardhani, et al., 2014). The
amino group in C2 position of the ring in LMWC undergoes a greater extent of protonation
and gets easily attracted to more negatively charged cancer cell surfaces (Zhang, et al., 2010).
The anticancer activity of LMW(C is attributed to introduction of electrostatic interaction with
tumor cell surfaces or endocytosis from extracellular surfaces (Huang, et al., 2004;
Wimardhani, et al., 2014). So, LMWC follows a different mechanism to show higher
anticancer activity than high molecular weight chitosan.

A study by fluorescent activated cell sorbent assay (FACS) and DNA fragmentation assay
has shown that the antiproliferative activity of chitosan on urinary bladder cancer cell line
T24 was the consequence of cellular apoptosis (Kuppusami & Karuppaiah, 2013). The
increase in the content of DNA up to G2 DNA level with the decrease in chitosan
concentration was shown to proceed until the edge of the S phase. With the help of flow
cytometry, this process was found to follow the mechanism of inhibition of T24 cell growth
by chitosan. The arrest of tumor cell growth by chitosan by chitosan was shown by increase
in duration of G1 phase with an increase in concentration, that ultimately caused the
disruption of cell membrane and necrosis of cell lines in vitro (Hasegawa, et al., 2001,

Kuppusami & Karuppaiah, 2013).

The cancer cell cycle arrest at S phase has been found to be induced by LMWC
(Wimardhani, et al., 2014) and this process has been mechanistically attributed to cytokine
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signaling from the environment and consequently a prolonged inhibition of DNA synthesis
(Vermeulen, et al., 2003). Cellular senescence followed by a permanent cell cycle arrest is a
mechanism of anticancer activity and aging effects (Senturk, et al., 2010). LMWC has been
reported to cause cell senescence owing to cell cycle arrest at G1 and S- phase and this
process, possibly associated to accumulated production of reactive oxygen species (ROS), is
triggered by higher TGF-B expression. This causes an ultimate increase in ROS production
via the progression in the activation of Smad 2/3, Smad 4, p15 and p21 (Senturk, et al.,
2010). Further research has been felt necessary to clarify the actual pathways of anticancer

activity of chitosan (Wimardhani, et al., 2014).

The cell cycle arrest at G1 phase by LMWC indicates the mechanistic pathway in which the
cells donot enter the S phase irrespective of p53 expression due to alteration in protein
expression (Vermeulen, et al., 2003). The structural deterioration in DNA requires a rapid
response with no translation or transcription, and this process introduces an increased rate of
protein synthesis (Bartek & Lukas, 2001). The checkpoint at S or G1 phase makes TGF-
molecules induce the production of CKlpl15 and p27, there is inhibition in the formation of
Cdk-4/Cdk-6-cyclin complex, and there is no RB phosphorylation irrespective of p53
expression (Hannon & Beach, 1994; Reynisdottir, et al., 1995). The checkpoint in mid to late
G1 phase causes the cell cycle arrest with low activity of cyclin E-Cdk-2 in the late phase and
absence of RB phosphorylation in the mid phase (Falck, et al., 2001). The cell cycle arrest by
LMWC at G1 phase possibly involves a lowering in Cdc25A concentration and cyclin E-
Cdk2 inactivation as a result of ubiquitination of Cdc25A. The mammalian cells under the
influence of UV radiation undergoes ubiquitination due to phosphorylation of Cdc25A
through the acive mediation of ATM/ATR towards Chk1/Chk2 (Falck, et al., 2001). Further
investigation has been necessary to clarify and confirm this mechanism of anticancer activity
of LMWC (Wimardhani, et al., 2014).

Chitosan oligosaccharide (COS) has been reported to bring about an increase in p21 level and
decrease in cyclin A and CDK-2 levels, and then a consequent inhibition of cell proliferation,
decrease in number of cells involved in S phase and decrease in rate of DNA synthesis (Shen,
et al., 2009). COS has been reported to cause inhibition of tumorigenic MMP-9 factor in
Lewis Lung Carcinoma (LLC) cells (Shen, et al., 2009).

The nude mice taken as human pancreatic cancer xenografts were found to have a prolonged
survival upon the treatment with porcine pancreatic enzyme (PPE) (Saruc, et al., 2004)

showing that the proteolytic enzymes act as defense against cancer. COS has been reported to
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show chemo preventive activity in human colorectal adenocarcinoma cell line HT-29 due to
an increase in activity of QR, GST and GSH enzymes (Nam, et al., 2007a). COS was found
to cause inhibition of pro-inflammatory cytokinin mediated nitric oxide (NO) and inducible
NO synthase (iNOS) levels, and then a consequent decrease in proliferation of HT-29 (Nam,
et al., 2007b). The heparanase inhibition was found to be a possible cause of antiangiogenic
activity of COS (Quan, et al., 2009). COS was found to bring about a reduction in tumor size
of colorectal adenocarcinoma HT-29 through the pathway of lowering the secretion of MMP-
2, a zinc dependent proteolytic enzyme, in a concentration dependent manner (Nagaset &
Woessner Jr., 1999) by cytokines IFN-y, IL-1a and TNF-a (Nam, et al., 2007b). The MMPs
gelatinase and matrilysin types on HT-29 cells were found to be inhibited by COS (Brown,
1998). The activity of ODC induced by 12-O-tetradecanoylphorbol-13-acetate (TPA) and the
expression of COX-2 induced by TPA in HT-29 cells were also found to be inhibited by COS
(Nam, et al., 2007a).

Metastasis via the tumor growth and vascular invasion are associated with the increase in
INOS expression (Lagares-Garcia, et al., 2001; Yagihashi, et al., 2000). COS can bring about
the inhibition of platelet aggregation and angiogenic effect of NO (Folkman, 1997) by
causing an inhibition of NO production via the reduction in iNOS expression (Nam, et al.,
2007b). COS has been shown to cause an inhibition of IL-8 expression induced by LPS in
human umbilical vein endothelial cells (HUVECSs), LPS-induced HUVECs migration and the
adhesion of U937 monocyte to HUVECs (Liu, et al., 2011). COS has been reported to bring
about the apoptosis in HT-29, human colon adenocarcinoma (Hossain & Takahashi, 2008)
and also in HL-60 cell lines (Dou, et al., 2011). Chitosan in higher concentration was found
to inhibit the mouse monocyte macrophage growth in RAW 264.7 cell lines (Hwang, et al.,
2000) and suppress the proliferation of gastric and colon cells (Hasegawa, et al., 2001). The
effect of chitosan on Erlich ascites tumor (EAT) cells in vivo with EAT bearing mice models
showed a remarkable decrease in the volume of ascites (Harish Prashanth & Tharanathan,
2005) and Caco-2 cells showed 25% increase in the activity of caspase- 3 upon a 24 h
incubation with chitosan in comparison to the control which was not treated with chitosan
(Silano, et al., 2004). Apoptosis induced by chitosan on EAT cells was monitored by
nucleosomal DNA fragmentation study (Yamada & Clark, 2002).

Antitumor activity of chitosan against A549 (human lung), PC3 (human prostate) and HepG2
(human hepatoma) cancer cell lines was found to depend upon the molecular weight (Mw)

and degree of deacetylation (DDA) of chitosan. The study on cytotoxic potentials of COS and
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high molecular weight chitosan (HMW(C) with different fractions of Mw and DDA revealed
that COS was more effective than HMWC against these cells (Park, et al., 2011). The study
shows that the antitumor activity is associated with chemical structure and polymeric size but
the specific pathway of this activity of HMWC is still unclear.

2.3. Nano Chitosan and its Mechanism of Anticancer Activity

The solid particles or particulate dispersions at 10-1000 nm size have been referred to as
nanoparticles (Koopaei, et al., 2014). Nano chitosan with the particle size in this range can be
obtained in a polymeric and biocompatible form. The prolonged circulation of nano chitosan
in blood is associated with its behavior of showing hydrophilicity, extravasation and passive
targeting (Gaur, et al., 2000) and this makes nano chitosan a potential drug delivery candidate
(Lee, et al., 2008; Zhang, et al., 2009).

Chitosan gel was obtained by dispersion of chitosan in a mixture of sodium chloride solution
and 3% acetic acid solution on stirring for two hours. The gel was added in linseed oil with
Span 80 as a surfactant on magnetic stirring for 30 min at room temperature, using an
optimized spontaneous emulsification method. Then acetone and Glutaraldehyde-Saturated
Toluene as a chemical cross-linking agent were further added to get nano chitosan. The
nanoparticle size was found to depend upon the amounts of sodium chloride, surfactant, and
chemical cross-linking agent, and in average, the particle size was found to range from 33.64
to 74.87 nm (Khanmohammadi, et al., 2015). Another method of preparation of nano
chitosan was the method of ionic gelation that involved tripolyphosphate (TPP) assisted
gelation of chitosan solution. The nano chitosan particle sizes were optimized with different
concentrations of TPP and chitosan. Nano chitosan with the particle size at 168-682 nm range
was obtained with a concentration of chitosan up to 4 mg/mL and TPP up to 1.5 mg/mL
(Agarwal, et al., 2018). The biodegradable, mucoadhesive, cationic polysachharide chitosan
finds its use in target delivery of therapeutics to cancer cells, and such formulations of
therapeutic agent loaded with nano chitosan show more stability, permeability and bioactivity
(Kamath & Sunil, 2017).

Inhibition of the proliferation of human hepatoma BEL7402 cells by chitosan nanoparticles
has been attributed to cell necrosis owing to neutralization of negative charge on cell
surfaces, permeation through the plasma membrane of the cells, decrease in MMP and the
peroxidation of lipid in vitro (Lifeng, et al., 2007). Chitosan nano particles have been found
to lower the viability percentages of HT-29 colon carcinoma cells (Hosseinzadeh, et al.,
2012) and target the cancer cells owing to their selective accumulation in tumor cells by the
mechanism of enhanced permeation and retention (EPR) followed by lowering of the p-

18



glycoprotein mediated multidrug resistance (Ai, et al., 2017; Ramasamy, et al.,2017).
Biocompatibility of copper nanoparticles loaded with chitosan favour the mechanism of
enhanced permeation and retention (EPR) so that they undergo preferential accumulation in
tumor cells. The destruction of cancer cells followed by apoptotic body formation has been

marked towards the remarkable anticancer effect of chitosan (Ai, et al., 2017).

The lower toxicity of chitosan to nan-cancer cells has been attributed to in vivo chitosan chain
degradation by the kidney (Kean & Thanou, 2010). Nano chitosan lends itself to
reciprocatory drug delivery trials as it is economical and biocompatible (Grenha, et al.,
2007). Cellular internalization of nano chitosan in an easier way (Malatesta, et al., 2015) and
the target specificity of nano chitosan to cancer cells have made it a potential anticancer
candidate of therapeutic significance (Aruna, et al., 2013; Qi, et al., 2005; Xu, Wen, & Xu,
2009). The anti-angiogenic activity of nano chitosan in breast cancer mice model4 has been
aattributed to RNA interference and immune enhancement (Xu, Wen, & Xu, 2009). Nano
chitosan has been found to be released spontaneously towards the human gastric cancer cells
in vitro in a controlled release manner (Qi, et al., 2005).

The glycol chitosan nano particles (400 nm size) loaded with paclitaxel has been reported to
show an inhibition of MCF-7 tumor growth with a sustained release of paclitaxel by EPR
effect in vitro (Kim, et al., 2006). Thymoquinone and paclitaxel encapsulated in nano
chitosan has been detected to be effective against the breast cancer therapy (Soni, et al.,
2015). The study of binding of chitosan nano particles with protein is crucial to establish the
target specificity of nano chitosan. For instance, the in vivo inhibition of ovarian cancer has
been shown by binding of nano chitosan to avp3 integrin associated with the receptors for
tumor cells (Han, et al., 2010). The increase in immune response by nano chitosan has been
found in murine model by elevation of IL-2, II-4, IL-6 and 1gG, IgA, IgM receptors (Li, Min,
et al., 2013). The protonation of amino group in C2 position of ring chitosan is favoured in
the low vasculature acidic environment outside the tumor. It causes the swelling of nano
particles and a consequent release of the drug in higher rate. The processes of protonation of
amino group in ring chitosan and EPR effect owing to higher accumulation of nano chitosan
in the micro environment of tumor cells (Maeda, 2001) are significant towards the anti-cancer
usability of nano chitosan-drug formulations.

The in vivo anticancer activity of chitosan-curcumin nano formulation has been shown to
follow the apoptotic pathways via the stages of structural deterioration of DNA, cell-cycle
arrest and an increment in ROS levels (Yadav, et al., 2018). The inhibition of the growth of
human hepatocellular carcinoma (HCC) cells by nano chitosan has been attributed to cell
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necrosis and restriction to tumor angiogenesis by lowering of VEGFR2 gene expression (Xu,
Jin, et al., 2009). The death of HCC cells by nano chitosan in vitro has been associated to
disruption of cell membrane, reduction of negative charge on cell surfaces, reduction in
mitochondrial membrane potential, on set of lipid peroxidation, fatty acid membranous layer
disruption and DNA fragmentation (Lifeng, et al., 2007). The in vivo inhibition of HCC cell
growth by nano chitosan is owing to induction of apoptosis and reduction of tumor cells
proliferation, in a manner to have no toxicity to healthy cells, but a specific and potent
cytotoxicity to tumor cells (Xu, Wen, & Xu, 2009).

The nano particulate chitosan folate hesperetin has been observed to show apoptosis of
HCT15 cells by the process of properly regulated proapoptotic gene expression in a more
efficient way than hesperetin. This process follows a mechanism of passive targeting via the
tumor micro environment of leaky vasculature. Consequently, the chitosan folate hesperetin
nanoformulation is a suitable carrier of hesperetin to the cells of colorectal cancer in vivo
(Mary Lazer, et al., 2018).

Chitosan nanoparticle labelled with Arg-Gly-Asp (RGD) peptide (RGD-CH-NP) has been
found to be a tumor targeted delivery formulation for short interfering RNA (siRNA). The
SiIRNA loaded RGD-CH-NP was observed to bring about a significant increase in (i) selective
delivery inside the tumors of orthotopic animal models with ovarian cancer, (ii) targeted
silencing in different growth-promoting genes (POSTN, PLXDC1 and FAK), (iii) therapeutic
efficacy in A2780, SKOV3ipl and HeyA8 models, and (iv) the delivery of PLXDC1-targeted
SiRNA into the tumor endothelial cells (alphanubeta3 integrin-positive) in A2780 tumor-
bearing mice in vivo, showing a remarkable tumor growth inhibition in vivo (Han, et al.,
2010).

2.4. Anticancer Derivatives Synthesized via Functionalization of Amino

Group in Chitosan and their Anticancer Activity
2.4.1. Carboxymethyl Chitosan (CMCS) and CMCS Thiosemicarbazones

Carboxymethyl chitosan (CMCS) can be functionalized as carboxymethyl chitosan
thiosemicarbazone that shows coordination behavior with metal ions (Nishat, et al., 2008).
CMCS is a water-soluble derivative of chitosan, with amphoteric behavior (Mohamed, et al.,
2014) and its synthesis involves a prolonged reaction of caustic soda alkalized chitosan with
chloroacetic acid (Chen & Park, 2003).

Salicylaldehyde, p-chlorobenzaldehyde, and p-methoxybenzaldehyde analogues of CMCS
thiosemicarbazones are synthesized by a one pot synthesis of thiosemicarbazide as a key
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intermediate and its further reaction for 10 h with carboxaldehyde catalyzed by acetic acid
and methanol under reflux at 65 °C (Mohamed, et al., 2014) (figure 5a and 5b).

CMCS was found nontoxic to human umbilical vein endothelial cells (HUVECS) at 0.5- 1.5
mg/mL range, as the MTT assay showed only a marginal decrease in percentage viability of
cells (p>0.05) after 24 h and 48 h of incubation. But, the trans well migration assay showed
the in vitro inhibition of angiogenesis as there was a remarkable inhibition of two and three
dimensional HUVECs migration upon the treatment with CMCS in a dose dependent manner
(p<0.05) (Jiang, et al., 2015). The treatment of CMCS on the mice model bearing the H22
tumor growth also showed a remarkable in vivo inhibition in tumor growth (p<0.05), and this
inhibition was far more than the control group. The inhibitory rates were 32.63% at the dose
of 75 mg/kg, 51.43% at the dose of 150 mg/kg, and 29.89% at the dose of 300 mg/kg (Jiang,
et al., 2015). Upon the examination with HE staining of paraffin parts, treatment of CMCS on
hepatocarcinoma 22 (H22) cells demonstrated a histopathological state of necrosis and
repression in most of the tumor cells treated with CMCS in vivo.

2.4.2. Chitosan-Thymine Conjugate

Potent anticancer effects of thymine derivatives have been revealed from the studies. The
chitosan thymine conjugate nano particles (100-250 nm size) obtained by preferential binding
with Poly(A) has been found to bring about an in vitro inhibition of the growth of colon
cancer cells (Fangkangwanwong, et al., 2016). Phosphonotripeptide thymine derivatives have
been shown to inhibit the growth of human leukemia (HL-60) cells in vitro (Liu & Chen,
2001). Alpha-methylene-gamma-(4-substituted phenyl)-gamma-butyrolactone loaded with
uracil, 5-bromouracil, and thymine have also been found to inhibit the leukemia cell lines in
vitro (Kuan-Han, et al., 1999). Ferrocenyl-thymine-3,6-dihydro-2H-thiopyrane derivatives
can show the antiproliferative activity against human monocytic MonoMac6 cancer cells,
estrogen-negative human breast adenocarcinoma MDA-MB-231, human colon carcinoma
HT-29, estrogen receptor-responsive human breast adenocarcinoma MCF-7, and human
promyelocytic leukemia HL-60 cell lines in vitro (Skiba, et al., 2015). Hyaluronic acid and
thymine are the compounds with which chitosan can be modified to get the derivatives of
enhanced anticancer activity (Manna, et al., 2009). One of the chitosan-thymine conjugates of
important biomedical applications was synthesized by the reaction of thymine-1-yl-acetic
acid with chitosan followed by successive acylation reaction (Kumar, et al., 2012) (figure 6).

The results of the assays for cellular cytotoxicity, viability and proliferation carried out with
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Figure 5b: Synthetic route of CMCS Thiosemicarbazones

human liver cancer cell line (HepG2) and mouse embryonic fibroblast cell line (NIH 3T3)
have shown the significant dose-dependent inhibition (p < 0.05) of HepG2 proliferation, but
no toxicity was found to noncancerous NIH 3T3 cell line (Kumar, et al., 2012).
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2.4.3. Sulfated Chitosan (SCS) and Sulfated Benzaldehyde Chitosan (SBCS)

Native chitosan of molecular weight of ~ 1000 k Da in average with one acetamido moiety
from unreacted chitin and two hydroxyl groups in a monomeric unit (Singla & Chawla, 2001)
was taken as a starting material to prepare a hybrid sulfated derivative, and the glycosyl unit
of this derivative essentially possesses the sulfate group as an anticancer constituent (Pillai, et
al., 2009). So, the synthetic route of SCS follows the sulphonylation of chitosan and that of
SBCS follows Schiff’s addition with benzaldehyde and the consequent sulphonylation (Jiang,
et al., 2011) (figure 7). A remarkable inhibition of the proliferation and apoptosis of human
breast cancer (MCF-7) cells by SCS and SBCS was shown by the studies comprising cells
culture with DMEM media in heat-inactivated fetal bovine, determination of cellular
inhibition, western blot analysis and monitoring of apoptosis by fluorescence-activated cell
sorting (FACS) analysis (Jiang, et al., 2011). The results showed higher inhibitory effects of
SBCS derivative with lower 1Cso than SCS (Jiang, et al., 2011).
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2.4.4. N-Succinyl chitosan (Suc-Chi) and Glycol Chitosan (GChi)

Chitosan with more inhibitory effects, minimal problems associated to cell viability, and
more biocompatibility can be obtained by elimination of coexisting ions and increase in the
degree of deacetylation and depolymerization (Carreno-Gomez & Duncan, 1997; Lee, et al.,
1995). Derivatization of hydroxy group in C6 position of chitosan ring like in GChi and Suc-
Chi is essential to increase the enzymatic degradation of chitosan (Song, et al., 1992; Song, et
al., 1993a; Song, et al., 1993b; Kamiyama, et al., 1999; Kato, et al., 2000). The GChi and
Suc-Chi are water-soluble chitosan derivatives that can effectively release the drugs to cancer
cells both in vivo and in vitro (Hosoda, et al., 1995; Nakanishi, et al., 2001). The route of
synthesis of N-succinyl chitosan is as shown in figure 8 (Yan, et al., 2006). The single in vivo
intraperitoneal administration of Suc-Chi-MMC conjugate in mice models at 24 hours after
the inoculation of intraperitoneal L1210 tumor has been found to bring an increase in
antitumor activity in a dose (equivalent MMC /kg) dependent manner. The Suc-Chi-MMC
conjugate was found to have the ILS values of 45.3% and 65.3% at the doses of 5 mg
equivalent MMC/kg and 20 mg equivalent MMC/kg respectively (Song, et al., 1993c).
Moreover, Suc-Chi-MMC conjugate has been observed to be more effective against the
metastatic liver cancer and solid tumors (Kato, et al., 2005).
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Glycol chitosan (G-Chi) can be synthesized by the reaction of chitosan with ethylene glycol
(Muslim, et al., 2001) (figure 9). G-Chi has been shown to have a prolonged localization in
kidney and sustained retention in blood circulation by the in vivo intravenous study of
fluorescein thiocarbamyl-G-Chi (G-Chi-FTC) that is obtained as a derivative of G-Chi with
fluorescein isothiocyanate (FITC) labelled with fluorescein (Kato, et al., 2005). The in vivo
study via the intraperitoneal administration to P388 leukemic mice showed that the G-Chi-
MMC conjugate had the decresed side effects, but the therapeutic effect of MMC was found
better than this conjugate (Kato, et al., 2005).
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Figure 9: Synthetic route of glycol chitosan

2.4.5. Furanoallocolchicinoid-Chitosan

The low accumulation profile in tumor cells makes colchicine a less effective antitumor
agent, but conjugation of colchicine with chitosan has been found to bring about a decrease in
adverse effects, increment in My to sequester it from healthy cells, and an enhancement in

biodistribution level of colchicine in tumor cells (Crielaard, et al., 2011).

Furanoallocolchicinoid—chitosan conjugate can be synthesized by the reaction of succinic
anhydride in tetrahydrofuran with furanoallocolchicinoid under an inert atmosphere
(Mathiyalagan, et al., 2014; Voitovich, et al., 2015) (figurel0).
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The investigation made upon the action of compound furanoallocolchicinoid chitosan in the
mice model bearing the Wnt-1 breast tumor showed the association of actitumor activity with
better accumulation in the tumour cells, reorganisation of tubulin and the arrest of cell cycle
in vivo (Svirshchevskaya, et al., 2016).

Figure 10: Synthetic route to furanoallocolchicinoid-chitosan

2.4.6. Polypyrrole-Chitosan (PPC): Graft Copolymerization

Polypyrrole chitosan (PPC) is a polyamine chitosan that is synthesized by graft
copolymerization of pyrrole with chitosan (Salahuddin, et al., 2017a) (figure 11). A
significant enhancement in inhibitory activity against the proliferation of Erlich ascites
carcinoma (EAC) cells was obtained after loading of the nanocomposite of silver chloride
with  3-amino-2-phenyl-4(3H)-quinazolinone of polypyrrole-chitosan (PPC). In this
investigation, the PPC nanoparticles were released into the EAC cells at pH 2 (Salahuddin, et
al., 2017a).
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Figure 11: Graft copolymerization of polypyrrole-chitosan
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2.5.  Mechanism of Anticancer Activity of Chitosan Derivatives

2.5.1. Synergy of Cellular Oxidative Damage, DNA Fragmentation and Apoptotic

Activity of Chitosan Matrix and Square Planar Complexes

The solid tumors are chemotherapeutically treated with the complex drugs that suffer from a
limited spectrum of antineoplastic activity and several side effects that are ruined with
severity in dose dependent manner (Astolfi, et al., 2013; Fuertes, et al., 2003). Complexes of
both platinum and non-platinum metals with different ligands as carrier constituent have been
synthesized in an attempt to tailor the compounds with a broad spectrum of antitumor activity
and minimal side effects (Arkenau, et al., 2008; Arnesano, et al., 2008; Hannon, 2007;
Kalinowska-Lis, et al., 2008; Steinborn & Junicke, 2000). The chelation of chitosan with
many metal ions is attributed to the presence of acetamido, amino and hydroxyl moieties as
reactive functional groups in chitosan (Gritsch, et al., 2018; Varma, et al., 2004; Zheng, et
al., 2006). The in vitro investigation by sulforhodamine B assay of oligo chitosan
salicylaldehyde Schiff-base and its zinc(ll) complexes have shown the inhibitory effects
against SMMC-7721 liver cancer growth owing to the synergistic effect of native chitosan

matrix and planar make-up of the complexes (Wang, et al., 2009).

The binding of zinc complexes to DNA, as observed by electrophoretic analysis, has been
shown to be associated with electrostatic intercalation and interactions. The antitumor activity
of chitosan has been found to get enhanced upon the complex formation, and moreover,
oligo-chitosan zinc complex has been found to show more potent antitumor activity than high
molecular weight chitosan analogue (Nam, et al., 2007b). Chitosan-metal complex with the
square planar geometry shows more scavenging of free radicals as such a geometry is
sterically favorable towards the interaction of free radicals with metal ion (Yin, et al., 2004).
The antitumor activity of complexes is associated with the behavior of donor atoms in

complexes to chemically induce the breakage of DNA (Zheng, et al., 2006).

The anticancer activity of copper(ll)-chitosan complex that depends upon the concentration
of copper(ll) ions is possibly associated with the strengthening of positive charge developed
in amino group at C2 position of chitosan and the development of more interaction with
negatively charged components of cell surfaces (Qi, et al., 2004; Zheng, et al., 2006). The
key factors owing to which the copper(l1)-chitosan nano particles show the antitumor activity
are the oxidative stress, cellular apoptosis and inflammation of endothelial cells (Bondarenko,

et al., 2013; Niazi & Gu, 2009). In fact, the preferential accumulation and internalization of
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copper(Il)-chitosan nanoparticles (< 200 nm) on tumor cells has been a crucial pathway of
their anticancer activity (Ai, et al., 2017). The anticancer activity of copper(ll)-chitosan
nanoparticles has also been attributed to elevation of mitochondrial ROS level that leads to
cellular oxidative damage, fragmentation of DNA and cellular apoptosis (Murphy, 2009).
Increase in caspase 3 expression has been experimentally found to bring about an increase in

caspase 3/7 activity and the elevated rate of apoptosis (Al, et al., 2017).
2.5.2. Antiangiogenic and Immunoenhancing Mechanism

CMCS can be used as a carrier of anticancer drug like curcumin, 5- fluorouracil and
doxorubicin (Anitha, Chennazhi, et al., 2012; Anitha, Maya, et al., 2012; Jin, et al., 2012;
Wang, et al., 2011) owing to its solubility in water (Kurniasih Purwati, et al., 2014),
biocompatibility, biodegradability and lower toxicity (Ji, et al., 2012). Anticancer activity of
CMCS both in vitro and in vivo has been found to follow the anti-angiogenic pathways
(Jiang, et al., 2015). The in vitro inhibition of the migration of HUVECSs proceeds in time and
concentration dependent manner, and a conspicuous decrease in the growth rate of
hepatocarcinoma (H-22) in mice by CMCS is associated with cell necrosis in vivo (Jiang, et
al., 2015). The H-22 cells treated with CMCS were mostly found to get distorted in shape
with the disintegration of nuclei (Jiang, et al., 2015). The growth of HeLa, SGC-7901 and
BEL-7402 cells has also been found to be inhibited by CMCS in vitro (Zheng, et al., 2011).

