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ABSTRACT 

The advent of nanotechnology has led to exciting applications in various domains of 

science and technology, including rapid development in nanoscale materials towards 

developing targeted drug delivery system. Reduction in the sizes of the drug carriers to 

nanoscale dimension could overcome the biological barriers and can pass through the smallest 

capillary vessels which could improve in the efficacy and site specificity. As polysaccharides 

are conventionally used as matrices for carrying drugs, so polysaccharides based 

nanomaterials have attracted a lot of scientific attention in drug delivery system. In this 

regard, dextran, chitosan, alginate, starch, pectin etc. have been explored. These drug carriers 

of nanoscale dimension could be functionalized by various means, e.g., attaching ligands for 

receptor mediated targeted drug delivery, or by incorporating magnetic materials, e.g., 
superparamagnetic iron oxide nanoparticles (SPIONs) for guided drug delivery. A few studies 

have been reported on coating MNPs with chitosan, dextran, polylactic co-glycolic acid 

(PLGA) and polyvinyl alcohol (PVA) which also facilitated loading of drugs. Among various 

iron oxide phases, it was noted that the magnetite nanoparticles (MVPs) of about 5-20 nm in 

diameter were suitable-  as they exhibit superparamagnetism, high saturation field, 

biocompatibility and non-cytotoxicity. The synthesized MNPs might require stabilizers to 

maintain colloidal stability as well as good aqueous dispersion. 

In this project, we aimed at developing a novel magnetically responsive hybrid 

nanomaterial for potential targeted drug delivery system. It comprised of magnetite 

nanoparticles coated with pectin and were characterized by an array of techniques. Another 

batch of nanomaterial was synthesized by coating magnetite nanoparticles with pectin 

reinforced with chitosan and was characterized in similar manner. Here pectin and chitosan 

were chosen due to its biocompatibility, biodegradability and its low cost. We have evaluated 

the drug loading efficiencies of diclofenac sodium, 5-fluorouracil (5-FU), oxaliplatin (OHP) 

in these magnetite coated with polysaccharide nanomaterials. Further we have evaluated their 

in vitro release in different simulated conditions, at different pH. In addition, the cytotoxicity 

of 5-FU and oxaliplatin loaded nanomaterials were evaluated in various cancer cell lines like 

HT-29 (colon), HEPG2 (liver) and MIA-PA-CA-2 (pancreas). 

The present study comprises six chapters and a brief discussion of each is as follows: 

In the first chapter we have introduced the concept of targeted drug delivery using 

nanotechnology. A thorough literature survey has been carried out to discuss the various types 
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of targeted drug delivery systems. We have mainly highlighted polysaccharide based 
nanomaterials for this purpose. Recent development on superparamagnetic iron oxide 
nanoparticles (SPIONs) incorporated in polysaccharide nanomaterials for targeted drug 
delivery is introduced. A detailed literature survey on methods of synthesis of SPIONs is 
presented. This is followed by aim and scope of the present work. 

In Chapter two, we have described the experimental methodologies for the 
fabrication of hybrid nanomaterials of magnetite and pectin (MP) where pectin was cross 
linked with calcium ions. The formation of these hybrid nanomaterials were characterized by 
array of techniques. The fabrication conditions were optimized with respect to the 
concentration of pectin, calcium ions and experimental conditions, namely pH, time. The 
optimization was based on their morphology and magnetic properties. The magnetite phase 
was determined from X-ray diffraction (XRD) studies and was confirmed from 57Fe 

Mossbauer spectroscopy recorded at room temperature, and at 5 K with and without magnetic 

field. The average crystallite size was determined to be in the range of 2-8 nm from Debye-
Scherrer formula using the most intense peak. Fourier transform infrared (FT-IR) 
spectroscopy and thermal analysis techniques like thermogravimetry and differential thermal 
analysis (TG-DTA) were used for interpreting the coating of pectin on magnetite 
nanoparticles (MNPs). The surface analysis of the pectin coated MNPs by X-ray 

photoelectron spectroscopy (XPS) studies revealed  minimal  concentration of Fe on the 

surface, which indicated that mostly MNPs were incorporated in the calcium pectinate 

nanomaterials. The morphology of the fabricated nanomaterials was studied by scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) and their sizes in 
dry condition were measured in the range of 100 - 150 nm. While in aqueous medium.they 

were found to be in the range of 300 --400 nm, as measured by dynamic light scattering 

(DLS). The increase in size in aqueous medium was attributed to swelling effect. The 

elemental analysis of the material was determined from energy dispersive X-ray analysis 
(EDAX) coupled to SEM and the concentration of MNPs was determined by estimating total 
Fe in the fabricated nanomaterials by instrumental neutron activation analysis (INAA). Zeta 
potential measurements were used for understanding the nature of interaction among MNPs, 
pectin, chitosan in the nanomaterials. The magnetic studies were carried out by using 

superparamagnetic quantum unit interference device (SQUID). The saturation magnetization 
of these hybrid nanomaterials was 46.21 emu/g, measured at room temperature and applied 
field of ±2.5 T. The field cooled (FC)-zero field cooled (ZFC) measurement studied from 

vi 



SQUID measurements confirmed superparamagnetic behavior of these materials. These 

results were corroborated by 57Fe Mossbauer spectroscopy studies. 

In the third chapter we have discussed the method of fabricating a targeted drug 

delivery system by loading diclofenac sodium (DS) drug in magnetite-calcium pectinate 

nanomaterial. The fabricated system was characterized in the similar manner as mentioned in 

Chapter 2. Maximum drug loading efficiency was found in the batch fabricated with 1 % 

pectin solution (w/v). But this composition of pectin led to formation of viscous matrix.. On 

the other hand, the batch prepared with 0.4 % pectin (w/v) resulted in spherical nanomaterials 

with 60.6 ± 1.4 % encapsulation efficiency. The concentration of the drug loaded in these 

nanomaterials was found to be 28.9 ± 1.6 % (w/w) on dry weight basis. These drug loaded 

spherical nanomaterials materials of 100 - 150 rim (in dry condition, as reflected from TEM 

and SEM studies) exhibited superparamagnetic property as evident from VSM (Ms  =44.05 

emu/g at room temperature and ±10 kOe) and SQUID (TB = 75.4 K at an applied field of 500 

Oe). The in vitro release study of the MP-DS was carried out sequentially in simulated gastric, 

intestinal and colonic fluids by using specific enzymes and by maintaining the pH of the 

medium. There was negligible release of drug in gastric medium while 88 % of the drug was 

released rapidly in simulated intestinal fluid. The remaining drug was released in the colonic 

fluid. On the other hand the MP-DS showed sustained release in phosphate buffer at pH 7.4. 

The release profile agreed well with the Korsemeyer-Peppas model which satisfied the 

conditions for non-Fickian transport. This was attributed to swelling effect of calcium 

pectinate in the aqueous medium which resulted in diffusion based drug release. 

In the chapter four we reported our studies on enhanced loading of the diclofenac 

sodium in pectin which was reinforced with chitosan where magnetite nanoparticles were 

incorporated (MPCh-DS). Notably, here pectin was not cross linked with Cat+  ions but was 

reinforced with chitosan by electrostatic interaction. The methodology for fabrication of the 

MPCh-DS system was optimized by varying the chitosan concentration, where minimum 

concentration of chitosan was 0.025 %. The drug loading efficiency was more than 99 %. 

The formation of the nanomaterials MPCh-DS was confirmed from XRD, FT-IR, TG-DTA, 

57Fe Mossbauer, TEM, SEM, DLS, zeta potential. The sizes of MPCh-DS were in the range 

of 100 — 150 rim in dry condition and in aqueous medium an average size of 350 nm was 

measured from SEM, TEM and DLS measurements. The magnetic measurements by VSM 

revealed a saturation magnetization of 34.40 emu/g (at room temperature and ±10 kOe) and 

the superparamagnetic property was confirmed from SQUID measurement. The in vitro 
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release of the diclofenac sodium from MPCh-DS system was studied in simulated gastric, 

intestinal and colonic fluids at respective pH. The in vitro release study was also carried out 

in phosphate buffer solution at pH 7.4 to mimic the release of the drug in blood. Similar to 

the release pattern observed for MP-DS system in the previous chapter, the release of DS 

from MPCh-DS was negligible in gastric fluid while 68 % of the .drug was released rapidly 

in simulated intestinal fluid. This was followed by 31.5 % drug release in the colonic fluid 

over a period of 55 h. Overall, 99 % of the drug was released in a sustained manner. Similar 

to the MP-DS system, the sustained release of drug was better in phosphate buffer (pH -7.4) 

and the release profile agreed well the Korsemeyer-Peppas model, satisfying non-Fickian 

transport. Thus the release mechanism was attributed to swelling effect of pectin reinforced 

with chitosan in the aqueous medium. This system could be assumed to be suitable for 

delivering the drug at inflammatory regions, e.g. knee joints if administered intravenously 

where the drug can be release in a sustained manned over a longer period of time. 

In the chapter five we have discussed the method of fabricating targeted drug delivery 

system with anticancer drug 5-FU loaded in magnetite calcium pectinate nanomaterials (MP-

5FU). The drug loading efficiency was found to be 29.8 f 3.3 %. Similar to the previous 

chapters the fabrication of MP-5FU was confirmed from XRD, FT-IR, TEM, SEM, DLS and 

zeta potential studies. In aqueous medium, DLS measurement reflected an average size of 

300 urn which was attributable to swelling effect of the polymer. The saturation 

magnetization of these materials was 43.15 emu/g recorded by VSM at room temperature and 

±10 kOe. The superparamagnetism was confirmed from the FC-ZFC profile recorded from 

SQUID measurements. The in vitro release studies in simulated gastric condition showed 11.8 

% release by weight. The release of 5-FU was — 40 % in simulated intestinal condition. It was 

followed by --- 46 % release of drug in simulated colonic fluid. It accounted for a total release 

of - 98 % over a period of 48 h which exhibited sustained release of the drug in 

gastrointestinal conditions. Similar to MP-DS system, the in vitro release of 5-FU from MP- 

5FU showed better sustained release in phosphate buffer (pH —7.4) over a period of 48 h and 

was in good agreement with swelling controlled drug release mechanisms as discussed in 

previous chapters. Further the cytotoxicity of the fabricated nanomaterials MP-5FU was 

studied on HT-29 (colon), HEPG2 (liver), MIA-PA-CA-2 (pancreas) cancer cell lines by SRB 

assay after 48 h. The % cell viability decreased with increase in the MP-5FU concentration 

(1-5 mg/mL). The cell viability of MP-5FU at 5 mg/mL was found to be 60.9 ± 3.3 % for HT-

29 and 68.2 ± 16.1 % for HEPG2 cancer cell lines. Strikingly, the cell viability for 5 mg/mL 
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of MP-5FU in MIA-PA-CA-2 pancreatic cancer cell line was 23.9 ± 5.1 % and the 

corresponding GI50 was 3.7 mg/mL. On the other hand, the GI50 of MP-5FU for HT and 

HEPG2 was more than 5 mg/mL. The magnetite-pectin system without 5-FU, did not indicate 

any antiproliferative effect. Therefore decrease in cell viability for MP-5FU was only due to 

release of the anticancer drug 5-FU from the nanomaterials. These results indicated the 

successful fabrication of magnetic nanomaterials of pectin for potential delivery of 5-FU. 

In chapter six we have reported the fabrication of anticancer drug, oxaliplatin (OHP), 

loaded in the hybrid nanomaterials of magnetite-pectin and in magnetite-pectin reinforced 

with chitosan. The sizes of these nanomaterials were between 100 - 150 nm in dry condition, 

confirmed by SEM and TEM. In aqueous medium, DLS measurement reflected an average 

size of —330 nm which was attributable to swelling effect of the polymer. The VSM studies 

revealed high saturation magnetization (45.65 emu/g) at room temperature and ±10 kOe. The 

superparamagnetic property was characterized by SQUID magnetometry. The drug loading 

efficiency was calculated with respect to platinum (Pt) content by ICPMS, after calibrating 

the Pt contents in the known concentrations of the drug. The loading efficiencies were 50.2 ± 

1.5 % in MPCh-OHP and 55.2 f 1.2 % in MP-OHP. The in vitro release profile of oxaliplatin 

from MP-OHP in the phosphate buffer pH 5.5 and 7.4 indicated sustained release. On the 

other hand the release of OHP from MPCh-OHP was rapid. From this we concluded that MP-

OHP was a better drug delivery system for sustained release of oxaliplatin and was further 

studied for its cytotoxicity in MIA-PA-CA-2 (pancreas) and HT-29 (colon) cancer cell line. 

The % cell viability decreased as the concentration of MP-OHP was increased from 1 mg/mL 

to 5 mg/mL. However, the GI50 value for MP-OHP in MIA-PA-CA-2 (pancreas) and HT-29 

(colon) cancer cell lines was found to be above 5 mg/mL. 

Finally we have summarized our work by highlighting the successful fabrication of a 

novel drug delivery system of nanoscale dimension with sustained release capability of 

different types of drugs namely DS, 5-FU and oxaliplatin. The additional magnetic property 

induced due to the presence of superparamagnetic magnetite nanoparticles has enhanced its 

functionality as a potential magnetically guided targeting ability. It may be interesting to 

study the in vivo applicability of these magnetite-pectin-drug nanomaterials materials for 

assessing their capacity for magnetically targeted drug delivery system. 
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Chapter- I 	 Introduction: Nanomaterials based targeted drug delivery 

1.1 INTRODUCTION TO NANOSCALE MATERIALS 

Nanomaterials brought radical changes in the various fields of science and 

technology. They are considered as futuristic materials for potential wide applications in 

Physics, Chemistry, Life Sciences, Medicine and Engineering. The striking feature of these 

nanoscale materials has been increased ratio of surface area to volume which has enabled 

substantial development in the area of catalysis and sensors. The other key benefit for 

different types of nanomaterials is the ability to vary their fundamental properties e.g., 

magnetization [1], optical properties (color) [2, 3], melting point [4], hardness [5], solubility 

[6] etc. as compared to bulk materials without a change in chemical composition. The bulk 

properties such as melting point and hardness are related to the enhanced surface interactions 

among nanoparticulates, the size-tunable electronic properties are due to quantum 

confinement effects. Due to this a new area known as 'Nanotechnology' has emerged which 

offers a common platform to study and explore different types of nanomaterials for their 

uses ranging from day to day life applications, namely cosmetics, water purifier to advanced 

technologies in cancer diagnosis and therapy [7-11]. These are materials with morphological 

features in nanoscale dimensions where generally at least one of the dimensions is less than 

100 nm. Such types of materials are found to exhibit extraordinary physico-chemical 

properties as compared to their bulk ones, which are attributed to their sizes [12]. Though 

there are evidences of the knowledge and usages of materials of small dimensions in the 

early days of human civilization, namely nanosized Au (gold) particles were used for body 

purification in Egyptian civilization [13], or Au and Ag nanoparticles were used in ceramics 

by Egyptians and Persians in 10t~' century BC for fabrication of ceramic glazes to provide a 

lustrous or glittering effect [14], but the scientific era of nanoscale materials was believed to 

have began with the lecture of Nobel laureate, Richard Feynman, in 1959 when he said that 

"there is plenty of room at the bottom" as discussed by Zhang and Webster [15]. The 

synthesis of nanomaterials or nanoparticles can be broadly classified as bottom-up approach 

and top-down approach [16, 17]. The bottom-up approach is usually a chemical method of 

synthesis where atoms or molecules of certain numbers could congregate to form a particle. 

On the other hand, the top-down approach is a physical process, where a material can be 

thought to be milled into an eventual small particle of nanoscale dimension. Stabilizing these 

nanoparticles has been one of the major challenges in synthesis or fabrication of 

nanoparticles. This is attributed to the tendency for agglomeration of nanoparticles owing to 

attractive van der Waals forces. It may be remarked that the basic knowledge of synthesizing 
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nanoscale materials, mainly by chemical route was available since long but their application 

in nanotechnology was sluggish until the arrival of the sophisticated instrumentations, which 

made it possible for viewing and manipulating materials on the nanoscale dimension. 

Development of electron microscopy and more powerful scanning probe microscopy (SPM) 

during 1980's led to rapid progress in the field of nanotechnology. Since then various 

methods, namely, chemical methods like co-precipitation, sol-gel, ball milling, chemical 

vapor deposition, laser pyrolysis, supercritical fluid technology, gamma irradiation etc. [18-

21] have been developed for synthesizing nanoparticles. 

1.2 TYPES OF NANOMATERIALS 
Broadly nanomaterials fall under two categories: fullerene and inorganic 

nanoparticles. The carbon nanotubes fall under fullerene group which has been one of the 

most exciting nanomaterials with large applications ranging between biomedical applications 

to superconductivity [22, 23]. On the other hand, inorganic nanoparticles comprise of metals, 

semiconductors and metal oxides are also finding wide application due to their unique 

optical, magnetic, electrical properties [24-26]. 

It is found that nanotechnology is developing rapidly in biomedical application, 

especially in diagnosis and therapy. Most of these reports are based on in vitro studies where 

a wide range of nanoscale materials has been used for suitable applications. For example, 

emission properties of Au nanoparticles have been extensively studied for imaging 

cancerous tissues. More interestingly, its quantum size dependent emission property has 

been tipped to replace the use of conventional fluorescent dye for cellular imaging [27, 28]. 

In addition, Au nanoparticles were explored for photodynamic therapy. An interesting study 

has been reported for synthesizing radioactive gold nanoparticles for potential biomedical 

applications [29]. Similarly, magnetic properties of superpararnagnetic iron oxide 

nanoparticles (SPIONs) were found to be useful in hyperthermia based therapy [30]. Further 

a lot of attention is being laid on developing multifunctional nanomaterials for higher 

performance. For example, multifunctional properties provide a tool to achieve imaging, 

diagnosis and therapy simultaneously [31]. In addition to this, recently there has been 

growing scientific interest in exploring the opportunities of using polymers of nanoscale 

dimensions. Notably, polymeric nanomaterials often range in the diameter of 10-1000 nm 

[12]. For example polyvinyl alcohol, polycaprolactone, polylactic acid, polylactic co-

glycolic acid, albumin, gelatin, dextran, alginates, pectinates, chitosan have attracted a great 

PA 
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attention especially in the field of biomedical applications, including imaging, enzyme 

immobilization and drug delivery [32- 45]. 