CMCS has been found to bring about the stimulation of immune functions and suppression of
angiogenesis (Jiang, et al., 2015). The mechanism of its anti-angiogenic activity involves the
physiological alterations in vascular endothelial cells to form the new blood vessels. In the
mechanistic study of angiogenesis and immune histochemistry, these vascular endothelial
cells from which the new blood vessels towards the tumor are developed are labelled as
marker cells. The CD34 antigen cells are taken as such marker cells among many other
endothelial cells to study the mechanism of angiogenesis in H-22 hepatic tumor cells
(Folkman, 1996). The in vivo inhibition in CD34 expression (p<0.05) in H-22 tumor treated
with CMCS (at a concentration of 150-300 mg/kg) has shown the dose dependent
antiangiogenic activity of CMCS (Jiang, et al., 2015).

The cellular antiangiogenic and proangiogenic factors act simultaneously to regulate the
process of tumor angiogenesis. The antiangiogenic effect is associated to the inhibition of
malignant cells transformation and degradation of extracellular matrix by TIMPs. Meanwhile,
the proangiogenic effect is brought about by VEGF, a specific mitogen for endothelial
vascular cells and its kinase receptors (Jiang, et al., 2015). The tumor inhibitory effect of
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CMCS was reflected by the simultaneous effect of these opposite factors upon the inhibition
of angiogenesis in mouse serum on treatment with CMCS for 14 days. The result showed an
increase in antiangiogenic TIMP1 level and decrease in proangiogenic VEGF level in vivo
(Jiang, et al., 2015). The antiangiogenic activity appears on effect by the stimulation of key
cytokines that inhibits the activity of MMP and favors the inhibition of the degradation
extracellular matrix and transformation of tumor cells (Jiang, et al., 2015; Lifeng, et al.,
2007; Nam, et al., 2007b; Shen, et al., 2009).

The immune system in human body constitutes the thymus, spleen, lymph ducts and lymph
nodes, and this system provides resistance to infection and cancer development (Effros,
2003). TNF-o and IFN-y are the crucial immune- related cytokines that have been used in the
clinical cancer chemotherapy for many years (Aulitzky, et al., 1989; Eggermont, et al., 1996).
TNF- o brings about an enhancement in immune function (Ebert, et al., 2006) and an increase
in the rate of apoptosis of cancer cells (Chang, et al., 2006; Hur, et al., 2003). IFN- y is an
immunomodulatory and pleiotropic cytokine obtained as a product of NK cells and activated
T cells. It causes the promotion of cellular apoptosis and death of tumor cells (Ahn, et al.,
2002; Trubiani, et al., 1994). The treatment of CMCS in mouse serum was found to bring
about an enhancement in the thymus index (p<0.05) and the ELISA assay detection showed
an enhancement in IFN- y and TNF- a levels in mouse serum upon the treatment with CMCS.
These results were the clear indicatives of antitumor activity of CMCS that follows the
mechanism of immune system improvement and regulation in the induction of immune-
related cytokines (Jiang, et al., 2015).

2.5.3. Nucleobase Conjugation and Interaction with Nucleic Acids

The derivatives of different synthetic and natural biopolymers with enhanced anticancer
activity can be obtained by the conjugation with nucleobase. Some of such conjugates that
block the transfer of genetic information from DNA to protein and cause the inhibition of a
particular mMRNA or DNA molecular expression are phenanthridinium-nucleobase conjugates
(Tumir, et al., 2010), symmetrical and unsymmetrical, m-nucleobase mono- & bis-amide
conjugates (Boncel, et al., 2010), ferrocene—bis(nucleobase) conjugates (Kraatz, 2005;
Wiassoff & King, 2002), metallocene-nucleobase conjugates (Pike, et al., 2002),
cyclodextrin-DNA conjugate (lhara, et al., 2009), DNA-peptide conjugates (Kubo, et al.,
2003), neamine—nucleoside conjugates (Xu, Jin, et al., 2009), nucleobase PNA conjugates
and peptide—nucleobase conjugates (Roviello, et al., 2010). Mechanistically, the chitosan—
nucleobase conjugate involves itself in DNA synthesis to get incorporated into the nuclear
DNA, and then it gets further involved in transcription to get incorporated into mMRNA. These
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processes of incorporation of chitosan—nucleobase into DNA and mRNA result in the
breakage of the strand and termination of the chain to cause the cell cycle arrest (Nelson &
Cox, 2005). As a matter of fact, this mechanism is attributable to no more formation of
additional nucleotides due to disappearance of 30OH group. Cancer cells undergo faster cell
division and their cell cycle is short. These cells are highly affected by the nucleobase
conjugate unlike the normal cells with slow pace of cell division (Hanahan & Weinberg,
2011). If a polynucleotide possesses a sequence complementary to that of mRNA product or
oncogene, its conjugate with chitosan increases the selective activity against the cancer cells
as a result of its interaction with the DNA or mRNA of a specific tumor cell. This interaction
due to pairing of complementary bases (Cytosine with Guanine and Thymine or Uracil with
Adenine) brings about the inhibition of DNA synthesis, transcription of mRNA and
translation of gene with cancer-causing attributes (Kumar, et al., 2012). Chitosan-thymine
conjugate was found to cause in vitro inhibition of HepG2 proliferation in a manner that
depends upon the concentration of the conjugate (Kumar, et al., 2012).

2.5.4. Fibroblast Growth Factor Associated Inhibition of Cellular Proliferation

Metastatic breast carcinoma has been investigated to show endothelial cells proliferation and
angiogenesis that is mediated by heparin-binding growth factor (Fernig, et al., 1994;
Mundhenke, et al., 2002; Qiao, et al., 2003). The fibroblast growth factor-2 (FGF-2) shows
an interaction with heparan sulfate (HS) (figure 12a), a low affinity receptor, and this process
subsequently introduces a conformational change and binding of FGF-2 to FGFR, a high-
affinity tyrosine kinase receptor. It shows that HS is a significant receptor required for
accumulation of FGF-2 and regulation in the release of FGF-2 and other HS-binding factors
like vascular endothelial growth factor (VEGF) on the surface of the cells. Hence, the
alterations in HS at the time of breast cancer progression may cause the change in the
assembly of fibroblast growth factor-receptor (FGFR) ternary complex and FGF-2 binding
(Jiang, et al., 2011).

Some of the natural sulfated polysaccharides within the current search in literature that show
binding with FGF-2 and block FGF-2 binding with HS (Marshall, et al., 1997) introducing
the inhibition of cell proliferation (Zaslau, et al., 2004) and metastasis (Liu, et al., 2005) are
tecogalan (Yunmbam, et al., 2001), fucoidan (Liu, et al., 2005) and pentosan polysulphate
(Marshall, et al., 1997; McLeskey, et al., 1996; Zaslau, et al., 2004). Heparin like binding of
carboxymethyl benzylamide dextrans (CMDB) (Bagheri-Yarmand, et al., 1997; Bittoun,
Avramoglou, et al., 1999; Di Benedetto, et al., 2003; Liu, et al., 1997; Morere, et al., 1992)
and phenylacetate carboxymethyl benzylamide dextran (NaPaC) (Di Benedetto, et al., 2001;
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Di Benedetto, et al., 2002; Garvelas, et al., 2002; Malherbe, et al., 2004) with FGF-2 has also
been found to cause the alteration in cell growth. CMDB has been found to inhibit autocrine
and paracrine growth of the breast tumor cells owing to formation of an equimolar stable
complex FGFR (Bittoun, Bagheri-Yarmand, et al., 1999) and NaPaC has been found to
introduce antiproliferative activity, inhibition of VEGF binding to VEGFR2 and terminated
activity of VEGFR2 (Di Benedetto, et al., 2008). The anticancer functionalities are phenyl
group in CMDB and NaPaC (Di Benedetto, et al., 2003) and sulfate group in heparin,
tecogalan (Song, et al., 1993a). The sulfate group was brought at the end of the phenyl group
in CMDB (figure 12b) to get both of these functional groups in carboxymethyl benzylamide
sulfonate dextran as the hybrid compound (Logeart-Avramoglou & Jozefonvicz, 1999). This
hybrid compound showed no antiproliferative behavior, but it was observed to have a strong
interaction with FGF to initiate and propagate the FGF-induced mitogenic activity (Logeart-
Avramoglou & Jozefonvicz, 1999). Starting from chitosan with an acetamido moiety and two
hydroxyl groups in a monomeric unit, a hybrid compound containing the sulfate group on
opposite sites of glycosyl unit was synthesized (Pillai, et al., 2009).

Both SCS and SBCS were found to induce apoptosis and block the FGF-2-induced
phosphorylation in extracellular signal-regulated kinases (ERK) in the human breast cancer
(MCEF-7) cells and show a remarkable in vitro inhibition of its cellular proliferation (Jiang, et
al., 2011).
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Figure 12a: Heparan sulfate (HS). Figurel2b: Carboxymethyl Benzylamide Dextran (CMDB)
2.5.5. Bioavailability Enhancement through Sustained Release Mechanism

The conjugate derivatives of chitosan obtained as anticancer drug formulations have been
reported to have minimal adverse effects due to a far more biodistribution in tumor cells.
Because of this property of higher bioavailability in tumor cells, both the insoluble and
soluble synthetic conjugates of glycol chitosan (G-Chi) and N-succinyl-chitosan (N-Suc-Chi)
with MMC find their potential applications in cancer chemotherapy as polymeric drug
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carriers (Kato, et al., 2005). N-Suc-Chi has been found to have a prolonged biodistribution
level in tumor cells and relatively a long systemic half-life (Kato, et al., 2005). As a result of
the in vivo study of bioactivity of G-Chi employing its intravenous administration with
fluorescein labelled derivative in normal mice, G-Chi was found to show more
biodistribution level in blood and kidneys and a higher retention in kidneys (Kato, et al.,
2005).

A significant in vivo antitcancer activity against the P388- leukemia bearing mice has been
shown by a conjugate of doxifluridine and 1-B-D-arabinofuranosylcytosine (Ara-C) obtained
by using chitosan with glutaric spacer. A significant activity against the solid tumors,
metastatic liver cancer and leukemia was shown by the conjugates of mitomycin C (MMC)
with N-Suc-Chi and G-Chi (Song, et al., 1992; Song, et al., 1993a; Song, et al., 1996) and the
mechanism of this this in vivo and in vitro activity was found to be associated with a
controlled release of the drug in free state from conjugates (Kato, et al., 2005). The MMC —
G-Chi conjugate was found to have lesss side effects than free MMC, and this may have been
attributed to higher biodistribution of G-Chi in cancer cells (Kato, et al., 2005).

2.5.6. Inhibition of Microtubule Formation and Cell Cycle Arrest

Tubulin in serum albumin lends itself to binding with small hydrophobic molecules of
colchicine to make colchicine get accumulated in leukocytes (Chappey, et al., 1993;
Sabouraud, et al., 1994). Such a binding of tubulin with colchicine has been found to prevent
the formation of microtubule and inhibit the cell division (Cortes & Vidal, 2012; Katsetos &
Draber, 2012; Seligmann, et al., 2012; Stec-Martyna, et al., 2012). But still, the use of
colchicine as an antitumor agent is limited by its low accumulation level in tumor cells. The
conjugation of chitosan with colchicine has been found significant so as to get an increase in
molecular weight and sequester the colchicine molecules from the normal cells to cancer
cells. The increased accumulation of colchicine in cancer cells essentially causes the decrease
in its biodistribution in normal cells and it decreases the adverse effects (Crielaard, et al.,
2011).

Furonoallocolchicinoid chitosan has been taken as a “smart” Ringsdorf’s drug conjugate with
a potent antitumor activity (Ringsdorf, 1975). The antiproliferatory activity of
furonoallocolchicinoid chitosan against the tumor cells in Wnt-1 breast tumor bearing mice
model has been found to be linked with tubulin reorganization and the cell cycle arrest
(Svirshchevskaya, et al., 2016; Voitovich, et al., 2015). Furanoallocolchicinoid chitosan
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conjugate has been found to get more accumulated in tumor cells and it shows more
inhibitory activity (p <0.05) than chitosan towards tumor growth (Svirshchevskaya, et al.,
2016). But, the tumor growth inhibitory activity of chitosan has not been reported to comply
with this specific mechanism of tubulin reorganization and the cell cycle arrest
(Svirshchevskaya, et al., 2016).

2.5.7. Target Delivery and Controlled Release Mechanism

An increase in bioaccumulation of chitosan in tumor cells has been obtained by loading of 3-
amino-2-phenyl-4(3H)-quinazolinone on polypyrrole chitosan (PPC) — silver chloride
nanocomposite via the mechanism of sequestering of conjugate molecules from normal cells
and their sustained release to cancer cells (Salahuddin, et al., 2017a; Salahuddin, et al.,
2017b). The 1,2,4- triazoles loaded with polypyrrole chitosan nanoparticles are stabilized by
a high surface area to volume ratio (Salahuddin, Elbarbary, Salem, & Elksass, 2017; Zhang &
Webster, 2009), and the in vitro study against Ehrlich ascites carcinoma (EAC) and breast
cancer cell line (MCF-7) has shown that they exhibit higher anticancer activity than 1,2,4-
triazole (Salahuddin, Elbarbary, Salem, & Elksass, 2017). The nanoparticles loaded with
polypyrrole chitosan show biocompatibility to mammalian cells (Wong, et al., 1994) and they
lend themselves to easier target delivery in a controlled release manner (Li, et al., 2005;
Salahuddin, et al., 2017a). Polypyrrole chitosan nanoparticles can not be easily removed by
phagocytes and they undergo cellular permeation towards the target organs through the
smallest blood capillaries (Salahuddin, et al., 2017a).

The PPC nanoparticles have been found to get released in a sustained way in vitro to EAC
and MCF-7 at pH 2 following the zero-order kinetics (Salahuddin, Elbarbary, Salem, &
Elksass, 2017). The 1,2,4- triazoles have been found to be rapidly released from
nanoparticulate chitosan at pH 2 owing to perpetual electrostatic repulsion between NH,* and
NH3* groups developed in ring chitosan (Shivashankar, et al., 2013). The decrease in
percentage release of triazoles at basic medium (pH 7.4) has been attributed to strengthening
of hydrogen bond between N-H fraction in chitosan and S-H in triazole (Salahuddin,
Elbarbary, Salem, & Elksass, 2017).

2.6. Chitosan and Chitosan Derivatives on Anticancer Clinical Study and
Trial

After two months of holmium-166 percutaneous (166Ho)/chitosan complex injection (PHI)

therapy, 77.5% of patients with HCC lesions less than 3 cm in size and 91.7% of patients
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with HCC lesions less than 2 cm size had complete tumor necrosis, according to the phase 11b
clinical research. The survival rates were 87.2% for 1 year, 71.8% for 2 years, and 65.3% for
3 years, with cumulative local recurrences and transitory bone marrow depression interfering.
As a result, PHI was demonstrated to be a safe and unique for the treatment of minor HCC
that might be employed as a bridge to transplantation, and the need for a phase IlI
randomized active control trial in a larger study population was emphasized (Kim, et al.,
2006).

The drug, device and implant interventions of chitosan and its derivatives being made under
the clinical trials are as (i) Chitosan against the prostate cancer, title: Study of Chitosan for
Pharmacologic Manipulation of AGE ( Advanced Glycation End products) Levels in Prostate
Cancer Patients (Medical University of South Carolina, 2018); (ii) Chitosan, morphine,
placebo, ketamine against the cancer pain, title: Comparison of Oral Morphine Versus Nasal
Ketamine Spray With Chitosan in Cancer Pain Outpatients (University Hospital, Basel,
Switzerland , 2015), (iii) Axillary dessecttion of breast cancer device adhesive barrier, title:
Anti-adhesive Effect and Safety of a Mixed Solid of Poloxamer, Gelatin and Chitosan
(Medichlore®) After Axillary Dissection for Breast Cancer (Seok Won Kim, Samsung
Medical Center, 2016), (iv) Glycated chitosan (1%) and the photochemical laser device
against the breast cancer stage I11A, 11IB and IV, title: Randomized Clinical Trial Evaluating
the Use of the Laser-assisted Immunotherapy (LIT/inCVAX) in Advanced Breast Cancer
(Eske Corporation S.A.C., 2017) and (v) Implant: bilaminar chitosan scaffold against
cerebrospinal fluid (csf) leakage, title: Chitosan Scaffold for Sellar Floor Repair in
Endoscopic Endonasal Transsphenoidal Surgery (lvan Segura Duran, University of
Guadalajara, 2017).
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CHAPTER 3

3. MATERIALS AND METHODS
3.1. Materials

Crab shells as fishery wastages were collected from the local market of Kathmandu, Nepal.
Glacial acetic acid (Merck 99-100 %), hydrochloric acid (Merck 99 %), sodium hydroxide
(Merck, 99%), sodium acetate (Merck), and ethanol (Sigma-Aldrich, 99.80 %). Chitosan
oligosaccharide, (C12H24N209) n (87% DDA, Mw < 3000 Da) Sisco Research Laboratories
Pvt. Ltd., Maharashtra, India), salicylaldehyde, pyridine-2-carboxaldehyde, 2-acetyl pyridine,
isatin, 5-chloroisatin, imidazole-2-carboxaldehyde, thiophene-2-carboxaldehyde and 2- acetyl
phenol (Sigma-Aldrich), carbon disulphide (s d fine-chem limited), copper(ll) chloride
(Merck), hydrazine monohydrate (Thermo Fisher Scientific), sodium chloroacetate (Thermo
Fisher Scientific), acetone (Thermo Fisher Scientific), ethanol, methanol, ammonium
hydroxide, and all other chemical reagents were of analytical grade and used without further

purification.

3.2. Measurements

The FT-IR spectra in powdered state were measured in the 4000-400 cm™ regions with ATR-
GeXPm experimentation with BRUKER 1 003 3610 FT-IR spectrophotometer. Solid state
13C-NMR spectrum was measured in BRUKER AC-800 Delta 2 NMR spectrometer with
cross polarization at a field strength 9.389766[T] (400[MHZz]), scans 276 and contact time of
3.5 mins. Powder X Ray Diffraction (PXRD) measurements were performed at scanning
scope of 20 at 0 to 60 degrees with an exposure time of 400 S using a D8 advance BRUKER
diffractometer with Cu target (A= 0.1541 nm) at 40 KV. The eclemental analysis was
performed with a Thermo Finnigan FLASH EA 112CHNS microanalyzer with carrier gas He
(140 ml/min) using CHNS/ NCS column PQS SS 2M 6X5 mm in oven at 75 °C. The
TG/DTA was taken to reveal the thermal events, stability and degradation behaviour with
DTA/TG Al crucible at the rate of temperature rise by 10 °C per minute. The effective
magnetic moment ess Of the complexes were measured by magnetic susceptibility balance
(Sherwood Scientific, Cambridge, UK) at X1 range setting using a weighing tube of 0.8233 g
with the powdered sample compactly filled in it up to height (L) of 1.5 cm. EPR spectra were
taken at 9.8577-9.8630 GHz (X band frequency), Bruker biospin corp. (EMX series) Model:
A 200-9.5/12B/S, 2000 Gs scan range, 3000 Gs field set.

35



kA

The Debye- Scherer formula:D = Bos o

was used to find the particle size (D) from PXRD

curves where ‘k’ is shape factor (0.9), ‘A’ is wavelength of X-ray (0.1541 nm), ‘B’ is full
width at half maxima (FWHM)) (0.043 radian observed upon Gaussian peak fit after the
baseline correction) and ‘0’ is the Bragg angle (Dehaghi, et al., 2014; Kucukgulmez, et al.,

2011). The crystallinity index was determined with the formula: crystallinity index =

Imaxlam o 100 where Imax (arbitrary unit) is the maximum intensity peak intensity and lam

@rbitrary unit) is amorphous diffraction intensity (Kumirska, et al., 2010; Lomadze et al.,

e bal.L.(R—R0)
10°%.m

2005; Zhang, et al., 2005). From the equation, £g = where m =mz —my, €pal iS

proportionality constant of unity, gram susceptibility ( #g ) was calculated. Molar

susceptibility (#m) was obtained from the equation #£m = £g.molecular weight. The

2.84 vV £m.T

Curie equation, peff=puB = N

BM was employed to find magnetic moment

(uB) (T= 298 K, Ro = -34, L= 1.5 cm) (Djord jevic, 1960; Syamal & Kale, 1975). The g

hv

values in EPR spectra were calculated from the equation:g = = 71.45 XBL (Segal, et
0

0 Bg

al., 1965), (where h/ po = 71.45, h = 6.626 x 10 34 JS, po= Bohr magneton value of 9.27 x 10 -
243IT =9.27 x 10 27 )/ mT), v is frequency and B, is magnetic field.

3.3. Crab Shells as a Source of Chitin and Chitosan

3.3.1. Isolation of Chitin from Crab Shells

The loose tissue of crab shells was washed away and the shells were dried in sun for several
days. The dry shells were pulverized and sieved into a powder of > 500 nm grain diameter
size. Crab shell powder was demineralized by stirring with 4% HCI in the ratio of 1:14 (w/v)
at room temperature for 36 hours. The squashy suspension was rinsed with deionized water to
remove acid and calcium chloride. The demineralized powder was properly dried in sun, left
overnight at 40 °C and was deproteinized with 5% NaOH solution in the ratio of 1:12(w/v) at
90 °C for 24 hours. The deproteinized powder- chitin was washed to neutrality with water,
properly dried in sun and left overnight at 40 °C (Rodde, et al., 2008).

3.3.2. Deacetylation of Chitin: Preparation of Chitosan

Crab shell chitin with 45% NaOH solution in the ratio of 1:10 (w/v) was stirred at 90 °C in
nitrogen atmosphere for 2 hours. The product was cooled to room temperature and washed to
neutrality with distilled water by augmentation with pH meter at pH 7. Chitosan thus
obtained was properly dried in sun for a few days and left overnight at 40 °C (Dutta, et al.,
2004; Yuan, et al., 2011).
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3.4. Determination of Physicochemical Properties of Chitosan

3.4.1. Determination of Moisture Content
Moisture content was gravimetrically determined. Crucible was heated at 105 °C for 15 min,
cooled down in desiccator for half an hour and weighed. This process was repeated until
getting the constant weight of crucible (m). This process was repeatedly carried out with
chitosan in weighed crucible until the constant weight (m2) from initial weight of crucible
with chitosan (m1) (Black (Ed.), 1965).

my

Hence, moisture content(w) = n;f;m x 100 %
-

3.4.2. Determination of Degree of Deacetylation (DDA)

3.4.2.1. Acid Base Titration method

Three different solutions were prepared each by dissolving 0.5 g of chitosan in 30 mL of 0.1
M HCI solution for 24 h at room temperature. Each solution with a drop of methyl orange
was titrated against 0.1 M NaOH solution as titrant and the neutral point was ensured further
by augmenting the solution with pH meter at pH 7 (Jiang, 2001).

Amine percent was calculated with the equation:

NH, % = (C1V1—C2V3)%0.016 X100
G (100—w)

where C1 = concentration of HCI solution, V1 = volume of chitosan solution in HCI (titre), C»
= concentration of NaOH solution (titrant), V2 = concurrent burette reading, G = weight of
chitosan dissolved and W = moisture content (in percentage).

Then DDA was calculated with the equation:

NH»% x100%
9.94%

DDA =

3.4.2.2. Potentiometric Titration Method

Dried chitosan, 0.2 g was dissolved in 20 mL of 0.1 M HCI solution and 25 mL of distilled
water. After stirring for 2 hours, next portion of 25 mL of distilled water was added and
stirring was continued at room temperature for 24 hours. Chitosan solution as titre connected

to potentiometer was titrated against 0.1 M NaOH solution from burette. DDA (%) was

2.03. (V,—-Vy)
m+0.0042 (VZ_Vl)

calculated with the equation: DDA(%) = where V1 and V. are volumes

corresponding to the first and second inflexion points in the titration respectively, m = weight
of chitosan (g), 2.03 is coefficient resulting from molecular weight of chitin monomer,

0.0042 is coefficient resulting from the difference between molecular weights of chitin and
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chitosan monomer units (Czechowska-Biskup, et al., 2004; Tolimate, et al., 2000; Wojtasz-
Pajak, et al., 1998).

3.4.2.3. FT-IR Spectroscopic Method

The DDA of crab shell chitosan was determined with FT-IR spectroscopic method using the

equation: DDA =100 — (ilﬂ) 100 /1.33 where Aigss cm™ and Assss cm™ are absolute

3364

heights of N-H stretch of amide (Ann) and hydroxyl absorption bands (Aon) respectively
(Struszczyk, 1987). The absolute absorption heights were measured after adoption of

baselines corresponding to the amide and hydroxy!l absorption peaks (figure 13).

0.86) 3364.22
0.88 ANH/AOH =0.44

1658.02

Absorbance

1-9800 3500 3000 7500 2000 500
wavenumber/ cm’

Figure 13: A portion of FTIR spectrum of chitosan with the adopted base lines for absolute heights

measurement for determination of DDA.
3.4.3. Determination of Ash Content
Crucible was heated at 550 °C for half an hour, cooled down to room temperature in
desiccator for half an hour and weighed. This process of triplication work was repeated until
a constant weight of crucible (m) was obtained. Weight of crucible with chitosan (m1) was
taken and it was heated at 550 °C for 3 hours, cooled down to room temperature in desiccator
for half an hour and weighed. This process was also repeated until a constant weight of
crucible with chitosan ash (m2) was obtained.
Ash content was calculated with the equation (Jiang, 2001)

(m, —m) X 100%
(m; —m)

Ash content(%) =

3.4.4. Determination of Molecular Weight (Mw)
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Molecular Weight (Mw) of chitosan was determined with the help of intrinsic viscosity
measurement of its solution in acetic acid and in a mixture of acetic acid with acidic buffer
solution using Ostwald’s viscometer. So, it was obtained as viscosity average molecular
weight.

Chitosan, 1 g was left to be dissolved overnight in 100 mL of 1% acetic acid solution. A
mixture of 8 mL of 0.3 M acetic acid and 12 mL of 0.2 M sodium acetate solution to get a
buffer of pH 4.74 at 298 K was prepared in accordance with Henderson’s equation. Test
solutions (a, b, ¢ and d) were prepared by mixing chitosan solution (in 1% acetic acid) and

buffer solution (pH 4.74) in the ratio as shown in table 1.

Table 1: Preparation of test solutions for viscosity average M, measurement

Test Volume of chitosan solution in 1% | Volume  of  buffer | Molar concentration (C) in
solutions acetic acid (mL) solution (mL) gmL?

a 20 0 0.01

b. 15 5 0.0075

C. 10 10 0.0050

d. 5 15 0.0025

Mean time (t2 in S) for the flow of same volume of each test solution was taken with the help
of Ostwald’s viscometer. Mean time (t1 in S) taken for the flow of same volume of water was
also recorded. For each test solution, specific viscosity (nsp) and intrinsic viscosity (n) were
calculated. Viscosity Average Molecular Weight (taken as Mw) of chitosan was determined
with Mark-Houwink equation (Terbojevidh & Cosani, 1997).

3.5. Synthesis of Chitosan Thiosemicarbazones

3.5.1. Functionalization of chitosan as Chitosan Thiosemicarbazide

The one pot synthetic approach was employed for functionalization of chitosan as chitosan
thiosemicarbazide via the formation of ammonium dithiocarbamate chitosan and sodium
carbethoxydithiocarbamate chitosan with minor modifications in the reported procedure
(Muzzarelli, et al., 1982). A mixture of chitosan and ammonium hydroxide in the ratio of 4:5
by their weight in ethanol was stirred for an hour at laboratory temperature. Carbon
disulphide (1 mL) was slowly dropped into the mixture and it was stirred for two and half
hours to get ammonium dithiocarbamate chitosan. Addition of 1.437 g of sodium
chloroacetate in ammonium dithiocarbamate chitosan followed by stirring at room
temperature for an hour formed sodium carbethoxydithiocarbamate chitosan. Next, 1.5 mL of
hydrazine monohydrate was slowly added and the mixture was stirred further at room

temperature for two and half hours. The resulting mixture was filtered through G4 sintered
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crucible, residue was completely washed with ethanol to dryness and left overnight at 40 °C
to get a light brown powder of the key intermediate, chitosan thiosemicarbazide (Muzzarelli,
etal., 1982).

3.5.2. Preparation of Chitosan Thiosemicarbazones

An equimolar mixture of chitosan thiosemicarbazide and carboxaldehyde in 10 mL of
methanol with 2 drops of acetic acid as catalyst was refluxed at 65 °C for 12 h, the mixture
was cooled to room temperature and filtered through G4 sintered crucible. It was properly
washed with methanol and the residue was dried overnight at 40 °C to get the respective
chitosan thiosemicarbazone analogues. Synthesis of thiosemicarbazone involves
condensation of thiosemicarbazide with carboxaldehyde. The one pot synthesis of the
intermediate chitosan thiosemicarbazide in overall involves (i) reaction of ammonia
monohydrate with chitosan to cause protonation of amino group in chitosan, (ii) reaction with
carbon disulphide to form ammonium dithiocarbamate chitosan, and (iii) further reaction of
sodium chloroacetate to form sodium carbethoxydithiocarbamate chitosan. The synthetic
route involves no step-wise separation and refinement of the intermediates. There is partial
functionalization of chitosan as chitosan thiosemicarbazide and hence there is partial
incorporation of thiosemicarbazone moiety in C-2 position of constituent chitosan. The free
amino groups in non-functionalized chitosan react with carboxaldehyde to introduce the
partial Schiff’s base character in the product molecules (Zhong, et al., 2010). The overall
scheme of synthesis of the compound through the intermediate formation of chitosan
thiosemicarbazide is shown in figure 14.

Degree of substitution (DS) was determined with the relevant modification in the method
given in literature (Inukai, et al., 1998; Melo, et al., 2002; Pires, et al., 2013; Qin, et al.,

2012) according to Degree of substitution (DS) was calculated from the equation DS =

Mcs X %(S)
3200—Mtsc X %(S)

(87% DDA) of 173 for high molecular weight crab shell chitosan (71% DDA), %(S) is
percentage of sulphur in chitosan functionalized thiosemicarbazone and Mtsc is unit weight

where Mcs is monomeric chitosan weight of 166 for chitosan oligosaccharide

of thiosemicarbazone incorporated into chitosan.
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3.6. Synthesis of Copper(ll) chitosan thiosemicarbazones

An equimolar mixture of chitosan functionalized thiosemicarbazone and copper(Il) chloride
was dissolved in 1% acetic acid solution at pH 6 maintained by the addition of 5% sodium
hydroxide solution little at a time. Then, upon stirring for 3 h at 60 °C, the resulting mixture

was filtered and the solid mass of the complex separated as residue was desiccated.

oH OH
0 0
o
0
HO NH m [HO NH,

H3C/KO NH; *H,0

CS, CICH,COONa
*H,0

= %T
/K I
H,C 0 s NHNH, |C
- (L~
RCHO ?]'D
o (111)

T@C%&i%\ | .

VD) (VD) N
(VII)

Q

(I) Salicylaldehyde (II) Pyridine 2-carboxaldehyde (III) 2-Acetyl pyridine (IV) Isatin
(V) 5-Chloroisatin (VI) Imidazole 2-carboxaldehyde (VII) Thiophene 2-carboxaldehyde
(VIII) 2-Acetyl phenol

S NHN=——= CHR

Figure 14: Synthetic route of chitosan thiosemicarbazones

3.7. Estimation of Chlorine in the Complexes

Copper(ll) chitosan thiosemicarbazone complex, 0.025 g was weighed out and spread on a
layer of anhydrous sodium carbonate in a nickel crucible. The complex was completely
covered by a subsequent layer of anhydrous sodium carbonate, muffled at 900 °C for an hour,
and cooled down. Nitric acid solution, 2 N, was added in little instalments until there was no
effervescence. The mixture was left overnight and the completion of reaction was confirmed
by ceasing of effervescence on further addition of a little amount of 2N nitric acid solution.

Chlorine in the complex was then potentiometrically determined upon the argentometric
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titration with 0.02 N silver nitrate solution (Hg/Hg*, sat. KCI | Ag*/Ag) with a salt bridge of
agar agar and nitric acid solution (1:5) (Tiwari, et al., 2016).
The titrant volume at the end point was corrected through the blank potentiometric titration

with water following the same procedure.
End point of titration = Volume of 0.02 M AgNOs solution (titrant) = X mL (say)

1000 mL of 1 N AgNOs solution contain 35.5 g of Cl"ions.

X mL of 0.02 N AgNOs solution contain 35.5 x 0.02 1(% g of Cl ions.

=Y g of Cl ions (say).

Weight of complex =0.025 g

V 35.50.02 100

Chlorine percentage = —
1000  0.025

where V is end point of titration.

3.8. Cells Culturing and Colorimetric MTT Assays

The incomplete Roswell Park Memorial Institute (RPMI) media with glutamine, 25 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 10% Fetal Bovine Serum (FBS)
and 1.2% antibiotic solution of penicillin and streptomycin were mixed for 24 h with 5%
carbon dioxide to get the complete RPMI media. The cellular debris was removed by
washing with phosphate buffer solution (PBS). The cells were counted, and every well of the
96 well plate was distributed with ~10° cells. The suspensions of the test samples in 10 mL of
DMSO obtained after 72 h stirring were filtered to get the test solutions as filtrate. The
concentration of the test solution was obtained by gravimetric calculation. The test solution
and 0.5 mg/mL solution of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were added in each well, incubated at 37 °C for 4 h until the visible appearance of the
purple formazan crystals under the microscope. Upon the removal of MTT and dissolution of
formazan crystals in DMSO followed by trituration and incubation for 2 h at 37 °C, the cells
were lysed and the purple crystals were well dissolved to get the absorbance measured at 551
nm. The blank and positive control for the study were the media only and the untreated cells

Sample abs - Blank abs

Control abs - Blank abs X 100 was used to find

respectively. The equation: % viable cells =

the cell viability percentage. The concentration analogous to half the maximum absorbance

was taken as half inhibitory concentration (ICso) (Kumar, et al., 2018) and the inhibition ratio

Control abs—Sample abs

(IR) was determined as IR % =

X 100% (Shahneh, et al., 2013;

Control abs

Zheng, et al., 2006).
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CHAPTER 4

4. RESULTS AND DISCUSSION

4.1. Chitosan

4.1.1. Physicochemical Parameters

The physicochemical parameters of chitosan oligosaccharide (CS) and crab shell chitosan
(CCS) are summarized in table 2. Chitosan oligosaccharide (CS) was commercially available
as a low My, (<3000 Da) yellow solid with 87% DDA, whereas crab shell chitosan (CCS) was
synthesized as a high My off- white solid by alkaline deacetylation of chitin extracted from
crab shells. CS was soluble in water, but CCS showed 1% solubility in 1% aqueous acetic
acid (w/v) solution upon an extensive stirring for 48 h.

Crab shell chitosan was found to have 71% DDA in average (66.92% from FT-IR
spectroscopic method, 70.02 % from acid-base titration and 76.10% from potentiometric
titration method) and viscosity average My of 350 k Da. The chitosan yield was 31.4%, close
to the reported chitosan yield of 32.2% from crab shell wastes upon 2 h deacetylation with
40% sodium hydroxide solution in a solid/solvent ratio of 1:10 (w/v) (Yen, et al., 2009), but
higher than crab chitosan yield of 16.7% reported upon 30 min deacetylation with 45%
sodium hydroxide solution in a solid/solvent ratio of 1:10 (w/v) (No, et al., 2003).

The moisture content of 7.40% in crab shell chitosan was in agreement with the moisture
content of less than 10% in commercial chitosan, attributed to hygroscopicity upon the
storage (Khan, et al., 2002; Li, et al., 1992). The ash content of 1% in crab shell chitosan
showed reasonably an effective loss of calcium carbonate, as the ash content below 1% has
been reported to be an indicator of high effectiveness of demineralization (No & Meyers,
2000). Ash content is an important parameter that affects the solubility and viscosity, and ash

content of 1.18% has been found in commercial chitosan (Wang & Kinsella, 1976).

The FT-IR spectroscopy in the mid spectral region of 4000-400 cm™ provides a convenient
technique for a qualitative structural elucidation and determination of DDA in chitosan
(Brugnerottoa, et al., 2001; Kasaai, 2011; Majtan, et al., 2007; Pearson, et al., 1960). The
overall FT-IR spectrum of chitosan resembles the spectrum of cellulose with additional
characteristic bands attributed to acetamido and amino group vibrations (Brummer & Culi,
2006). The physicochemical and biological properties of chitosan like crystallinity,
hydrophobicity, degradation, and cell response are greatly dependent on DDA (Rinaudo,

2006), that in turn, can be determined by the methods of titrimetric and spectroscopic analysis
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(Brugnerottoa, et al., 2001; Heux, et al., 2000; Kasaai, 2011; Peniche, et al., 2008). Acid-
base and potentiometric titration are easy to work out methods, but they are limited by
solubility of the sample. So, the FT-IR spectroscopic method which can be employed even
for insoluble sample without its loss is advantageous (Brugnerottoa, et al., 2001) though it is
also limited by the possible inaccuracy in drawing the base line and interferences due to
humidity and impurities in the sample (Kasaai, 2011).

Normally, the increase in DDA causes the decrease in My, that brings about the variations in
physicochemical and functional properties (Yen, et al., 2009). The DDA, on the other hand,
is affected by extraction conditions viz temperature, chitin/ alkali concentration, reaction
time, particle size of chitin and also the native source of chitin in nature (Guo, et al., 2002;
Li, et al., 1992; Nemtsey, et al., 2002; Oh, et al., 2001). The physicochemical properties of
crab shell chitosan show the reasonably high yield of HMWC with the standard range of

moisture and ash content.

Table 2: The physicochemical parameters of chitosan oligosaccharide (CS) and crab shell chitosan (CCS)

Chitosan Moisture | Ash DDA (%) My (k Da) Yield
content | content (%)
(%) (%)

Chitosan oligosaccharide (CS) 2-10 1.18 87 <3000 Da

Crab shell chitosan (CCS) 7.40 1.00 71 (in average) 350 k Da 31.40

4.1.2. Characterization

4.1.2.1. Fourier Transform-Infrared (FT-IR) Spectroscopy

The FT-IR spectrum of crab shell chitosan (figure 15) showed the characteristic peaks of
polysaccharide viz. a weak v(aliphatic C-H) symmetric stretch at 2923 cm™ and v(aliphatic C-
H) asymmetric stretch at 2873 cm™. The presence of residual N-acetyl groups is confirmed
by a sharp characteristic v(C=0 amide ) stretch at 1646 cm™ and the stretching vibration of
v(C-N) type Il amide band at 1313 cm™ (Fernandes Queiroz, et al., 2015). Some
characteristic peaks are the weak v(N-H amide Il) angular bending deformation vibration at
1557 cm™, the v(CH2) bending at 1423 cm™ and a broad peak attributed to symmetrical
deformation vibration of C-H bonds of methyl group at 1377 cm™. The weaker peak at 1146
cm? indicates the asymmetric stretching vibration of C-O-C bridge. Both the medium

absorption band at 1064 cm™ and the sharp band at 1027 cm™ correspond to C-O stretching
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(Fernandes Queiroz, et al., 2015). The band at 892 cm™ corresponds to C-O-C symmetric
skeletal stretching vibration of chitosan (Fernandes Queiroz, et al., 2015; Pawlak & Mucha,
2003). A broad band in the region 3286-3364 cm™ was attributed to v(O-H) stretch at 3364
cm, v(N-H) stretch at 3286 cm™ and intramolecular hydrogen bonds (Fernandes Queiroz, et

al., 2015; Rampino, et al., 2013). The selected FT-IR bands (cm™) of the synthesized
chitosan are presented in table 3.

Table 3: The selected FT-IR bands (cm?) of the synthesized chitosan (CCS)

Bands Vibrational frequency (cm)
v(O-H) & v(N-H) stretch 3286-3364 (broad band)
v(C-H, aliphatic) symmetric stretch 2923
v(C-H, aliphatic) asymmetric stretch 2873
v(C=0 amide I) stretch 1646
v(N-H amide Il) angular bend deformation 1557
v(CHy) bend 1423
v(C-H) of methyl group, symmetrical deformation 1377
v(C-N) type 11l amide stretch 1313
v(C-0O-C) bridge, asymmetric stretch 1146
v(C-0) stretch 1027 & 1064
v(C-0-C) symmetric skeletal stretch 892
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Figure 15: FT-IR spectrum of crab shell chitosan

4.1.2.2. Solid State *C Nuclear Magnetic Resonance (**C NMR) Spectroscopy
Solid State *C NMR spectrum of crab shell chitosan (figure 16), used to characterize
chitosan structure (De Angelis, et al., 1998), showed the chemical shift (5) signals at 23.07
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ppm (methyl carbon of acetamido moiety), 57.50 ppm (C>), 60.92 ppm (Cs), 75.70 ppm (Cs,
Cs), 83.45 ppm (Cs), 104.57 ppm (C1) of pyranose ring, and 174.29 ppm (C=0, indicative of
incomplete deacetylation), in close agreement with the reported chitosan signals at 24-25
ppm (carbon atom of the methyl moieties of the acetamido groups), 57- 60 ppm (C>), 60- 63
ppm (Cs), 76-78 ppm (Cs, Cs), 84 ppm (C4), 106 ppm (C1 of pyranose ring carbons), and 178
ppm (attributed to C=0 indicative of incomplete deacetylation) (de Britto, et al., 2007; Qin,
et al., 2012). The solid state 3C NMR spectral data (5, ppm) of crab shell chitosan are
presented in table 4.
Table 4: The solid state 3C NMR spectral data (3, ppm) of crab shell chitosan (CCS)

Carbon atoms methyl carbon c2 C6 C3,C5 C4 C1 C=0
3 (ppm) 23.07 57.50 60.92 | 75.70 83.45 | 104.57 | 174.29
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Figure 16: Solid State **C NMR spectrum of crab shell chitosan
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4.1.2.3. Powder X Ray Diffraction (PXRD) Studies

Powder X ray diffractogram of crab shell chitosan (figure 17) showed two crystalline
reflection peaks at 26 = 9.5° and 19.6°, in close agreement with the reported peaks at 10° and
20° for chitosan oligosaccharide (Yen, et al., 2009). This close correlation of peak positions
with the reported values without additional crystallinities, suggests that the crab shell
chitosan crystallizes in an orthorhombic unit cell (Okuyama, et al., 1997).

The particle size of chitosan (D) as estimated with the help of Debye- Scherer formula
(Dehaghi, et al., 2014; Kucukgulmez, et al., 2011) was 13.27 nm in average. The broader
peak meant the smaller particles and more amorphous form (Kucukgulmez, et al., 2011). The
particle size of the synthesized chitosan in proximity to the reported range of 3-12 nm
(Kucukgulmez, et al., 2011) showed the aggregation of chitosan in nanocrystalline form. The
crystallinity index of crab shell chitosan was 73.53%. Crystallinity of chitosan, though
partially affected by the factors like spatial hindrance, hydrophobic force and mn-m stacking
(Lomadze, et al., 2005) has been found to be mainly dependent on DDA (Bumgardner, et al.,
2003; Di Martino, et al., 2005; Hidaka, et al., 1999; Khor & Lim, 2003). The powder X ray
diffraction data of crab shell chitosan (CCS) are presented in table 5.

Table 5: The powder X ray diffraction data of crab shell chitosan (CCS)

26 9.5°,19.6°
Particle size (D) 13.27 nm
Crystallinity Index (C.1.) 73.53%
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Figure 17: Powder X ray diffractogram of crab shell chitosan
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4.1.2.4. Elemental Microanalysis

For chitosan with 100% DDA, corresponding to the monomer structure of unit formula
weight 161.15, calculated percentages of elements are C, 52.16; H, 9.38; N, 8.69. Elemental
microanalysis of crab shell chitosan (71% DDA) with the percentages as C, 41.10; H, 6.00;
N, 6.50 is in agreement with the reported values of elemental microanalysis of chitosan with
87 % DDA as C, 40.05; H, 6.41; N, 7.29 (Qin, et al., 2012). The values of calculated C/N
ratio of chitosan with 100% deacetylation, crab shell chitosan (71% DDA and Mw 350 k Da)
and commercial chitosan oligosaccharide (87% DDA, average Mw <3000 Da) are 6.00:1,
6.32:1 and 5.49:1 respectively. The alkali concentration, reaction conditions and the presence
of impurities have been reported to cause the lowering of C/N ratio (Stoscheck,1990; Yen, et
al., 2009). The elemental microanalysis of chitosan samples (table 6) shows the comparative
and arbitrary variation of C/N ratio with DDA, indicating the effect of other factors such as
time of reaction, temperature, alkali concentration on deacetylation and molecular weight

distribution of chitosan.

Table 6: Elemental (CHN) microanalysis of chitosan samples: calculated (anal. found)

Samples DDA(%) C(%) H(%) N(%) C/N ratio
Chitosan 100 52.16 9.38 8.69 6.00:1
Crab shell chitosan (CCS) (71) (41.10) (6.00) (6.50) 6.32:1
Commercial chitosan (CS) (87) (40.05) (6.41) (7.29) 5.49:1

4.1.2.5. Thermal Studies

Thermogravimetric/differential thermal analysis (TG/DTA) curves of crab shell chitosan
(CCS) (figure 18) and the TG/DTA data of thermal events in CCS summarized in table 7
showed the thermal decomposition in two stages corresponding to 18.82% weight loss due to
the loss of water at 190 °C and 63.99 % weight loss due to the disruption of backbone linkage
and thermal degradation of glucosamine residue at 200 °C -1000 °C. The abrupt increase in
the rate of decomposition (with about 33% weight loss) from 200 °C to 400 °C is an
indicative of disruption of chitosan backbone chain. This behavior reasonably agrees with the
reported decomposition temperatures of crab shell chitosan at 50 °C- 100 °C and 400 °C- 500
°C (Andrade, et al., 2012; Kumari, et al., 2017) and two stages of weight loss of commercial

chitosan: viz 9 % of weight loss at 120 °C due to loss of water and 43% of weight loss at 500
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°C due to degradation of main chain of chitosan (Chethan, et al., 2013; De Britto &
Campana-Filho, 2004; Xu, et al., 2010). It showed a rapid rate of decomposition from 100 °C
to 400 °C and then a steady rate of decomposition, leaving about 17% of the sample as
residue of the unsaturated structure at 1000 °C. Such a behavior is attributed to high thermal

stability of chitosan (Qu, et al., 2000).
Table 7: TG/DTA data of thermal events in CCS

Temperature(°C) Weight loss (%) Thermal events
190 18.82 Loss of water
200-400 33.00 Disruption of chitosan backbone chain
400-1000 30.99 Degradation of backbone and glucosamine residue
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Figure 18: TG/DT curves of crab shell chitosan (CCS) showing the thermal events at different temperatures

4.2. Chitosan Thiosemicarbazones and their Copper(ll) Complexes:

Salicylaldehyde and 2-Acetyl phenol Analogues
4.2.1. Physical Characteristics

Physical characteristics of salicylaldehyde and 2-acetyl phenol thiosemicarbazones and their
copper(Il) complexes summarized in table 8 & 9 respectively show that they are thermally
stable crystalline solid with melting point above 300 °C. They were partially soluble in 1%
aqueous acetic acid and more solubility was observed in commercial chitosan analogues
having more DDA. They were obtained in substantial yield viz. 32-46% ligands and 66-72%
complexes. Commercial chitosan analogues were extractable with about 40% solubility in

water.
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Table 8: Physical characteristics of salicylaldehyde chitosan thiosemicarbazones and their copper(l1)

complexes

Compounds Unit formula Unit Color m.pt. Yield (%)

formula °C)

weight
CSSTSC Ci4 Hi17 N3OsS 339 Yellowish >300 38
CCSSTSC Cis4 Hi17 N3OsS 339 Yellowish white >300 32
Cu-CSSTSC Ci14 H17 N3OsSCuCl 438 Greenish yellow >300 70
Cu-CCSSTSC Ci4 Hi7 N3OsSCuCl 438 Greenish yellow >300 67

Table 9: Physical characteristics of 2-acetyl phenol chitosan thiosemicarbazones and their copper(ll) complexes

Compounds Unit formula Unit formula | Color m.pt. Yield
weight (°C) (%)
CSAPTSC Ci5 Hig N3OsS 353 Yellow >300 46
CCS AP TSC C15 Hig N3OsS 353 Yellowish white >300 39
Cu-CS AP TSC C15 Hig9 N3OsSCuCl 452 Yellowish green >300 72
Cu-CCS AP TSC C15 H19N305SCuCl 452 Yellowish green >300 66

4.2.2. Characterization
4.2.2.1. Fourier Transform- Infrared (FT-IR) Spectroscopy

The FT-IR spectra of salicylaldenyde and 2-acetyl phenol chitosan thiosemicarbazones
(figure 19, 21, 23 & 25) showed a broad translocation due to v(O-H) and v(N-H) merged at a
range of 3100-3300 cm™ (Qin, et al., 2012; Zhong, et al., 2011). Disappearance of v(C=0) of
amide | at 1645 cm™ (Qin, et al., 2012) and the appearance of new band in the range of 1611-
1625 cm™ in the ligands were indicatives of the involvement of C=0 group in imine (-C=N-)
bond formation (Qin, et al., 2012). Partial involvement of NH: group in the formation of
thiosemicarbazones was shown by v(NH2) at 1555-1567 cm™ (Yadav & Shivakumar, 2012)
and v(C=S) in two separate ranges of 841-1078 cm™ (Tiwari, et al., 2016; Yamaguchi, et al.,
1958) and 1360-1380 cm™ (Aneesrahman, et. al., 2019; Joseph, et al., 2006). The existence
of thiosemicarbazones in thione form was shown by the absence of v(C-SH) band at 2500-
2600 cm™ (Bharti, et al., 2003). The absorption bands at 660-1100 cm™ were attributed to
v(phenyl) from carboxaldehyde (Qin, et al., 2012) and the bands at 1438-1489 cm™ were

corresponding to characteristic stretch v (CH) of methylene to methyl groups (Kumari, et al.,
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2016; Kumirska, et al., 2010) in the ligands. There was weakening of residual peak due to
acetamido moiety of chitin at 1550-1558 cm™ (Zhong, et al., 2010).

In the FT-IR spectra of copper(ll) complexes (figure 20,22, 24 & 26), the absorption peaks
due to v (OH) and v (NH) were shifted to lower wave lengths at 3000-3200 cm™ (Qin, et
al., 2012; Zhong, et al., 2011) indicating the involvement of oxygen in coordination. The
absence, or else the highly diminished intramolecular hydrogen band v (OH) at 3284 cm™ in
the complexes indicated the deprotonation of phenolic-OH group (Sarker, et al., 2019). The v
(phenolic C-0) vibration in the ligands at 1241-1275 cm™ (Ismail, et al., 2014) was lowered
to 1196-1260 cm™ indicating the involvement of OH group in complex formation. Lowering
of v (C=N) from 1611-1625 cm™ (Qin, et al., 2012) in ligand to 1602-1616 cm™ in
complexes showed the involvement of C=N group in complex formation. The negative
shifting of peaks due to v (C=S) to 829-1037 cm™ (Wiles, et al., 1967) and 1320-1354 cm*
(Joseph, et al., 2006) in the corresponding complexes showed the coordination of sulphur
with metal ion. The overall impression of IR data (table 10) indicated the partial grafting of
thiosemicarbazone group into chitosan, and bonding of metal ion with thiosemicarbazones
through phenolic oxygen, imino nitrogen and thione sulphur. This phenomenon accorded
with the completion of the coordination sphere of copper(ll) ion by mono-deprotonated
O,N,S tridentate salicylaldehyde thiosemicarbazone ligand and a chloride ion (Carcelli, et al.,
2020).