1.3 NANOMATERIALS FOR DRUG DELIVERY 

Developing efficient drug delivery system of nanoscale dimension has been a major 

thrust in nanotechnology. This is attributed to some of the advantageous properties of the 

nanoscale materials namely: (1) small size due to which they can pass through the smallest 

capillary vessels (2) their ability to penetrate cells and tissue gap to arrive at target organs 

such as liver, spleen, lung, spinal cord and lymph; (3) their ability to show controlled release 

properties which is attributed to their biodegradability, pH, ion and/ or temperature 

sensibility; (4) their ability for localized delivery and thereby reducing toxic side effects. 

Further, it may be noted that the size ranging form a few nanometers up to tens of 

nanometers makes them comparable to a virus (20-450 nm), a protein (5-50 nm), or a gene 

(2 nm wide and 10-100 nm long), which enables them to be in close proximity to a 

biological entity of interest. 

The term `drug delivery' refers to a method or process of administering a 

pharmaceutical compound to achieve therapeutic effects in humans or animals. Drug 

delivery technologies modify drug release profile, absorption, distribution and elimination 

for the benefit of improving product efficacy and safety, as well as patient convenience and 

compliance. The most common routes of administration includes peroral (through the 

mouth), topical (skin), transdermal (skin), transmucosal (nasal, buccal/ sublingual, excretary 

system), parentral (intravenous, intra-arterial or intramuscular, intraperitoneal, intrathecal, 

subcutaneous injection) or implant and inhalation. The parenteral route of administration is 

associated with various intricacies like general systemic distribution of therapeutic drugs, the 

lack of drug specificity towards a pathological site, the necessity of a large dose to achieve 

high local concentration, nonspecific toxicity and other adverse side effects. Therefore to 

minimize these toxic effects as well as to improve the therapeutic efficacy, delivery of drug 

only at desirable sites might be favorable. In this regard, it is interesting to know that Paul 

Ehrlich in 1906 [46] postulated a novel hypothesis of `magic bullet', which could be targeted 

to specific location in human body for drug delivery. With the advent of nanotechnology, 

Ehrlich's hypothesis of magic bullet received a great scientific attention towards developing 

and understanding the processes involved in drug delivery targeted at cellular and sub-

cellular levels. 

3 
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Various types of nanoscale materials have been developed for achieving-site specific 

targeted drug delivery. At this stage, it is important to get acquainted with terminologies, like 

`host' and `guest', which are commonly used in targeted drug delivery. Mostly, the substrate 

material, which is in nanoscale dimension, that holds the drug is referred to as `host', while 

the drug is a `guest'. In certain cases, the `host' is also referred to as nanocarrier of drug. 

Some of the host materials of nanoscale dimension were developed for drug delivery. 

1.3.1 Carbon nanotubes (CNTs) 
Carbon nanotubes, first discovered by Iijima in 1991, consisting of thin graphite 

sheets rolled up into the shape of a seamless tubular structure were studied for a potential 

targeted drug delivery system [47, 48]. This structure belongs to the family of fullerenes, 

which is the third allotropic form of carbon (most common form is C60) along with .graphite 

and diamond. These are hollow tubes that are single-walled (0.4 to 2-nm diameter), double-

walled (1 to 3.5-nm diameter), or multi-walled (2 to 100-nm diameter). These inner volumes 

can accommodate bioactive compounds, including drug. Interestingly both hydrophilic and 

lipophilic drugs can be encapsulated. The targeting and biocompatibility aspects of bioactive 

loaded CNTs can also be enhanced by effective surface functionalization. It has been 

reported that more than one drug can be loaded and function as a multidrug therapy system 

and has been successful in releasing drug over a long period of time, i.e. sustained drug 

delivery [48]. 

In spite of these applications CNTs are found to be toxic and due to its tendency to 

accumulate in major organs, such as lung, liver and spleen, consequent toxicity effect has 

been a major concern [49, 50]. 

1.3.2 Nanodiamonds 

Nanodiamonds (NDs) are reported to be attractive agents for use in biological and 

medical applications [51, 52]. This material shows various characteristics such as greater 

biocompatibility than other carbon nanomaterials, stable photoluminescence, ease of 

purification, commercial availability, and minimal cytotoxicity [52-54]. Further it can be 

functionalized and conjugated to a variety of molecules for the purpose of cell labeling and 

drug delivery [55, 56]. Additionally, by functionalization of nanodiamonds with certain 

groups like carbonyl oxygen and carboxylic acid (—COOH) functional groups —C(=O)OCH3, 
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—COOH, NH2 , or aliphatic moieties, the properties like solubility, specific binding sites on 

target cells and tissues along with the reduction of the side effects may be observed [57- 58]. 

This material is suitable for controlled drug delivery applications because of its capability to 

release drug slowly and consistently as well as excellent drug loading capacity attributed to 

its large surface area-to-volume ratio. Further, the long-term cytotoxicity and stability of 

functionalized NDs is still unknown. Additionally these NDs have a tendency to form 

agglomerates which also hinders its biological applications [51]. 

1.3.3 Nanoemulsions 
Nanoemulsions are two-phase mixtures of insoluble liquids, with a "continuous 

phase" surrounding discrete vesicles of the "nanoscale dispersed phase" which are stabilized 

with a film of surfactant and co-surfactant [59-63]. These emulsions are transparent or 

translucent systems which have a dispersed-phase droplet size ranging between 20 to 200 

nm. They are becoming attractive pharmaceutical formulations due to ease of preparation, 

thermodynamic stability, and optically transparent nature. Further the nanosize range of the 

droplets prevent creaming or sedimentation which occurs on storage and droplet 

coalescence. The rate of drug release from nanoemulsions is affected by their droplet size 

[64]. Due to long term colloidal stability nanoemulsions can be used as a nanoscale drug 

carrier and can impart long shelf life of pharmaceuticals. Depending on the nature of the 

fabrication, namely oil/ water or water/ oil, hydrophobic and hydrophilic drugs respectively 

can be incorporated. This type of nanoscale drug carrier demonstrated enhanced ability for 

dermal, transdermal and mucosal transport/ permeation of various drugs [65, 66]. The major 

limitations of using nanoemulsions are non-suitability for controlled drug release 

applications, non-palatability. and non-compatibility with other excipients in the case of oral 

drug delivery. 

1.3.4 Micelles 
Micelles which are small (5-100 nm in diameter) colloidal dispersions that are 

constructed from amphiphilic molecules (possessing both hydrophilic and hydrophobic 

properties) such as lipids, which contain a hydrophobic core and a hydrophilic head 

(micellar corona) oriented outwardly. The hydrophilic shell stabilizes the micelle in an 

aqueous environment for intravenous delivery and the hydrophobic core stores a payload of 

drug for therapy [67]. 
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1.3.5 Liposomes 
Liposomes consist of an amphiphilic phospholipid bilayer which surrounds an 

aqueous core. They can host both hydrophobic in lipid bilayer as well as hydrophilic drugs 

in aqueous core respectively. Their size ranges from several nanometers to a few 

micrometers which depend on the type of the liposome. They are classified as: small 

unilamellar vesicles (SUV) - ranges from 25-50 nm which is due to the presence of a single 

lipid layer, large unilamellar vesicles (LUV) - surrounded by a single lipid layer but are 

larger in size, Multilamellar vesicles (MLV) - surrounded by a multiple layers of a lipid [68, 

69]. However, major disadvantage of using liposome for drug delivery has been reported to 

occur due to processing of synthetic liposomes which is complex as well as involves high 

cost, while in case of the natural liposomes there is no defined temperature for the 

transformation of the phase which limits their usage [70]. On the other hand, it has been 

possible to incorporate magnetic materials in the aqueous core or incorporate magnetized 

polymers within the lipid bilayer structure of liposomes to prepare magnetic liposome or 

magnetoliposome [71]. This enables the targeted delivery of therapeutic molecules to a 

specific site exposed in an external applied magnetic field. 

1.3.6 Solid lipid nanoparticles (SLN) 
It is a relatively new class of nanoparticles developed for drug delivery. It is also 

referred to as lipospheres with the size ranging between 50 to 1000 nm. The SLN consists of 

the lipids which remain in a solid state at room temperature as well as body temperature. 

Solid lipid nanoparticles consist of a solid lipid core that can carry a hydrophobic drug, 

which is often stabilized by an external monolayer of steric or charged surfactant. They are 

made up of a wide variety of lipids including lipid acids, mono-, di-, or triglycerides, 

glyceride mixtures or waxes, which are stabilized by the suitable biocompatible surfactant(s) 

of non-ionic or ionic form [72]. For example, this type of carriers exhibited enhancement in 

antifungal activity of eugenol in immunosuppressed rats through lipid nanocarriers [73]. 

1.3.7 Dendrimers 
These are repetitively branched macromolecules consisting of core, branches, and 

end groups [74]. It is a promising system for drug delivery owing to its nanometer size range 

which can be controlled precisely, ease of preparation and functionalization, and their ability 

to display multiple copies of surface groups for biological reorganization processes. 
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Dendrimers with hydrophobic core and hydrophilic periphery exhibit micelle-like behavior 

and have been explored for the encapsulation of hydrophobic compounds and for the 

delivery of anticancer drugs. Notably majority of the drugs available in pharmaceutical 

industry are hydrophobic in nature and hence dendrimers are excellent carriers for 

hydrophobic drugs. The physical characteristics of dendrimers, including their 

monodispersity, water solubility, encapsulation ability, and large number of functionalizable 
peripheral groups, are favourable for their usage in drug delivery [75-79]. The major 

limitation of using dendrimers stems from its high uptake in liver, which can lead to toxicity 

effect. However, reports have shown that the toxicity can be reduced by surface 
modification of amine groups [80]. 

1.3.8 Metallic and metal oxide nanoparticles 
A variety of metallic nanoparticles, e.g., Ag, Au etc. have been synthesized for 

several biomedical applications including drug delivery [81-83]. Silver nanoparticles are 

used to enhance wound healing and for coating plastic catheters. Coated catheters are non 

toxic and their sustained release of silver reduces infection at the site of the implant because 

silver is anti-bacterial. Gold nanoparticles (AuNPs) have also been used for cancer cell 

imaging and targeting. AuNPs are very attractive nanoscale agents as they are 

biocompatible, may naturally emit radiation, and have high surface reactivity [84]. In 

addition, use of iron oxide nanoparticles was also found to be significant. Besides their uses 

as MRI agent for diagnosis, they are also useful for hyperthermia based drug delivery [85]. 

In addition they are considered to be useful for imparting magnetic property to drug delivery 

system for magnetic targeting. 

1.3.9 Polymeric nanoparticles 
In order to overcome the various side effects and other associated problems polymer-

based nanoparticles which can effectively carry drugs, proteins, and DNA to target cells and 

organs have been thoroughly studied [86-88]. Their nanoscale dimension promotes effective 

permeation through cell membranes and stability in the blood stream. Polymers are very 

convenient materials for the manufacture of countless and varied molecular designs that can 

be integrated into unique nanoparticle constructs with many potential medical applications. 

Polymers, with emphasis on biodegradable ones, are being developed to create delivery 

systems with excellent drug and protein loading and release properties, a long shelf life, and 
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little toxicity. Various synthetic polymers, such as polyvinyl alcohol (PVA), poly (lactic co-

glycolic acid) i.e. PLGA, poly(c-caprolactone) etc. and their copolymers have been the most 

extensively studied [32-36]. But due to various associated problems with the synthetic 

polymers, research has been focused on usages of natural polymers like dextran, alginates, 

gelatin, albumin, pectin, chitosan, starch [37-45]. 
Amongst these, chitosan and pectin, due to their ease of availability, low cost, 

biodegradability, biocompatibility and non-toxicity have been selected for the further 

discussion. A few important polysaccharide based materials for drug delivery is highlighted 

below: 

1.3.9.1 Chitosan 
Chitosan is a biodegradable polysaccharide which is produced commercially by 

deacetylation of chitin, a structural element in the exoskeleton of crustaceans (such as crabs 

and shrimp etc.) and cell walls of fungi. Chitin is a linear copolymer of N-acetyl-D-

glucosamine and D-glucosamine units which is linked with (3 - (1- 4)-glycosidic bond, here 

N-acetyl-D-glucosamine units are predominant in the chain of the polymer. The deacetylated 

form of chitin refers to chitosan (Fig. 1.1) [89]. Generally the average molecular weight of 

the chitosan lies between 3800 to 20,000 Daltons. Chitin is a copolymer with more than 40 

% degree of acetylation (DA) i.e., number of N-acetyl-D-glucosamine more than 40% and 

number of D-glucosamine less than 60 %, which makes it insoluble in dilute acids. In case 

of chitosan the DA is less than 40 %, i.e., degree of de-acetylation is more than 60 %, which 

imparts solubility in dilute acids. 
OH 

OH 	OH O 
HO 	O 	O 	O NH2 	 O 	0  

HO NH2  HO HN 

O 
H3C 

n 

Fig 1.1. Structures of a monomer unit of chitosan. 

Further, it may be noted that the amino group in chitosan has a pKa  value of -6.5, 

and hence its charge density due to a protonation in acidic to neutral solution is dependent 

on pH and the % DA value [90, 91]. This imparts water solubility as well as bioadhesiveness 

to the chitosan due to which it readily binds to negatively charged surfaces such as mucosal 

membranes. It also shows strong electrostatic interactions with drugs, genes and MNPs [92- 
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95]. Further this amino group imparts hemostatic, bacteriostatic, fungistatic, anticancerogen, 

and anticholesteremic properties. These properties increase the pharmaceutical and medical 

applications of chitosan. In addition to all these properties chitosan is _digested by chitinases, 

which are secreted by microbes of the colon and is also present in plant ingredients of food, 

or by lysozymes. The lysozyme in the body degrades chitosan into N-acetyl glucosamine 
which is followed by its excretion as carbon dioxide via the glycoprotein synthetic pathway. 

Due to this feature, chitosan has been an excellent material as a carrier for colon specific 

drug delivery. Lately, methodologies were developed for fabricating magnetic chitosan 

nanomaterials by blending [96, 97], polymer microgel template [98] and coprecipitation 

methods [99]. Even MNPs encapsulated by chitosan grafted with copolymers has been 

reported [95]. Because of reduction of sizes to submicron range and down to 100 — 200 nm 

sizes, its applicability as drug delivery system has improved tremendously [ 100, 101]. It is 

reported that nanosized chitosan loaded with various pharmaceutical compounds and 

biomolecules e.g. tarcine, 5-fluorouracil, paclitaxel etc., and cyclosporine A, insulin, 

proteins have been successfully fabricated [102 — 108]. 

1.3.9.2 Pectin 
Pectin is commercially available as a white to light brown powder and is mainly 

extracted from citrus fruits (peel), but the apple pomace, sugar beet and sunflower are other 

reported sources [109-111]. Pectin has been used since long in the preparation of jams, 

jellies, desserts, bakery fillings and toppings, as a stabilizer in milk drinks, protein drink, 

yogurts, beverages, nutritional and health products [110, 112]. Therefore it may be 

concluded that the pectin could form a natural part of human diet. Pectin was though found 

to reduce blood cholesterol levels but it is not effective in adding up to nutrition [113, 114]. 

It has also been reported that the short-chain fatty acids, which are produced by the 

microbial degradation of pectin in the colon, have positive influence on health (prebiotic 

effect). Thus the pectin can be used as a carrier for drug delivery, especially as a controlled 

release drug delivery, sustained release drug delivery, intragastric drug delivery, colon 

specific drug delivery, ophthalmic drug delivery, nasal drug delivery, mucosal drug delivery 

and oral drug delivery [115-124]. Further even the pectin reinforced with the chitosan has 

also been reported for the delivery of a variety of molecules [125-129]. Furthermore the 

other reported pharmaceutical applications of pectin comprise gelling agent, thickening 

agent, binding agent and stabilizer [111]. 
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Basically pectin is a complex heteropolysaccharide which is .present in the primary 

cell walls of terrestrial plants. Mainly it consists of linear polymer which is composed of a-

(1-4)-linked D-galacturonan backbone occasionally interrupted by a-(1-2)-linked a-L-

rhamnopyranose residues as shown in Fig. 1.2 [130]. Usually a significant part of the 

galacturonic acid residues of the backbone is methyl esterified. In general pectin contains 

from a few hundred to about 1000 building blocks per molecule which corresponds to 

average molecular weights ranging between 50,000 to 150,000 Daltons depending on the 

source of pectin. 
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Fig 1.2 (a) A repeating segment of pectin molecule and functional groups, (b) carboxyl, (c) ester. 

1.4 TARGETED DRUG DELIVERY 

Presently the research on targeted drug delivery has been focused with respect to: (1) 

the selection of a carrier material or combination of carrier materials to obtain suitable drug 

release speed; (2) the surface modification or fuctionalization of nanoparticles to improve 

their targeting ability; (3) the optimization to increase their drug delivery- capability, their 

application in clinics with the enhancement in the possibility of industrial production; (4) the 
investigation of in vivo dynamic process to disclose the interaction of nanoparticles with 
blood and targeting tissues and organs. 

These problems may be solved by the utilization of nanoparticles with targeting 

capabilities. If the treatments could be localized, e.g., to the site of a joint, inflammation, or 
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cancerous tumors then the continuous maintenance of the various potent drugs could be 

possible. In this regard, the formulation embodying sustained drug release with delivery to a 

specific organ or location in the body (i.e., targeting), has been a major goal in drug delivery 

research over the last two decades. The targeting can be achieved either by specific 

recognition mechanism (ligand- or receptor-mediated targeting) like by use of aptamers, 

antibody bioconjugation etc. or by means of stimuli-sensitive drug carriers [130-134]. The 

stimuli sensitive carrier delivers drug upon exposure to an external stimulus namely pH, 

ultrasound, light, enzymes, magnetic fields etc. which can also be utilized for the targeted 

drug delivery [135-143]. In both the cases, minimal systemic distribution of the drug along 

with its protection from in vivo metabolism and elimination has been reported [144]. Besides 

enhancing the therapeutic efficacy it also minimizes the undesired side effects [144, 145]. 