Table 10: The selected FT-IR bands (cm™) of chitosan thiosemicarbazones and their complexes:

salicylaldehyde and 2-acetyl phenol analogues

Compounds v (C=N) v (C=S) v (NHz) | v (phenolic C-O)
CSSTSC 1625 1055, 1374 1567 1268
Cu-CSSTSC 1616 1030, 1324 1536 1260
CCSSTSC 1618 894, 1380 1556 1275
Cu-CCSSTSC 1611 860, 1320 1533 1196
CSAPTSC 1612 1078, 1361 1558 1251
Cu-CSAPTSC 1602 1037, 1353 1563 1232
CCSAPTSC 1611 841, 1360 1555 1241
Cu- CCSAPTSC 1604 829, 1354 1557 1235
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Figure 22: FT-IR spectrum of Cu-CCSSTSC
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4.2.2.2. Solid State *C Nuclear Magnetic Resonance (**C NMR) Spectroscopy

Solid state 3C NMR spectra of chitosan thiosemicarbazones (figure 27, 28, 29 & 30) have
been used to elucidate the chitosan ring structure (De Angelis, et al., 1998). The weakening

of C2 of chitosan signal at 6=57 ppm or the appearance of C2 signals in its neighbourhood
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and the simultaneous appearance of -N=CH signal at 6= 167.40 -173.934 ppm showed the
amino group substitution at C2 viz. the partial incorporation of C2 towards the imine bond
formation (Qin, et al., 2012; Wang, et al., 2016). The partial deacetylation was shown by
C=0 signals (Wang, et al., 2016) at a range of 6= 172.92-200.941ppm. The characteristic
peaks corresponding to ring chitosan in these chitosan thiosemicarbazones were evident from
CHj3 (22.81-24.62-ppm), C6(61.04-64.956 ppm), C3, C5(73.39-79.731 ppm), C4(83.28-84.44
ppm), and C1(102.01-104.358 ppm) (Qin, et al., 2012; Wang, et al., 2016); and the phenyl
carbon signals at 6= 130-160 ppm in CSSTSC, 119-164 ppm in CCSSTSC, 119-162 ppm in
CSAPTSC, and 119-162 ppm in CCSAPTSC (Qin, et al., 2012). The broadening of peak at a
range of 172.92-200.941 ppm was indicative of the superimposition of C=S and C=0 signals
(Qin, et al., 2012). These results were in agreement with the formation of thiosemicarbazone
via the partial introduction of thiosemicarbazone moiety to C2 position of the ring chitosan.
The solid state 3C NMR spectral data (8, ppm) of salicylaldehyde and 2-acetyl phenol

analogues of chitosan thiosemicarbazones are presented in table 11.

Table 11: The solid state **C NMR spectral data (5, ppm) of chitosan thiosemicarbazones: salicylaldehyde and

2-acetyl phenol analogues

Compounds Methyl C6 C3, C4 C1 -N=CH Phenyl C=S & Cc=0
carbon C5 carbons superimposition

CSSTSC 24.62 62.14 75.81 84.44 104.36 173.23 130-160 178.96

CCSSTSC 22.99 64.95 73.50 83.51 104.27 173.93 119-164 200.94

CSAPTSC 23.50 62.08 75.15 83.33 102.01 168.43 119-162 176.25

CCSAPTSC 22.81 61.04 73.39 83.28 104.07 167.40 119-162 172.92
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4.2.2.3. Powder X Ray Diffraction (PXRD) Studies

The X Ray diffractograms of chitosan thiosemicarbazones (figure 31, 32, 33 & 34) with the
distinct reflection peaks at 20 = 15.39-25.30° in CSSTSC, 26 = 11.39-26.91° in CCSSTSC,
20 = 8.40°-29. 98° in CSAPTSC, and 20 = 9.2-29.40° in CCSAPTSC showed the formation
of new crystallinity phases due to formation of thiosemicarbazones (Hanumantharao, et al.,
2012; Santhakumari, et al., 2010). The incorporation of thiosemicarbazone group in chitosan
without destruction of the original crystallinity of chitosan was justifiable from shifting of
peaks to neighbourhood of chitosan peaks at 10° and 20° (Qin, et al., 2012; Ramya, et al.,
2012) and the change in crystallinity pattern with the appearance of several other peaks (Qin,
et al., 2012). The formation of imine group and cleavage of intra-molecular hydrogen bond of
chitosan have been reported to bring about the appearance of the new crystalline peaks (Jiao,
etal.,, 2011).
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Figure 31: X ray diffractogram of CSSTSC

300000 ~
250000 i

200000 4

150000

intensty (au.)

100000

16.27 2278
Lol e TN N il

0 -

 CC8STSC
10 20 30
20

Figure 32: X ray diffractogram of CCSSTSC
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Figure 34: X ray diffractogram of CCSAPTSC

The X ray diffractograms of copper(Il) chitosan thiosemicarbazone complexes (figure 35, 36,
37 & 38) showed the shifting of crystallinity pattern from that of the respective ligands. New
peaks at 20 = 12.57°,19.98° and 25.07°in Cu-CSSTSC, 26 = 13.92°,18.89° and 25.36° in Cu-
CCSSTSC, 26 = 14.26°,19.98° and 24.14° in Cu-CSAPTSC, 26 = 12.96°,19.82°,29.00° and
40.22° in Cu-CCSAPTSC were attributed to the formation of new crystalline phases,
chelation of metal ion with different groups of thiosemicarbazone ligand and the destruction
of existing crystallinity (Antony, et al., 2012; Dehaghi, et al., 2014; Mekahlia, et al., 2009;
Qin, et al., 2012; Wang, et al., 2005). The destruction of hydrogen bonds in chitosan owing

to chelation of metal ions with amino or hydroxy group has been reported to bring about the

60



formation of new crystallinity phases and the subsequent weakening or shifting of
crystallinity peaks of chitosan at 10.4° and 19.8° (Wang, et al., 2005).
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Figure 38: X ray diffractogram of Cu-CCSAPTSC

The particle sizes corresponding to highest intensity peaks in X ray diffraction curves from
Debye-Scherrer formula (Dehaghi, et al., 2014; Kucukgulmez, et al., 2011), and the degree
of crystallinity (Kumirska, et al., 2010; Lomadze et al., 2005; Zhang, et al., 2005) as the
crystallinity index were determined. The particle sizes of salicylaldehyde-based chitosan
thiosemicarbazones (15.53-16.57 nm) were found less than 2-acetyl phenol-based chitosan
thiosemicarbazones (22.28-24.76 nm). The crystallinity index was 72.84% in CSSTSC,
71.97% in CCSSTSC, 42.96% in CSAPTSC, and 42.26% in CCSAPTSC. It showed more
crystallinity index with the decrease in particle size of the ligands. The particle sizes of
copper(Il) chitosan thiosemicarbazone complexes were found to be 9.02 nm in Cu-CSSTSC,
10.20 nm in Cu-CCSSTSC, 4.88 nm in Cu-CSAPTSC, and 6.39 nm in Cu-CCSAPTSC. The
degree of crystallinity ranged from 45.12-47.77% in salicylaldehyde complexes, and 49.47-
51.15% in 2-acetyl phenol complexes. These results showed the decrease in particle size
upon the complex formation, but the crystallinity index was not found only dependent on
particle size in complexes. The powder X ray diffraction data of chitosan thiosemicarbazones
and their copper(ll) complexes: salicylaldehyde and 2-acetyl phenol analogues are presented
in table 12. Appearance of new crystalline peaks in X ray diffractograms of the complexes
showed the shifting of crystallinity pattern from chitosan thiosemicarbazone. Chelation of
metal ion with different groups of thiosemicarbazone and the modification in existing
crystallinity was shown by overall differences in crystallinity (Jiao, et al., 2011). Further
shifting of characteristic peaks derived from chitosan showed the new molecular arrangement

in crystalline complexes.
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Table 12: The powder X ray diffraction data of chitosan thiosemicarbazones and their copper(ll) complexes:

salicylaldehyde and 2-acetyl phenol analogues

Compounds Selected functionality peaks, 26 D (nm) | C.L
Thiosemicarbazone crystallinity Chitosan complex (%)
crystallinity
CSSTSC 15.39°, 16.15°, 17.86°, 25.30° - 16.57 72.84
Cu-CSSTSC 6.5, 7.7°, 8.8° 9.63°, 17.46° 19.41° | 12.57°19.98°25.07° 9.02 47.77
23.93°
CCSSTSC 11.39°, 15.37°, 21.53°, 22.78°, 26.91° - 15.53 71.97
Cu-CCSSTSC 9.60°, 12.45°, 13.02°,16.80°, 21.86°, | 13.92°,18.89°, 25.36° 10.20 45.12
22.37°
CSAPTSC 8.40°,12.92°,22.28°,25.87°,28.47°,  29. | - 24.76 42.96
98°
Cu-CSAPTSC 18.01°, 22.01°, 23.13°, 23.60° 14.26°,19.98°, 24.14° 4.88 51.15
CCSAPTSC 9.2°, 12.8°, 19.04°, 22.48°, 25.38° | - 22.28 42.26
26.54°, 29.40°
Cu-CCSAPTSC 7.70°, 11.26°, 15.60°, 17.78° 12.96°,19.82°,29.00°, 6.39 49.47
40.22°

4.2.2.4. Elemental Microanalysis

The elemental microanalysis data of salicylaldehyde and 2-acetyl phenol analogues of
chitosan thiosemicarbazones and their copper(11) complexes are presented in table 13 and 14.
The calculated percentages of elements in the ligands CSSTSC and CCSSTSC with the
monomer structure of unit formula weight 339 were found in close agreement with
analytically found percentages of elements. The calculated percentages of elements in their
complexes with the monomer structure of unit formula weight 438 also accorded with the
analytically found percentages of elements and estimated chlorine percentages.

The calculated percentages in CSAPTSC and CCSAPTSC, corresponding to the monomer
structure of unit formula weight 353 showed close correspondence with the analytically
found percentages of elements. The calculated percentages corresponding to the monomer
structure of unit formula weight 452 of their complexes were also in correspondence to the

analytically found percentages of elements and estimated chlorine percentages.

The analytically found percentages showed the substantial ranges of DS (Inukai, et al., 1998;
Melo, et al., 2002; Pires, et al., 2013; Qin, et al., 2012), with 19.42-19.83% DS in
salicylaldehyde chitosan thiosemicarbazones and 31.68-31.74% DS in acetyl phenol chitosan
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thiosemicarbazones. The percentages were indicatives of partial substitution of amino group
in chitosan by thiosemicarbazone group and the analytically found percentages of elements in

the complexes showed the coordination behaviour of chitosan thiosemicarbazones.

The calculated percentages of elements were based on the structures with completely
deacetylated ring of chitosan. The DS values showed an agreement with decreased sulphur
percentage with some variations in percentages of other elements in the derivatives formed
by partial deacetylation of chitin, partial introduction of Schiff base group into chitosan (Qin,
et al., 2012), more functionalization of commercial oligo chitosan than high molecular weight
crab shell chitosan. The non-functionalized chitosan also forms the complex in a parallel
reaction, and this is justified by higher percentage of estimated chlorine than calculated
chlorine percentage.

Table 13: Elemental (CHNS) microanalysis of chitosan thiosemicarbazones: salicylaldehyde and 2-acetyl

phenol analogues: calculated (found)

Compounds C(%) H(%) N(%) S(%) DS(%)
CSSTSC 49.55(55.10) 5.01(5.201) 12.38(10.00) 9.43(3.150) 19.83
CCSSTSC 49.55(54.216) 5.01(5.135) 12.38(10.823) 9.43(3.021) 19.42
CSAPTSC 51.28(53.10) 5.41(5.87) 11.96(8.98) 9.11(4.47) 31.68
CCSAPTSC 51.28(52.01) 5.41(5.74) 11.96(8.86) 9.11(4.38) 31.74

Table 14: Elemental (CHNS) microanalysis and chlorine estimation in copper(ll) chitosan thiosemicarbazones:

salicylaldehyde and 2-acetyl phenol analogues: calculated (found)

Compounds C(%) H(%) N(%) S(%) Cl(%)
Cu-CSSTSC 38.35(44.04) 3.88(4.019) 9.58(7.74) 7.30(2.214) 8.10(10.50)
Cu-CCSSTSC 38.35(44.50) 3.88(5.201) 9.58(10.325) 7.30(2.012) 8.10(10.50)
Cu-CSAPTSC 39.82(44.35) 4.20(5.104) 9.29(8.84) 7.07(2.351) 7.85(10.05)
Cu-CCSAPTSC 39.82(44.20) 4.20(5.09) 9.29(8.902) 7.07(2.29) 7.85(10.05)
4.2.2.5. Thermal Studies

Thermogravimetric/differential  thermal analysis (TG/DTA) curves of chitosan

thiosemicarbazones (figure 39, 40, 41 & 42) and the thermal data presented in table 15

64



showed the thermal decomposition in two stages corresponding to weight loss due to the loss
of water at 145-205 °C and weight loss due to the disruption of backbone linkage and thermal
degradation of glucosamine residue at 200-1000 °C. In particular, there was a weight loss of
6.68% at 150 °C in CSSTSC, 5.86% at 205 °C in CCSSTSC, 5.29% at 147 °C in CSAPTSC
and 5.36% at 145 °C in CCSAPTSC, and a weight loss of 79% in CSSTSC, 74% in
CCSSTSC, 88% in CSAPTSC, and 86% in CCSAPTSC at 200-1000 °C. This behavior
reasonably showed analogy with the reported temperature of loss of water in chitosan at 80-
160 °C (Kittur, et al., 2002; Qin, et al., 2012) and decomposition temperatures of chitosan at
50-100 °C and 400 — 500 °C (Andrade, et al., 2012; Kumari, et al., 2017). The two stages of
weight loss of commercial chitosan viz 9% of weight loss at 120 °C due to loss of water and
43% of weight loss at 500 °C due to degradation of main chain of chitosan (Chethan, et al.,
2013; De Britto & Campana-Filho, 2004; Xu, et al., 2010) have been reported' and in close
agreement to this, there was 4.05-4.88% weight loss due to loss of water at 120 °C and 65-
69% weight loss due to chain degradation at 500 °C in chitosan thiosemicarbazones. It
showed more degradation of chitosan thiosemicarbazones than chitosan at the moderate
heating in the range of 400 °C to 500 °C. There was a rapid rate of decomposition from 100
°C to 400 °C like in chitosan and then a steady rate of decomposition, leaving about 14-15%
salicylaldehyde-based ligands and 5-6% 2-acetyl phenol-based ligands as residue of the
unsaturated structure at 1000 °C. Such a behavior was eventually attributed to reasonably
high thermal stability of thiosemicarbazones (Qu, et al., 2000). The two DTA peaks of
chitosan thiosemicarbazones showed the correspondence to TG weight loss in two steps at
the range of 25- 200 °C and 400-700 °C.
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Figure 39: TG/DTA curves of CSSTSC showing the thermal events at different temperatures
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Figure 40: TG/DTA curves of CCSSTSC showing the thermal events at different temperatures
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Figure 41: TG/DTA curves of CSAPTSC showing the thermal events at different temperatures
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Figure 42: TG/DTA curves of CCSAPTSC showing the thermal events at different temperatures

Table 15: TG/DTA data of thermal events in chitosan thiosemicarbazones: salicylaldehyde and 2-acetyl phenol

analogues
Compounds Temperature Weight Thermal event % residue at
(°C) loss (%) 1000 °C
CSSTSC 150 6.68 Loss of water
200-1000 79 Chain  disruption and  backbone | 15
degradation
CCSSTSC 205 5.86 Loss of water
200-1000 74 Chain  disruption and  backbone | 14
degradation
CSAPTSC 147 5.29 Loss of water
200-1000 88 Chain  disruption and  backbone | 5
degradation
CCSAPTSC 145 5.36 Loss of water
200-1000 86 Chain  disruption and  backbone | 6
degradation

The TGA curves of complexes (figure 43, 44, 45 & 46) and the thermal data presented in

table 16 showed the weight loss in three steps corresponding to the steady loss of weight up

to 150- 200 °C, rapid loss of weight at 200-500 °C, and again a steady loss of weight from
500-1000 °C. In particular, there was a weight loss of 12.66% in Cu-CSSTSC, 1.08% in Cu-
CCSSTSC, 5.14% in Cu-CSAPTSC and 1.06% in Cu-CCSAPTSC at 200 °C, and a weight
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loss of about 42% in Cu-CSSTSC, 78% in Cu-CCSSTSC, 60% in Cu-CSAPTSC, and 53% in
Cu-CCSAPTSC at 200-500 °C. It showed more degradation of complexes at the moderate
heating in the lower range of temperature at 200-500 °C and then a steady rate of
decomposition, leaving about 15-35% as residue of the unsaturated structure at 700 °C. High
molecular weight chitosan complexes were stable up to 200 °C. Such a behaviour was
attributed to reasonably standard thermal stability (Kittur, et al., 2002; Qu, et al., 2000) of
complexes.
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Figure 45: TGA curve of Cu-CSAPTSC Figure 46: TGA curve of Cu-CCSAPTSC
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Table 16: TGA data of thermal events in copper(ll) chitosan thiosemicarbazones: salicylaldehyde and 2-acetyl

phenol analogues

Compounds Temperature Weight Thermal event % residue
(°C) loss % at 700 °C

Cu-CSSTSC 200 12.66 Loss of water
200-500 42 Disruption of the chain 35
500-700 10 Further degradation of the backbone

Cu-CCSSTSC 200 1.08 Loss of water
200-500 78 Disruption of the chain 15
500-700 06 Further degradation of the backbone

Cu-CSAPTSC 200 5.14 Loss of water
200-500 60 Disruption of the chain 30
500-700 05 Further degradation of the backbone

Cu-CCSAPTSC 200 1.06 Loss of water
200-500 53 Disruption of the chain 30
500-700 16 Further degradation of the backbone

4.2.2.6. Magnetic Susceptibility Measurement and Electron Paramagnetic Resonance
(EPR) Spectroscopy

Magnetic susceptibility measurement showed the effective magnetic moment (ett) values of
the complexes in the range of 1.80-1.85 BM, close to spin-only moment of 1.73 BM due to
an unpaired electron. This indicated a low spin-spin coupling between unpaired electrons of
different copper atoms (Ahmed & Lal, 2017) and some increase in the moment was attributed
to large spin orbit coupling constant of cupric ion (Djord jevic, 1960). Magnetic moment of

<1.90 BM indicated the square planar or octahedral stereochemistry of the complexes
(Figgis, 1958).

The EPR spectra of complexes (figure 47, 48, 49 & 50) were characterizable by axial g
tensors (Bennur, et al., 2001) and the non-resolution of hyperfine features due to copper (S
=1/2 and I= 3/2) was owing to intermolecular spin-spin interactions and dimeric association
of molecules (Bhadbhade & Srinivas, 1993; Suresh, et al., 1996). It meant that the absence of
hyperfine splitting was attributed to exchange broadening due to still incomplete separation
of paramagnetic centres (Farra, et al., 2011) at a low X-band frequency of 9.8 GHz (Farra, et
al., 2011). The values of magnetic moment and g values in EPR spectra are presented in table
17. The EPR spectra corresponding to an unpaired electron in d «%,? orbital of Cu(ll) centres
were in further agreement with a square planar geometry (Garribba & Micera, 2006), but the
g parallel tensors were undetectable due to absence of hyperfine splitting. The g values were
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2.07 for Cu-CSSTSC (v = 9.8623 GHz, Bo=3400 Gs = 340 mT), 2.10 for Cu-CCSSTSC (v
=9.8630 GHz, B, = 3350 Gs = 335 mT), 2.09 for Cu-CSAPTSC (v =9.8623 GHz, B, = 3359
Gs = 335.9 mT), and 2.09 for Cu-CCSAPTSC (v =9.8628 GHz, B, = 3356 Gs = 335.6 mT).
The shifting of g value from ge (2.0023) that is due to spin orbital coupling of metal orbitals
with unpaired electrons has been reported to depend upon the degree of covalency of the
complex that is determined by the unpaired electron density at the donor atoms of ligand
molecule (Ahmed & Lal, 2017). The absence of half field peak at 1500 Gauss suggesting the
absence of two copper centres in the same lacuna indicated the mononuclear structure of the

complexes (Patel & Sadasivan, 2017).

Figure 47: EPR spectrum of Cu-CSSTSC Figure 48: EPR spectrum of Cu-CCSSTSC
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Figure 49: EPR spectrum of Cu-CSAPTSC Figure 50: EPR spectrum of Cu-CCSAPTSC
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Table 17: Effective magnetic moments (Uesr) and EPR g values of copper(I1) chitosan thiosemicarbazones:

salicylaldehyde and 2-acetyl phenol analogues

Complexes Meff, B. M. EPR g value

Cu-CSSTSC 1.80 2.07
Cu-CCSSTSC 1.85 2.10
Cu-CSAPTSC 1.82 2.09
Cu-CCSAPTSC 1.84 2.09

On the basis of the aforementioned results, the copper(ll) complexes were proposed to
assume the mononuclear distorted square planar geometry (figure 51). The thione sulphur,
azomethine nitrogen, hydroxy group of salicylaldehyde or 2-acetyl phenol moiety, and one
chlorine atom were used as the donor sites in coordination with copper(ll) ion in the

S OH OH
(0]
0 0
NH
HO )\ HO NH N
n )\

complexes.

NH TH
CI—Cu<—|T CI/T h‘
o CH 5 C—cH,

(a) (b)

Figure 51: Proposed structure of complexes: (a). Cu-CSSTSC and Cu-CCSSTSC. (b). Cu-CSAPTSC and Cu-
CCSAPTSC

4.3. Chitosan Thiosemicarbazones and their Copper(ll) Complexes:

Pyridine-2-carboxaldehyde and 2-Acetyl-pyridine Analogues

4.3.1. Physical Characteristics

Physical ~ characteristics  of  pyridine-2-carboxaldehyde and  2-acetyl-pyridine
thiosemicarbazones and their copper(Il) complexes presented in table 18 & 19 respectively
revealed their good yield viz. 34-44% of ligands and 66-72% of complexes, high thermal
stability, solid crystalline behaviour with the increase in solubility in 1% aqueous acetic acid
with increase in DDA, and about 40% water-solubility of commercial chitosan analogues.
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Table 18: Physical characteristics of pyridine-2-carboxaldehyde chitosan thiosemicarbazones and their

copper(l) complexes

Compounds Unit formula Unit formula Color m.pt. Yield (%)
weight (°C)
CSPCTSC Ci3 His N4O4S 324 Yellowish >300 36
CCSPCTSC Ci3 His N4O4S 324 Yellowish >300 34
white
Cu-CSPCTSC Ci3 His N4O4SCuCl 423 Greenish >300 67
Cu-CCSPCTSC Ci3 H16N4O4SCuCl 423 Greenish >300 66

Table 19: Physical characteristics of 2-acetyl-pyridine chitosan thiosemicarbazones and their copper(Il)

complexes
Compounds Unit formula Unit formula Color m.pt. Yield (%)
weight (°C)

CS APRTSC Ci14 Hig N4O4S 338 Yellow >300 44
CCS APRTSC Cis Hig N4O4S 338 Yellowish >300 42

white
Cu-CS APR TSC Ci4 Hig N4O4S CuCl 437 Yellowish >300 72

green
Cu-CCS APRTSC Ci4 Hig N4O4S CuCl 437 Yellowish >300 68

green

4.3.2. Characterization
4.3.2.1. Fourier Transform- Infrared (FT-IR) Spectroscopy

The FT-IR spectra of pyridine-2-carboxaldehyde and 2-acetyl pyridine chitosan
thiosemicarbazones (figure 52, 54, 56 & 58) showed a merging of broad v (O-H) and v (N-H)
at a range of 3190-3260 cm™ with a broad translocation (Qin, et al., 2012; Zhong, et al.,
2011). The v (C=0) of amide I at 1645 cm™ (Qin, et al., 2012) was found to disappear and a
new band was observed in the range of 1621-1653 cm™. This was an indicative of the
involvement of C=0 group in imine (-C=N-) bond formation (Qin, et al., 2012). The
simultaneous appearance of v (NH2) at 1504-1556 cm™ (Kucukgulmez, et al., 2011) and v
(C=S) at 1020-1072 cm™* (Tiwari, et al., 2016; Yamaguchi, et al., 1958) and 1369-1376 cm™
(Aneesrahman, et. al., 2019; Joseph, et al., 2006) showed the partial involvement of NH>

group of chitosan in the formation of thiosemicarbazones. The absorption bands at 600 cm™
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(Nanbu, et al., 1999) and 620-622 cm™ were attributed to v (in plane pyridine ring
deformation) (Rapheal, et al., 2007). The partial substitution of amino group in chitosan was
shown by weakening of the v (N-H) bending peak due to primary amine and residual amide |1
of chitosan at 1566 cm™ (Zhong, et al., 2010) and its negative shifting to 1504-1556 cm™.
The peaks with some shifting at 1350-1460 cm™ and 1057-1072 cm™ were attributed to v (C-
H) and v (C-O-C) in chitosan ring respectively (Yadav, et al., 2020). The absence of v (C-
SH) band at 2500-2600 cm™ showed the more stabilisation of thiosemicarbazone moiety in
thione form (Bharti, et al., 2003).

The FT-IR spectra of complexes (figure 53, 55, 57 & 59) showed the grafting of
thiosemicarbazone moiety to copper(ll) ion. There was lowering of v (C=N) to 1604-1638
cm™ in complex showing the involvement of C=N group in complex formation. There was
shifting of v (C=S) to lower frequency of 1004-1052 cm™ (Tiwari, et al., 2016; Yamaguchi,
et al., 1958) and 1363-1367 cm™ (Aneesrahman, et. al., 2019; Joseph, et al., 2006) in the
complex showing the coordination of sulphur with metal ion. The coordination through
pyridyl ring nitrogen was shown by positive shifting of v (in plane pyridine ring deformation)
to 606-628 cm™ (Rapheal, et al., 2007). Hence, the bonding of metal ion with
thiosemicarbazone through azomethine nitrogen, pyridyl nitrogen and thione sulphur was
confirmed by the overall IR data (table 20).

Table 20: The selected FT-IR bands (cm!) of chitosan thiosemicarbazones and their complexes: pyridine-2-

carboxaldehyde and 2-acetyl-pyridine analogues

Compounds v (C=N) v (C=S) v (NH2) v (pyridine ring
deformation)
CSPCTSC 1638 1070, 1376 1539 621
Cu-CSPCTSC 1626 1052, 1366 1555 628
CCSPCTSC 1653 1036, 1374 1555 622
Cu-CCSPCTSC 1638 1023, 1366 1555 628
CSAPRTSC 1639 1072, 1369 1504 620
Cu-CSAPRTSC 1604 1035, 1363 1556 628
CCSAPRTSC 1621 1020, 1376 1544 600
Cu-CCSAPRTSC 1611 1004, 1367 1548 606
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Figure 53: FT-IR spectrum of Cu-CSPCTSC
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4.3.2.2. Solid State *C Nuclear Magnetic Resonance (*3C NMR) Spectroscopy

Chitosan ring structure and introduction of thiosemicarbazone moiety in C2 position of the
ring have been shown by solid state 3C NMR spectra of chitosan thiosemicarbazones (figure
60, 61, 62 & 63). The *C NMR spectra with reduction of C2 signal at $=55.57-57.63 ppm
(Qin, et al., 2012; Wang, et al., 2016) indicated the partial involvement of amino group at C2,
and the amino group substitution at C2 to give -N=CH was evident from 6= 150.12-169.11
ppm (Qin, et al., 2012). The simultaneous appearance of signals due to C=0 (Wang, et al.,
2016) at 6= 174.60-178.81 ppm also showed the partial deacetylation of acetamido moiety in
chitosan. Other characteristic peaks corresponding to the ring chitosan were CH3(22.72-24.35
ppm), C6(61.13-65.99 ppm), C3, C5(75.33-75.58 ppm), C4(83.26-84.12 ppm), C1(102.74-
104.46 ppm) (Qin, et al., 2012; Wang, et al., 2016). The pyridyl carbon signals at 6= 125-140
ppm in CSPCTSC, 125-140 ppm in CCSPCTSC, 119-160 ppm in CSAPRTSC and 116-160
ppm in CCSAPRTSC (Li, Ren, et al., 2013) also showed the grafting of thiosemicarbazone
with pyridyl ring. The broadening of peak at 6= 174.60-178.81 ppm was indicative of the
superimposition of C=S and C=0 signals (Qin, et al., 2012). These results showed the
formation of chitosan thiosemicarbazones with partial introduction of thiosemicarbazone
group in chitosan. The solid state 3C NMR spectral data (8, ppm) of chitosan
thiosemicarbazones: pyridine-2-carboxaldehyde and 2-acetyl-pyridine analogues are
presented in table 21.