Various polymeric nanomaterials have been developed in drug delivery research to 

effectively deliver drug to a target site and minimize side effects of the drug. But 

biodegradable polymers are better suited but they alone may not be effective in achieving 

the targeted drug delivery. Therefore there is still a recognized need for pharmaceuticals to 

be confined in a selected anatomical site after administration to increase the therapeutic 

benefit. Incorporation of an additional material, which is sensitive to external or internal 

stimuli, could be effective in achieving targeting capabilities of the polymeric nanomaterials. 

One of the classes of stimuli sensitive drug carriers includes the magnetic materials, 

especially superparamagnetic iron oxide nanoparticles (SPIONs). SPIONs coated with 

polymers exhibit various intrinsic advantages such as good biocompatibility, ease of 

preparation, low cost, high drug loading, enhanced drug stability, low cytotoxicity and 

protection of the loaded drug molecules. 

1.4.1 SPIONs for targeting 
Amongst all these approaches the targeted drug delivery may be obtained by 

imparting magnetism to a polymeric nanostructured carrier for magnetically guided drug 

delivery. In this regard, the extensive research has been carried out for the use of 

superparamagnetic iron oxide nanoparticles (SPIONs) for imaging and drug delivery. The 

SPIONs of about 5-20 nm in diameter is considered to be a promising material for several 

biomedical applications e.g., cellular imaging, targeted delivery, targeted chemotherapy, 

magnetic resonance imaging (MRI), hyperthermia [146-150]. 
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The SPIONs of this size range are sufficiently small so that precipitation due to 

gravitational force can be avoided. This colloidal stability imparts the stability to SPIONs in 

water at neutral pH and even in physiological solutions. Furthermore in this size range the 

particles are expected to have single magnetic domain due to which the magnetization 

interference from domain wall can be minimum. They exhibit interesting properties such as 

superparamagnetism, corresponding to particle sizes smaller than 10 nm [15, 34]. They 

exhibit high field irreversibility, high saturation magnetization, extra anisotropy 

contributions [151]. Superparamagnetism is induced when the thermal vibration is greater 

than the magnetic anisotropy energy of the nanoparticle. This anisotropy energy is the 

potential energy that governs the direction of the spontaneous magnetization. The direction 

of the spontaneous magnetization in each superparamagnetic particle flips randomly with 

time, because of the large effect of thermal vibration, which results in the disappearance of 

the coercivity. Hence, superparamagnetic iron oxide nanoparticles exhibit zero magnetic 

remanence. Also, the high magnetization response, which is due to the large magnetic 

moment in the superparamagnetic particles, ensures that movement of the particles can be 

easily controlled by an external magnetic field. Further due to the phenomenon of 

superparamagnetism these iron oxide nanoparticles no longer show magnetic interaction 

after the external magnetic field is removed. 
Iron oxide can exist as magnetite (Fe304), hematite (a-Fe203), beta phase (13-Fe203), 

maghemite (y-Fe2O3), epsilon phase (c-Fe203). Amongst these different forms of iron oxides 

usually magnetite, maghemite and hematite are the three main iron oxides which are 

included in the category of SPIONs. In magnetite Fe exists as both 2+ and 3+ states, while 

the Fe in the other iron oxide phases exist as 3+ state. It was though found that various 

ferrites which are mixed oxides of iron and other transition metal ions like Sn, Co, Mn, and 

Ni exhibit superparamagnetic behavior [152-156], but due to the biocompatibility and low 

toxicity only SPIONs have been used thoroughly for various biomedical studies. Further, 

amongst these SPIONs usually the magnetite nanoparticles (MNPs) are selected due to its 

superparamagnetic susceptibility, high saturation magnetization, biodegradability, very low 

toxicity (LD50 g/kg), relative ease of synthesis and low cost of production. This phase of 

SPIONs i.e. magnetite has a cubic inverse spinel structure with oxygen forming a face 

centered cubic closed packing where Fe cations occupying interstitial tetrahedral sites and 

octahedral sites. The magnetization shown by magnetite is attributed to the hopping of 
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electrons between Fee+  and Fe3+  ions in the octahedral sites at room temperature. In view of 

these observations the synthesis of MVPs was carried out in the present work. 

Biodegradability and non-toxicity of these nanoscale materials are the major features 

for their extensive in vivo applications. It has been reported that the iron obtained from these 

nanoparticles is incorporated into red blood cell haemoglobin within 30-40 days [157]. Due 

to this, accumulation of iron oxide nanoparticles could be perhaps minimized. SPI®Ns due 

to their nanometer order sizes would require stabilizing agent for restricting the aggregation 

phenomenon of nanoparticles of iron oxide. In this regard, it was emphasized that in situ 

synthesis of iron oxide nanoparticles coated with natural polymers could serve two purposes, 

i.e., stabilizing iron oxide nanoparticles as well as hold the drug for delivery [158]. It is 

worth mentioning here that the use of iron oxide nanoparticles coated with biopolymers 

successfully demonstrated magnetic guiding and delivery of drug to a tumor site in lungs by 

placing a magnet close to chest in order to deliver the anticancer drug only at the tumor site. 

[159]. 
It must be noted that though the magnetically guided drug delivery has so many 

advantages but still it also has some of the limitations. The magnetic drug delivery system 

depends on the strength of the external magnetic field to induce magnetic property in the 

drug carrier for magnetic transportation and also ' to control the residence time of the 

magnetic nanomaterials in the desired area. The drug desorption can also be triggered by 

suitable magnetic field gradient. But this limitation may be avoided by using external 

magnetic fields or by implanting internal magnets near to the target by using minimally 

invasive surgery. In this way for targeted drug delivery using magnetic nanoparticles may 

also establish a promising strategy [145, 147]. 

1.4.2.1 Synthesis of magnetite nanoparticles (MNPs) 
Synthesis of magnetite nanoparticles (MNPs) is a key feature in the development of 

magnetic system for targeted drug delivery. Various methods were developed for 

synthesizing iron oxide nanoparticles. A few selected methods are discussed below: 
The MNPs in general may be synthesized by either hydrolytic route or by non-

hydrolytic route. Thermal decomposition method• is a non-hydrolytic synthetic route which 

was introduced during the early 21St  century and developed later on for synthesizing MNPs 

[160-173]. Monodispersed magnetite (Fe304) nanoparticles (MNPs) of sizes below 20 nm 

were successfully synthesized by thermal decomposition of iron(III) acetylacetonate 
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(Fe(acac)3) [164]. Similarly the precursors of FeOOH and oleic acid were used to prepare 

MNPs of -12.5 nm by thermal decomposition method [174]. It was found that higher 
precursor concentration and operating temperature resulted into formation of larger particles 

of —20 to 30 nm sizes with high level of polydispersity [172]. Interestingly, MNPs of 

different sizes, i.e., 4 nm, 12 nm, and 60 nm could be synthesized by boiling FeC13.6H20 in 

2-pyrrolidone solution [172]. Further there are more exotic techniques to synthesize MNPs 

such as laser pyrolysis or chemical vapor deposition [175,176]. 

On the basis of a series of investigations, it may be commented that the thermal 

decomposition method is a powerful synthetic route for producing high quality 

monodispersed and magnetic susceptible nanoparticles with good crystallinity, particle size 

distribution, and particle size tunability. Despite of all these significant advantages the 

MNPs synthesized in this process cannot be used directly for biomedical applications. This 

is attributed to the use of non-biocompatible molecules for stabilizing the iron oxide 

nanoparticles. For example, coating of the surface of iron oxide nanoparticles with long 

alkyl chain molecules, namely, oleic acid, oleylamine, 1, 2 - hexadecanediol etc., which are 

unsuitable for their uses in drug delivery as the coating agents would require organic 

solvents such as hexane, chloroform, toluene, etc for their dispersion or would require 

further modification [177]. Therefore, even though the method is based on a simple 

approach but still it is associated with the disadvantage of the poor dispersibility of the 

synthesized MNPs around neutral pH or in physiological conditions, and hence limits its in 

vivo applications. Therefore various other methods were also proposed to synthesize MNPs 

with good aqueous dispersibility. This type of MNPs were prepared by pyrolyzing Fe(acac)3 

in 2-pyrrolidone in the presence of monocarboxyl-terminated poly(ethylene glycol) 

(MPEGCOOH) [168-170]. Similarly dicarboxyl-terminated PEG (HOOC-PEG-COOH) was 

also utilized to synthesize biocompatible MNPs [168]. But in both of these cases for delivery 

of any biomolecules it has to be conjugated covalently to the surface carboxylate residues. 

Similarly synthesis of MNPs with good aqueous dispersibility was achieved by coating the 

MNPs with PVP (polyvinyl pyrrolidone) by means of a "one-pot" reaction where Fe(acac)3 

was pyrolyzed in N-vinyl-2-pyrrolidone (NVP) at 200 °C [173]. It was noted that the MNPs 

which were synthesized by the above mentioned thermal decomposition method though 

resulted in biocompatible MNPs with good aqueous dispersibility, but these MNPs bear a 

surface reactive moiety which limits their further modification. Therefore solvent free 
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thermal decomposition route has been reported for the preparation of SPIONs in powdered 
form [178]. 

Further the concept of thermal decomposition was extended to synthesize 

superparamagnetic iron oxide nanoparticles (SPIONs) using microwave where SPIONs of 

uniform size and different shapes were produced [179, 180]. But this method was reported 

to produce MNPs which are unstable in nature. Therefore, other synthetic route of 

hydrothermal synthesis to prepare monodispersed iron oxide nanoparticles, based on 

aqueous reactions was carried out by several researchers under high pressure and 

temperature [181]. This technique was usually used for producing ferrites where phase 

transferring processes at liquid (ethanol-linoleic acid)/ solid (metal linoleate) and solid/ 

solution (water-ethanol) interfaces was carried out. This process was carried out in 

combination with reduction reaction which was reported to occur in the vicinity of solid/ 

solution interface and in-situ particle surface coating. 

Microemulsion technique based on water in oil system has also been reported to 

synthesize MNPs [182, 183]. This method was accomplished by allowing interaction of 

aqueous microdroplets in oil (emulsion) as a reaction centre. It may be noted that the iron 

precursors which are not reactive in the organic phase, formed precipitates of MNPs in 

aqueous phase and were dispersible in water. In this method size and shape of the MNPs can 

be varied by modulating parameters such as size and shape of aqueous droplets. Thus this 

method offered a good control over the size [184, 185]. It may also be noted that due to 

restricted space in the aqueous microdroplets a low yield of MNPs was obtained by this 

method. In addition, the removal of excess surfactants after the completion of synthesis, 

which assisted in the dispersion of MNPs, is a cumbersome process.[186]. 

Further the magnetite nanoparticles with well-defined size, shape (spherical/ 

ellipsoid), structure and magnetic properties were also reported to be synthesized by sol—gel 

method [187]. However this method is more appropriate for synthesis of powders of 

magnetic particles [188]. The gelation step in sol-gel processes generally takes a few days 

for completion. In addition to this the high temperature required for solvent removal from 

the gel affects the crystallinity of MNPs [189]. 

It was interesting to note that the large-scale production MNPs were achieved using 

supercritical fluid technology. In this regard, rapid thermal decomposition of precursors .in 

solution (RTDS) was utilized effectively [190-193]. Here the precursor iron salt solution is 

directly brought to a supercritical condition by mixing with another stream of super cooled 
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H2O. This led to the rapid heating rate and high reaction rate to produce MNPs [194]. The 

high self-dissociation and low dielectric constant of super cooled H2O allowed the 

precipitation of iron oxide without the addition of any strong bases, as otherwise required in 

conventional precipitation methods [195]. The use of super cooled H2O substituted the need 

of organic solvents and hence the problem of the residual solvent and its removal was 

absent. Similar to RTDS method, MNPs with size of -50 nm were successfully synthesized 

without the addition of strong bases by continuous supercritical hydrothermal synthesis 

(CSHS) [196]. Sonochemical method was also found to be effective in synthesizing MNPs. 

In this method, Fe(CO)5 is used as a precursor which results in a narrow size distribution. 

But due to inferior particle size tunability the method has not been popular [197, 198]. 

The current progress in the synthesis of SPIONs is focused towards the use of 

sonochemical routes [199-201].  In this regard the ultrasonication method is used to prepare 

monodispersed MNPs. Here a high energy is created by means of the acoustic cavitation 

which provides localized heat with a temperature of about 5000 K. At this temperature, the 

collision of bubbles generated by ultrasonication leads to the formation and growth of nuclei 

of MNPs [201]. Though various shapes of MNPs can be prepared by this method but 

synthesis at large scale is a challenge. 
Similarly reverse precipitation method was developed to prepare uniform sized 

MNPs (-10 nm) which combined precipitation with the ultrasonic irradiation of 

FeSO4.7H20. Here the sizes and their distributions could be controlled by the feeding 

conditions of aqueous solution of FeSO4.7H20. In the same way under the ultrasonic 

irradiation, monodispersed magnetite nanoparticles were synthesized by using Fe(OH)2 

precipitate in an ethanol-water solution [202]. 
Recently, various , investigations have also been carried out for the biomimetic 

synthesis of SPIONs by magnetotactic bacteria using bacteria, fungi, Mms6.protein, or 

globular protein [203 - 208]. 
The MNPs ranging between 26 and 38 nm were synthesized by metal-reducing 

bacterium, Shewanella sp. strain HN-41, where a precursor iron oxyhydroxide akaganeite 

((3-FeOOH) was produced by reducing Fe3+  ions [209]. Similarly the superparamagnetic 

MNPs of about 2 to 4 nm were also synthesized efficiently at room temperature using 

Haejae-1 and Shewanella sp. in the presence of glucose and akaganeite ((3-FeOOH) [210]. 

The MNPs were also produced by Theroanaerobacter ethanolicus and Shewanella species 

by reduction of Fe(III) in aqueous medium at pH between 6.5 and 9, with ambient pressure 
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and temperature below 70 °C [211]. However, by this route of synthesis, the sizes and 

shapes of MNPs were reported to be inconsistent. Further the large scale production of 

MNPs is also difficult by this route [212]. 
Even though so many different methods are developed till date but still the 

hydrolytic routes to synthesize MNPs is quite popular. Amongst various hydrolytic synthetic 

routes the co-precipitation is one of the most commonly used method and was first reported 

in 1925 to produce magnetite by co-precipitating Fee / Fe3+  ions in aqueous solutions [213]. 

The, method of co-precipitation was further developed in 1956 by partial oxidation of a 

solution of Fee+  ions with KNO3 in alkaline solution at 90 °C [214]. Similarly magnetite was 

also synthesized by partial reduction of Fe3+  salt under alkaline conditions [215]. The MNPs 

were synthesized by using of ferrous ammonium sulphate in conjugation with FeC13 at 5 °C 

and 27 °C in the presence of the stabilizer hexamine [216]. Likewise the stable magnetic 

colloidal solution can be synthesized in the alkaline solution, and more importantly, in the 

absence of organic surface capping agents. In addition to these various methods, the 

influence of other parameters like type of base (ammonia, CH3NH2 or NaOH), pH, 

temperature, concentration of cations, e.g., [(N(CH3)4]{, [CH3NH3]+, NH4+, Nat, Lit, K± and 

the ratio of Fee}/ Fe3+  were meticulously investigated on yield of the coprecipitation reaction 

to assess different sizes of polydispersed MNPs [217]. It has been observed that under the 

optimized conditions, the average particle size can be achieved between 4 to 16 nm [218]. 

Generally the following overall chemical precipitation reaction for the formation of Fe304 

may be written as follows: 

Fee  + 2Fe3+  + 80H-  = Fe304 + 4H20 

According to the thermodynamics of the above stated reaction, a complete precipitation of 

Fe304 is expected between pH 9 and pH 14, while maintaining a molar ratio of Fe3+:Fe2+  as 

2:1 under a non-oxidizing oxygen free environment. Otherwise, Fe304 might also be 

oxidized as shown under: 
4Fe3O4 + 02+ 18H2O =12Fe(OH)3 

However, during the synthesis of `bare' magnetic iron oxide particles in alkaline pH 

(>9) the formation of iron hydroxide impurities may also be observed. Therefore, various 

types of stabilizing agents, namely like surfactants, polymers or coating with inorganic 

components, including silica, carbon, precious metals (such as Ag and Au) are used during 

the synthesis of MNPs. These stabilizers maintain the colloidal stability of iron oxide 

particles as well as to avoid the formation of unwanted iron hydroxide impurities. It may be 
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noted that the co-precipitation technique is an intricate approach as the shape and size 

distribution of the MNPs produced is dependent on various synthetic parameters as well as 

on the equilibrium of hydrolysis of ferric and ferrous ions [219]. Therefore in general the 

MNPs prepared via the co-precipitation method are typically characterized by broad size 

distributions. This may be modulated by particle size-sorting procedures as well as by the 

use of efficient stabilizing agents [220]. It may further be noted that the synthesis should be 

performed in controlled atmosphere to avoid unwanted oxidation. In spite of these intrinsic 

problems the method is still widely used due to the ease of synthesis, possibility of large-

scale synthesis with good reproducibility and low cost of production. Further the MNPs 

obtained by co-precipitation method show high superparamagnetism, moderate size, high 

crystallinity, large surface areas, high magnetic saturation magnetization, and good 

dispersibility in aqueous medium [221]. Therefore though the MNPs prepared by organic 

phase route results in to well-defined monodisperse size but still co-precipitation is 

preferred, for biomedical applications. 
Overall, it may be observed that the preparation of MNPs was very similar to that for 

bulk magnetite except that the growth of nuclei required effective inhibition so as to obtain 

particles of nanoscale dimensions. But due to the charge and surface chemistry of SPIONs 

the Van der Waals attractive forces could lead to the agglomeration of particles. In this 

regard, electrostatic stabilization and steric stabilization were adopted. to prevent the 

agglomeration to obtain MNPs of desired sizes with good stability [177]. The electrostatic 

stabilization is attributed to the columbic repulsion between the particles which originates by 

the electrical double layer formed by adsorbed ions on the particle surface for e.g. in case of 

iron oxide nanoparticles the citrate ions are used as the reducing agent as well as an 

electrostatic stabilizer [222]. This stabilization is kinetic in nature which is applicable only 

to dilute systems. Thus in order to overcome the associated disadvantages, steric 

stabilization is followed which is due to the coordination of sterically demanding organic 

molecules, surfactants, and polymers. These molecules sterically stabilize colloidal 

dispersion of the metals which in turn provides thermodynamic stability to the system. 