Table 21: The solid state **C NMR spectral data (5, ppm) of chitosan thiosemicarbazones: pyridine-2-

carboxaldehyde and 2-acetyl-pyridine analogues

Compounds Methyl C6 Cs3, C4 C1 -N=CH Pyridyl C=S & C=0
carbon C5 carbons superimposition

CSPCTSC 23.90 65.99 75.33 83.88 | 103.41 153.90 125-140 174.60

CCSPCTSC 22.92 61.31 75.58 83.31 104.46 150.12 125-140 175.16

CSAPRTSC 24.35 62.02 75.33 84.12 102.74 169.11 119-160 178.81

CCSAPRTSC 22.72 61.13 75.45 83.26 104.16 164.61 116-160 174.60
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Figure 61: 1*C NMR spectrum of CCSPCTSC
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4.3.2.3. Powder X Ray Diffraction (PXRD) Studies
The X ray diffractograms of chitosan thiosemicarbazones (figure 64, 65, 66 & 67) revealed
several crystallinity peaks due to thiosemicarbazone moiety at 260 = 20.10-50.60° in
CSPCTSC, 26 = 6.28-26.48° in CCSPCTSC, 20 = 25.51-49.74° in CSAPRTSC, and 20 =
7.06- 27.00° in CCSAPRTSC (Hanumantharao, et al., 2012; Santhakumari, et al., 2010). The
appearance of new peaks showing the change in the crystallinity pattern and the shifting of
peaks at 10° and 20° due to chitosan (Qin, et al., 2012; Ramya, et al., 2012) showed the
grafting of thiosemicarbazone group in chitosan (Qin, et al., 2012) and this process of
functionalization of chitosan as chitosan thiosemicarbazone involving the imine group
formation and cleavage of intra-molecular hydrogen bond of chitosan caused the appearance
of new crystallinity peaks (Jiao, et al., 2011).
As calculated from Debye-Scherrer formula (Dehaghi, et al., 2014; Kucukgulmez, et al.,
2011), the particle sizes of ligands corresponding to highest intensity peaks in their
diffraction curves in a range of 14.98-30.75 nm and the degree of crystallinity as the
crystallinity index (Kumirska, et al., 2010; Lomadze et al., 2005; Zhang, et al., 2005) in a
range of 56.06-84.85% showed the general trend of increase in crystallinity index with
decrease in particle size.

60000

50000 506

40000

30000

255 )
20000\\,/\
<,
10000
e D"

0

Intensity (a.u.)

-10000

CSPCTSC
20 30 40 50

207

20009

Figure 64: X ray diffractogram of CSPCTSC
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The X ray diffractograms of copper(Il) chitosan thiosemicarbazone complexes (figure 68, 69,
70 & 71) showed the shifting of crystallinity pattern from the respective ligands. New peaks
at 20 = 12.92°, 21.79°, 26.68° and 29.57° in Cu-CSPCTSC, 26 =19.22° and 39.64° in Cu-
CCSPCTSC, 20 = 19.55° and 39.86° in Cu-CSAPRTSC, 26 = 20.88° and 25.51°in Cu-
CCSAPRTSC were attributed to chelation of metal ion with different groups of
thiosemicarbazone ligand resulting in the formation of a new crystalline phase (Antony, et
al., 2012; Dehaghi, et al., 2014; Mekahlia, et al., 2009; Qin, et al., 2012; Wang, et al., 2005).
The original crystallinity of chitosan corresponding to the peaks at 10.4° and 19.8° was not
destroyed, but the crystallinity peaks were weakened and shifted due to formation of a new
crystalline phase that is attributed to destruction of hydrogen bonds as a result of chelation of

metal ions with amino or hydroxy group in chitosan (Wang, et al., 2005).

From Debye-Scherer formula (Dehaghi, et al., 2014; Kucukgulmez, et al., 2011), the particle
sizes of copper(ll) chitosan thiosemicarbazone complexes corresponding to the maximum
intensity peak in their X ray diffraction curves, were found to range from 23.91-37.70 nm in
pyridine -2-carboxaldehyde-based copper(Il) chitosan thiosemicarbazones and 16.01-46.40
nm in 2-acetyl pyridine-based copper(ll) chitosan thiosemicarbazones. The degree of
crystallinity as the crystallinity index (Kumirska, et al., 2010; Lomadze et al., 2005; Zhang,
et al., 2005) was found 47.77-68.87% in pyridine -2-carboxaldehyde -based copper(ll)
chitosan thiosemicarbazones and, 30.63-39.28% in 2-acetyl pyridine-based copper(Il)

chitosan thiosemicarbazones.
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Figure 68: X ray diffractogram of Cu-CSPCTSC
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The powder X ray diffraction data of pyridine-2-carboxaldehyde and 2-acetyl pyridine

chitosan thiosemicarbazones and their copper(ll) complexes are presented in table 22.

Table 22: The powder X ray diffraction data of chitosan thiosemicarbazones and their copper(Il) complexes:

pyridine-2-carboxaldehyde and 2-acetyl pyridine analogues

Compounds Selected functionality peaks, 26 D (nm) | C.I.
Thiosemicarbazone crystallinity Chitosan complex (%)

crystallinity

CSPCTSC 20.1°, 25.5°, 28.0°, 49.8°, 50.6° - 14.98 71.46

Cu-CSPCTSC 7.36°, 11.13°, 22.21°, 22.78°, 25.54° 12.92°,21.79°, 37.70 47.77
26.68°, 29.57°

CCSPCTSC 6.28°, 9.34°,19.08°, 26.48° - 18.24 78.21

Cu-CCSPCTSC 9.40°, 23.21° 19.22°, 39.64°

CSAPRTSC 25.51°,27.35°,28.05°.34.37°,37.73°, 49.74° | - 26.21 56.06

Cu-CSAPRTSC 9.41°, 16.35°, 23.48°,32.40° 19.55°, 39.86° 16.01 30.63

CCSAPRTSC 7.06°,12.34°,18.92°,21.54°,26.06°, 27.00° - 30.75 84.85

Cu-CCSAPRTSC 28.00°, 37.75°, 49.97° 20.88°, 25.51° 46.40 39.28

4.3.2.4. Elemental Microanalysis

For the ligands CSPCTSC and CCSPCTSC, corresponding to the monomer structure of unit
formula weight 324, and for the ligands CSAPRTSC and CCSAPRTSC, corresponding to the
monomer structure of unit formula weight 338, the calculated percentages showed the
agreement with analytically found percentages of elements when there is partial grafting of
thiosemicarbazone group in chitosan. This is further supported by their DS values.
Corresponding to the monomer structure of unit formula weight 423 of the pyridine-2-
carboxaldehyde-based complexes, and 2-acetyl pyridine-based complexes of unit formula
weight 437, the analytically found percentages showed an agreement with the coordination of
non-functionalized chitosan as well as thiosemicarbazone ligands with copper(ll) ion. This is
further supported by higher value of estimated chlorine percentage than the calculated
chlorine percentage. The DS values (Inukai, et al., 1998; Melo, et al., 2002; Pires, et al.,
2013; Qin, et al., 2012) are indicatives of partial substitution of amino group of chitosan in
C2 position and the analytically found percentages of elements in the complexes are in
agreement with the simultaneous coordination of chitosan and chitosan thiosemicarbazone
with copper(ll) ion. The partial deacetylation of chitin, and partial introduction of Schiff base
group into chitosan are justifiable with decreased sulphur percentage and some differences
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with calculated percentages of other elements, as the calculated percentages were for the
respective chitosan thiosemicarbazones with completely deacetylated ring of chitosan (Qin, et
al., 2012). The DS values also showed more functionalization of commercial oligo chitosan
than high molecular weight crab shell chitosan showing more deacetylation with increase in
DDA and decrease in M.

thiosemicarbazones: pyridine-2-carboxaldehyde and 2-acetyl pyridine analogues and their

The elemental (CHNS) microanalysis of chitosan

copper(Il) complexes are presented in table 23 and 24 respectively.

Table 23: Elemental (CHNS) microanalysis of chitosan thiosemicarbazones: pyridine-2-carboxaldehyde and 2-

acetyl pyridine analogues: calculated (found)

Compounds C(%) H(%) N(%) S(%) DS(%)
CSPCTSC 48.14(44.025) 4.93(5.875) 17.28(16.069) 9.87(5.149) 36.28
CCSPCTSC 48.14(44.205) 4.93(5.324) 17.28(16.321) 9.87(4.936) 35.31
CSAPRTSC 49.70(42.736) 5.32(5.661) 16.56(11.029) 9.46(7.010) 59.18
CCSAPRTSC 49.70(42.051) 5.32(5.65) 16.56(10.005) 9.46(5.962) 47.40

Table 24: Elemental (CHNS) microanalysis and chlorine estimation in copper(ll) chitosan thiosemicarbazones:

pyridine-2-carboxaldehyde and 2-acetyl pyridine analogues: calculated (found)

Compounds C(%) H(%) N(%) S(%) Cl(%)
Cu-CSPCTSC 36.87(31.75) 3.78(4.985) 13.23(9.64) 7.56(3.222) 8.39(12.08)
Cu-CCSPCTSC 36.87(32.41) 3.78(5.427) 13.23(9.69) 7.56(3.436) 8.39(12.08)
Cu-CSAPRTSC 38.44(31.16) 4.11(4.397) 12.81(9.65) 7.32(4.773) 8.12(10.02)
Cu-CCSAPRTSC 38.44(32.41) 4.11(5.427) 12.81(9.69) 7.32(3.436) 8.12(10.01)
4.3.2.5. Thermal Studies
Thermogravimetric/differential  thermal analysis (TG/DTA) curves of chitosan

thiosemicarbazones (figure 72, 73, 74 & 75) and the thermal data presented in table 25
showed, in particular, a weight loss of 14.04% at 173 °C in CSPCTSC, 17.97% at 190 °C in
CCSPCTSC, 4.41% at 72 °C followed by an abrupt loss of 49.92% weight due to the
disruption of chitosan backbone up to about 440°C in CSAPRTSC and 4.39% at 75 °C
followed by an abrupt loss of 48.86 % weight due to the disruption of the backbone up to
about 440 °C in CCSAPRTSC. The thermal decomposition was attributed to the loss of water
at 100-200 °C and chain degradation followed by the disruption of chitosan backbone at 200-
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1000 °C. The chain degradation at 200-1000 °C caused a weight loss of 75% in CSPCTSC,
72% in CCSPCTSC, 74% in CSAPRTSC, and 76% in CCSAPRTSC. These thermal events
were in agreement with the reports of loss of water in chitosan at 80-160 °C (Kittur, et al.,
2002; Qin, et al., 2012) and decomposition of chitosan at 50-100 °C and 400 — 500 °C
(Andrade, et al., 2012; Kumari, et al., 2017). Further, the commercial chitosan has been
reported to undergo a weight loss in two stages with 9% of weight loss owing to loss of water
at 120 °C and 43% of weight loss owing to chitosan chain degradation at 500 °C (Chethan, et
al., 2013; De Britto & Campana-Filho, 2004; Xu, et al., 2010), and in agreement to this, there
was 9.20-14.30% weight loss attributed to loss of water at 120 °C and 65-67% weight loss as
a result of chain degradation at 500 °C in chitosan thiosemicarbazones. These derivatives
were found to undergo more degradation than chitosan at the moderate temperature of 400-
500 °C. Meanwhile, they were also found to follow the general trend of decomposition
similar to that of chitosan with a rapid rate of decomposition from 100 °C to 400 °C and a
steady rate of chain degradation, leaving about 10% CSPCTSC, 9% CCSPCTSC, 13%
CSAPRTSC and 12% CCSAPRTSC as residue of the unsaturated structure at 1000 °C. Such
a thermal behaviour accorded with a higher thermal stability of thiosemicarbazones (Qu, et
al., 2000) and their DTA peaks also showed an agreement with TG weight loss in two steps
of 150- 400 °C and 400-900 °C, and an endothermic peak attributed to loss of water from 25-
150 °C.
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Figure 72: TG/DTA curves of CSPCTSC showing the thermal events at different temperatures
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Figure 74: TG/DTA curves of CSAPRTSC showing the thermal events at different temperatures
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Figure 75: TG/DTA curves of CCSAPRTSC showing the thermal events at different temperatures

Table 25: TG/DTA data of thermal events in chitosan thiosemicarbazones: pyridine-2-carboxaldehyde and 2-

acetyl pyridine analogues

Compounds Temperature Weight Thermal event % residue at
(°C) loss (%) 1000 °C
CSPCTSC 173 14.04 Loss of water
200-1000 75 Chain  disruption and  backbone | 10
degradation
CCSPCTSC 190 17.97 Loss of water
200-1000 72 Chain  disruption and  backbone | 9
degradation
CSAPRTSC 72 441 Loss of water
440 49.92 Abrupt disruption of backbone 13
200-1000 74 Backbone degradation
CCSAPRTSC 75 4.39 Loss of water
440 48.86 Abrupt disruption of backbone 12
200-1000 76 Backbone degradation

The TGA curves of complexes (figure 76, 77, 78 & 79) and the thermal data presented in
table 26 showed, in particular, a weight loss of 0.08% in Cu-CSPCTSC, 0.36% in Cu-
CCSPCTSC, 5.5% in Cu-CSAPRTSC and 0.81% in Cu-CCSAPRTSC at 200 °C, and a
weight loss of about 51.44% in Cu-CSPCTSC, 58.38% in Cu-CCSPCTSC, 39.15% in Cu-
CSAPRTSC, and 57.58% in Cu-CCSAPRTSC at 200-500 °C. The curves showed the weight
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loss in three steps corresponding to the constant loss of weight up to 150- 200 °C, rapid loss

of weight at 200-400 °C, and again a steady loss of weight from 400-700 °C. It showed more

degradation of complexes at the moderate heating in the lower range of temperature at 200-
500 °C and then a steady rate of decomposition, leaving about 39% Cu-CSPCTSC, 37% Cu-
CCSPCTSC, 46% Cu-CSAPRTSC and 37% Cu-CCSAPRTSC as residue of the unsaturated

structure at 700 °C. These thermal events showed the standard thermal stability (Kittur, et al.,

2002; Qu, et al., 2000) of the complexes.
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Figure 79: TGA curve of Cu-CCSAPRTSC

Table 26: TGA data of thermal events in copper(ll) chitosan thiosemicarbazones: pyridine-2-carboxaldehyde

and 2-acetyl pyridine analogues

Compounds Temperature | Weight Thermal event % residue
(°C) loss % at 700 °C
Cu-CSPCTSC 200 0.08 Loss of water
200-500 51.44 Disruption of the chain 39
500-700 9.52 Further degradation of the backbone
Cu-CCSPCTSC 200 0.36 Loss of water
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200-500 58.38 Disruption of the chain 37

500-700 441 Further degradation of the backbone
Cu-CSAPRTSC 200 5.50 Loss of water

200-500 39.15 Disruption of the chain 46

500-700 9.40 Further degradation of the backbone
Cu-CCSAPRTSC 200 0.81 Loss of water

200-500 57.58 Disruption of the chain 37

500-700 4.61 Further degradation of the backbone

4.3.2.6. Magnetic Susceptibility Measurement and Electron Paramagnetic Resonance
(EPR) Spectroscopy

The magnetic susceptibility measurement revealed that the complexes were paramagnetic
with the magnetic moment (efr) values of 1.80-1.85 BM. The magnetic moment values were
fairly above the pure spin-only moment of 1.73 BM due to large spin orbit coupling constant
of cupric ion (Djord jevic, 1960) but these values of <1.90 BM indicated the square planar or
octahedral geometry of the complexes (Figgis, 1958). The low spin-spin coupling between
the unpaired electrons of copper atoms was shown by the values of magnetic moment in a
neighbourhood of spin-only moment of 1.73 BM corresponding to an unpaired electron
(Ahmed & Lal, 2017).

The EPR spectra of complexes (figure 80, 81, 82 & 83) showed the absence of hyperfine
splitting that was attributed to exchange broadening caused by the insufficient separation of
paramagnetic centres (Farra, et al., 2011) at a lower frequency of X-band at 9.8 GHz (Farra,
et al., 2011). The non-resolution of hyperfine features due to copper (S =1/2 and 1= 3/2) was
contributed by intermolecular spin-spin interactions and dimeric association of molecules
(Bhadbhade & Srinivas, 1993; Suresh, et al., 1996), but the spectra in which the g parallel
tensors were undetectable with the absence of hyperfine splitting still possessed the feature to
be characterized by axial g tensors (Bennur, et al., 2001) and the spectra in correspondence to
an unpaired electron in d x2y? orbital of Cu(ll) centres showed the square planar orientation of
complexes (Garribba & Micera, 2006). The values of magnetic moment and g values in EPR
spectra are presented in table 27. The g values were 2.10 for Cu-CSPCTSC (v = 9.8623 GHz,
Bo=3355 Gs = 335.5 mT), 2.09 for Cu-CCSPCTSC (v =9.8577 GHz, B, = 3360 Gs = 336
mT), 2.08 for Cu-CSAPRTSC (v =9.8623 GHz, B,= 3383 Gs = 338.3 mT), and 2.08 for Cu-
CCSAPRTSC (v =9.8621 GHz, B, = 3383 Gs = 338.3 mT).
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Figure 82: EPR spectrum of Cu-CSAPRTSC Figure 83: EPR spectrum of Cu-CCSAPRTSC

Table 27: Effective magnetic moments (err) and EPR g values of copper(l1) chitosan thiosemicarbazones:

pyridine-2-carboxaldehyde and 2-acetyl pyridine analogues

Complexes Hefs, B. M. EPR g value
Cu-CSPCTSC 1.79 2.10
Cu-CCSPCTSC 1.80 2.09
Cu-CSAPRTSC 1.89 2.08
Cu-CCSAPRTSC 1.87 2.08

The shifting of g value from ge (2.0023) was attributed to spin orbital coupling with unpaired
electrons, and this spin orbital coupling was introduced by covalent behaviour of the complex
that was dependent upon the density of unpaired electrons in ligand molecules (Ahmed &
Lal, 2017). The absence of half field peak at 1500 Gauss that was indicative of the absence of
two copper centres in the same lacuna showed the mononuclear structure of complexes (Patel
& Sadasivan, 2017).
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The overall results of characterization showed that the thione sulphur, azomethine nitrogen,
pyridyl nitrogen of pyridine -2-carboxaldehyde or 2-acetyl-pyridine moiety, and one chlorine
atom were used as the donor sites in coordination with copper(ll) ion in the complexes that
were proposed to assume the mononuclear distorted square planar geometry (figure 84).
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Figure 84: Proposed structure of complexes: (a). Cu-CSPCTSC and Cu-CCSPCTSC. (b). Cu-CSAPRTSC and
Cu-CCSAPRTSC

4.4. Chitosan Thiosemicarbazones and their Copper(l1) Complexes: Isatin

and 5-Chloroisatin Analogues

4.4.1. Physical Characteristics

The physical characteristics of isatin and 5-chloroisatin thiosemicarbazones and their
copper(Il) complexes, summarized in table 28 & 29 respectively, showed their high yield viz.
42-45% ligands and 63-71% complexes, and high thermal stability in crystalline solid state
with melting point above 300 °C. They were fairly soluble in 1% acetic acid and the

solubility increased with increase in DDA and decrease in M.

Table 28: Physical characteristics of isatin chitosan thiosemicarbazones and their copper(ll) complexes

Compounds Unit formula Unit formula | Color m.pt. Yield
weight (°C) (%)
CSISTSC Cis His N4OsS 364 Red >300 44
CCSISTSC Cis His N4OsS 364 Red >300 42
Cu-CSISTSC C15 His N2OsSCuCl 463 Yellowish red | >300 68
Cu-CCSISTSC Ci5 H16N4OsSCuCl 463 Yellowish red | >300 63
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Table 29: Physical characteristics of 5-chloroisatin chitosan thiosemicarbazones and their copper(l1) complexes

Compounds Unit formula Unit formula | Color m.pt. Yield (%)
weight (°C)

CSCLISTSC Cis His N4OsSCI 399 Red >300 45

CCSCLISTSC Ci5 His N4OsSCI 399 Red >300 44

Cu-CS CLISTSC Cis His N4OsSCuClz 498 Yellowish green | >300 71

Cu-CCSCLISTSC Cis His N4OsSCuCl, 498 Yellowish green | >300 70

4.4.2. Characterization

4.4.2.1. Fourier Transform- Infrared (FT-IR) Spectroscopy

The FT-IR spectra of isatin and 5-chloroisatin thiosemicarbazones (figure 85, 87, 89 & 91)
showed the bands due to isatin ring at 3188-3211 cm™ (broad, v indole N-H) (Abbas, et al.,
2013; Islam & Mohsin, 2007), 1710-1728 cm? (v C=0, keto), 1451-1466 cm™ (v C-C,
aromatic) (Islam & Mohsin, 2007), and the bands at 3188-3212 cm™ were merged with v (N-
H, azomethine) (Aneesrahman, et al., 2019) and v (O-H) stretches (Qin, et al., 2012; Zhong,
et al., 2011). The peaks at 1618-1620 cm™ were due to v (C=N) (Qin, et al., 2012). The v
(C=S) stretches were shown at 884-897 cm™ (Tiwari, et al., 2016; Yamaguchi, et al., 1958)
and 1306-1341 cm™ (Aneesrahman, et. al., 2019; Joseph, et al., 2006). The IR spectra also
showed the simultaneous appearance of the peaks at 1069-1096 cm™ corresponding to the
C=S vibrations (Tiwari, et al., 2016; Yamaguchi, et al., 1958) coupled with other vibrations
for the case in which thiocarbonyl group is attached with nitrogen atom (Wiles, et al., 1967).
Weakening of the v (N-H) bending peak due to primary amine and residual amide Il of
chitosan at 1566 cm™ (Zhong, et al., 2010) and its negative shifting to 1526-1555 cm™
showed partial substitution of amino group in chitosan. The peaks attributed to v (C-H) and v
(C-O-C) in chitosan ring appeared with some shifting at 1381-1465 cm™ and 1069-1092 cm'*
respectively (Yadav, et al., 2020). The existence of thiosemicarbazone in thione form was
shown by the absence of v (C-S-H) stretches at 2500-2600 cm™ (Bharti, et al., 2003).

The FT-IR spectra of the corresponding complexes (figure 86, 88, 90 & 92) showed a
negative shift in v C=0 stretches to 1696-1700 cm™, v (C=N) stretches to 1608-1610 cm™
and v (C=S) stretches to 870-881 cm™ and 1300-1334 cm™. The v (C=S) stretches coupled
with other vibrations were lowered to 1060-1089 cm™. The selected FT-IR spectral data
(table 30) were indicatives of the coordination of thiosemicarbazone to Cu(ll) through ONS

donor atoms.
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Table 30: The selected FT-IR bands (cm™) of chitosan thiosemicarbazones and their complexes: isatin and 5-

chloroisatin analogues

Compounds v(C=N) | v(C=S) v(C=0) | v(NH2) | v(indole N-H)
of isatin
CSISTSC 1620 891, 1340 | 1720 1526 3189
Cu-CSISTSC 1608 881, 1330 | 1696 1538 3218
CCSISTSC 1618 884,1341 | 1718 1533 3211
Cu-CCSISTSC 1610 870, 1334 | 1700 1534 3263
CSCLISTSC 1620 889, 1308 | 1734 1530 3188
Cu-CSCLISTSC 1610 878,1300 | 1727 1531 3212
CCSCLISTSC 1618 897,1306 | 1710 1555 3198
Cu- CCSCLISTSC 1610 872,1300 | 1700 1557 3203
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Figure 85: FT-IR spectrum of CSISTSC
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Figure 92: FT-IR spectrum of Cu-CCSCLISTSC
4.4.2.2. Solid State *C Nuclear Magnetic Resonance (*3C NMR) Spectroscopy

Solid state 3C NMR spectra of isatin and 5-chloroisatin chitosan thiosemicarbazones (figure
93, 94, 95 & 96) with the spectral data presented in table 31 were used in structural
elucidation. The *C NMR spectra with weak C2 signal of chitosan at §=55.08-57.63 ppm
(Qin, et al., 2012; Wang, et al., 2016), -N=CH signals at 6= 164.28-167.25 ppm (Qin, et al.,
2012) and the signals due to C=0 at 6= 175.09-177.50 (Qin, et al., 2012) showed the partial
deacetylation of acetamido group in the ring and the partial involvement of amino group at
C2 towards the introduction of thiosemicarbazone group into chitosan. The characteristic
peaks CH3(22.73-24.47 ppm), C6 (61.05-62.33 ppm), C3, C5 (73.59-75.54 ppm), C4 (83.01-
84.55 ppm), C1 (102.93-104.94 ppm) were used to confirm the chitosan ring carbon atoms
(Qin, et al., 2012; Wang, et al., 2016). The isatin ring carbon signals at 6= 110-149 ppm in
CSISTSC, 113-147 ppm in CCSISTSC, 113-142 ppm in CSCLISTSC and 113-142 ppm in
CCSCLISTSC (Chohan, et al., 2004) showed the presence of isatin ring in these chitosan
thiosemicarbazones. The broadening of peak at 6= 175.09-177.50 ppm was indicative of the
superimposition of C=S and C=0 signals (Qin, et al., 2012). These results showed the partial

substitution of amino group in C2 position of the chitosan ring by thiosemicarbazone moity.
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Table 31: The solid state **C NMR spectral data (5, ppm) of chitosan thiosemicarbazones: isatin and 5-

chloroisatin analogues

Compounds Methyl C6 C3, C4 C1 -N=CH Isatin ring | C=S & C=0
carbon C5 carbons superimposition
CSISTSC 23.99 61.59 75.09 84.55 102.93 164.59 110-149 176.49
CCSISTSC 22.73 61.05 75.54 83.01 104.11 167.25 113-147 177.50
CSCLISTSC 24.47 62.33 75.39 83.82 104.94 164.34 113-142 175.09
CCSCLISTSC 22.85 61.06 73.59 83.15 104.13 164.28 113-142 177.27
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Figure 96: *C NMR spectrum of CCSCLISTSC

4.4.2.3. Powder X Ray Diffraction (PXRD) Studies

The X Ray diffractograms of isatin and 5-chloroisatin based chitosan thiosemicarbazones
(figure 97, 98, 99 & 100) showed the peaks in agreement with the reflection peaks obtainable
in thiosemicarbazones at 20 =12.53-49.79° in CSISTSC, 20 = 7.08-27.12° in CCSISTSC, 260
= 7.34-48.46° in CSCLISTSC, and 26 = 9.2-26.14° in CCSCLISTSC (Hanumantharao, et al.,
2012; Santhakumari, et al., 2010). The functionalisation of chitosan as chitosan
thiosemicarbazones was due to introduction of thiosemicarbazone moiety in chitosan (Qin, et
al., 2012) and the shifting of chitosan peaks from 10° and 20° (Qin, et al., 2012; Ramya, et
al., 2012). The appearance of new crystallinity peaks in addition to original chitosan
crystallinity peaks with some shifting from 10° and 20° has been reported as the implication
of imine group formation and the breakage of intra-molecular hydrogen bond of chitosan
(Jiao, et al., 2011).
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Figure 97: X ray diffractogram of CSISTSC
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Figure 99: X ray diffractogram of CSCLISTSC
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Figure 100: X ray diffractogram of CCSCLISTSC

The X ray diffractograms of copper(ll) chitosan thiosemicarbazone complexes (figure 101,
102, 103 & 104) showed the new peaks corresponding to new crystallinity phases of chitosan
copper(ll) complexes showing the chelation of metal ions with different groups of
thiosemicarbazone group at 20 = 19.14°, 33.05° and 39.78°in Cu-CSISTSC, 26 = 19.80°,
26.98° and 31.54° in Cu-CCSISTSC, 26 = 20.54°, 26.18°, 30.13°, 36.04° and 39.62° in Cu-
CSCLISTSC, 26 = 35.96° and 39.44° in Cu-CCSCLISTSC (Antony, et al., 2012; Dehaghi, et
al., 2014; Mekahlia, et al., 2009; Qin, et al., 2012; Wang, et al., 2005). The deterioration in
original crystallinity of chitosan as a result of chelation of metal ions and destruction of
hydrogen bonds in chitosan was also shown by shifting and weakening of peaks due to
chitosan (Wang, et al., 2005).