Amongst the various available stabilizers, polymers are considered to be better steric 

stabilizing agents [177]. The polymer coating offers a protective layer to the encapsulated 

SPIONs from oxidizing and from any changes in magnetic properties. Furthermore, the 

polymer coating could also offer a protective layer to SPIONs from leaching in acidic of 

conditions of stomach [223]. In addition, the polymer coating also allows binding of drugs 
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by covalent attachment, adsorption or entrapment on the particles. These agents not only 

impart colloidal stability but also modify the surface of MNPs. It must be noted that as per 

the concepts of Lewis acid—base as well as that of the hard and soft acids and bases (HSAB), 

the iron atom on the surface of MNPs is a hard Lewis acid, while compounds containing 0 

or N atoms are soft bases. In this regard various polymers were studied. 

1.4.2.2 Polymers for encapsulating MNPs 
In general, various biopolymers such as carbohydrates like starch, dextran, chitosan, 

alginate, gum arabic, proteins like albumin and synthetic polymers such as poly ethylene 

glycol (PEG), poly vinyl alcohol (PVA), poly methacrylic acids (PMMA), poly lactic co-

glycolic acid (PGLA), polystyrene, polyethylene, poly vinyl pyrrolidone (PVP) as well as 

AB and ABC-type block copolymers containing the fragments of the above stated polymers 

have been used,[223-237]. However, the adsorptions of these polymers on the surface of the 

MNPs are usually dependent on the pH. This suggests that the electrostatic interaction is a 

significant factor for the coating of MNPs. Notably, magnetite is an amphoteric solid, with 

pHzpc (pH at zero point charge) of — 6.5 [238]. Below the pHzpc, protonation of the surface 

of MNPs would lead to the formation of Fe-0H2± moieties, while deprotonation occurring 

above the isoelectric point which would give rise to Fe—O" surface moieties. This, in turn, 

would affect the electrostatic interaction between MNPs and various other molecules. Apart 

from the electrostatic interaction, ligand exchange (surface complexation), hydrophobic 

interaction, entropic effect, hydrogen bonding, and cation bridging also play important roles 

in the adsorption of stabilizing agents on the surface of MNPs [177]. Moreover, a detailed 

investigation on interaction of MNPs with substituted benzoic acids/ phenols of humic and a 

fulvic acid were reported [239]. The obtained results revealed that the carboxyl functional 

groups are more active or more important than hydroxyl groups. However, the , iron atom 

forms a mononuclear chelating complex structure -simultaneously with hydroxyl groups as 

well as the carboxyl groups especially when the hydroxyl group is ortho-positioned with 

respect to the carboxyl groups. Probably this is the reason for the efficient adsorption of 

carbohydrates, which are abundant in hydroxyl groups, carboxylic groups (in pectin, 

alginate etc.) and amino groups (in chitosan) on the surface of MNPs. 
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1.5 AIM AND SCOPE 
SPIONs coated with biodegradable polymers have attracted a great deal of attention 

for fabricating targeted drug delivery system. This is attributed to their unique capabilities 

like high stability, high carrier capacity, and feasibility of incorporation of both hydrophilic 

and hydrophobic substances, along with the possibilities for variable routes of 

administration. Further, their non-cytotoxicity effect made them suitable material for drug 

delivery. 
Amongst the natural polymers, chitosan and pectin alone and in the combination 

have gained noteworthy. consideration in the field of drug delivery due to their inherent 

properties like biodegradability, biocompatibility and non-toxicity. In the view of the reports 

available the present project was focused towards the development of hybrid nanomaterials 

using pectin, chitosan and in their combination. 

Not only there was a scope for exploring synthesis of SPIONs with alternate 

biodegradable materials, but there was a challenge for reducing the size of such drug carriers 

to 100 nm or lesser. The available literature mostly corresponded to those of polymeric 

magnetic micro beads of gels, where the sizes were either in micrometer or sub-micrometer 

range , even a few reports of their nanomaterials is also available. 

The aim of this project is to fabricate and evaluate nanomaterial based drug delivery systems 

comprising of the following: 

i) To synthesize stable iron oxide nanoparticles, especially the magnetite 

nanoparticles. 

ii) To fabricate magnetite nanoparticles coated with pectin as a novel magnetic 

hybrid nanomaterials for drug loading and targeted delivery. Emphasis has been 

to reduce the size of the carrier to 100 nm. Pectin is chosen as it is not only 

economical but is biocompatible. 

iii) To study the loading efficiencies of drugs in these nanomaterials. Diclofenac 

sodium will be used as a model drug for this study. In addition use of anti-cancer 

drugs, like 5-fluorouracil and oxaliplatin loaded in hybrid magnetic and 

polymeric nanomaterials would be of prime interest. It would be a challenge to 

increase the loading efficiency of anti-cancer drugs namely 5-fluorouracil (5-FU) 

and oxaliplatin in these nanohybrid materials. 

iv) To study the feasibility of enhancement in loading efficiency of diclofenac 

sodium in magnetite coated with pectin, reinforced with chitosan. 
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v) To study the in vitro sustained / controlled release patterns of the drug from the 

nanomaterials in the simulated gastrointestinal fluid, comprising gastric fluid, 

intestinal fluid and colonic fluid at their respective pH. 

vi) To study the in vitro sustained / controlled release patterns of the drug from the 
nanomaterials in the simulated phosphate buffer solution to mimic drug release in 
blood. 

vii) To study in vitro cytotoxicity of 5-FU loaded and oxaliplatin loaded in 
magnetite-pectin nanohybrid system in cancer cell lines. 

The synthesized nanomaterials at various stages will be characterized by an array of 

techniques, namely, X-ray diffraction (XRD), 57Fe Mossbauer spectroscopy, scanning 

electron microscopy with energy dispersive X-ray analysis (SEM-EDAX), transmission 

electron microscopy (TEM), Fourier transform infrared spectroscopy (FT-IR), thermal 

analysis (TG-DTA), dynamic light scattering (DLS), X-ray photoelectron spectroscopy 

(XPS), vibrating sample magnetometer (VSM), superconducting quantum unit interference 

device (SQUID), UV-visible spectrophotometry, instrumental neutron activation analysis 

(INAA) and inductively couple plasma mass spectrometry (ICPMS). 
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2.1 INTRODUCTION 
The nanomaterials of two or more precursors are of tremendous interest in 

biomedical applications due to their potential synergistic properties that may arise from the 
combination of these precursors. Two such precursors in the present study are pectin and 
magnetite nanoparticles (MNPs). Pectin is a biodegradable natural polymer- consisting of 
linear anionic polysaccharide and in general it has been widely explored as a matrix for drug 
delivery due to its colon specificity [1]. This is mainly attributed to the two reasons: firstly, 
pectin is resistant to protease and amylase, which are active in upper gastrointestinal (GI) 
tract [2]. As a result, materials for colon specific delivery, if loaded in pectin could be 
protected from its dissolution in stomach environment. Secondly, pectin exhibits excellent 
controlled drug release properties in colon [3, 4]. More over pectin cross linked with Cat+  

ions forming microbeads of calcium pectinate is reported to be effective formulation for 
certain colon specific drug molecules [5]. There has been significant advancement towards 

reducing the size of calcium pectinate to a few hundred nanometers which illustrated 

efficient loading and delivery of insulin, 5-fluorouracil, and genes [6-8]. The size reduction 
of the carrier matrix is encouraging as it might facilitate transport properties through 
biological pathways and barriers to enhance its bioavailability and functionalities. The 
second precursor, i.e., MNPs exhibits superparamagnetic property [9-11]. Ideally, 
magnetization interference from domain wall is not expected especially when the particles 
consist of single magnetic domain in a matrix. In this regard, the MNPs of about 5-20 nm.in 
diameter is considered to be a promising material for several biomedical applications e.g., 
cellular imaging, targeted delivery, targeted chemotherapy, magnetic resonance imaging 
(MRI), hyperthermia [12-15]. These are attributed due to its superparamagnetic 

susceptibility, high saturation magnetization, biocompatibility and non-toxicity [16-18] and 

also due to their relative ease of synthesis by co-precipitation method [19]. 
The nanomaterials of pectin and MNPs are thus reckoned to be magnetically 

responsive and are expected to exhibit the inherent controlled drug release properties. This 
will allow the investigation of new concepts like magnetic transportation and control release 
of drug molecules or other suitable substrate for colon specific sites. However, the 
nanomaterials if administered orally will transit through the stomach where typically the 

residence time is 2 h [20]. Gastric juice in the stomach consisting of pepsin, mucus and 
hydrochloric acid (HC1), constitutes pH —1.2 [21], and are known to favor dissolution of 
MNPs [22]. Therefore, to retain the magnetic properties of the pectin-MNP nanomaterials 
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for efficient magnetic targeting to specific sites, namely intestine or colon, it is very 

important to protect the MNPs of the nanomaterials from acid dissolution in the gastric 

environment during its transition through stomach. 

2.1.1 Objective of the study 
Drug loaded in pectin nanomaterials have been reported in literature. However, these 

nanomaterials do not have functionalities for site specific targeting. In view of these 

observations the current study was focused to develop a novel nanomaterial of pectin with 

multi-functionalities e.g. efficient drug loading, controlled release and site specific drug 

delivery. Highly stable formulations are required for usages in the biological systems 

especially prevention of the loss of the magnetic materials after its exposure to acidic 

conditions in gastric environment. The present investigation is based on development, of a 

new facile method using co-precipitation and ionotropic gelation techniques for the 

development of a stable hybrid nanomaterial of pectin with adequate magnetic properties. 

These hybrid nanomaterials were characterized by an array of techniques e.g. X-ray 

diffraction (XRD), 57Fe Mossbauer spectroscopy, scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), infrared spectroscopy (FT-IR), thermogravimetric 

analysis (TGA), dynamic light scattering (DLS), zeta potential. The Fe content was 

measured by instrumental neutron activation analysis (INAA) by relative method and 

surface Fe content was measured by X-ray photoelectron spectroscopy (XPS). Magnetic 

properties was measured by superconducting quantum unit interference device (SQUID). 

2.2 MATERIALS AND METHODS 

2.2.1 Materials 
Fe(NO3)3.9H2O, FeSO4.7H2O, liquid ammonia, anhydrous CaC12, MgC12, MnC12, 

ZnC12, tween-80, sodium lauryl sulphate (SLS), polyethylene glycol-400 (PEG-400), 1-10 o-

phenanthroline and other reagents (Analytical Grade) were procured for synthesis from 

Merck, India and were used without further purification. Pectin with 65 to 70% degree of 

esterification was procured from Hi-Media lab, India. The enzymes pepsin (with an activity 

of 800-2500 mL units/mg of protein) was procured from Hi-media lab, India. Millipore 

water (resistivity of 18.1 M92 cm at 25 °C) was used in all the experiments. 
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2.2.2 Synthesis of MNPs 
A molar ratio of 21 of Fe(NO3)3.9H20 and FeSO4.7H2O was most suitable for 

synthesizing MNPs. It agreed well with reported literature [19, 23]. Different batches of 

mixture were vigorously stirred for 15, 30, and 45 min while maintaining the pH of the 
mixture at 0.7 [19]. At the time mixing these solutions of Fe (NO3)3 9H20 and FeSO4.7H20 
several surfactants like tween-80, SLS, PEG-400 were used. All the batches were 
characterized by XRD, SEM and TEM to find the optimum condition. Furthermore due to 
carcinogenic effect of sodium lauryl sulphate (SLS) it was not selected for the further 
studies. Another batch of MNPs was synthesized in presence of only pectin solution, 
without any dispersing agent. The excess tween-80 and/ or other impurities like unreacted 
materials were magnetically separated and washed with Millipore water. It may be noted 
that a fraction of each of these MNPs were isolated from the respective dispersions for their 
characterization by SEM, TEM, dynamic light scattering (DLS) and zeta potential 
measurements. The rest of the synthesized MNPs were either dispersed in the optimum 
concentration of pectin or were lyophilized. The lyophilized sample was used for their 

characterization by XRD, TG, SQUID, XPS and "Fe Mossbauer spectroscopy. 

2.2.3 Synthesis of hybrid nanomaterials of magnetite and pectin (MP) 

The pectin solutions of 0.2 %, 0.4 %, 0.6 %, 0.8 % and 1.0 % w/v were prepared in 

Millipore water by continuously stirring for 24 h at room temperature and the pH was 
maintained at about 4. 25 mL of aqueous dispersion of as-synthesized MNPs with pH 

adjusted to about 4 with dilute HCl was mixed with 25 mL of pectin solution and the 

mixture was stirred vigorously for 1 hour at constant pH — 4. Then 25 mL of CaCl2 solution 

(Ca2+/ pectin mass ratio = 2:1) was added drop wise to cross -link pectin by ionotropic 
gelation method [6] along with vigorous stirring for different time intervals ranging from 1-
24 h. Similarly cross linking of pectin in the pectin- magnetite system was performed using 

other divalent ions of Mn2+, Mg2+ and Zn2+  by treating pectin at pH — 4 with aqueous 

solutions of MnC12, MgC12 and ZnC12. 
Based on the concentration of the pectin solution used (0.2 — 1.0 % w/v), 

corresponding synthesized magnetite-calcium pectinate nanomaterial were referred to as 
MP-0.2, MP-0.4, MP-0.6, MP-0.8 and MP-1.0 respectively. After synthesis, the 
nanomaterials were magnetically separated and washed several times with Millipore water 

to remove excess of pectin and other unreacted chemicals. Fraction of each of these MPs 
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were isolated from the respective dispersions for their characterization by SEM, TEM, 

dynamic light scattering (DLS) and zeta potential measurements. The rest of the synthesized 

nanomaterials were lyophilized for their characterization by XRD, FT-IR, TG, SQUID, 

XPS, INAA and 57Fe Mossbauer spectroscopic studies. In addition, calcium pectinate 

nanomaterials without MNPs were synthesized by ionotropic gelation method. It was used 

as a reference sample for confirming the formation of calcium pectinate in the nanomaterials 

of MPs. The dispersion of the calcium pectinate nanomaterials without MNPs was studied 

by SEM, TEM, DLS, zeta potential studies. While these dispersed nanomaterials were 

lyophilized for their characterization by FT-IR and TG analysis. 

2.2.4 Characterization 
2.2.4.1 X-ray diffraction and Mdssbauer studies 

The X-ray diffraction measurements of the as synthesized MNPs and the MP 

nanomaterials were performed with a powder diffractometer (Bruker AXS D8 Advance) 

using graphite monochromatized CuKg  radiation source, to obtain information about phase 

of the iron oxide and its crystallite size. The iron oxide phase synthesized by precipitation 

method was further studied using 57Fe Mossbauer spectroscopy. The Mossbauer spectra 

were recorded in transmission mode with —30 mCi 57Co radioactive source in constant 

acceleration mode using standard PC-based Mossbauer spectrometer equipped with Weissel 

velocity drive. The velocity calibration of the spectrometer was done with natural iron 

absorber at room temperature. The spectra were recorded at 300 K, 5 K (without any applied 

external magentic field) and 5 K along with an applied external magnetic field of 5 T (Tesla) 

applied parallel to the 14.4 keV emitted gamma rays, using JANIS SuperOptiMag 

superconducting magnet. The recorded Mossbauer spectra were analyzed with NORMOS-

SITE/ DIST program. 

2.2.4.2 Morphology studies 
The morphology of the as synthesized MNPs and the MP nanomaterials was studied 

by the transmission electron microscopy (TEM) FEI Technai-G2  microscope operated at 200 

kV and the field emission scanning electron microscopy (beam resolution of 2 nm) with 

energy dispersive X-ray analyzer (FESEM — EDAX, FEI-Quanta 200F) operated at 20 kV. 

The samples for SEM studies were prepared by spraying diluted solution 'containing 

nanomaterials on a clean glass plate. It was then dried and coated with thin layer of Au to 
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impart necessary electrical conductivity for the incident electrons. For TEM studies, the 

samples were prepared by putting a drop of dispersion of nanomaterials after suitable 

dilution on a carbon coated 150 mesh copper grid and dried at room temperature. Dynamic 

light scattering (DLS) experiments were performed by using the Malvern Zetasizer Nano 

ZS90 instrument with a 4mW He—Ne laser (633 nm wavelength) and a detector at a 173°  

fixed angle. Size measurements in aqueous condition were performed in triplicate at 25 °C 

by transferring 1 mL of dust free sample solution into four-clear-size disposable polystyrene 

cell (Malvern). 
In order to find evidence of the formation of MPs nanomaterials, the zeta potential 

measurements were carried out in triplicate at 25 °C by injecting 0.75 mL of dust free 

sample solution into disposable folded capillary cells (Malvern). The molecular information 

of the MPs was obtained by recording FT-IR (Nicolet, Nexus) spectra. Pellets of dried 

samples were made with KBr and were scanned in the range of 500 - 4000 cm'. The cross 

linked network of pectin coated on MNPs was characterized by thermogravimetric analyses 

(TGA) using Perkin Elmer, Pyris Diamond. The heating was done under a nitrogen flow 

(200 mL min') with a heating rate of 5 °C min' from ambient temperature up to 1000 °C to 

ensure that the mass loss due to thermal degradation of the coated pectin and to minimize 

the increase in mass due to oxidation of iron in air. 

2.2.4.3 Magnetic studies 
A superconducting quantum interference device (SQUID) magnetometer 

(MPMSXL, USA) was used to analyze the magnetic properties of the as-synthesized 

nanomaterials. A known amount of lyophilized samples (both MNPs and MP) were packed 

in a diamagnetic capsule and were inserted in a polyethylene straw as a sample holder. The 

magnetization measurements were recorded from the hysteresis loop of M-H curve in the 

range ±2.5 T (Tesla) at 300 K using SQUID magnetometer. The field cooled (FC) and zero 

field cooled (ZFC) measurements were recorded at an applied field of 200 Oe by scanning 

between 5 and 300 K. 