Particle sizes, as calculated from Debye-Scherrer formula (Dehaghi, et al., 2014,
Kucukgulmez, et al., 2011), of ligands corresponding to highest intensity peaks in the
diffraction curves of were in a range of 11.55-30.69 nm; and the particle sizes of complexes
were at 14.06 -55.49 nm. The degree of crystallinity as the crystallinity index (Kumirska, et
al., 2010; Lomadze et al., 2005; Zhang, et al., 2005) was 26.38-85.38% in these ligands, and
33.04-50.83% in their copper(ll) complexes. Particle size was found to increase upon the
complex formation, and crystallinity index was found independent of particle size, and Mw
and DDA.
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The powder X ray diffraction data of isatin and 5-chloroisatin analogues of chitosan
thiosemicarbazones and their copper(ll) complexes are presented in table 32.

Table 32: The powder X ray diffraction data of chitosan thiosemicarbazones and their copper(Il) complexes:

isatin and 5-chloroisatin analogues

Compounds Selected functionality peaks, 26 D (nm) | C.I.

Thiosemicarbazone crystallinity Chitosan complex (%)
crystallinity

CSISTSC 12.53°, 18.25°, 22.75°, 25.92° | - 19.50 26.38
45.81°, 49.79°

Cu-CSISTSC 11.39°, 21.71°, 22.96°, 30.06° 19.14°,33.05°,39.78° 45.48 34.65

CCSISTSC 7.08°, 9.22°, 12.24°, 18.86°, 21.70°, | - 30.69 85.38
25.92°,27.12°

Cu-CCSISTSC 7.20°, 12.52°,25.16° 19.80°,26.98°,31.54° 33.18 50.83

CSCLISTSC 7.34°,12.61°, 18.25°, 22.98°, 25.82°, | - 11.55 67.76
28.47°,45.92°, 48.46°

Cu-CSCLISTSC 18.64°,21.68°,22.46°,27.36°, 28.57°, | 20.54°,26.18°,30.13°,36. | 14.06 33.04
29.38°, 32.84°, 34.22° 04°, 39.62°

CCSCLISTSC 9.2°,13.62°,19.08°, 23.52°, 26.14° - 17.80 | 48.09

Cu-CCSCLISTSC 13.44°,19.74°, 26.08° 35.96°, 39.44° 55.49 | 44.32

4.4.2.4. Elemental Microanalysis

The comparative study of calculated percentages of elements in chitosan thiosemicarbazones
with completely deacetylated chitosan ring in their structure and the analytically found

percentages of elements in the respective derivatives viz. isatin chitosan thiosemicarbazones
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with monomer structure of unit formula weight 364 (78.80-82.85% DS) and 5-chloroisatin
chitosan thiosemicarbazones with the monomer structure of unit formula weight 399 (80.92-
91.76% DS) revealed the functionalization of chitosan as chitosan thiosemicarbazones with
partial deacetylation and a substantial degree of substitution (Inukai, et al., 1998; Melo, et al.,
2002; Pires, et al., 2013; Qin, et al., 2012) of amino group of chitosan by thiosemicarbazone
moiety. The coordination behaviour of these derivatives and the formation of copper(ll)
chitosan complex due to a parallel reaction of copper(ll) ion with non-functionalized chitosan
was justifiable by the comparative study of the calculated percentages and the analytically
found percentages of elements in copper(ll) isatin chitosan thiosemicarbazones (monomer
463) and
thiosemicarbazones (monomer structure of unit formula weight 498). This phenomenon of

structure of wunit formula weight copper(ll) 5-chloroisatin  chitosan
simultaneous coordination of chitosan thiosemicarbazones and non-functionalized chitosan
with copper(l1) was particularly supported by higher value of estimated chlorine percentage
than calculated chlorine percentage, and lower sulphur percentage. The elemental analysis
data of isatin and 5-chloroisatin analogues of chitosan thiosemicarbazones and their
copper(I1) complexes are presented in table 33 and 34 respectively.

Table 33: Elemental (CHNS) microanalysis of chitosan thiosemicarbazones: isatin and 5-chloroisatin

analogues: calculated (found)

Compounds C(%) H(%) N(%) S(%) DS(%)
CSISTSC 49.45(47.305) 4.39(4.165) 15.38(14.309) 8.79(7.914) 82.85
CCSISTSC 49.45(47.871) 4.39(4.628) 15.38(14.406) 8.79(7.601) 78.80
CSCLISTSC 45.11(39.726) 4.01(4.575) 14.03(10.876) 8.02(7.621) 91.76
CCSCLISTSC 45.11(41.312) 4.01(4.687) 14.03(10.94) 8.02(7.106) 80.92

Table 34: Elemental (CHNS) microanalysis and chlorine estimation in copper(l1) chitosan thiosemicarbazones:

isatin and 5-chloroisatin analogues: calculated (found)

Compounds C(%) H(%) N(%) S(%) Cl(%)
Cu-CSISTSC 38.87(36.37) 3.45(3.756) 12.09(11.71) 6.91(5.798) 7.66(10.18)
Cu-CCSISTSC 38.87(36.01) 3.45(3.980) 12.09(10.974) 6.91(5.209) 7.66(9.98)
Cu-CSCLISTSC 36.14(35.09) 3.21(3.50) 11.24(10.09) 6.42(4.998) 14.25(18.46)
Cu-CCSCLISTSC 36.14(34.88) 3.21(3.69) 11.24(10.30) 6.42(5.79) 14.25(18.46)
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4.4.2.5. Thermal Studies

Chitosan thiosemicarbazones of isatin and 5-chloroisatin were found to be associated with
reasonably high thermal stability as shown by their thermogravimetric/differential thermal
analysis (TG/DTA) curves (figure 105, 106, 107 & 108) and their thermal data presented in
table 35. The two stages of weight loss corresponding to the loss of water at 100-200 °C and
the chain disruption followed by backbone degradation at 200-1000 °C. In particular, there
was a weight loss of 6.63% at 154 °C and a further loss by 30.25% at 318 °C in CSISTSC,
6.75% at 152 °C and a further loss by 31.05% at 325 °C in CCSISTSC, no weight loss till
220 °C followed by a loss of 26.63% weight loss at 347 °C and a further loss of 36.36% at
564 °C in CSCLISTSC and 16.80% at 150 °C with a further loss by 40.05% at 620 °C in
CCSCLISTSC. There was a weight loss of about 55% in CSISTSC, 56% in CCSISTSC, 50%
in CSCLISTSC, and 34% in CCSCLISTSC at 200-1000 °C. These thermal events showed a
close correspondence with the reported thermal behaviour of chitosan showing the loss of
water at 80-160 °C (Kittur, et al., 2002; Qin, et al., 2012) and the chain weakening and
decomposition at 50-100 °C and 400 - 500 °C (Andrade, et al., 2012; Kumari, et al., 2017).
One of the ligands CSCLISTSC was stable with no weight loss but in others, there was 6-
16% weight loss at 120 °C. There was 47-55% weight loss due to chain degradation at 500
°C. This behaviour was in agreement with the two reported steps of weight loss of
commercial chitosan viz 9% of weight loss at 120 °C due to loss of water and 43% of weight
loss at 500 °C due to degradation of main chain of chitosan (Chethan, et al., 2013; De Britto
& Campana-Filho, 2004; Xu, et al., 2010). On moderate heating at 400-500 °C, chitosan
thiosemicarbazones were found to undergo more degradation than chitosan. Like chitosan,
these derivatives also showed a rapid rate of decomposition at 100-400 °C and then almost a
consistent rate of decomposition. The high thermal stability of thiosemicarbazones was
further shown by residual mass of about 35% CSISTSC, 34% CCSISTSC, 47% CSCLISTSC
and 42% CCSCLISTSC left at 1000 °C (Qu, et al., 2000). The thermal decomposition pattern
of chitosan thiosemicarbazones showing the substantial amount of unsaturated structure as
residue at the terminal temperature of thermal analysis also accorded with their DTA peaks in
an agreement with the TG weight loss in two steps at the range of 150- 400 °C and 400-900
°C.
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Figure 105: TG/DTA curves of CSISTSC showing the thermal events at different temperatures
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Figure 106: TG/DTA curves of CCSISTSC showing the thermal events at different temperatures
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Figure 107: TG/DTA curves of CSCLISTSC showing the thermal events at different temperatures
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Figure 108: TG/DTA curves of CCSCLISTSC showing the thermal events at different temperatures

Table 35: TG/DTA data of thermal events in chitosan thiosemicarbazones: isatin and 5-chloroisatin analogues

Compounds Temperature Weight Thermal event % residue at
(°C) loss (%) 1000 °C
CSISTSC 154 6.63 Loss of water
318 30.25 Chain disruption in progress 35
200-1000 55 Backbone degradation
CCSISTSC 152 6.75 Loss of water
325 31.05 Chain disruption in progress 34
200-1000 56 Backbone degradation
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CSCLISTSC 200 - Stable up to 200°C
347 26.63 Loss of water, and abrupt disruption of | 47
backbone
200-1000 50 Backbone degradation
CCSCLISTSC 150 16.80 Loss of water
620 40.05 Chain disruption in progress
42
200-1000 34 Backbone degradation

The TGA curves of complexes (figure 109, 110, 111 & 112) with the thermal data presented
in table 36 showed their standard thermal stability (Kittur, et al., 2002; Qu, et al., 2000) with
the loss of weight in three steps corresponding to the steady loss of weight up to 150- 200 °C,
rapid loss of weight at 200-400 °C, and marginal loss of weight from 400-700 °C. In
particular, there was a weight loss of 6.62% in Cu-CSISTSC, 6.60% in Cu-CCSISTSC, 2.6%
in Cu-CSCLISTSC and 1.5% in Cu-CCSCLISTSC at 200 °C, and a weight loss of about
62.84% in Cu-CSISTSC, 62.86% in Cu-CCSISTSC, 49.97% in Cu-CSCLISTSC, and
49.52% in Cu-CCSCLISTSC at 200-500 °C. So, there was more degradation of complexes in
the lower range of temperature at 200-500 °C and then a steady rate of decomposition,
leaving about 19% Cu-CSISTSC, 19% Cu-CCSISTSC, 42% Cu-CSCLISTSC and 43% Cu-
CCSCLISTSC as residue of the unsaturated structure at 700 °C. The results showed more
thermal stability of high molecular weight synthetic chitosan analogues copper(Il)

thiosemicarbazones.
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Figure 109: TGA curve of Cu-CSISTSC Figure 110: TGA curve of Cu-

CCSISTSC
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Figure 111: TGA curve of Cu-CSCLISTSC Figure 112: TGA curve of Cu-CCSCLISTSC

Table 36: TGA data of thermal events in copper(ll) chitosan thiosemicarbazones: isatin and 5-chloroisatin

analogues

Compounds Temperature | Weight Thermal event % residue

(°C) loss % at 700 °C
Cu-CSISTSC 200 6.62 Loss of water

200-500 62.84 Disruption of the chain 19

500-700 11.50 Further degradation of the backbone
Cu-CCSISTSC 200 6.60 Loss of water

200-500 62.86 Disruption of the chain 19

500-700 11.82 Further degradation of the backbone
Cu-CSCLISTSC 200 2.6 Loss of water

200-500 49.97 Disruption of the chain 42

500-700 5.71 Further degradation of the backbone
Cu-CCSCLISTSC 200 15 Loss of water

200-500 49.52 Disruption of the chain 43

500-700 6.03 Further degradation of the backbone

4.4.2.6. Magnetic Susceptibility Measurement and Electron Paramagnetic Resonance

(EPR) Spectroscopy

The effective magnetic moment (Uer) values of the complexes were a little higher at 1.84-
1.89 BM than the spin-only moment of 1.73 BM. This was indicative of a low spin-spin
coupling between unpaired electrons of different copper atoms (Ahmed & Lal, 2017) and a
large spin orbit coupling constant of cupric ion that has been reported to increase the
magnetic moment above the spin-only moment (Djord jevic, 1960). However, the magnetic
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moments of the complexes were in a range to agree with the square planar or octahedral
stereochemistry of the complexes as the magnetic moment values were <1.90 BM (Figgis,
1958).

The EPR spectra of complexes (figure 113, 114, 115 & 116) showed the non-resolution of
hyperfine features due to copper (S =1/2 and 1= 3/2) showing the presence of intermolecular
spin-spin interactions and some degree of dimeric association of molecules (Bhadbhade &
Srinivas, 1993; Suresh, et al., 1996). The incomplete separation of paramagnetic centres
causing the exchange broadening (Farra, et al., 2011) at low frequency of 9.8 GHz at X-band
has been reported to bring about the absence of hyperfine splitting (Farra, et al., 2011). The
spectra showed the feature in agreement with the presence of axial g tensors (Bennur, et al.,
2001), but the absence of hyperfine splitting made the g parallel tensors undetectable in the
spectra. The square planar geometry of complexes was inferred on the basis of the values of
magnetic moment below 1.90 BM (Figgis, 1958) and the EPR spectra showing an unpaired
electron in d x%,? orbital of Cu(ll) centres (Garribba & Micera, 2006). The mononuclear
structure of the complexes was justifiable as there was no half field peak at 1500 Gauss
showing the presence of only one copper centre in a lacuna (Patel & Sadasivan, 2017). The
values of effective magnetic moment and g values in EPR spectra are presented in table 37.
The g values were 2.09 for Cu-CSISTSC (v = 9.8623 GHz, B,=3374 Gs = 337.4 mT), 2.08
for Cu-CCSISTSC (v =9.8615 GHz, B, = 3389 Gs = 338.9 mT), 2.09 for Cu-CSCLISTSC (v
= 9.8621 GHz, Bo= 3368 Gs = 336.8 mT), and 2.07 for Cu-CCSCLISTSC (v =9.8573 GHz,
Bo = 3394 Gs = 339.4 mT). The shifting of g value from ge (2.0023) was brought about by the
spin orbital coupling and such a shifting of g value was dependent upon the covalent nature
of complexes (Ahmed & Lal, 2017).
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Figure 113: EPR spectrum of Cu-CSISTSC Figure 114: EPR spectrum of Cu-CCSISTSC
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Table 37: Effective magnetic moments (lesr) and EPR g values of copper(l1) chitosan thiosemicarbazones: isatin

and 5-chloroisatin analogues

Complexes Mefs, B. M. EPR g value
Cu-CSISTSC 1.88 2.09
Cu-CCSISTSC 1.84 2.08
Cu-CSCLISTSC 1.88 2.09
Cu-CCSCLISTSC 1.89 2.07

The results showed the thione sulphur, azomethine nitrogen, oxygen atom of carbonyl moiety
and one chlorine atom used as the donor sites in coordination with copper(ll) ion in the

mononuclear distorted square planar complexes as shown in figure 117.
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Figure 117: Proposed structure of complexes: (a). Cu-CSISTSC and Cu-CCSISTSC. (b). Cu-CSCLISTSC and
Cu-CCSCLISTSC
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4.5, Chitosan Thiosemicarbazones and their Copper(ll) Complexes:

Imidazole-2-carboxaldehyde and Thiophene-2-carboxaldehyde Analogues

4.5.1. Physical Characteristics

Physical characteristics of imidazole-2-carboxaldehyde and thiophene-2-carboxaldehyde
thiosemicarbazones and their copper(ll) complexes summarized in table 38 and 39
respectively show that the compounds are thermally stable crystalline solid with melting
point above 300 °C, obtained in reasonably high yield of 69-75% ligands and 72-81%
complexes. They were partially soluble in 1% acetic acid. Commercial chitosan analogues
were more soluble in such aqueous acidic media.

Table 38: Physical characteristics of imidazole-2-carboxaldehyde chitosan thiosemicarbazones and their

copper(11) complexes

Compounds Unit formula Unit formula Color m.pt. Yield
weight (°C) (%)
CSIMTSC C11H15N504S 313 Yellow >300 73
CCSIMTSC C11H15N504S 313 Yellowish white | >300 71
Cu-CSIMTSC C11H15Ns04SCuCl | 412 Greenish yellow >300 78
Cu-CCSIMTSC C11H1sNsO4ScuCl | 412 Greenish >300 72

Table 39: Physical characteristics of thiophene -2-carboxaldehyde chitosan thiosemicarbazones and their

copper(l) complexes

Compounds Unit formula Unit formula Color m.pt. Yield
weight (°C) (%)
CSTHPTSC C12H15N304S; 329 Yellow >300 75
CCSTHPTSC C12H15N304S2 329 Yellowish white | >300 69
Cu-CSTHPTSC C12H15N304S,CuCl, | 463 Greenish yellow | >300 81
Cu-CCSTHPTSC C12H15N304S,CuCl, | 463 Greenish >300 77

4.5.2. Characterization
4.5.2.1. Fourier Transform- Infrared (FT-IR) Spectroscopy

The broad translocations in the FT-IR spectra of chitosan thiosemicarbazone ligands (figure
118, 120, 122 & 124) and complexes (figure 119, 121, 123 & 125) were at 3200-3500 cm'*
due to O-H stretching vibration (Zhong, et al., 2011), and the v (N-H) stretches at 3100-3350
cm (Sashikala & Shafi, 2014; Zhong, et al., 2011) were blended with v (O-H) stretches. The
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bands at 2865-2886 cm™ were attributed to v (C-H) stretches (Qin, et al., 2012). The
combination of thiosemicarbazide group NH-CS-NH with C=0 group from carboxaldehyde
to yield chitosan thiosemicarbazones was evident from the absence of reported band at 1550
cm™ owing to v (NH-CS-NH) of thiosemicarbazide (Qin, et al., 2012). The combination of
amino group at C2 position of chitosan with C=0 group from carboxaldehyde to give the
(C=N-} bonds was evident from the absence of v (C=0) stretch of chitosan at 1645 cm™, the
presence of weak residual peaks due to acetamido moiety of chitin at 1550-1558 cm
(Zhong, et al., 2010) and the appearance of (C=N-} bands at 1619-1627 cm™ (Sashikala &
Shafi, 2014; Saud, et al., 2019; Sharma, et al., 2005; Triana-Guzman, et al., 2018; Zhong, et
al., 2010). The partial functionalization of chitosan as chitosan thiosemicarbazones was
shown by the persistence of primary v (NH) bends at 1540-1555 cm™ (Silva, et al., 2015;
Zhong, et al., 2011). The appearance of strong to medium v (C=S) bands at the range of 1072
to 1160 cm™ viz. in agreement with the reported frequency of v (C=S) at 1028 to 1082 cm™
(Bharti, et al., 2003), 1098 to 1112 cm™ (Sharma, et al., 2005), 1165 cm™ (Alomar, et al.,
2009), and the disappearance of v (C-SH) band at a range of 2500 to 2600 cm™ were
indicatives of the continuation of the thione form of thiosemicarbazones (Bharti, et al., 2003).
The peaks at the range of 1370 to 1381 cm™ in imidazole-2-carboxaldehyde chitosan
thiosemicarbazones and at 1315 cm? in thiophene-2-carboxaldehyde chitosan
thiosemicarbazones also accorded with the frequency range of v (C=S) stretches
(Aneesrahman, et. al., 2019; Joseph, et al., 2006). The absorption bands at 1003-1116 cm™
showed the asymmetric stretching vibration of the C-O—C skeleton (Qin, et al., 2012).

There was lowering of v (C=N) by 7 to 25 cm™ from 1619-1627 cm™ in uncoordinated
thiosemicarbazones to 1602-1618 cm™ in their respective complexes, and this confirmed the
coordination with metal ion from azomethine nitrogen (Singh & Mishra,1986). There was
lowering of v (C=S) bands by 10-14 cm? from 1072-1160 cm™ in chitosan
thiosemicarbazones to 1058-1150 cm™ in their respective complexes, and this indicated the
sulphur atom in coordination with metal ion (Bharti, et al., 2003). Further, the coordination of
sulphur in copper(ll) chitosan imidazole-2-thiosemicarbazones was also indicated by 5-21
cm lowering of v (C=S) bands from 1370-1381 cm™ in imidazole-2-thiosemicarbazones to
1349-1376 cm™ in the respective complexes. The coordination of sulphur in copper(ll)
chitosan thiophene 2-carboxaldehyde thiosemicarbazones was also indicated by 8-9 cm™
lowering of v (C=S) bands from 1315 cm? in thiophene-2-carboxaldehyde
thiosemicarbazones to 1306-1307 cm™ in their respective complexes. There were no changes
in v (C-S—C) of thiophene ring at the narrow range of 704 to 706 cm™ (Mathew, et al., 2016)
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in thiophene-2-carboxaldehyde thiosemicarbazones and the respective complexes. It showed
the non-participation of the ring sulphur of thiophene in coordination with metal ion (Bharti,
et al., 2003). The non-participation of the ring sulphur of thiophene in coordination with
metal ion was also shown by no shifting of v (C=S) band at 1377 cm™ (Aneesrahman, et. al.,
2019; Joseph, et al., 2006) in thiophene-2-carboxaldehyde thiosemicarbazones and their
respective complexes. The v (N-H) broad band stretches remained almost unaltered by
coordination. The thionic sulphur possesses more nucleophilic character than the ring sulphur
in thiophene. Consequently, there is coordination of thionic sulphur instead of sulphur atom
of thiophene with copper(Il) ion (Bharti, et al., 2003). The bands at the range of 1438 to 1446
cm™ in chitosan imidazole-2-thiosemicarbazones were due to v (C-N) stretches in the ring of
imidazole (Madanagopal, et al., 2017), and these frequencies were also owed by v (C=C) and
v (C=N) stretches (Madanagopal, et al., 2017). The downward shifting of these stretches by
21-28 cm™ to 1417-1418 cm™ in the respective complexes indicated that there is predominant
development of double bond character in (C=N) bond inside the ring as a result of resonance,
and there is involvement of imidazole ring nitrogen in coordination (Munde, et al., 2009).
Further, the involvement of imidazole ring vibration associated to an active frequency was
shown by the presence of its peak with a strong intensity (Madanagopal, et al., 2017). The
mutual neutralization of metal-ligand charges in copper(ll) chitosan imidazole-2-
thiosemicarbazones was attributed to thiolate sulphur coordination. Hence, the terdentate
nature of chitosan imidazole-2-thiosemicarbazones is justifiable in the light of deprotonation
of H-N-C=S group that makes sulphur exist in thiolate form (Joseph, et al., 2004). The FT-IR
spectral data (table 40 & 41) showed that chitosan imidazole-2-carboxaldehyde
thiosemicarbazones were NNS terdentate and thiophene-2-carboxaldehyde chitosan

thiosemicarbazones were NS bidentate ligands to copper(ll) ion.
Table 40: The selected FT-IR bands (cm™) of chitosan thiosemicarbazones and their complexes: imidazole-2-

carboxaldehyde analogues

Compounds v(C=N) v(C=S) v(C-N, imidazole) v(N-H)
CSIMTSC 1619 1072, 1381 1446 1540
Cu-CSIMTSC 1605 1058, 1376 1418 1547
CCSIMTSC 1627 1060, 1370 1438 1541
Cu-CCSIMTSC 1602 1050, 1349 1417 1555
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Table 41: The selected FT-IR bands (cm) of chitosan thiosemicarbazones and their complexes: thiophene-2-

carboxaldehyde analogues

Compounds v(C=N) | v(C=S) v (C-S-C) (ring) of | v(N-H)
thiophene
CSTHPTSC 1625 1072, 1315 706 1555
Cu-CSTHPTSC 1618 1061, 1306 706 1557
CCSTHPTSC 1624 1072, 1315 705 1541
Cu- CCSTHPTSC 1614 1061, 1307 704 1543
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Figure 118: FT-IR spectrum of CSIMTSC
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Figure 122: FT-IR spectrum of CSTHPTSC
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Figure 123: FT-IR spectrum of Cu-CSTHPTSC
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Figure 124: FT-IR spectrum of CCSTHPTSC
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Figure 125: FT-IR spectrum of Cu-CCSTHPTSC
4.5.2.2. Solid State *C Nuclear Magnetic Resonance (*3C NMR) Spectroscopy

The solid state 3C NMR spectra of chitosan imidazole-2-thiosemicarbazones and chitosan
thiophene-2-thiosemicarbazones (figure 126, 127, 128 & 129) were used to endorse the
structural distribution of carbon atoms in ring chitosan and chitosan functionalized
thiosemicarbazone derivatives (De Angelis, et al., 1998). The spectra showed the
distinguishing signals owing to carbon atoms in chitosan moiety of the compounds viz.
CH3(22.81-24.11 ppm), C6(60.93-62.57 ppm), C3, C5(74.53-76.84 ppm), C4(82.72-84.36
ppm), C1(103.05-105.12 ppm) (Qin, et al., 2012). The *C NMR signals due to carbon atom
of C=S at 6=170-180 ppm and azomethine carbon at &= 140 ppm have been reported as the
typical signals due to thiosemicarbazones (El-Atawy, et al., 2019). The signal at 6= 178 ppm
is ascribed to carbonyl carbon atom (Qin, et al., 2012) and the broadening of this peak has
been reported to be caused by the superimposition of C=S and C=0 signals (Qin, et al.,
2012). The *C NMR signals at 6= 139.19-174.34 ppm were ascribed to the carbon atom in -
N=CH group of chitosan thiosemicarbazone (Qin, et al., 2012). The broadening of peaks at
174.97-178.36 ppm was ascribed to superimposition of C=S &C=0 groups (Qin, et al.,
2012). Further, the signals owing to carbon atoms of imidazole ring appeared at 6= 119-162
ppm (Bouchmella, et al., 2008) and the signals owing to thiophene ring carbon atoms were
produced at 116-140 ppm (Martinez, et al., 1989). The absence of C2 signal in CSIMTSC
and the presence of substituted C2 signals of the chitosan ring at 56.24 in CCSIMTSC, 57.20
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ppm in CSTHPTSC, and 55.10 in CCSTHPTSC showed the involvement of C2 of chitosan in

functionalization as chitosan thiosemicarbazone (Qin, et al., 2012). The *C NMR spectral

data of

imidazole-2-carboxaldehyde analogues of chitosan thiosemicarbazones and

thiophene-2-carboxaldehyde analogues of chitosan thiosemicarbazones are shown in table 42

and 43 respectively.

Table 42: The solid state *C NMR spectral data (5, ppm) of chitosan thiosemicarbazones: imidazole-2-

carboxaldehyde analogues

Compounds Methyl C6 C3,Ch C4 C1l -N=CH Imidazole C=S & C=0
carbon ring carbons | superimposition

CSIMTSC 24.03 62.57 75.81 84.36 104.35 171.18 119-162 178.36

CCSIMTSC 2391 62.05 74.53-76.84 | 84.10 105.12 174.34 119-162 178.36

Table 43: The solid state 1*C NMR spectral data (5, ppm) of chitosan thiosemicarbazones: thiophene-2-

carboxaldehyde analogues

Compounds Methyl C6 C3,C5 C4 C1 -N=CH Thiophene C=S & Cc=0
carbon ring carbons | superimposition
CSTHPTSC 24.11 61.23 75.21 82.72 | 103.05 139.19 116-140 174.97
CCSTHPTSC 22.81 60.93 75.55 83.19 | 104.05 164.45 116-140 175.70
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Figure 126: 3C NMR spectrum of CSIMTSC
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Figure 129: 3C NMR spectrum of CCSTHPTSC

4.5.2.3. Powder X Ray Diffraction (PXRD) Studies

The X Ray diffractograms of chitosan thiosemicarbazones (figure 130, 131, 132 & 133)
showed the shifting of chitosan peaks from 10° and 20° (Qin, et al., 2012; Ramya, et al.,
2012) and the presence of additional peaks owing to higher crystallinity produced with the
grafting of chitosan to thiosemicarbazones (Qin, et al., 2012). These peaks attributed to
additional crystallinity phases were in accordance with the reported peaks of
thiosemicarbazones (Hanumantharao, et al., 2012; Santhakumari, et al., 2010) at 26 = 7.77-
23.66° in CSIMTSC, 26 = 9.12-31.10° in CCSIMTSC, 26 = 13.23-26.73° in CSTHPTSC,
and 20 = 6.62-38.94° in CCSTHPTSC. The incorporation of chitosan in thiosemicarbazone
was associated with the breakage of intra-molecular hydrogen bonds in chitosan and the
emergence of imine group to give chitosan functionalized thiosemicarbazone with more

crystallinity peaks (Jiao, et al., 2011).
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As revealed by X ray diffractograms of copper(ll) chitosan thiosemicarbazone complexes
(figure 134, 135, 136 & 137) with the new peaks at 26 = 19.55°, 26.47°, 31.88° and 34.11° in
Cu-CSIMTSC, 26 = 19.34°, 25.88° and 39.28° in Cu-CCSIMTSC, 26 = 19.96° and 25.78° in
Cu-CSTHPTSC, 26 = 26.40° and 40.04° in Cu-CCSTHPTSC (Antony, et al., 2012; Dehaghi,
et al., 2014; Mekahlia, et al., 2009; Qin, et al., 2012; Wang, et al., 2005), the crystallinity
peaks showed the shiftings from the free chitosan thiosemicarbazones owing to co-ordination
of metal ion. The changes in crystallinity pattern were revealed by the emergence of new
peaks and the relocation of original chitosan crystallinity peaks. These changes in
crystallinity have been attributed to chelation with metal ion and then the cleavage of

hydrogen bonds in chitosan (Wang, et al., 2005).

The particle sizes of ligands were at 17.03-30.31 nm range and the particle sizes of
corresponding complexes were at 16.58-32.72 nm range, as determined by using Debye-
Scherrer formula applied for the peak with the highest intensity peak in the respective
diffractograms (Dehaghi, et al., 2014; Kucukgulmez, et al., 2011). The degree of crystallinity
as the crystallinity index (Kumirska, et al., 2010; Lomadze et al., 2005; Zhang, et al., 2005)
was 62.11-87.41% in ligands and 24.33-54.39% in complexes.
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The powder X ray diffraction data of imidazole-2-carboxaldehyde and thiophene-2-

carboxaldehyde analogues of chitosan thiosemicarbazones and their copper(ll) complexes are

presented in table 44.

Table 44: The powder X ray diffraction data of chitosan thiosemicarbazones and their copper(ll) complexes:

imidazole-2-carboxaldehyde and thiophene-2-carboxaldehyde analogues

Compounds Selected functionality peaks, 20 D (nm) | C.I

Thiosemicarbazone crystallinity Chitosan complex (%)
crystallinity

CSIMTSC 7.77°,10.69°, 11.54°, 15.70°, 18.64°, | - 30.31 70.77
23.66°

Cu-CSIMTSC 15.57°,21.06°,21.74°,23.43°, 19.55°,26.47°,31.88°,34. | 26.22 24.33
25.01°,28.03° 11°

CCSIMTSC 9.12°, 15.40°, 19.38°, 23.18°, 27.84°, | - 27.76 87.41
31.10°

Cu-CCSIMTSC 9.48°, 13.34° 19.34°,25.88°,39.28° 32.72 28.28

CSTHPTSC 13.23°, 18.62°, 20.62°, 23.64° | - 17.89 62.11
26.73°

Cu-CSTHPTSC 15.59°,23.00°, 23.52°, 24.27°, | 19.96°, 25.78° 31.10 49.84
27.66°, 28.59°

CCSTHPTSC 6.62°,9.36°, 19.38°, 26.84°, 38.94° - 17.03 68.00

Cu-CCSTHPTSC 9.24°,16.24°,19.10°, 23.02°, 32.28° 26.40°, 40.04° 16.58 54.39
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4.5.2.4. Elemental Microanalysis

The functionalization of chitosan as chitosan thiosemicarbazone through a partial substitution
of amino group of chitosan by thiosemicarbazone moiety was confirmed by the correlational
study of analytically found and calculated percentages of elements in chitosan imidazole-2-
carboxaldehyde thiosemicarbazones (DS 20.18-22.63% and unit formula weight 313), and
chitosan thiophene-2-carboxaldehyde thiosemicarbazones (DS 63.48-64.14% and unit
formula weight 329). The correlation of the calculated percentages of elements with their
analytically found percentages in copper(ll) imidazole-2-carboxaldehyde chitosan
thiosemicarbazones (unit formula weight 412) and copper(ll) thiophene-2-carboxaldehyde
chitosan thiosemicarbazones (unit formula weight 463) showed the complexing behavior of
chitosan thiosemicarbazones and non-functionalized chitosan in parallel reactions with
copper(Il) ion. The DS values (Inukai, et al., 1998; Melo, et al., 2002; Pires, et al., 2013; Qin,
et al., 2012) were the indicatives of partial incorporation of thiosemicarbazone moiety in
chitosan to give chitosan functionalized thiosemicarbazones. The DS values from 20.18-
22.63% in imidazole based thiosemicarbazones and 63.48-64.14% in thiophene based
thiosemicarbazones meant higher introduction of Schiff base group into chitosan in thiophene
chitosan thiosemicarbazones. The higher extent of functionalization of chitosan
oligosaccharide than crab shell chitosan as chitosan thiosemicarbazone was shown by the DS
values (Qin, et al., 2012). It was not practicable to quantitatively ascertain the contribution of
different structural factors fixed on the basis of DDA and DS values and hence the
monomeric structural formula weight of completely deacetylated chitosan was taken into
account to get the calculated percentages of elements in both the chitosan
thioseemicarbazones and their copper(ll) complexes. Upon the correlative study with the
calculated percentages, the decreased values of analytically found percentages of sulphur
were found in agreement with the corresponding DDA and DS values showing the partial
deacetylation of chitin and partial grafting of thiosemicarbazone moiety into chitosan. The
extent of functionalization corresponding to the given DS values were influenced by DDA of
chitosan constituent and My of carboxaldehyde moiety in chitosan thiosemicarbazones. The
Schiff base addition with partial incorporation of thiosemicarbazone moiety into chitosan
leaves some non-functionalized chitosan that reacts parallelly with with copper(ll) chloride to
give copper(ll) chitosan complex.The higher values of the estimated chlorine percentages
than the respective values of calculated chlorine percentages in copper(ll) chitosan
thiosemicarbazone complexes also justify this process of the simultaneous formation of
copper(I)-chitosan (Adhikari, Garai, Khanal, et al., 2021; Adhikari, Garai, Khanal, et al.,
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2022; Adhikari, Garai, Thapa, et al., 2022). The elemental analysis data of imidazole-2-
carboxaldehyde and thiophene-2-carboxaldehyde analogues of chitosan thiosemicarbazones

and their copper(ll) complexes are presented in table 45 and 46 respectively.
Table 45: Elemental (CHNS) microanalysis of chitosan thiosemicarbazones: imidazole-2-carboxaldehyde and

thiophene-2-carboxaldehyde analogues: calculated (found)

Compounds C(%) H(%) N(%) S(%) DS(%)
CSIMTSC 41.90(40.30) 5.43(5.07) 22.21(23.75) 10.17(3.61) 22.63
CCSIMTSC 41.90(48.85) 5.43(7.10) 22.21(19.05) 10.17(3.2) 20.18
CSTHPTSC 43.49(36.14) 5.17(5.24) 12.68(8.91) 19.35(14.96) 64.14
CCSTHPTSC 43.49(36.19) 5.17(5.20) 12.68(9.01) 19.35(14.60) 63.48

Table 46: Elemental (CHNS) microanalysis and chlorine % in copper(l1) chitosan thiosemicarbazones:

imidazole-2-carboxaldehyde and thiophene-2-carboxaldehyde analogues: calculated (found)

Compounds C(%) H(%) N(%) S(%) Cl(%)
Cu-CSIMTSC 31.89(30.80) 4.14(4.22) 16.90(15.48) 7.74(2.41) 8.56(12.20)
Cu-CCSIMTSC 31.89(31.32) 4.14(5.34) 16.90(14.35) 7.74(2.01) 8.56(12.78)
Cu-CSTHPTSC 30.94(23.59) 3.68(3.86) 9.02(5.76) 13.77(9.63) 15.22(16.62)
Cu-CCSTHPTSC 30.94(25.03) 3.68(4.01) 9.02(8.96) 13.77(12.99) 15.22(16.20)

45.25. Thermal Studies

The thermogravimetric and differential thermal analysis (TG/DTA) curves of chitosan
functionalized thiosemicarbazones (figure 138, 139, 140 & 141) and the data associated with
the thermal events presented in table 47 revealed a weight loss of 7.14% at 148 °C and then
44% from 150-350 °C in CSIMTSC, weight loss of 7.58% at 144 °C and then 44 % at 150-
350 °C in CCSIMTSC, weight loss of 9.16% at 146 °C and then 52.30% at 468 °C in
CSTHPTSC and weight loss of 9.2% at 145 °C with further loss of 50.8% at 466 °C in
CCSTHPTSC. There was an overall loss of weight by about 80% in CSIMTSC, 80% in
CCSIMTSC, 75% in CSTHPTSC, and 76% in CCSTHPTSC at the temperature range from
200 to 1000 °C. In an agreement with the loss of water in chitosan reported to occur at 80-
160 °C (Kittur, et al., 2002; Qin, et al., 2012) and its decomposition at 50-100 °C and 400 -
500 °C (Andrade, et al., 2012; Kumari, et al., 2017), the thermal degradation was found to
occur in two steps of weight loss owing to loss of water at 100-200 °C and weight loss owing
to the disruption and degradation of the chain at 200-1000 °C. The chitosan
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thiosemicarbazones showed 5-7% weight loss at 120 °C due to loss of water, and 60-63%
weight loss at 500 °C due to backbone degradation, and this behavior showed an analogy
with the literature reports of 9% weight loss at 120 °C due to loss of water and 43% weight
loss at 500 °C due to backbone degradation in chitosan (Chethan, et al., 2013; De Britto &
Campana-Filho, 2004; Xu, et al., 2010). These derivatives showed an abrupt rate of
decomposition with nearly 65% weight loss from 100-550 °C like the reported thermal events
in chitosan (Khalid, et al., 2002). Then, the decomposition was steady and a solid residue of
about 5% CSIMTSC, 7% CCSIMTSC, 15% CSTHPTSC and 14% CCSTHPTSC was left as
the unsaturated and degraded mass at 1000 °C. These thermal events showed substantially
higher thermal stability of chitosan thiosemicarbazones (Qu, et al., 2000), but these results
showed more degradation of chitosan thiosemicarbazzones than chitosan at 400-500 °C.
These TG peaks of chitosan thiosemicarbazones corresponding to the weight loss events in
two steps at 100-300 °C and then at 450-900 °C accorded with the energy loss with

decomposition and degradation as shown by DTA curves.
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Figure 138: TG/DTA curves of CSIMTSC showing the thermal events at different temperatures
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Figure 139: TG/DTA curves of CCSIMTSC showing the thermal events at different temperatures
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Figure 140: TG/DTA curves of CSTHPTSC showing the thermal events at different temperatures
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Figure 141: TG/DTA curves of CCSTHPTSC showing the thermal events at different temperatures

Table 47: TG/DTA data of thermal events in chitosan thiosemicarbazones: imidazole-2-carboxaldehyde and

thiophene-2-carboxaldehyde analogues

Compounds Temperature Weight | Thermal event % residue

(°C) loss at 1000 °C
(%)

CSIMTSC 148 7.14 Loss of water
150-350 44 Chain disruption in progress 5
200-1000 80 Chain disruption and backbone degradation

CCSIMTSC 144 7.58 Loss of water
150-350 44 Chain disruption in progress 7
200-1000 80 Chain disruption and backbone degradation

CSTHPTSC 146 9.16 Loss of water
150-468 43 Abrupt disruption of backbone 15
200-1000 75 Chain disruption and backbone degradation

CCSTHPTSC 145 9.20 Loss of water
150-466 42 Chain disruption in progress 14
200-1000 76 Chain disruption and backbone degradation

Thermogravimetric analysis/ differential thermal analysis/differential thermal gravimetry
(TGA/DTA/DTG) curves of copper(Il) chitosan thiosemicarbazones (figure 142, 143, 144 &
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145) at 25-730 °C showed the thermal behavior that has been summarized with the
corresponding thermal data in table 48. Variations in decomposition pattern with the weight
loss in multiple steps were shown by the TG curves of these complexes. The progressive
increase in the rate of decomposition and chitosan chain degradation was observed at 100-
300 °C with about 23% weight loss in Cu-CSIMTSC, 19% weight loss in Cu-CCSIMTSC,
30% weight loss in Cu-CSTHPTSC and 43% weight loss in Cu-CCSTHPTSC. Glucosamine
chain was found degraded with about 45% weight loss at 300-600 °C in Cu-CSIMTSC, 54%
abrupt weight loss at 300-400 °C in Cu-CCSIMTSC, 41% continuous weight loss at 200-500
°C in Cu-CSTHPTSC, and 70.45% major loss in weight at 200-500 °C in Cu-CCSTHPTSC
(Jiao, et al., 2011; Khalid, et al., 2002). There was a steady rise till 450 °C and broad
exothermic peak at 450-560 °C in DTA curve of Cu-CSIMTSC and a steady rise till 300 °C
and an exothermic peak at 300-400 °C in DTA curve of Cu-CCSIMTSC. The steady
decomposition and degradation were observed after 600 °C in Cu-CSIMTSC, and after 500
°C in Cu-CCSIMTSC. The solid residue of about 22% of the sample in Cu-CSIMTSC and
about 15% of sample in Cu-CCSIMTSC were found at at 700 °C. The DTA curve of Cu-
CSTHPTSC showed a slow increase till 305 °C, broad exothermic peak at a point
corresponding to 425 °C within the range of 350-500 °C and an exothermic hump at 504 °C.
The DTA of Cu-CCSTHPTSC showed the exothermic peaks at 273 °C and 383 °C with the
humps at 200-425 °C. The steady rate of degradation of the chain was observed after 550 °C
in Cu-CSTHPTSC and after 450 °C in Cu-CCSTHPTSC. The solid residual masses of
unsaturated structure at 700 °C were 35% of the sample in Cu-CSTHPTSC and 19% of
sample in Cu-CCSTHPTSC. The data of thermal studies in overall showed a significant
stability (Kittur, et al., 2002; Qu, et al., 2000) of copper(ll) complexes.

The stages of thermal degradation as mentioned above were further supported by the DTG
curves with a weight loss of 0.27 mg/min at 257 °C, 0.50 mg/min at 546 °C in Cu-CSIMTSC,
1.26 mg/min at 106 °C in Cu-CCSIMTSC, 252 pg/min at 203 °C, 217 pg/min at 415 °C, 95
pg/min at 505 °C in Cu-CSTHPTSC, and 0.81 mg/min at 255 °C, 0.32 mg/min at 380 °C in
Cu-CCSTHPTSC.
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Figure 143: TG/DTA/DTG curves of Cu-CCSIMTSC
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Figure 145: TG/DTA/DTG curves of Cu-CCSTHPTSC
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Table 48: TG/DTA data of thermal events in copper(l1) chitosan thiosemicarbazones: imidazole-2-
carboxaldehyde and thiophene-2-carboxaldehyde analogues

Compounds Temperature Weight Thermal event % residue

(°C) loss % at 700 °C
Cu-CSIMTSC 25-300 31 Loss of water and chain disruption

300-500 154 Chain disruption and degradation

500-600 29 Degradation of glucosamine backbone 22

600-700 2.6 Steady rate of backbone degradation
Cu-CCSIMTSC 25-286 16.5 Loss of water and chain disruption

286-400 61.6 Degradation of glucosamine backbone

400-700 7 Steady rate of backbone degradation 15
Cu-CSTHPTSC 25-300 37.8 Loss of water and chain disruption

300-600 23.2 Chain disruption and degradation

600-700 4 Further degradation of the backbone 35
Cu-CCSTHPTSC 25-200 7.6 Loss of water and chain disruption

initiation 19
200-400 64.4 Chain disruption and degradation
400-700 9.2 Further degradation of the backbone

4.5.2.6. Magnetic Susceptibility Measurement and Electron Paramagnetic Resonance
(EPR) Spectroscopy

The complexes showed the values of effective magnetic moment (Uefr) in the range at 1.84-
1.89 BM. These values of magnetic moment below 1.90 BM were the indicatives of a
stereochemical orientation to maintain the square planar or octahedral geometry (Figgis,
1958). The low spin-spin coupling in between the unpaired electrons in the central copper
atom was justifiable with the magnetic moment values in the close neighborhood of 1.73 BM
taken as the spin-only moment (Ahmed & Lal, 2017). The cupric ion with relatively more
spin orbit coupling (Djord jevic, 1960) contributes to elevate the effective magnetic moment
values some above the spin only moment.

The EPR spectra of these copper(ll) chitosan thiosemicarbazones (figure 146, 147, 148 &
149) in agreement with the axial g tensors (Bennur, et al., 2001) showed the intermolecular
interactions among the spin moments, and some extent of dimeric association of molecules
was indicated by the absence of hyperfine resolution owing to copper (S =1/2 and 1= 3/2)
(Bhadbhade & Srinivas, 1993; Suresh, et al., 1996). The absence of hyperfine resolution
showed the spectral exchange broadening attributed to paramagnetic centres in considerable
proximity to each other (Farra, et al., 2011) and this process was prevalent in the X-band

138



spectra at the frequency of 9.8 GHz (Farra, et al., 2011). The spectra also showed an unpaired
electron present in d x%y? orbital of copper(Il) centres in a molecular orientation of square
planar geometry (Garribba & Micera, 2006). Due to absence of hyperfine splitting, the g
parallel tensors were undetected, and the g values were 2.10 for Cu-CSIMTSC (v = 9.8623
GHz, B,=3350 Gs = 335.0 mT), 2.09 for Cu-CCSIMTSC (v = 9.8630 GHz, B, = 3360 Gs =
336.0 mT), 2.09 for Cu-CSTHPTSC (v = 9.8621 GHz, Bo= 3380 Gs = 338.0 mT), and 2.08
for Cu-CCSTHPTSC (v = 9.8617 GHz, B, = 3394 Gs = 339.4 mT). The spin orbital coupling
with unpaired electrons due to which the g values were more than ge (2.0023) has been
reported to be determined by the density of unpaired electrons in ligand and the degree of
covalent character in the complexes (Ahmed & Lal, 2017). The absence of a half field peak at
1500 Gauss in the spectra was critically an indicative of the complexes with mononuclear
structure (Patel & Sadasivan, 2017). The magnetic moment and g values in EPR spectra are

presented in table 49.
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Table 49: Effective magnetic moments (Lesr) and EPR g values of copper(I1) chitosan thiosemicarbazones:
imidazole-2-carboxaldehyde and thiophene-2-carboxaldehyde analogues

Complexes Mefr, B. M. EPR g value
Cu-CSIMTSC 1.89 2.10
Cu-CCSIMTSC 1.87 2.09
Cu-CSTHPTSC 1.88 2.09
Cu-CCSTHPTSC 1.84 2.08

The structures of the complexes with the mononuclear and distorted square planar geometry
(figure 150) proposed on the basis of above discussion show that the thione sulphur,
azomethine nitrogen and heterocyclic nitrogen of chitosan imidazole 2-thiosemicarbazones
and one chlorine atom were involved in coordination with copper(ll) ion in Cu-CSIMTSC
and Cu-CCSIMTSC. The thione sulphur and azomethine nitrogen atom of chitosan thiophene
2-thiosemicarbazones and two chlorine atoms were involved in coordination with copper(ll)
ion in Cu-CSTHPTSC and Cu-CCSTHPTSC.

Figure 150: Proposed structure of complexes (a): Cu-CSIMTSC and Cu-CCSIMTSC (b): Cu-CSTHPTSC and
Cu-CCSTHPTSC

4.6. Anticancer Activity of Chitosan, Chitosan Thiosemicarbazones and
their Copper(11) Complexes

4.6.1. General Discussion

Biomaterial chitosan as a cationic polysaccharide that undergoes protonation in acidic
medium shows many applications and remarkable bioactivity (Da Sacco & Masotti, 2010;
Khoushab & Yamabhai, 2010; Mathur & Narang, 1990; Percot, et al., 2003; Tao, et al., 2021,
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Yuan, et al., 2011). Its anticancer activity with minimal toxicity on healthy cells
(Wimardhani, et al., 2014) has been found to depend upon My and DDA (Park, et al., 2011).
In agreement with the literature reports of remarkable tumor growth inhibitory of chitosan
oligosaccharide (Harish Prashanth & Tharanathan, 2005; Maeda & Kimura, 2004; Park, et
al., 2011; Qin, Du, Xiao, Li, & Gao, 2002; Wang, et al., 2008; Yamada, et al., 2007), the
oligo chitosan with low My and high DDA and its thiosemicarbazones were found to show
more antiproliferative activity against the tumorigenic and cancer cell lines in vitro. The pH
sensitive anti-tumor drug delivery system based on chitosan has been reported to enhance the
target delivery to tumor cells (Tao, et al., 2021). The atomic interaction of doxorubicin with
the polymer brings about the enhancement in its release profile to cancer cells (Li, et al.,
2020). Further, the activity was found enhanced upon the grafting of thiosemicarbazone
moiety in chitosan, and such activity was substantially affected by the nature of
carboxaldehyde in thiosemicarbazone. The results showed the higher anticancer potential of
thiosemicarbazones with a heterocyclic ring nitrogen of a five membered ring as an active
moiety, and this was an indicative of specific structure-activity relation. The results also
accorded with the synthesis of chitosan derivatives upon the chemical modification, and the
rational involvement of acetamido and amino groups towards their enhanced biological
activity (Batista, et al., 2006; Jayakumar, et al., 2007; Jayakumar, Chennazhi, et al., 2010;
Jayakumar, Prabaharan, et al., 2010). Anticancer activity of chitosan thiosemicarbazones can
be conveniently linked to their antioxidant behaviour attributed to abstraction of hydrogen
from free radicals due to amino and hydroxyl groups attached to C-2, C-3 and C-6 positions
of the pyranose ring (Xie, et al., 2001), as a result of weakening of intermolecular and
intramolecular hydrogen bonds, and interaction of C=S and N-H groups with free radicals
(Zhong, et al., 2010) that would be an etiological agent of age-related disease like cancer
(Gordon, 1996; Halliwell, et al., 1995).

The o-(N)-heterocyclic carboxaldehyde thiosemicarabazone derivatives with antitumor
activity (Moore & Sartorelli, 1989) were synthesized by the chemical mitigation in the
heterocyclic ring system and substituents (Agrawal & Sartorelli, 1969; Brockman, et al.,
1956; French & Blantz Jr., 1966; French & Blantz Jr., 1971; Klayman, et al., 1979). In
particular, such derivatives were obtained from imidazole-2-carboxaldehyde, pyridine-2-
carboxaldehyde, 2-acetyl pyridine, isatin, and 5-chloroisatin. Antioxidant effects attributed to
scavenging of ROS and activation of a battery of detoxifying proteins (Kinsella, et al., 1993)

are crucial to retard the progress of immune system decline and cancer (Mc Cord, 2000; Rao,
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et al., 2006) and such effects have been shown by low molecular weight chitosan derivatives
(Ji, et al., 2007). Chemical modification and cellular internalization of chitosan through the
cell membrane owing to its cationic nature and reactive functional groups (Gavhane, et al.,
2013) could bring about the enhanced scavenging effect of thiosemicarbazone-chitosan and
the antioxidant effects have been reported to increase with the decrease in My of chitosan
(Zhong, et al., 2010). Further, the antitumor activity mechanistically linked to the cellular
pathways of scavenging the cancer-causing free radicals (Zhong, et al., 2010) has been found
to be exhibited by chitosan thiosemicarbazones.