2.2.4.4 Analysis of total Fe content 
Conventional elemental analysis techniques like AAS and ICPMS were found to be 

inefficient for determining total Fe content in magnetite-coated with pectin, due to 

incomplete acid digestion of these samples. Since instrumental neutron activation analysis 
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(INAA) does not depend on matrix composition, so this method (relative method of INAA) 

was used for analyzing Fe content in the MP-0.4 batch from which corresponding magnetite 

content was derived from its stiochiometric ratio. 

Instrumental neutron activation analysis (INNA) 

Accurately weighed 100 mg of the nanomaterials and IAEA soil-5 Reference 

Materials (RM) were packed separately in aluminum foil. The sealed packets were then 

marked for identification using waterproof black marker pen. All the packets were sealed in 

a dust free and clean chamber. These were then collectively packed in a bundle to be fitted 

in the irradiation container and inserted in the irradiation positions. The samples, were 

irradiated for. 6 h using CIRUS reactor at Bhabha Atomic Research Centre, Trombay, 

Mumbai, India, with a thermal neutron flux of the order of 1013  cm 2s 1. The nuclear reaction 

involved in the analysis was; 58Fe(n, y)59Fe. After cooling the irradiated samples for 30 d, 

the gamma activities of Fe radioisotope produced (By = 1099 keV) in the samples and the 

reference materials were counted using a Compton suppressed HPGe detector of 40 % 

relative efficiency with respect to 3" x 3" NaI (Tl) detector with 2.0 keV resolution at 1332 

keV of 60Co, coupled to a PC based 8 K MCA in a fixed sample-to-detector geometry. 

The concentration of Fe in the sample and RM was measured by relative method [24] using 

the expression: 

Concn. of element _ Concn. of element 	Activity in sample _ 
in sample (Sa ) 	in standard (St) 	X Activity in standard 

Where, activity (A) in the sample (given as counts per second) is measured using the 

expression: 

A=N60(1— e–'") 
i.w N A  

Where N is the number of target atoms of an element in the sample  M   

i = isotopic abundance; w = mass of an element in grams; M = Atomic mass of the target 

atoms in g/mol; NA = Avogadro number; o = thermal neutron absorption cross section in 

barns (lb = 10-24  cm2); 0 = neutron flux (cm 2  s-1) and ?. = the decay constant (s-1) _ 

0.693 and t112 = half life of the product nucleus (in seconds), t, = the irradiation time (in 
ti12 

seconds). 



Chapter-2 	 Novel hybrid nanomaterials of magnetite and pectin 

The correction of the activity due to cooling given as D = (e-u") was employed, where td = 

cooling time. The following nuclear data, e.g., isotopic abundance of 58Fe = 0.33 %, the 
cross section of the reaction is 1.2 barns and half life of the product nuclide 59Fe = 44.6 d 

were used in the above expression for determining the concentration of Fe. The activities 

were determined from spectral data analysis using the software PHAST, developed in 

BARC, Mumbai [25]. 

2.2.4.5 Analysis of Fe content on the surface of MP 

The amount of the MNPs on the surface of the as-synthesized MP batches after 

lyophilization was determined in terms of Fe contents by X-ray photoelectron spectroscopy 

(XPS). The XPS measurements were recorded by ESCA VSW scientific instruments Ltd., 

with A1KQ  as the source for excitation, operated at 10 kV with an emission current of 10 rrA. 

The sample for XPS characterization was prepared by sprinkling dried lyophilized sample 

on silver paste applied on copper (Cu) holder. Quantitative analysis of the composition of 

the sample surface was performed by collecting the integrated intensities of Cis,  O l s, Ca2p 

and Fe2p312  signals using the Wagner's sensitivity factors. 

2.2.5 Stability of the as-synthesized MP in acidic conditions 
Furthermore, stability of the as-synthesized MP in acidic conditions were determined 

by the dissolution studies of the MNPs and MPs, conducted as per standard protocol of 

British Pharmacopoeia in 900 mL of freshly prepared simulated gastric fluid (SGF, pH-1.2) 

at 37 f 0.1 °C and 100 rpm for 120 minutes in order to mimic the physiological conditions 

similar to that of gastrointestinal tract of human body [26]. 5 mL of dissolution fluid was 

withdrawn at each specified time intervals and replaced with equal volume of fresh medium 

to mimic the sink conditions of the human body. The withdrawn fluid was filtered and iron 

content was estimated with Shimadzu 1600 UV Spectrophotometer using 1-10 o-

phenanthroline method by recording the absorbance at 510 nm [27]. 

2.3. RESULTS AND DISCUSSION 
The strategy to prepare the hybrid nanomaterials of magnetite-pectin (MPs) involved 

the synthesis of stable MNPs by co-precipitation method followed by its in-situ 

encapsulation with pectin. The as-synthesized MNPs prepared by co-precipitation method 

were characterized as follows. 
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2.3.1 Optimization conditions and structural studies of MNPs 
The synthesis. of nanoscale dimension magnetite required optimization of several 

experimental parameters. One of these parameters was maintaining of initial pH to — 0.7 

during mixing of Fe(NO3)3.9H2O and FeSO4.71120 to achieve small particles. As this pH is 

reported to be suitable for preparing small particles of MNPs .[19]. Furthermore, the time 

required for mixing the solution of these two iron salts was also critical to synthesize 

magnetite (Fe304). Stirring time of Fe(NO3)3.9H2O and FeSO4.7H2O was varied from 15 to 

45 min followed by addition of liquid ammonia to produce magnetite nanoparticles (MNPs). 

The phase of as-synthesized nanoparticles after lyophilizing was recorded by XRD. Stirring 

condition of 15 min did not result in the formation of magnetite as evident from its XRD, 

where characteristic peaks of magnetite were not found (Fig. 2.1 a). The batch prepared by 

30 min stirring condition revealed formation of magnetite (Fig. 2.1 b). But the batch 

synthesized with 45 min stirring time resulted in prominent peak corresponding at 220, 311, 

400, 511 and 440 planes indicated the formation of crystalline magnetite phase. This data 

corroborated well with those of cubic magnetite structures as reported in from the JCPDS 

01-11111 data (Fig. 2.1 c). The average crystallite size (D) of the MNPs was found to be 

about 2 nm, using the Debye-Scherrer formula i.e. D = 0.9A /d cosO, where a, is X-ray 

wavelength, A is line broadening measured at half-height from the most intense peak of 

XRD (311 plane) and 0 is Bragg angle of the particles. Further increase in the pre-digesion 

time however did not show any improvement in the formation of magnetite phase. 

Therefore, on the basis of XRD the predigesion time was fixed to 45 min where the Fe304 

(cubic) phase matching with JCPDS 01-11111 was observed (Fig.2.Ic). 

In the above method tween 80 was used as a dispersing agent by using biocompatible 

surfactant (optimized concentration of 0.2 % v/v, tween-80), for dispersing the as-

synthesized MNPs to achieve better particle size distribution. 
In addition to avoid the residual chlorides, nitrates and sulphates in the as-

synthesized magnetite nanoparticles (MNPs), they were centrifuged and washed repeatedly 

with Millipore water. In the similar conditions MNPs were also synthesized without 

dispersing agents. 
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Fig. 2.1. XRD of the MNPs prepared with different predigesion time (a) predigesion time was 15 
min (b) predigesion time was 30 min (c) predigesion time was 45 min. 

2.3.2 57Fe Mossbauer spectroscopy studies of MNPs 
It is essential to perform Mossbauer spectroscopy as the synthesized nanoparticles 

can be y-Fe203 or Fe304. The 57Fe Mossbauer spectroscopy studies of as-synthesized iron 

oxide nanoparticles recorded at room temperature (RT) showed a relaxed sextet which was 

typically due to superparamagnetic relaxation effect, attributable to nanoscale dimensions of 

the particles (Fig. 2.2). At 5 K the relaxation effect was absent as the thermal effect 

contributing to relaxation was minimized. The broad line width (FWHM) as given in Table 

2.1, was perhaps due to overlapping of more than one iron site at 5 K. When the spectrum 

was recorded at 5 K temperature and in the presence of external magnetic field of 5 Tesla, 

the octahedral Fee+/3+  sites and the tetrahedral sites of Fe3+  were resolved, which were 

typically due to magnetite phase. The corresponding hyperfine parameters, namely isomer 

splitting and quadrupole splitting are presented in the Table 2.1. So from 57Fe Mossbauer 

spectroscopy studies, it was confirmed that the synthesized nanoparticles were magnetite 

and not maghemite. The isomer shift of 0.319 ± 0.003. mm/s corresponds to Fe3+  at 

tetrahedral site while that of 0.512 ±0.005 isomer shift due to octahedral site of 
Fe2+/3+  . 
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Fig. 2.2. 57Fe Mossbauer spectra of MNPs recorded at room temperature (300 K) showing 
superparamagnetically relaxed sextet spectrum. The measurement at 5 K showed typical sextet of 
magnetic material. The measurement recorded at 5 K and 5 Tesla revealed tetrahedral and octahedral 
Fe - sites. 

Table 2.1 57Fe Mossbauer spectroscopy hyperfine splitting parameters of MNPs 
FWHM 	Isomer shift 	Quadrupole 	Bhf (Tesla) 	A23 	Area (%) 
(mm/s) 	(mm/s) 	splitting (mm/s) 

RT 	ND 	ND 

5K 0.646±0.018 0.598±0.009 

0.669±0.030 0.249±0.012 

5K & 	0.414±0.010 	0.319±0.003 

STesla 0.596±0.008 0.512±0.005 

ND 34.8 (Avg) ND ND 

0.004±0.007 55.04±0.03 2.00 58.1 

-0.105±0.009 54.69±0.05 2.00 41.9 

0.09±0.01 59.0±0.03 0.06±0.04 31.5 (T) 

-0.041±0.009 50.77±0.02 0.122±0.02 68.5 (0) 

*ND = not determined, (T): Tetrahedral and (0): Octahedral 

2.3.3 Morphological studies of MNPs 

The scanning electron microscopy (SEM) of the synthesized MNPs dispersed with 

tween 80 showed formation of large number of agglomerated spherical nanoparticles (Fig 

2.3a). Further, the X-ray analysis (EDAX) of a representative magnetite nanoparticle 

reflected the Ka  (6.396 keV), Kp (7.007 keV) corresponding to Fe (Fig. 2.3b). In addition, 

the K X - ray of 0 peak was observed. The two other peaks corresponded to Au (M-X-ray) 

due to gold coating on the sample surface and the small intensity of Si K-X-ray came from 
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the sample holder. The sizes of these MNPs were less than 20 nm evident form TEM studies 

(Fig. 2.4a, 2.4b). The corresponding selected area electron diffraction (SAED) indicated 

about the presence of polycrystalline MNPs (Fig. 2.4b). 

Fig. 2.3a. Scanning electron microscopy (SEM) of clusters of MNPs prepared by using tween-80 as 
dispersing agent. 
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Fig. 2.3b. Energy Dispersive X-analysis (EDAX) of MNPs using tween-ou as dispersing agent. 

53 



Chapter-2 	 Novel hybrid nanomaterials of magnetite and pectin 

Fig. 2.4a. Transmission electron microscopy (TEM) of MNPs dispersed with tween 80. 

Fig. 2.4b. Transmission electron microscopy .(TEM) of MNPs dispersed with tween 80 and its 
corresponding SAED indicating the presence of polycrystalline MNPs. 

However, the sizes of these MNPs prepared without surfactants were also found to 

be less than 20 nm as measured by high resolution TEM (Fig. 2.5). The corresponding 

SAED image confirmed the presence of polycrystalline MNPs (Fig. 2.5). 
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Fig. 2.5.. Transmission electron microscopy (TEM) and its corresponding SAED image of MNPs 
prepared without surfactants. 

2.3.4 Synthesis of MPs 
The encapsulation of magnetite nanoparticles with pectin was achieved by cross 

linking pectin with Cat+  ions. The above method was optimized to achieve uniform size 

distribution of these spherical hybrid nanomaterials of magnetite coated with calcium 
pectinate (which will be referred to as MPs). The key - parameters involved in the 
optimization process were (a) working pH of about 4, (b) pectin precursor concentration (in 

% w/v), Cat /pectin mass ratio of 2:1 and (c) vigorous stirring. A fixed amount of as 

synthesized MNPs were dispersed in pectin where pectin concentration was varied i.e. 0.2 

%, 0.4 %, 0.6 %, 0.8 % and 1.0 % w/v. To this dispersion CaC12 solution was added and 

stirred for 6 h. The trials were taken for different stirring time after adding CaCl2 solution to 
the dispersion of MNPs in pectin, like 1 h, 4 h, 6 h, 8 h, 12 h, 18 h and 24 h. The best result 
(based on morphology) were obtained for 6 h stirring and thus further synthesis were 

restricted to 6 h stirring (Fig. 2.6c). It may be observed from the Fig. 2.6c that 6 h showed 
spherical morphology and beyond 6 h no improvement was observed (Fig. 2.6d). So 6 h 
stirring was optimum. This experiment was carried out by taking 0.4 % w/v pectin and 0.8 

% w/v of CaC12. 
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Fig. 2.6a. SEM image showing morphology of 
MP-0.4 batch synthesized by stirring pectin, 
MNPs and Cat+  for 1 h. 

Fig. 2.6b. SEM image showing morphology of 
MP-0.4 batch synthesized by stirring pectin, 
MNPs and Cat  for 4 h. 

Fig. 2.6c. SEM image showing morphology of 
MP-0.4 batch synthesized by stirring pectin, 
MNPs and Cat  for 6 h. 

Fig. 2.6d. SEM image showing morphology of 
MP-0.4 batch synthesized by stirring pectin, 
MNPs and Cat  for 24 h. 

Further, the Ca2+  ions were replaced with other divalent ions, namely, Zn2+, Mn2+  

and Mgt , to evaluate the possibilities of their usage in the synthesis of MNP coated with 

pectin nanomaterials [8]. The working pH of about 4 and other conditions were kept similar. 

The use of Zn2+  led to formation of spherical nanomaterials where pectin was likely to be 

cross linked with Zn2+. The particle size was about 300 nm (Fig. 2.7). On the other hand, the 

use of Mn2+  and Mgt+  resulted in formation of irregular shaped nanomaterials of magnetite-

pectin as reflected from their respective SEM images (Fig. 2.8, 2.9). So in our study we 

focused our mode of synthesis by using Cat+  ions for cross linking with pectin. 
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Fig.2.7. SEM of nanomaterials synthesized by coating of MNPs with zinc-pectinate 

Fig.2.8. SEM of nanomaterials synthesized by coating of MNPs with magnesium-pectinate 
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Fig.2.9. SEM of nanomaterials synthesized by coating of MNPs with manganese-pectinate showing 
non-uniform rod like shapes of nanomaterials. 

2.3.5 X ray diffraction studies of MPs 
The magnetite phase was also evident in all the samples of the MPs as supported 

from observation of the characteristic diffraction patterns at 220, 311, 400, 511 and 440 

planes, corroborated to magnetite and well with those of cubic magnetite structures as 

reported in the JCPD S 01-11111 data (Fig. 2.10). However, in MP- 1.0 the magnetite phase 

was weak, which might be attributed to the matrix effect. The intensity of the characteristic 

peaks e.g., 311 decreased for the batch prepared with 0.8 % w/v pectin. On increasing pectin 

concentration to 1.0 % the magnetite phase was weak and the material appears to be 

amorphous in nature which can be attributed to higher amounts of pectin. 

MNPs 
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Fig. 2.10. XRD of the MNPs and various compositions of MPs. 
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2.3.6 57Fe Mdssbauer spectroscopy of MP-0.4 

The 57Fe Mossbauer spectroscopy of MP-0.4 was studied which showed similar 
features as observed for MNPs (Fig. 2.11). The spectrum recorded at 300 K showed high 
superparamagnetic relaxation. The relaxation was more which can be due to lattice 
contribution of pectin. The spectrum recorded at 5K but with external field showed six line 
spectrum, when the line width were large. This indicated that most likely two sextets can be 
fitted as shown in the spectrum. The spectrum recorded at 5 K and 5 T applied magnetic 

field showed the characteristic tetrahedral (Fe3+) and octahedral (Fe2+i3+)  sites of Fe (Fig. 

2.11). The hyperfine splitting parameters, e.g., isomer shift and quadrupole splitting 
corresponding to the two sextets (Fig. 2.11) were similar to that of MNPs which 

corroborated tetrahedral and octahedral environment. 
The corresponding intrinsic magnetic field was measured to be 58.35 ± 0.03 T and 

50.15 f 0.02 T respectively which were in close agreement with the intrinsic magnetic field 
of MNPs (Table 2.2). The small quadrupole splitting values were attributed to cubic 
structure of magnetite and corroborated well with the XRD data of these samples. Further, 
by applying external magnetic field of 5 T, the tetrahedral and octahedral sites of magnetite 
were resolved where the corresponding A23 parameters (Table 2.2) were small which 

indicated negligible spin canting in the synthesized MNPs. So from 57Fe Mossbauer studies 

it was confirmed that the magnetite phase did not undergo any phase change due to the 

synthesis of MNP coated with pectin followed by cross linking with Cat{  ions in aqueous 

medium. 

Table  2.2 57Fe Mossbauer spectroscopy hyperfine splitting parameters of MP-0.4 
FWFIM 
(mm/s) 

Isomer shift 
(mm/s) 

Quadrupole 
splitting (mm/s) 

Bhf (Tesla) A23 Area (%) 

RT ND ND ND 27.4 (Avg) ND ND 

5K 0.573±0.009 0.570±0.004 0.027±0.005 54.57±0.02 2.00 57.2 

0.536±0.020 0.262±0.007 -0.094±0.007 54.19±0.03 2.00 42.8 

5K & 0.476±0.011 0.323±0.005 0.06±0.01 58.35±0.03 0.08±0.05 33.2 (T) 

5Tesla 0.592±0.008  0.495±0.003 -0.019±0.007 50.16±0.02 0.173±0.02 66.8(0) 

ND: not determined; (T): Tetrahedral and (0): Octahedral 
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Fig. 2.11. 57Fe Mossbauer spectroscopy measurements of MP-0.4 at room temperature (300 K) 
showing superparamagnetically relaxed sextet spectrum. The measurement at 5 K showed typical 
sextet of magnetic material. The measurement recorded at 5 K and 5 Tesla revealed tetrahedral and 
octahedral Fe - sites. 

2.3.7 Morphological studies of MPs 
2.3.7.1 Scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDAX) 

studies of MP-0.4 
The morphological studies by SEM of the magnetite coated with pectin, cross linked 

with Cat+  are reported for the batches MP-0.4 (0.4% w/v pectin solution) and MP-0.6 (0.6% 

w/v pectin solution), which were found to be spherical in shape. The sizes of these spherical 

shaped nanomaterials were in the range of 50 — 200 mu, where most nanomaterials were of 

sizes 100 — 150 nm (Fig 2.12a), which were also supported from higher resolution SEM 

image Fig 2.12a (inset). Further the EDAX of a representative nanomaterial showed the 

.characteristic X-rays of Ca and Fe. The co-localization of Fe and Ca in the EDAX analysis 

of a selected area of a representative spherical nanomaterial (Fig. 2.12b) was characteristic 

of MNPs and calcium pectinate respectively and thus indicated the formation of MPs. 
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Fig. 2.12a. Morphology and particle size distribution of MP-0.4 by scanning electron microscopy. 

Fig. 2.12b. EDAX of a selected nanomaterials of MP-0.4, marked in the inset illustrated co-
localization of Fe and Ca. 

2.3.7.2 Transmission electron microscopy (TEM) of MP-0.4 
The TEM measurements of MP-0.4 nanomaterials revealed synthesis of uniform 

spherical shaped nanomaterials with sizes of about 100-150 nm and corroborated well with 
the SEM results (Fig. 2.13a). A higher resolution TEM corresponding to a portion of a 
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spherical nanomaterial of magnetite-pectin exhibited a large number of encapsulated MNPs. 

The sizes of these MNPs were measured to be in the range of 2-8 nm (Fig. 2.13b), and the 

corresponding SAED image indicated its polycrystalline nature (Fig. 2.13b). 

Fig. 2.13a. TEM of spherical shaped MP-0.4 nanomaterial of about 150 nm (as marked) 

Fig. 2.13b. Detailed TEM of a part of MP-0.4 nanomaterials (represented by an arrow in Fig 2.13a) 
illustrated the presence of polycrystalline MNPs. 
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2.3.7.3 Dynamic light scattering (DLS) of MP-0.4 
Furthermore, dynamic light scattering (DLS) measurement of MP-0.4 in aqueous 

solution at pH —4 was carried out. The batch MP-0.4 exhibited unimodal size distribution in 
the range of 230 — 620 nm with maximum intensity at 400 nm (Fig. 2.14). This indicated 
that the method of synthesis offered a good control over the size of these nanomaterials. It 
may however be noted that the particle size measured by DLS were larger as compared to 
those measured by TEM and SEM. The increase in the size in aqueous medium was 

attributed to swelling effect of calcium pectinate [7]. 
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Fig. 2.14. DLS measurement of MP-0.4 in aqueous solution at pH —4. 

2.3.8 FT-IR analysis 
The formation of MP hybrid nanomaterial was further supported by the FT-IR 

analyses. The FT-IR spectra (Fig. 2.15) of the pectin showed weak bands at 1690 cm 1 

corresponding to COOH group while that of MP-0.4 prepared with tween-80, revealed 

intense bands at 1685 cm 1, 1395 cm 1 and 1324 cm 1 which were characteristic of 

asymmetric and symmetric stretching of carboxylate groups (COO-). On the other hand 
calcium pectinate which was synthesized without any encapsulated MNPs and was used as a 
reference material for comparing the results of IR and thermal analysis. The IR spectrum of 
calcium pectinate reference material also showed intense IR bands similar to those observed 
for MP-0.4 batch. In addition, the IR signatures for pectin and the MPs were found similar 

in the IR region of 900-1250 cm-1 which might be due to their similar molecular framework 

of pectin in both the samples. 
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Fig. 2.15. FT-IR spectra showing characteristic peaks of MP-0.4, MP-0.6, precursor pectin and 
calcium pectinate as reference sample. 

2.3.9 Thermal studies 
The formation of MP-0.4 and MP-0.6 was further confirmed from thermogravimetric 

analysis (TGA) as exhibited in Fig. 2.16. It illustrated nearly 5 % higher mass loss for MP-

0.6 as compared to MP-0.4. This was attributed to higher pectin precursor concentration in 

MP-0.6 batch. In addition, their TGA thermogram comprised with three distinct thermal 

events. The first event was recorded in the temperature range between ambient temperature 

and 110 °C corresponding to a mass loss of about 5 % which was due to desorption of water 

molecules. The second event showed a gradual mass loss of about 5 % and 8 % in MP-0.4 

and MP-0.6 respectively the temperature range of 200-450 °C, which was comparable with 

the thermal degradation pattern of the. calcium pectinate. The third thermal event 

corresponding to nearly 2 % and 3 % mass loss in MP-0.4 and MP-0.6 respectively the 

temperature range of 550-775°C did not concur with that of calcium pectinate (without MNP 

encapsulation), used as a reference material. However, this thermal event appeared to be 

correlated with the thermal decomposition pattern of precursor pectin corresponding to the 

temperature range of 320-455°C. From these observations, it may be inferred that the hybrid 

nanomaterials of MPs contained both non-modified pectin as well as calcium pectinate 

components. Most likely, calcium pectinate constituted the periphery of the MPs that 

enclosed pectin interfaced with MNPs. In that situation the thermal decomposition of pectin 



nanomaterials of magnetite and 

would be expected after the thermal degradation of peripheral calcium pectinate. This was 

perhaps the reason why the onset of thermal decomposition of pectin in the MPs occurred at 
much higher temperature than that of the precursor pectin [28], 
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Fig. 2.16. TGA analysis of MNPs, MP-0.4, MP-0.6, pectin and calcium pectinate. 

2.3.10 Analysis ofMNP content in MP p,4 

The Fe content in the MP-0.4, measured by INAA relative method was found to be 

43.3 ± 2.1. % (given as mean ± standard deviation from triplicate measurements), which 
corresponded to 59.6 ± 2.9 % of MNPs (Fe3O4) stoichimetrically. The method of analysis 
was validated by measuring KIST standard reference materials. 

Our result was on Fe analysis in MP-0.4 nanomaterials was in good agreement from 

thermal analysis. From TGA study, calcium pectinate after heating to 1000 °C resulted in 
weight loss of 68 %, i.e., 32 % was left as residue. Similarly, the batch of MP-0.4 on heating 
up to 1000 °C, resulted in a weight loss of 16 %. So 84 % of the residual weight of MP-0.4 
heated at 1000 °C comprised residual calcium pectinate and MNPs. If we assume 32 % of 

this weight was due to residual calcium pectinate, which accounted to 26.9 % then the 

remaining 57.1 % should be MNPs. which was in good agreement with our analysis of 
MNPs in the batch of MP-0,4 by INAA method. 
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XPS studies were performed to estimate the presence of MNPS on the Surface bi 1V1I . 

It revealed the binding energy of the photoelectron peaks corresponding to Cis,  01 s, and 

Ca2p312, which were the signatures of calcium pectinate (Fig. 2.17a). The XPS study was 

more relevant as it exhibited weak binding energy peak corresponding to Fe2p3i2 (Fig. 2.17b) 

and the concentration of Fe was calculated to be 1.6 ± 0.6 %. This indicates that the 

negligible amount of MNPs was present on the surface of MP nanomaterials. From these 

studies it was concluded that the MNPs were encapsulated by the calcium pectinate. 
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Fig. 2.17a. Full scan X ray photoelectron spectroscopy (XPS) of MP-0.4. 
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Fig. 2.17b. Detailed scan X-ray photoelectron spectroscopy (XPS) of MP-0.4 for Fe analysis. 
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2.3.11 Zeta potential measurement: Mechanism of the formation of MP nanomaterials 
The mechanism towards formation of the MPs is schematically represented in Fig. 

2.18, where zeta potential measurements (given in Table 2.3) offered an insight of the 

proposed mechanism. Firstly, the synthesis of highly stable MNPs at pH —10, was confirmed 

from its zeta potential (-41.2 mV) measurement. These MNPs were conditioned at pH' 4 to 

interact with pectin. At this pH, the zeta potential of MNPs was found to be +17.1 mV 

which was considered to be favorable for electrostatic interaction with polyanionic pectin 
molecules to form an MNP-pectin interface, because the zeta potential of pectin at pH —4 

was recorded to be —35.7 mV. The carboxylic groups of pectin molecules were cross-linked 

by Cat+ ions to form spherical nanomaterials, where the MNPs were encapsulated by 

calcium pectinate. The likelihood of formation of such spherical shape could be explained in 

terms of attaining stability by achieving minimum surface energy. The cross linking of 

pectin might be interpreted from the lowering of zeta potential measurements of MP-0.4 

(-17.9 mV), MP-0.6 (-14.7 mV) and MP-1.0 (-14.6 mV) as compared to that of pectin 

(-35.7 mV). The lowering of zeta potential might be attributed to shielding of charge density 

on the pectin molecules due to its electrostatic interactions with Cat ions. 

Table 2.3 Zeta potential measurements of magnetite nanoparticles (MNPs), pectin solution and MNP 
coated calcium pectinate hybrid nanomaterials (MPs). 

Samples 	Measured zeta potential value (~) in mV 

MNPsatpH-10 	 —41.2 

MNPsatpH-4 	 +17.1 

Pectin at pH-4 	 —35.7 

MP-0.4 	 —17.9 

MP-0.6 	 —14.7 

MP-1.0 	 —14.6 

It may be argued that, in order to achieve maximum cross linking it might be 

desirable to prepare these hybrid nanomaterials at pH > 5.5, where the pectin molecules 

exhibit very high zeta potential values ( = —52 to —56 mV) [29, 30]. But, onset of de-
polymerization of pectin occurs at pH greater than 5.5 and thus higher pH values were not 

used [29, 30]. On the other hand, lower pH (e.g., pH —2) tends to reduce the zeta potential of 

pectin [6] and hence may not be suitable for cross-linking with Cat} ions. Besides, lower pH 

would favor dissolution of the MNPs encapsulated in the nanomaterials of MPs due to 

weakening of the Fe-O bond by protonation mechanism [31 ] and might lead towards loss of 
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magnetic property of the magnetite-pectin (MPs) hybrid nanomaterials. As a compromise, 

pH —4 was chosen optimum for synthesis of MPs which offered suitably high zeta potential 

of pectin ( 	—35.7 mV, Table 2.3). Notably, at pH —4 the zeta potential of MNPs was 

measured to be +17.1 mV. On the basis of above studies a mechanism was proposed for the 

formation of magnetite —pectin hybrid nanomaterials as shown in Fig 2.18. 
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Fig. 2.18. Schematic representation of the proposed mechanism for the synthesis of MP 
nanomaterials. 

2.3.12 Magnetic properties of MP nanomaterials 
The magnetic properties of these MPs were studied by its SQUID measurements. It 

was noted from SQUID studies that as the precursor pectin concentration was increased 

from 0.4 to 1.0 % w/v the saturation magnetization (Ms) of their corresponding 

nanomaterials of MP decreased. The measured MS at 300 K and 2.5 T were 46.21 emu/g, 

38.70 emu/g and 3.05emu/g for MP-0.4, MP-0.6 and MP-1.0 respectively, (Fig. 2.19). These 

values were however smaller than that of the as-synthesized MNPs (53.9 emu/g) and notably 

the Ms reduced significantly, when 1.0 % precursor pectin concentration was used for 

synthesis of MP-1.0. The drastic reduction of saturation magnetization due to increase in 

pectin concentration, which could be attributed to various reasons. It might be due to effect 

of small particle size owing to non-collinear spin arrangement at the surface, or due to the 

formation of magnetic dead layer by pectin at the domain boundary wall of MNPs [32, 33]. 

The particle size effect on reduction of MS may be ruled out as the same batch of MNPs with 



1NPs 
I1 P-0.4 
11 P-0.6 

-20000 -10000 0 10000 20000 

Chapter-2 	 Novel hybrid nanomaterials of magnetite and pectin 

uniform particle size distribution was used for synthesis of different MP compositions. The 

magnetic moments could however be quenched due to the formation of magnetic dead layer 

at the domain wall of MNPs. This could hinder the domain wall motion during application 

of the magnetic field, which might be responsible for the reduction in the saturation 

magnetization in MPs. In this regard, pectin might form a magnetic dead layer at the surface 

of MNPs during the formation of the proposed MNP-pectin interface. The reduction in the 

magnetization for MP-0.6 as compared to those of MP-0.4 was attributed to formation of 

thicker dead layer of pectin at the domain boundary wall of encapsulated MNPs. It may 

therefore be inferred that the synthesis of nanomaterials of MPs resulted in pectin-MNP 

interface with formation of calcium pectinate at the periphery. This system as a whole 

exhibited superparamagnetic behavior with high magnetization at applied field of 2.5 T but 

appeared to be influenced by precursor pectin concentration. 

It was noted that the magnetization curves (M-H) of different compositions of MPs 

recorded at 300 K from the hysteresis loop in SQUID measurements were similar to that of 

the as-synthesized MNPs, and exhibited negligible coercivity and remanence magnetization 

(Fig. 2.20). This property was attributed to superparamagnetic behavior of magnetite 

nanoparticles expected for sizes less than 20 nm [34], which further corroborated the ZFC 

and FC studies. 
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Fig. 2.19. Magnetization vs field (M-H) curve showing magnetization of MNPs and MPs recorded 
by SQUID at 300 K. 
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The superparamagnetic behavior of the nanomaterials of MP-0.4 was studied using 

the temperature dependence magnetization between 5 K and 300 K in zero-field cooling 

(ZFC) and that of field cooling (FC) in an -applied magnetic field of 200 Oe (Fig. 2.20). The 

ZFC-FC curves were typically due to superparamagnetic MNPs which were encapsulated in 

MP-0.4. The curves diverged at 93.3 K, characterized as blocking temperature (TB), 

corresponded to the transition from ferromagnetic to superparamagnetic behavior. In the 

absence of applied magnetic field and when the sample was cooled the total magnetization 

was near to zero (as shown in ZFC curve). It was due to the random orientation of the 

magnetic moments of individual particles. On the other hand, at low temperatures (for FC 

curve), an externally applied magnetic field energetically favored the reorientation of the 

individual magnetic moment and hence resulted in the observed magnetization along the 

direction of the applied field. As the temperature was increased more particles reoriented 

their magnetic moment (magnetization) along the external applied field [35]. Due to this the 

magnetization increased till it reached a maximum value of 93.3 K as shown in the ZFC 

curve (Fig. 2.20). The superparamagnetism observed in MP-0.4 was attributed to the 2-8 nm 

sized MNPs encapsulated in it. The role of such small particles exhibiting 

superparamagnetism could be attributed to small magnetic anisotropy energy, proportional 

to the volume of the particle [34, 35]. 
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Fig. 2.20. ZFC and FC curve of MP-0.4 recorded at 200 Oe measured by SQUID. 

2.3.13 Stability of MP-0. 4 in simulated gastric fluid 

Considering the potential applications of using the nanomaterials of MPs for colon 

specific delivery via oral administration, it is essential for the MPs to be protected from 
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gastric degradation during its transit through stomach (pH— 1.2) to avoid loss of magnetic 

materials. The non-degradability of MPs in gastric condition would further ensure protection 

of loaded materials (e.g., drugs) for colon specific delivery. This aspect was studied by 

treating MP-0.4 and equivalent amount of MNPs present in MP-0.4 for a total of 120 

minutes in simulated gastric fluid (SGF). The cumulative Fe release in SGF from MP-0.4 in 

sink condition was found to be only 1.9 % for a period of 120 minutes, while that of MNPs 

was 21.3 % (Fig. 2.21). The low Fe release from MP-0.4 in SGF corroborated well with the 

Fe concentration at the surface of MP-0.4 calculated from the XPS measurement. This 

indicated that most of the MNPs were encapsulated within the hybridnanomaterials of MP 

and were well protected from gastric environment. Degradation of MPs would have 

otherwise caused significant release and dissolution of MNPs in SGF. It may therefore be 

interpreted that the MP-0.4 was impermeable to acidic solution and ensured minimal loss of 

magnetic materials. 
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Fig. 2.21. Dissolution profile of Fe release from MNPs , MP-0.4 in SGF for a total period of 120 
minutes (results are given as mean ± standard deviation from triplicate analysis) 

2.3.14 Stability studies of MP-0.4 nanomaterials 
The stability of the MP-0.4 nanomaterial was studied after its proper storage for 6 

months at room temperature. Then, the characterization of this sample was carried out using 

XRD and Mossbauer spectroscopy. From XRD (Fig. 2.22), it was observed that there was 

no change in the peaks corresponding to the magnetite which is also indicated by its 
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corresponding Mossbauer spectra (Fig. 2.23). The 57Fe Mossbauer spectroscopy studies also 

showed characteristic tetrahedral (Fe3+) and octahedral (Fe2+i3+)  sites of Fe at 5 K and in 

presence of 5 T externally applied magnetic field (Fig. 2.23). The hyperfine splitting 

parameters, e.g., isomer shift and quadrupole splitting corresponding to the two sextets (Fig. 

2.23) also corroborated tetrahedral and octahedral environment and the corresponding 

intrinsic magnetic field of the aged MP-0.4 was measured to be quite similar to the freshly 

prepared one, which were in close agreement with the intrinsic magnetic field of MNPs and 

MP-0.4 freshly prepared and tested (Table 2.4). 

In addition, magnetization of the aged MP-0.4 was measured to be 44.19 emu/gm 

and was —4.5 % less than the measured magnetization recorded for freshly prepared MP-0.4 

sample (Fig. 2.24). Thus it may be concluded that the system is stable in terms of its 

structure and magnetization. 

20 	 40 	 60 	 80 

20(degrees) 
Fig. 2.22. XRD of MP-0.4 after 6 months showing the characteristic peaks of magnetite. 