4.6.2. Antitumorigenic Activity against MDCK Cell Line in vitro

Madin-Darby Canine Kidney (MDCK) cells, isolated from a male cocker spaniel kidney have
been reported to show transformation into a continuous cell line (Frank, 1982; Mills, et al.,
1989). So, the cell line established by S. H. Madin and N. B. Darby in 1958 assumes the
ability of indefinite proliferation. The MDCK cells that are commercially obtained from the
canine kidney cells have been reported to go through the neoplastic transformation by the in
vitro immortalization of cells as the tumorigenic phenotype (Omeir, et al., 2011). The MDCK
cyst model formation and growth have been found to be inhibited by oligo chitosan at 100-
500 pg/mL concentration (Tuangpholkrung, et al., 2018), and an increment in cellular
permeation through the cell surfaces and the subsequent cellular cytotoxicity enhancement
have been shown to be obtained by chitosan tailoring via functionalization and complex
formation (Adhikari & Yadav, 2018). In accordance with these reports, the current work was
centred at novel tailoring of chitosan functionalized thiosemicarbazones, and their copper(1l)
complexes, and the study of their in vitro inhibitory activity against the growth and
proliferation of Madin-Darby Canine Kidney (MDCK) cell line. The MDCK cell line,
different from the early cell populations of non tumorigenic type (Omeir, et al., 2015), was
found to propagate with the immortalized and tumorigenic phenotypic expression upon the
culture in complete media. The progression towards tumorigenicity and the utilitarian aspects
of tumorigenic canine cell lines have been reported in literatures but how the mammalian
cells undergo neoplastic transformation is still unclear (Omeir, et al., 2015). The inhibition
profiles against the antitumorigenic MDCK cell line by chitosan, chitosan functionalized
thiosemicarbazones and copper(Il) chitosan thiosemicarbazone complexes are shown in table
50, 51 and 52 respectively. The ICso values were calculated from linear approximation of cell

viability% versus concentration of the sample curve, and as the concentration (x) at which the
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cell viability is 50% from the equation of linear trendline y = mx + ¢ where m is slope of the

trendline, c is intercept, y is 50 corresponding to half the viable cell percentage.

Table 50: Inhibition profile of MDCK cell line proliferation by chitosan oligosaccharide (CS) and crab shell
chitosan (CCS)

Compounds Cell viability% (at 50-400 ICso (ugmL?) IR% (at 50-400 pgmL™)
ugmL™)
CS 91-62 >400 9-38
CCS 96-78 >400 4-22

Table 51: Inhibition profile of MDCK cell line proliferation by chitosan oligosaccharide thiosemicarbazones

(CS TSC series) and their copper(ll) complexes

Compounds Cell viability% (at 50-400 ICso (ugmL™?) IR% (at 50-400 ugmL™)
ugmL™)

CSSTSC 80-28 334 20-72
Cu-CSSTSC 83-25 258 17-75
CSAPTSC 60-30 336 40-70
Cu-CSAPTSC 91-30 312 09-70
CSPCTSC 81-38 375 19-62
Cu-CSPCTSC 85-35 342 15-65
CSAPRTSC 81-45 381 19-55
Cu-CSAPRTSC 81-41 322 19-59
CSISTSC 63-34 351 37-66
Cu-CSISTSC 71-18 220 29-82
CSCLISTSC 91-43 335 09-57
Cu-CSCLISTSC 72-36 285 28-64
CSIMTSC 82-24 275 18-76
Cu-CSIMTSC 58-23 263 42-77
CSTHPTSC 54-40 364 46-60
Cu-CSTHPTSC 71-40 338 29-60

Table 52: Inhibition profile of MDCK cell line proliferation by crab shell chitosan thiosemicarbazones (CCS

TSC series) and their copper(ll) complexes

Compounds Cell viability% (at 50- ICso (ugmL™?) IR% (at 50-400 pgmL™)
400 ugmL™)
CCSSTSC 81-59 >400 19-41
Cu-CCSSTSC 84-46 391 16-54
CCSAPTSC 75-33 356 25-67
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Cu-CCSAPTSC 80-34 354 20-66
CCSPCTSC 89-57 >400 11-43
Cu-CCSPCTSC 96-57 >400 04-43
CCSAPRTSC 91-43 335 09-57
Cu-CCSAPRTSC 83-25 274 17-75
CCSISTSC 54-31 358 46-69
Cu-CCSISTSC 97-22 205 03-78
CCSCLISTSC 81-28 334 19-72
Cu-CCSCLISTSC 93-25 270 07-75
CCSIMTSC 87-55 >400 13-45
Cu-CCSIMTSC 82-49 394 18-51
CCSTHPTSC 68-52 >400 32-48
Cu-CCSTHPTSC 94-31 293 06-69

4.6.3. Anticancer Activity against MCF-7 Cancer Cell Line in vitro

MCF-7 stands as an acronym of Michigan Cancer Foundation-7, USA where it was obtained
as the human breast cancer cell line through pleural effusion from a breast carcinoma by H.
Soule and co-workers (Soule, et al., 1973). Owing to necessity of molecular level research to
define prognosis and treatment of breast cancer that appears as a critical health problem and
frequent malignancy in woman, MCF-7 has been a commonly used cancer cell line attracting
a high interest of researchers since its establishment in 1973 (Comsa, et al., 2015). The
ultrafine chitosan nano shuttles have been found to decrease viability of MCF-7 cells in vitro
and their enhanced cytotoxicity is promising towards intracellular organelles drug delivery
(Faris, et al., 2021). Chitosan has been found to show different cytotoxicity and
antiproliferative effect in different cell lines in a dose dependent manner and in particular, its
in vitro inhibitory effect on MCF-7 cell line with ICso values of 348 pug/mL (Ghaly, et al.,
2018) and 1.68-1.76 mgmL™viz. 1680-1760 pug/mL (Abedian, et al., 2019) in separate studies
showed the suitability of selecting MCF-7 cell line with variation of chitosan cytotoxicity
towards it for the current study. In addition to its use in anticancer therapeutics, the
functionalized chitosan shows a wide utility in multistage specific and controlled delivery
systems of nanomedicines (Jhaveri, et al., 2021). For instance, the synthetic miRNA loaded
chitosan nanoparticles have been found as a non-toxic material to bring about the substantial
decrease in viability of MCF-7 cells (Rizkita, et al., 2021). Chitosan/ polylactide
nanoparticles have been found useful in therapeutical delivery of tamoxifen for the treatment
of breast cancer (Gomillion, 2019).
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The anticancer activity profiles of chitosan, chitosan functionalized thiosemicarbazones and
copper(Il) chitosan thiosemicarbazone complexes against MCF-7 cell line are shown in table
53, 54 and 55 respectively. The 1Cso values were calculated from linear approximation of cell
viability% versus concentration of the sample curve, and as the concentration (x) at which the
cell viability is 50% from the equation of linear trendline y = mx + ¢ where m is slope of the
trendline, c is intercept, y is 50 corresponding to half the viable cell percentage.

Table 53: Inhibition profile of MCF-7 cell line proliferation by chitosan oligosaccharide (CS) and crab shell
chitosan (CCS)

Compounds Cell viability% (at 50-400 ICs0 (ugmL) IR% (at 50-400 ugmL™)
ugmL™)
CS 91-44 370 9-56
CCS 83-33 >400 18-38

Table 54: Inhibition profile of MCF-7 cell line proliferation by chitosan oligosaccharide thiosemicarbazones
(CS TSC series) and their copper(I1) complexes

Compounds Cell viability% (at 50-400 ICso (ugmL?) IR% (at 50-400 ugmL™)
ugmL™)

CSSTSC 82-44 343 18-56
Cu-CSSTSC 90-33 222 10-67
CSAPTSC 79-39 341 21-61
Cu-CSAPTSC 84-20 262 16-80
CSPCTSC 96-44 281 04-57
Cu-CSPCTSC 86-44 278 14-56
CSAPRTSC 85-48 355 15-52
Cu-CSAPRTSC 65-39 352 35-61
CSISTSC 68-42 370 32-58
Cu-CSISTSC 56-13 220 44-87
CSCLISTSC 75-32 306 25-68
Cu-CSCLISTSC 85-32 282 15-68
CSIMTSC 75-32 368 25-68
Cu-CSIMTSC 72-19 277 28-81
CSTHPTSC 79-43 369 21-57
Cu-CSTHPTSC 87-39 318 13-61

Table 55: Inhibition profile of MCF-7 cell line proliferation by crab shell chitosan thiosemicarbazones (CCS
TSC series) and their copper(ll) complexes

Compounds Cell viability% (at 50- ICs0 (ugmL™?) IR% (at 50-400 ugmL?)
400 pgmL™?)
CCSSTSC 78-49 393 22-51
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Cu-CCSSTSC 76-48 390 24-52
CCSAPTSC 80-52 >400 20-48
Cu-CCSAPTSC 74-16 212 26-84
CCSPCTSC 78-51 >400 22-49
Cu-CCSPCTSC 70-18 231 30-82
CCSAPRTSC 69-42 365 31-58
Cu-CCSAPRTSC 69-39 352 46-62
CCSISTSC 84-43 384 16-57
Cu-CCSISTSC 84-41 356 16-59
CCSCLISTSC 83-42 367 17-58
Cu-CCSCLISTSC 84-34 309 16-66
CCSIMTSC 83-58 >400 17-42
Cu-CCSIMTSC 82- 57 >400 18-43
CCSTHPTSC 82-52 >400 26-48
Cu-CCSTHPTSC 85-34 >400 14-49

4.6.4. Anticancer Activity Assessment: Graphical Analysis

The general impressions observable from the graphical representations of correlative
inhibition of CS & CCS (figure 151), CSTSC series of ligands & their copper(ll) complexes
(figure 152-159), and CCSTSC series of ligands & their copper(ll) complexes (figure 160-
167) against the tumorigenic MDCK cell line and MCF-7 cancer cell line are (i) higher
activity of chitosan oligosaccharide than high molecular weight crab shell chitosan, (ii)
higher activity of chitosan functionalized thiosemicarbazones than native chitosan, and (iii)

anticancer activity enhancement upon the complex formation.
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Figure 151: Correlative inhibition of CS and CCS against MDCK and MCF-7 cell lines (ICso
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Figure 152: Correlative inhibition of CS, CSSTSC and Cu-CSSTSC against MDCK and
MCEF-7 cell lines (ICsp values)
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Figure 153: Correlative inhibition of CS, CSAPTSC and Cu-CSAPTSC against MDCK and
MCF-7 cell lines (ICsp values)
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Figure 154: Correlative inhibition of CS, CSPCTSC and Cu-CSPCTSC against MDCK and
MCF-7 cell lines (ICso values)
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Figure 155: Correlative inhibition of CS, CSAPRTSC and Cu-CSAPRTSC against MDCK
and MCF-7 cell lines (ICsp values)
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Figure 156: Correlative inhibition of CS, CSISTSC and Cu-CSISTSC against MDCK and
MCEF-7 cell lines (ICso values)
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Figure 157: Correlative inhibition of CS, CSCLISTSC and Cu-CSCLISTSC against MDCK
and MCF-7 cell lines (ICso values)
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Figure 158: Correlative inhibition of CS, CSIMTSC and Cu-CSIMTSC against MDCK and
MCEF-7 cell lines (ICsp values)
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Figure 159: Correlative inhibition of CS, CSTHPTSC and Cu-CSTHPTSC against MDCK
and MCF-7 cell lines (ICsp values)
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Figure 160: Correlative inhibition of CCS, CCSSTSC and Cu-CCSSTSC against MDCK and
MCF-7 cell lines (ICso values)
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Figure 161: Correlative inhibition of CCS, CCSAPTSC and Cu-CCSAPTSC against MDCK
and MCF-7 cell lines (ICso values)
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Figure 162: Correlative inhibition of CCS, CCSPCTSC and Cu-CCSPCTSC against MDCK
and MCF-7 cell lines (ICsp values)
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Figure 163: Correlative inhibition of CCS, CCSAPRTSC and Cu-CCSAPRTSC against
MDCK and MCF-7 cell lines (ICso values)
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Figure 164: Correlative inhibition of CCS, CCSISTSC and Cu-CCSISTSC against MDCK
and MCF-7 cell lines (ICso values)
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Figure 165: Correlative inhibition of CCS, CCSCLISTSC and Cu-CCSCLISTSC against
MDCK and MCF-7 cell lines (ICso values)
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Figure 166: Correlative inhibition of CCS, CCSIMTSC and Cu-CCSIMTSC against MDCK
and MCF-7 cell lines (ICso values)
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Figure 167: Correlative inhibition of CCS, CCSTHPTSC and Cu-CCSTHPTSC against
MDCK and MCF-7 cell lines (ICso values)

4.6.5. Anticancer Activity of Chitosan and its Derivatives: An Overview on the
Mechanism of Action

Medicinal property of chitosan has been reported to get enhanced by its modification through
blending or drug loading (Zhang, et al., 2020). In an aqueous bio environment, water
molecules can make their way between the chitosan molecules in a drug-loaded chitosan
dressing and the volume of the dressing increases. This process leads to the release of drug to
bio environment (Brannon-Peppas,1990; Brannon-Peppas & Peppas, 1990). The inherent
anticancer activity of chitosan and its derivatives follows the antiangiogenic performance,
immunoenhancement, antioxidant defence mechanism and cellular apoptotic pathways
(Adhikari & Yadav, 2018).

The interference to mutual regulation of pro-angiogenic and anti-angiogenic factors under the
pathological conditions (Jiang, et al., 2015) brings about the development of cancer cells, and
this process is of tumor angiogenesis has been reported to be mediated by chitosan
nanoparticles (Xu, Wen, & Xu, 2009).

Chitosan also acts by tumor growth inhibitory mechanism in which the immunological
system is enhanced through the enhancement of natural killer activity (Kuppusami &
Karuppaiah, 2013; Maeda & Kimura, 2004). The selective accumulation of chitosan
nanoparticles in tumor cells owing to enhanced permeation and retention (EPR) effect has
been found to reduce the multidrug resistance induced by p-glycoprotein (Ai, et al., 2017,
Ramasamy, et al.,2017). The inhibition of cell proliferation by chitosan oligosaccharide has
been found to involve lowering the number of cells in S phase to decrease the rate of DNA
synthesis (Shen, et al., 2009). Square planar geometry of chitosan-metal complex has been

found favorable towards the interaction of metal ion to cause more scavenging of oxidative
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free radicals (Yin, et al., 2004), and the cleavage of DNA that brings about the antitumor
activity can also be induced by the interaction of free donor atoms (Zheng, et al., 2006). The
biocompatibility of copper(ll) chitosan complexes is associated to protonation of amino
group of chitosan that increases due to the chelation with copper(ll) ion and introduces the
interaction with anionic plasma membrane of cancer cells (Qi, et al., 2004; Zheng, et al.,
2006).

The anticancer pathways of chitosan thiosemicarbazone might be associated to its antioxidant
activity as a result of weakening of hydrogen bonds and interaction of C=S and N-H groups
with free radicals (Zhong, et al., 2010). The processes of scavenging of reactive oxygen
species (ROS), and activation of a battery of detoxifying proteins are crucial to cause the
natural antioxidant effects to retard the progress of many age-related diseases (Kinsella, et al.,
1993). The antineoplastic activity of a-(N)-heterocyclic carboxaldehyde thiosemicarabazones
(HCTs) is attributed to inhibition of ribonucleotide reductase (RR) activity (Moore &
Sartorelli, 1989).

The activity against the human breast cancer cell lines has been reported to be due to its
antiproliferative behaviour (Jiang, et al., 2011) and the anticancer pathways in cancer cell
lines were found to be associated with the reduction in mitochondrial membrane potential,
membrane lipid peroxidation triggering and neutralization of charge on cell surfaces (Qi, et
al., 2007). Apoptotic effect of chitosan was found to be associated with modulation of death
receptor expression and caspase-8 (14) or caspase-3 activation (Hasegawa, et al., 2001). Due
to electrostatic attraction of protonated chitosan towards more negatively charged surfaces of
cancer cells, chitosan can disrupt the cancer cell membrane and inflammatory cytokines like
IL-6 and IL-8 are secreted (Zhang, et al., 2010). The membrane damaging effect of chitosan
and mitogenic effect of cytokines cannot be comprehended by cancer cells. In addition to this
process, cancer cells can also be attacked by a specific extracellular receptor or by
endocytosis (Wiegand, et al., 2010; Wimardhani, et al., 2012).
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CHAPTER 5

5. CONCLUSIONS AND RECOMMENDATIONS

The higher anticancer activity of chitosan oligosaccharide (CS) than high molecular weight
crab shell chitosan (CCS) and the more enhanced activity against the MCF-7 cancer cell line
than tumorigenic MDCK cell line were observable. Chemical modification of chitosan as
chitosan functionalized thiosemicarbazones was found to invariably enhance the activity, and

this activity was more enhanced in chitosan oligosaccharide analogues.

There was concentration dependent rise in IR%, and oligo chitosan thiosemicarbazones were
found to show more inhibition of cell growth than the high molecular weight crab shell
chitosan. Copper(Il) chitosan thiosemicarbazone complexes showed an enhanced activity
than the respective chitosan thiosemicarbazones, showing the copper(ll) complex formation
as a significant way to get the antitumorigenic and anticancer derivatives of enhanced activity
in vitro. The antitumorigenic and anticancer activity enhancement was found more in the
complexes of chitosan oligosaccharide than high molecular weight crab shell chitosan
analogues. The results are in harmony with the reports that copper(ll) thiosemiicarbazones
impart higher cytotoxic effects than thiosemicarbazones possibly owing to their inherent
redox properties (Ferrari, et al., 1999; West & Liberta,1993) and the current study leaves the

treasure of data for further mechanistic investigations.

The higher activity towards MCF-7 than MDCK cell line showed the selective permeability
of these chitosan biomaterials through the more negatively charged cancer cell membranes
and the alteration of electrical charge on these cancer cell membranes (Cure,1991; Zhou, et
al., 2015) for the purpose of therapeutic intervention. In particular, both CS and CCS showed
less than 50% inhibition at 400 pg/mL concentration towards MDCK cell line. But, MCF-7
cell line appeared more sensitive with its 56% inhibition at 400 pug/mL concentration by CS,
and there was higher inhibition of MCF-7 cancer cell line than MDCK cell line by CCS at
400 pg/mL. The chitosan derivatives with ICso below 348pg/mL (taken as a marginal value
from literature) are recommended as more potent anticancer formulations than the derivatives
with less than 50% inhibition at 400 pg/mL.

On the basis of the results, the current work is anticipated to leave the area of further

investigation of the mechanistic approaches of anticancer activity of these chitosan
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derivatives and their nano composites/blends against MCF-7 cancer cells. The results of the
cellular uptake level of antioxidant chitosan oligosaccharide and crab shell chitosan in vitro
(Adhikari, Garai, Marasini, et al., 2021) and anticancer activity of chitosan functionalized
thiosemicarbazones and their copper(ll) complexes (Adhikari, Garai, Khanal, et al., 2021;
Adhikari, Garai, Khanal, et al., 2022; Adhikari, Garai, Thapa, et al., 2022) are indicatives of
the necessity of in vivo experimental studies and the development of chitosan drug
formulations in the future. The results have been found crucial to be recommended for the
further investigation of the cellular pathways of their anticancer activity, and the assessment

of therapeutically effective and safe chitosan based anticancer preparation.
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CHAPTER 6

6. SUMMARY

Chitin is a homopolymer of N-acetyl glucosamine units linked through B (1—4) linkages.
This biopolymer, most abundant after cellulose, was extracted from exoskeleton of crabs, and
the deacetylation of chitin produced a value-added material called chitosan as a copolymer of
N-acetyl and N-deacetyl o-(1, 4) glucosamine units. The synthesized chitosan showed
standard range of physicochemical parameters as reported in literatures. Owing to presence of
amino and acetamido groups, chitosan was functionalized as carboxaldehyde
thiosemicarbazones as versatile ligands to copper(l1) ion, and the assessment of their physical
characteristics showed the sustainability of chitosan resources in preparation of chitosan
thiosemicarbazone from carboxaldehyde moiety. The thiosemicarbazone ligands were
structurally elucidated by elemental and PXRD analysis, FT-IR and 3C NMR spectroscopic
tools. The formation, features of coordination sphere and geometrical orientation of
copper(ll) chitosan thiosemicarbazones were established with the help of elemental and
PXRD analysis, FT-IR, 3C NMR, and EPR spectroscopic tools. The paramagnetic behaviour
of complexes was confirmed by magnetic susceptibility measurement. With the help of
thermogravimetric and thermal analysis, the derivatives were found thermally stable showing
almost the same thermal events and degradation behaviour as chitosan. Chitosan
thiosemicarbazones of different carboxaldehyde moieties were found to exhibit the exclusive
electron pair donation to copper(ll) ion of cupric chloride from azomethine nitrogen and
thione sulphur to give the complexes with the distorted square planar geometry proposed on
the basis of the overall impression made from characterization data interpretation. The
heterocyclic nitrogen in pyridine and imidazole moiety, oxygen from carbonyl group of isatin
moiety and deprotonated hydroxyl group of salicylaldehyde moiety were found to be
involved as coordination sites. But, the heterocyclic sulphur from thiophene ring was not
found to be involved in coordination with copper(ll) ion.

Anticancer activity of chitosan and its derivatives with their mechanism of action (Adhikari,
& Yadav, 2018) was thoroughly reviewed to assess the hitherto reported derivatization
through functionalization of chitosan, and complex formation via the functionalized

derivatives of chitosan. On this basis, the research was motivated towards the tailoring of
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chitosan based anticancer derivatives. The functionalization of chitosan as chitosan
thiosemicarbazone of different carboxaldehydes with anticancer potency was found to impart
a synergistic anticancer behaviour in vitro and their copper(ll) complexes were reasonably
expected to show the enhancement in anticancer activity. So, the work comprised of
synthesis, and characterization of chitosan thiosemicarbazones of chitosan oligosaccharide
and crab shell chitosan from eight different carboxaldehyde moieties and their copper(Il)
complexes, and then the study of their in vitro anticancer activity against tumorigenic MDCK
and MCEF-7 cancer cell lines. The MDCK cell line was taken to observe the cytotoxicity
profile of the compounds against the cells that have recently passed through the tumorigenic
development, and MCF-7 cancer cell line was selected on the basis of previous works on it
(Abedian, et al., 2019; Ghaly, et al., 2018) motivated by more permeability of chitosan nano
shuttles through the more negatively charged MCF-7 cell surfaces and cellular pathways of
anticancer activity shown by chitosan biomaterials (Comsa, et al., 2015; Cure,1991; Faris, et
al., 2021; Zhou, et al., 2015).

The results of MTT assay revealed (i) enhancement in antitumorigenic and anticancer activity
of chitosan upon the functionalization as chitosan thiosemicarbazone, (ii) relatively higher
activity of chitosan oligosaccharide derivatives than crab shell chitosan analogues, (iii)
increase in anticancer activity upon the complex formation, (iv) more inhibition of MCF-7
cancer cell line than tumorigenic MDCK cell line, and (v) close anticancer effects of different
carboxaldehyde chitosan thiosemicarbazones and their copper(ll) complexes, and (vi) more
potent antitumorigenic and anticancer activity in vitro shown by compounds with 1Csg less
than 348 pgmL™.

As per aforementioned statements, the research study on ‘synthesis, characterization, and
anticancer activity of chitosan thiosemicarbazones and their copper(Il) complexes’ has been

restated in terms of the following chapter wise summary of this thesis work:

Chapter 1 of this thesis introduces the etiological aspects of cancer pathophysiology and
proliferation, pathways of anticancer activity with a special discussion on cellular apoptotic
and antiangiogenic, enzymatic, antioxidant and immunoenhancing mechanisms of action,
fundamentals of chitin and chitosan chemistry, and biologically important structural analysis
of thiosemicarbazones and chitosan-metal complexes. Further, the chapter opens up with
rationale and objectives of research study, the background and scope in favour of its cutting-
edge perspectives and limitations on the way of chitosan-based anticancer drug development
strategy.
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Chapter 2 of the thesis mentions a critical, specific and in-depth review on synthetic
approaches and the putative mechanisms of action of anticancer activity of chitosan and its
various derivatives obtained by functionalisation through involvement of amino group in ring
chitosan. Further, the chapter shows an acquaintance with nano chitosan and its anticancer

activity, and anticancer clinical study and trials of chitin and chitosan derivatives.

Chapter 3 of the thesis enumerates the materials and methods of synthesis through
functionalization of commercial oligo chitosan and high molecular weight crab chitosan as
chitosan thiosemicarbazones and preparation of the corresponding copper(ll) chitosan
thiosemicarbazone complexes. It involves determination of physicochemical properties of
synthesized chitosan, measurement of data by spectroscopic and analytical tools of
characterization, and laboratory manuals of the measurements of physical properties, and the
protocols of cells culturing and colorometric MTT assay of the compounds against

tumorigenic MDCK cell line and MCF-7 cancer cell line.

Chapter 4 of the thesis presents the results and discussion. It shows the physicochemical
properties of the compounds, that are affected by their mode of synthesis, molecular weight
and DDA of chitosan. It gives the characterization of compounds with overall interpretation
of FT-IR, ¥*C NMR, PXRD, and EPR spectroscopic data and the data of elemental
microanalysis, magnetic susceptibility measurement and thermal analysis to justify the
formation and elucidate the bonding and structure of chitosan thiosemicarbazone ligands and
their copper(ll) complexes. The results of MTT assay of chitosan functionalized
thiosemicarbazones and their copper(ll) complexes against the MDCK tumorigenic and
MCF-7 cancer cell lines have been analysed and compared to assess their relative anticancer
activities. Further, it contains a literature report and a brief insight into the mechanism of
action of anticancer activity of chitosan and chitosan derivatives against the tumorigenic
MDCK and MCF-7 cancer cell lines.

Chapter 5 of the thesis gives the conclusive statements on the strategy of the synthesis of
chitosan functionalized thiosemicarbazones and their copper(Il) complexes, and their relative
activity against the tumorigenic and cancer cell lines. It leaves the area of further research on
the mechanistic study of anticancer activity of some more potent chitosan functionalized
biomaterials, and their copper(ll) complexes recommending the necessity of their in vivo

clinical studies and trials.
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