Table 2.4 57Fe Mossbauer spectroscopy hyperfine splitting parameters of MP-0.4 after 6 months. 
FWHM Isomer shift Quadrupole Bhf (Tesla) 	A23 Area (%) 
(mm/s) (mm/s) splitting (mm/s) 

RT ND ND ND 26.84 (Avg) 	ND ND 

5K 0.663±0.033 0.551±0.013 0.004±0.011 55.2±0.04 	2.00 70.1 

0.608±0.053 0.172±0.026 —0.139±0.026 54.84±0.05 	2.00 29.3 

5K & 0.429±0.019 0.294±0.007 0.102±0.02 58.85±0.04 	0.05±0.06 31.9 (T) 

5Tesla 0.538±0.013 0.516±0.006 —0.06±0.01 50.61±0.03 	0.186±0.03 68.1(0) 

*ND = not determined, (T): Tetrahedral and (0): Octahedral 
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Fig. 2.23. 57Fe Mossbauer spectra of MP-0.4 after storing , for 6 months recorded at room 
temperature, 5 K, 5 K and 5 Tesla. 
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Fig. 2.24. Magnetization vs field (M-H) curve of MP-0.4 recorded by SQUID after 6 months of 
storage. 
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2.4 CONCLUSION 
A facile and an in-expensive method has been developed to synthesize a novel 

nanomaterial (MP) by completely encapsulating stable superparamagnetic magnetite 

nanoparticles (MNPs) with pectin followed by cross linking with Cat  ions. The iron oxide 

nanoparticles were determined to be magnetite by XRD and further confirmed from 

recording two typical sextets by 57Fe Mossbauer spectroscopy. The synthesized MPs were 

spherical in shape with sizes ranging mostly between 100-150 nm in dry condition as 
evidenced by TEM and SEM. The DLS measurement of representative MP-0.4 

nanomaterials showed unimodal size distribution, signifying that the method of synthesizing 

MPs offered a good control over the size of these nanomaterials. However, the average size 

of MPs in aqueous solution at pH— 4 was about 400 nm which was due to the swelling of the 

pectin. Concerning the synthesis of MPs, initially the MNPs of 2-8 nm were synthesized by 

co-precipitation method with and without dispersing agents. The stability of MNPs was 

confirmed from its zeta potential measurement. The as-synthesized MNPs were then coated 

with pectin and formation of MNP-pectin interface was proposed on the basis of their 

electrostatic interaction at pH— 4, supported from their respective zeta potentials. 

Eventually, the MP nanomaterials were achieved by cross linking the carboxylic group of 

the pectin with Cat+  ions to form rigid calcium pectinate structure at the periphery of MP. 

This was confirmed from reduction of zeta potential of pectin attributed to shielding of its 

higher charge density by Cat . The formation of MP nanomaterials was further corroborated 

by FT-IR, TGA, XPS and its dissolution in SGF. According to our proposed mechanism, 

most of the MNPs were completely encapsulated within the MP nanomaterials. This was 

verified from the measurement of Fe content (43.3 ± 2.1 %) in MP-0.4 by instrumental 

neutron activation analysis, which corresponded to 59.6 ± 2.9 % of MNPs in MP-0.4. 

Further, dissolution study of MP-0.4 in SGF which revealed negligible loss of Fe (1.9 %) 

from the MP-0.4 which correlated well with the surface Fe composition measured by XPS. 

The MPs were impermeable to acidic solution of SGF and were capable of protecting the 

encapsulated magnetic nanomaterials. The superparamagnetic nature of the MP-0.4 was 

confirmed by measuring ZFC-FC profile at an applied field of 200 Oe whose blocking 

temperature was found to be 93.3 K. Its saturated magnetization was 46.21 emu/g measured 

at an applied field of 2.5 T, which was lower than that of as-synthesized MNPs (53.9 emu/g 

at 2.5 T) and it decreased with increasing concentration of the precursor pectin. This 

property was explained on the basis of magnetic quenching phenomena due to the formation 

74 



Chapter-2 	 Novel hybrid nanomaterials of magnetite and pectin 

of magnetic dead layer by pectin at the domain boundary wall of the MNPs which restricted 
its motion to orient the magnetic moments during externally applied magnetic field. Further 
the as synthesized system was found to be reasonably stable over a time of 6 months. 
Therefore, it was concluded that though prior reports on nanomaterials of only calcium 
pectinate with sizes —150 nm sizes were are available but our method of synthesis could 
produce magnetically functionalized nanomaterials of the pectin. These nanomaterials could 
potentially find a wide range of biomedical applications, e.g., targeted delivery of drugs or 
other biomolecules, imaging by MRI or magnetic fluid hyperthermia. 
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3.1 INTRODUCTION 

Non-steroidal anti-inflammatory drugs (NSAIDs) are globally the most widely used 

class of therapeutic drugs and are suitable for development of their sustained and/ or 

controlled release preparations [1]. The compound 2-[(2, 6-Dichlorophenyl) amino] benzene 

acetic acid is commonly known as diclofenac sodium (DS), is a drug of NSAID category 

which has potent anti-inflammatory, analgesic, antipyretic properties and is widely used in 

the treatment of rheumatoid disorders and other chronic inflammatory diseases [2]. The DS 

is characterized by a short biological half-life of 1 — 2 h attributed to a very rapid 

metabolism and elimination, and has high percentage capacity to bind with plasma protein 

[1, 3]. This necessitates repeated daily dosing during the course of treatment with the drug. 

Consequently it leads to severe dose-limiting side effects, including cardiac, gastrointestinal, 

hepatic and renal adverse effects [4]_ Therefore, therapy with DS demands sustained/ 

controlled release formulation for prolonged action at desired sites. In this regard novel drug 

delivery strategies are required for enhancing the accumulation of DS at the inflammation 

region to achieve maximum therapeutic efficacy with minimal toxicity. This can be achieved 

either by specific recognition mechanism, e.g., ligand - or receptor - mediated targeting or 

by means of stimuli - sensitive drug carriers. The stimuli sensitive carrier delivers drug upon 

exposure to an external stimulus namely pH, ultrasound, light, enzymes and magnetic field 

[5-9]. With both the targeting methods, minimal systemic distribution of the drug is 

achieved which minimizes the undesired side effects and enhances the therapeutic efficacy 

[10, 11]. Moreover, the dose of the drug required for therapy can be reduced substantially as 

the non -specific distribution can be minimized. With the advent of nanotechnology, drug 

formulation can be achieved in the form of nanoparticles (NPs) of desirable size, which 

promote accumulation of active drug molecules at pathological areas [12, 13]. In this regard, 

superparamagnetic iron oxide nanoparticles (SPIONs) are promising nanocarriers for 

magnetically guided transportation of drugs for its delivery at local sites of inflammation 

especially of the musculoskeletal system. This will provide therapeutic concentrations while 

minimizing the unwanted side effects [14, 15]. Various types of polymer-iron oxide 

nanocomposites have been developed for potential targeted drug delivery system [16-18]. 

Inclusion of SPIONs into polymeric materials does not increase the toxicity, as reported in 

clinical phase I trials [19]. In this regard, it may be highlighted that the iron oxide NPs 

coated with chitosan exhibited excellent drug loading and release properties [20]. It is worth 

investigating on the usages of low cost, biodegradable polymeric materials, for higher drug 
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loading efficiency, together with sustained or controlled release properties and their ability 

to exhibit high magnetic susceptibility. 

3.1.1 Objective of the study 
To fabricate and evaluate a potential targeted drug delivery system comprising of 

diclofenac sodium loaded in the hybrid nanomaterials of magnetite and calcium pectinate. 

Cross linking of pectin was required as pectin alone is not capable of shielding the drug due 

to its water solubility and swelling effect [21, 22]. The formulation parameters were 

optimized for maximum loading of DS. These nanomaterials of magnetite nanoparticles and 

pectin loaded with DS were characterized by XRD, SEM-EDAX, TEM, DLS, FT-IR, 

Thermal studies, zeta potential, SQUID and vibrating sample magnetometer (VSM). The in 

vitro release of DS was studied in simulated gastrointestinal fluids and in phosphate buffer 

solution. 

3.2 MATERIALS AND METHODS 

3.2.1 Materials 
Chemicals needed for synthesis of MNPs and calcium pectinate, as discussed in 

Chapter 2, were used. In addition, diclofenac sodium (DS) was procured from Sigma-

Aldrich, GmbH, Germany and was also obtained as a gift sample from Piramal Life 

Sciences Limited Mumbai, India. Phosphate buffer solution was prepared using disodium 

hydrogen orthophosphate, potassium dihydrogen orthophosphate, sodium hydroxide, sodium 

chloride, procured from Merck, India. The enzymes pepsin (with an activity of 800-2500 

mL units/mg of protein), pancreatin 4NF (from porcine pancreas) and pectinase 

(polygalacturonase) were procured from Hi-media lab, India. Dialysis membrane made up of 

regenerated cellulose with MWCO of about 3500 D was procured from Fisher Scientific 

Pittsburgh PA. Millipore water (resistivity of 18.1 M92 cm at 25 °C) was used in all the 

experiments. 

3.2.1.1 Diclofenac sodium 
Physical and chemical properties 

The chemical structure of diclofenac sodium is given in Fig. 3.1. Its molecular 

weight is 318.13 g/mol. It is an odorless white to off-white colored powder which is 

crystalline in nature. It is freely soluble in methanol, soluble in ethanol, sparingly soluble in 
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water, and but is insoluble in chloroform and in dilute acid. Since it is sparingly soluble in 

water it is included in class II drug as per biopharmaceutical classification system (BCS). 

NaOOCH2C 

HN 

X CI 

Fig.3.1. Structure of diclofenac sodium. 

Pharmacology 
The drug diclofenac sodium (DS) has been reported to exhibit anti-inflammatory 

(both in acute and subchronic inflammation), analgesic and antipyretic properties. Therefore, 

it is also used for minor aches, pains, inflammatory disorders and fever associated with 

common infections. DS can be used against various inflammatory disorders in 

musculoskeletal system, namely, arthritis, rheumatoid arthritis, polymyositis, 

dermatomyositis, osteoarthritis, spondylarthritis, ankylosing spondylitis, gout attacks, dental 

pain, temporomandibular joint and muscle disorders [23]. It is also useful in pain 

management against kidney stones, gallstones and also in the treatment of acute migraine, in 

mild to moderate post-operative or post-traumatic pain — particularly when inflammation is 

also present. It is effective against dysmenorrhea and endometriosis [24]. It also exhibits 

antiuricosuric properties [25]. 

Method of administration 
Various routes for administration of DS are adopted namely oral, rectal, intra-

muscular (IM), intravenous (IV) and topical. Based on the routes of administration a variety 

of formulations are available for this drug in the national as well as international market. 

The name of the drug under separate categories of administration is given below along with 

the name of the company that markets/ manufactures the particular dosage form of the drug: 

a) Oral administration. Tablets of strength 50 mg and 100 mg are available by the 

commercial name (manufacturer's name in the bracket from India, unless stated): 

Actfit (BMW), Alefen (Allenge), Diclowin (Wings Pharma), Fensaide (Nicholas), 
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Diclotal DT - dispersible tablet (Blue Cross Laboratories), Dan SR — sustained 

release tablets (Unison Pharma), Actfit SR (BMW), Voveran SR — sustained 

release (Novartis), Voltaren XR - extended release tablets (Novartis), Voveran 

and Voltaren — enteric-coated tablets (Novartis), Diclonac - modified release 

tablet (Lupin Laboratories). 

b) Intramuscular and intravenous injections: Aclomax (Admac), Actfit (BMW), 

Adiflam inj (Leben Labs), Agile inj (Ind-Swift), Acnec (Acme), Antiflam inj {75 

mg (Prem Pharma)}, Argesic inj {5 mg (Centaur)}, Alefen inj (Allenge) 

Movonac (Nicholas Piramal), Diclomol (Win-Medicare) etc. . 

c) External gel-based formulation: 3-D (Intas), Alnase gel (Alna Bio), Adiflam gel 

(Leben Labs), Adgel (Adley), Adiflam gel (Leben Labs), Actfit gel (BMW) etc. 

d) Eye drops e.g. Voltarol ophtha (Novartis Pharmaceuticals, Canada) and Voltaren 

Ophthalmic (Novartis Pharmaceuticals, Australia). 

e) Topical lotion e.g. Pennsaid (Nuvo Research Inc. USA): 

f) Topical patch e.g. Flector patch (King Pharmaceuticals Inc. U.S.A.) 

Mechanism of action 
DS acts by inhibition of potent enzyme cyclo-oxygenase which reduces the release 

of arachidonic acid, and enhances its uptake [26]. This results in a dual inhibitory effect on 

both the cyclo-oxygenase and lipoxygenase pathways. 

Side effects 
The long-term administration of DS has been reported to result in renal (kidney) 

papillary necrosis and other renal medullary changes. Usually these adverse renal effects are 

attributed to the decreased synthesis of renal prostaglandins. Further, this effect is also 

observed during long-term use in non-sensitive persons and where the resistance to side-

effects decreases with age, especially for elderly patients. The reduction in .prostaglandin 

formation decreases the renal blood flow, which may precipitate clear renal decompensation. 

Therefore in patients with advanced kidney disease, treatment with diclofenac sodium is not 

recommended [25, 26]. If there is any necessity to initiate NSAID therapy, close monitoring 

of the patient's kidney function is advisable. 

Rarely the liver damage occurs on continuous treatment with DS. Further this 

damage if occurs is usually reversible. Hepatitis may occur infrequently without any 
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warning symptoms but it may be fatal. The symptomatic liver disease is developed more 

commonly in patients with osteoarthritis than those suffering from rheumatoid arthritis. 

Therefore, the functioning of liver should be monitored regularly during long-term 

treatment. But it must be noted that, if used for the short-term treatment of pain or fever, 

diclofenac exhibits less hepatotoxicity than other available NSAIDs. Similarly compared to 

a variety of NSAIDs available, DS exhibits better tolerance but its long-term use predisposes 

for peptic ulcer [27]. Prolong treatment with DS might lead to severe side which could lead 

to upper GI ulcers, gross bleeding, or perforation. This trend if continues, the chances of 

developing a severe GI complication may occur at some time during the course of therapy. 

However, even short-term therapy has risk. Therefore, DS should be prescribed with 

extreme caution in those with a prior history of ulcer disease or GI bleeding [27]. Usually 

the most impulsive and fatal GI complications are observed in elderly or weak patients and 

therefore special care should be taken while treating this population. 

The drug is a weak and reversible inhibitor of thrombocytic aggregation needed for 

normal coagulation. In addition, it exhibits bone marrow depression which is though noted 

infrequently which may progress into leukopenia or agranulocytosis or thrombopenia with / 

without purpura or aplastic anemia. 

Contraindications 
DS is contraindicated for the treatment of perioperative pain in the setting of 

coronary artery bypass graft (CABG) surgery and in patients with serious gastrointestinal 

complications. The use of diclofenac sodium in patients with hepatic porphyria should be 

avoided. 

Thus, it was concluded that to minimize these complications, the lowest effective 

dose of this drug should be used for the shortest possible duration or alternate therapies 

should be considered. In this regard the targeted therapy is a promising approach. In view of 

these reports nanoscale targeted drug delivery system loaded with DS in biodegradable 

polymer is an excellent option. 

3.2.2 Method for fabrication of magnetite pectin nanomaterials cross linked with Cat+  

ions loaded with DS 
MNPs were synthesized by co-precipitation method as discussed in chapter 2 using 

the optimized conditions. After washing the MNPs, they are redispersed in water and the pH 
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was adjusted to - 4 with dilute HC1. A 25 rnL of the dispersion of MNPs were then mixed 

with 25 mL of 0.4 %, 0.6 % and 1.0 % w/v of pectin solution at pl-I '--4. 

To this dispersion, DS was added. which followed by slow addition of 25 mI, of 

CaCl2 solution as given in Table 3.1. For drug loading studies, DS of 0.01 M and 0.05 M 

concentrations were used. The whole mixture was allowed to stir for 6 h. The concentration 

of free dissolved drug in the dispersion was determined by the bulk equilibrium reverse 

dialysis [28]. 

Table 3.1. Optimization of encapsulation efficiencies and drug loading content in MP-DS hybrid 
nanomaterial using fixed concentration of MNPs. 

Concentration 	Pectin 	CaCl2 	Encapsulation 	Drug loading content 
of DS (M) 	(% w/v) 	(% w/v) 	Efficiency 	 (wt %) 

(%) 
0.01 M 	1.0% 	 2.0% 	86.0 ± 0.9 	 ND* 

001 M 	0.6% 	 1.2% 	59.7±1.3 	29.8 ± 1.8 

0.01 M 	0.4% 	 0.8% 	60.6±1.1 	28.9 ± 1.2 

0.05 M 	0.4% 	 0.8% 	19.4±2.2 	 ND** 

ND*: Not determined, as 1.0%pectin resulted in polymeric matrix formation, 
ND**: Not determined as encapsulation efficiency was poor 

3.2.3 Methodology for drug loading analysis 

It may be noted that the dispersion obtained after the synthesis of magnetite-pectin 

nanomaterials cross linked with calcium and treated with DS, comprised free dissolved drug 

and drug loaded in nanomaterials. Therefore the amount of drug loaded in the nanomaterials 

would be the difference of total drug taken for fabrication and amount of the free dissolved 

drug in the dispersion i.e. 

Amount of drug loaded (g) = Initial amount of the drug taken - amount of free dissolved 

drug. 

The amount of the free dissolved drug present in the dispersion was determined after 

performing bulk equilibrium reverse dialysis. The amount of drug was calculated by 

multiplying concentration of drug with the volume used. Briefly, a dialysis bag of MWCO 

3500 D sealed from both ends was immersed in the dispersion of magnetite-pectin 

rianomaterials -cross linked with calcium and loaded with DS and was stirred for 12 h. 

[during this period free dissolved drug in the dispersion diffused into the dialysis bag and 

attained equilibrium [28]. The concentration of the drug present inside the dialysis bag was 

1.3-°140 
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measured by W visible spectrophotometry at X. = 276 nm. The detail of drug analysis is 

discussed in section 3.2.6. 
The drug loading content (wt %) in magnetite pectin nanomaterials cross linked with Cat+  

and loaded with DS was calculated as follows: 
Drug loading content (wt %) = (a/ b) * 100 

a = amount of the drug loaded in magnetite-pectin nanomaterials loaded with DS. 
b = weight of fabricated magnetite-pectin- nanomaterials loaded with DS (in g). 
The extent of drug incorporation into magnetite-pectin nanomaterial was expressed in terms 
of % encapsulation efficiency of DS, which is given as: 

% Encapsulation efficiency = (a / t) *100 
a = amount of the drug loaded in magnetite-pectin nanomaterials loaded with DS. 

t = Initial amount of the drug taken. 
The advantage of this method is the minimization of processing steps like 

centrifugation, filtration etc. which may lead to the loss of the material during the process. It 

may also be noted that the % encapsulation efficiency corresponded to the capacity of the 

drug carrier (nanomaterials of magnetite-pectin cross linked with Ca2+) to load drug. 

However, it is also important to evaluate the concentration of drug (w/w) in these systems 

which is given as drug loading content (wt %). 
It may be noted here that, the magnetite pectin nanomaterials cross linked with 

calcium which were fabricated using fixed concentration of the dispersion of MNPs, 0.4 % 
pectin and 0.8 % CaCl2 as discussed in chapter 2, without DS will now be referred to as MP 

(magnetite nanoparticles: pectin cross linked with Cat+). Further the batches prepared using 

same composition as that of MP loaded with 0.01 M DS will now be referred to as MP-DS 

(magnetite nanoparticles: calcium pectinate: diclofenac sodium)._ 

3.2.4 Characterization 
The details of the methods used for characterization, namely, XRD, SEM-EDAX, 

TEM, DLS, TG-DTA, INAA, FT-IR, SQUID, and VSM. The details .of techniques other 

than VSM are as discussed in chapter 2. The VSM (Model 155, Princeton applied research) 
was used to analyze the magnetic properties of the as-synthesized nanomaterials. A known 
amount of lyophilized samples (MNPs, MP and MP-DS) were respectively packed in a 
diamagnetic capsule and were inserted in a . polyethylene straw as a sample holder. The 
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magnetization measurements were recorded from the hysteresis loop of M-H curve in the 
range ±10.0 kOe (Tesla) at room temperature by VSM. 

3.2.5 Methodology for in vitro drug release 
It has been reported that after the oral administration of the drug, it passes through 

stomach (pH — 1.2 — 3.5, transit time — 1-2 h) and small intestine (pH — 5.5 — 6.8, transit 

time — 3 —,6 h) before arrival to large intestine i.e. colon (pH — 6.4 — 7.0, transit time — 12-

48 h) [29]. In addition, in the case of the proximal colon pH values as low as 5.5 — 5.7 have 

also been reported [29, 30]. Further the optimum pH for the activity of pectinolytic enzyme 

has been reported to be between 3 and 5 as a compromise pH 5.5 was set for simulated 

colonic fluid (SCF) with 2.5 % (w/v) of the enzyme pectinase [30, 31]. Therefore, to 

simulate the gastrointestinal conditions, in vitro release studies were carried out sequentially 

in simulated gastric fluid (SGF) at pH 1.2 for 2 h, in simulated intestinal fluid (SIF) at pH 

6.8 for 3 h and in simulated colonic fluid (SCF) at pH 5.5 for the remaining period of 48 h 

at 37 °C and 100 rpm. In addition to the potential oral administration approach, the drug 

release from the newly developed nanomaterials of MP-DS via potential intravenous 

administration approach was estimated by in vitro release study in phosphate buffer pH 7.4. 

3.2.5.1 Preparation of simulated gastric fluid (SGF) with enzymes 

Two grams of sodium chloride (NaCI) and 3.2 g of purified pepsin (with an activity 

of 800-2500 mL units/mg of protein) were accurately weighed and dissolved in sufficient 

quantity of Millipore water. Accurately about 80 mL of 0.1 M hydrochloric acid (HC1) was 

added to the above solution and the volume was made up to 1000 mL using Millipore water. 

The pH was finally adjusted to 1.2 using 0.1 N HCl / 0.1 N NaOH [32]. 

3.2.5.2 Preparation of simulated intestinal fluid (SIF) with enzymes 

An amount of 6.8 g of monobasic potassium dihydrogen phosphate (KH2PO4) was 

accurately weighed and dissolved in 250 mL of Millipore water. Seventy seven mL of 0.2 N 

sodium hydroxide was added to the above solution and the volume was made to 500 mL 

using Millipore water. Ten grams of purified pancreatin (pancreatin 4 NF from porcine 

pancreas) was added and the volume was made up to 1000 mL using Millipore water. The 

pH was finally adjusted to 6.8 ± 0.1 using 0.1 N HCl / 0.1 N NaOH [32, 33]. 
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3.2.5.3 Preparation of simulated colonic fluid (SCF) with pectinase 
2.5 % w/v solution of pectinase (polygalacturonase) was prepared in phosphate 

buffer (pH 5.5). The buffer solution was prepared as follows: 
Two solutions A and B were prepared. 
Solution A: Accurately weighed 13.61 g of potassium dihydrogen orthophosphate (KH2PO4) 

was dissolved in 1000 mL. 
Solution B: Accurately weighed 35.81 g of disodium hydrogen orthophosphate (Na2HPO4) 
was dissolved in 1000 mL. Then 96.4 mL of _solution A was mixed with 3.6 mL of solution 

B to obtain phosphate buffer of pH 5.5 [32]. 

3.2.5.4 Preparation of phosphate buffer solution (pH 7.4) 
To obtain phosphate buffer (pH 7.4), 250 mL of 0.2 M potassium dihydrogen 

orthophosphate (KH2PO4) was added to 393.4 mL of 0.1 M sodium hydroxide [32]. 

3.2.6 Analysis of in vitro drug release in the respective simulated fluids 
The dialysis bag diffusion technique was used to study the in vitro release of the 

drug DS from MP-DS nanomaterials [28]_ Briefly, the MP-DS nanomaterials fabricated 
using 0.4 % pectin solution and 0.01 _ M DS was transferred to a dialysis bag containing 5 
mL of freshly prepared simulated gastric fluid (SGF) at pH 1.2, which contained 0.32 % w/v 
pepsin. This is referred to as donor compartment_ This bag with its contents was then 
transferred to 95 mL of the SGF without enzymes (referred as receptor compartment) to 

simulate in vitro release studies for, 2,h at a temperature of 37.0 f 0.1 °C and at 100 rpm in 

incubator shaker. This was followed by in vitro release studies for 3 h in simulated intestinal 

fluid (SIF) at pH 6.8 containing 1.0 % w/v pancreatin. Finally the in vitro release study in 

simulated colonic fluid (SCF) containing 2.5 % w/v pectinase at pH 5.5 was performed for a 

period up to 48 h, to estimate the % cumulative release of DS from MP-DS nanomaterials in 
SGF, SW and SCF media to mimic gastrointestinal conditions. In the similar manner % 
cumulative release was determined in phosphate buffer solution, at pH —7.4, without 

enzyme, for 48 h to mimic release condition of the drug DS in blood. 
About 1.5 mL of an aliquot was withdrawn from the receptor compartment at each 

specified time intervals and was replaced with equal volume of fresh medium to mimic the 
sink conditions of the human body. The aliquot was centrifuged at 15000 rpm for 15 



Chapter- 3 	 Diclofenac sodium loaded in magnetite - pectin nanomaterials 

minutes and the supernatant liquid consisting of released drug was estimated with Shimadzu 

1600 UV visible spectrophotometer against appropriate blank. 
It may be noted that the analysis of drug by UV visible spectrophotometry in the 

presence of enzymes especially pancreatin, was found to be inaccurate due to turbidity. It is 

therefore necessary to separate drug from the dispersion. This was achieved by conducting 

the in vitro release studies of DS performed in a dialysis bag containing the enzyme, where 

the drug released from MP-DS could diffuse out of the dialysis bag while the enzymes of 

larger molecular weight cannot diffuse out. The estimation of DS released in these media 

was carried out by UV-visible spectrophotometry. 

3.2.6.1 Determination of Lm in Millipore water, SGF, SIF (without pancreatin), SCF and 

phosphate buffer solution. 
The UV-visible absorption spectra of the solution of diclofenac sodium in each of 

the above . medium were recorded to determine the ),,,,a, of DS in the respective media for 

drug release studies. 
10 mg of diclofenac sodium was accurately weighed and transferred to 100 mL 

volumetric flask, sufficient quantity of Millipore water / SGF without pepsin / SIF without 

pancreatin / SCF without pectinase was added to dissolve it. The volume was made up to 

100 mL with the respective medium to obtain a stock solution of 100 .tg/mL. From this 

stock solution, 1 mL aliquot was taken and diluted to 10 mL. This solution was scanned 

between 230 to 350 nm on a Shimadzu 1600 double beam UV-Visible spectrometer. The 

UV spectra exhibited 	at 276 nm in all four media and agreed well with the reported 

values [34]. All measurements were thus carried out at 	= 276 nm in triplicate, for 

estimation of the concentration of diclofenac sodium released in these media. 

3.2.6.2 Calibration curve for estimation of diclofenac sodium in Millipore water 

The calibration curve was prepared by recording absorbance at 2,.,,, = 276 nm. The 

mean value and the standard deviations from triplicate analysis were calculated. The mean 

values of the absorbance were plotted against the respective concentration of DS ranging 

between 5 and 40 µg/mL to obtain a calibration curve (Fig. 3.2). A linear fit of the 

calibration plot (R2  = 0.996) was obtained. The concentration of the drug was calculated 

from the calibration curve. 
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Fig. 3.2. Calibration curve for estimation of diclofenac sodium in Millipore water measured at 
? X  = 276 nm. (Absorbance is given as mean ± standard deviation of triplicate analysis) 

3.2.6.3 Calibration curve for estimation of diclofenac sodium in simulated gastric fluid 

(SGF) 
Since the drug was poorly soluble in SGF thus the equation obtained from the 

calibration curve corresponding to the different concentrations of DS in Millipore water was 

used to determine the concentration of the DS in SGF. 

3.2.6.4 Calibration curve for estimation of diclofenac sodium in simulated intestinal fluid 

(SIF) at 276 nm 
It was noted that by adding pancreatin to solution containing drug in the SIF resulted 

in turbidity and was thus not-suitable for measuring concentration of drug by UV-visible 

spectrometry. Therefore the calibration curve was plotted without this enzyme. Further 

because of this, the protocol given for analysis of released drug was modified (discussed in 

section 3.2.6). The aliquots from the stock solution of 100 pg/mL were taken and dilutions 

were made with SIF (without pancreatin) to prepare calibration curve of the DS in the 

concentration range of 5 to 40 tg/mL. The absorbance of dilutions was measured in 

triplicate by UV-Visible spectrometry at X,,I, = 276 nm against SIF (without pancreatin) as 

blank and the calibration curve was plotted (Fig. 3.3). A linear fit of the calibration curve 

was obtained (R2  = 0.998). Analysis of in vitro release in SIF was performed accordingly. 



Chapter- 3 	 Diclofenac sodium loaded in magnetite - pectin nanomaterials 

2 1 	y= 0.0357x + 0.0133 
R2 = 0.9988 

a) 
0 
r-  1 ca 
L 
0 

-0 0.5 

C 

0 	10 	20 	30 	40 	50 

Concentration (pg/mL) 

Fig. 3.3. Calibration curve for estimation of diclofenac sodium in SIF without pancreatin measured 
at A.„a,t = 276 nm (Absorbance is given as mean ± standard deviation of triplicate analysis) 

3.2.6.5 Calibration curve for estimation of diclofenac sodium in simulated colonic fluid 

(SCF) 

The aliquots from the stock solution of 100 µg/mL were taken and dilutions were 

made with SCF without pectinase to prepare sample for calibration in the concentration 

range of 5 to 40, µg/mL. The absorbance of dilutions was measured by UV-Visible 

spectrometer at 2max = 276 nm against SCF without pectinase as blank and the calibration 

curve was plotted (Fig. 3.4). A linear fit of the calibration curve (R2 = 0.997) were obtained. 
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Fig. 3.4. Calibration curve for estimation of diclofenac sodium in SCF without pectinase measured at 
?.„ax = 276 nm (Absorbance is given as mean ± standard deviation of triplicate analysis) 
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3.2.6.6. Calibration curve for estimation of diclofenac sodium in phosphate buffer pH 7.4 

The aliquots from the stock solution of 100 tg/mL were taken and dilutions were 

made with phosphate buffer pH 7.4 to prepare sample for calibration in the concentration 

range of 5 to 40 pg/mL. The absorbance of the dilutions was measured by UV-Visible 

spectrometry at Xmax = 276 nm against phosphate buffer as blank and the calibration curve 

was plotted (Fig. 3.5). A linear fit of the calibration curve (R2  = 0.999) was obtained. 

2 
y = 0.042x + 0.0588 
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Fig. 3.5 Calibration curve for estimation of diclofenac sodium in phosphate buffer pH 7.4 measured 
at 7,t= 276 nm (Absorbance is given as mean ± standard deviation of triplicate analysis). 

3.3 RESULTS AND DISCUSSION 

3.3.1 Evaluation of drug loading 
It may be noted from Table-3.1 that the batches synthesized using pectin 

concentrations of 0.4 % and 0.6 % followed by treatment with 0.01 M DS, resulted in — 60 

% encapsulation efficiency. On the other hand, the batch synthesized using 1.0 % pectin and 

0.01 M DS exhibited higher % encapsulation efficiency (86.0 %). But at such high pectin 

concentration, viscous polymeric matrix was formed which lead to reduction of saturation 

magnetization as discussed in chapter 2. Further, by increasing the precursor drug 

concentration to 0.05 M, the % loading efficiency was found to be only 19.4 %. Increasing 

the drug concentration did not increase loading efficiency, rather it decreased by three folds. 

This indicates limiting factor for drug loading capacity by calcium pectinate. From the 

above results, it was noted that the optimized conditions needed for preparing hybrid 

nanomaterials of magnetite-pectin-diclofenac sodium were 0.4 % w/v of pectin solution, 0.8 

% w/v of CaCl2 solution and 0.01 M DS. 
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3.3.2 X-ray diffraction 
The formation of as-synthesized stable MNPs in MP-DS was confirmed by recording 

the position and relative intensities of diffraction patterns at 220, 311, 400, 511 and 440 

planes (Fig. 3.6) which corroborated well with those of cubic magnetite (Fe304) structures 

as reported in JCPDS 01-1111.1 data. Though DS is crystalline in nature as evident from fig 

3.6 but the XRD patterns of MP-DS did not reveal any the crystalline nature of DS. (Fig. 

3.6). Thus it may be presumed that the DS probably loses its crystallinity after its 

encapsulation with calcium pectinate 

a) 
c 

MP-DS 

MNPs 

DS 

20 	 40 	 60 	 80 
20 (degrees) 

Fig. 3.6. XRD of the DS, MNPs and MP-DS. 

3.3.3 Morphological studies 
The morphology and size distribution of the MP-DS nanomaterial was studied by 

SEM, TEM and by DLS measurements. The SEM study revealed that the nanomaterials of 

MP-DS were mostly spherical in shape with sizes in the range of 100 — 150 nm (Fig. 3.7). 

These were similar to the magnetite — calcium pectinate (MP) nanomaterials as discussed in 

chapter 2. Further EDAX analysis of a selected area of a representative spherical MP-DS 

displayed characteristic X-ray peaks of Fe, Na, Ca and corresponding to MNPs, DS and 

calcium pectinate respectively, which strongly indicated the formation of MP-DS 

nanomaterial (Fig. 3.7). Further, the TEM analysis of the MP-DS illustrated spherical 

nanomaterials of — 150 nm size (Fig.. 3.8a, 3.8b) which corroborated well with our . SEM 

results. Again similar to MP nanomaterials, the' TEM study of MP-DS also revealed 
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encapsulation of a large number of MNPs and its SAED pattern signified polycrystalline 

nature (Fig. 3.8a). 

Fig. 3.7. Morphology and elemental composition of the marked area of about 100 nm sized MP-
DS nanomaterials by SEM-EDAX. 

Fig. 3.8a. Transmission electron microscopy (TEM) of spherical shaped MP-DS hybrid 
nanomaterials of about 100-150 nm and its corresponding selected area electron diffraction 
(SAED) image exhibiting the presence of polycrystalline MNPs and DS. 
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Fig. 3.8b. Detailed transmission electron microscopy (TEM) of one of the nanomaterials of MP-DS. 

Furthermore, dynamic light scattering (DLS) measurement of MP-DS in aqueous 
solution at pH — 4 exhibited unimodal size distribution in the range of 220 — 400 nm with 
maximum intensity at — 300 nm (Fig. 3.9), indicating that the method of synthesis of these 
nanomaterials offered a good control over their sizes. However, the size distribution 
obtained from DLS measurements were two folds higher than the results from SEM and 
TEM studies. This can be attributed due to swelling effect of calcium pectinate in aqueous 
medium as explained by Yu et al. [35]. 
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Fig. 3.9. Dynamic Light Scattering (DLS) measurement of MP-DS in aqueous solution at pH —4. 

3.3.4 FT-IR analysis 

The drug loading in MP-DS hybrid nanomaterial was supported by its FT-IR 
spectrum (Fig. 3.10). The FT-IR spectrum of MP-DS comprised the characteristic IR peaks 
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of DS. The DS consists of various functional groups, notably, NH and COO-, substituted 
benzene ring and C-Cl. Similarly, pectin consists of —OH groups, COO-, C-O-C, which were 
studied by IR spectroscopy. The corresponding IR peaks of these groups were identified 
from literature [36]. 
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Fig. 3.10. FT-IR spectra of MP, DS and MP-DS hybrid nanomaterials. 

The presence of DS encapsulated in magnetite — pectin nanomaterials was evident 
from the observation of N-H stretching frequency of the secondary amine corresponding to 
DS at 3324 cm 1 for MP-DS batch, as compared to the N-H stretching frequencies at 3380 
cm 1 in the DS (Fig. 3.10). The N-H bending frequency was assigned to the peak recorded at 
1621 cm'. However, the presence of carboxylate group, in calcium pectinate, would also 

exhibit IR bands in the region 1550 — 1650 cm', thus the bands observed at 1650 cm I in 
MP-DS were attributable to the presence of carboxylate group. The IR peak at 1453 cm 1 in 

DS was due to -CH2 group (in DS) which was also observed in MP-DS at 1446 cm', 
indicating the loading of DS in the fabricated nanomaterials. 

The —OH group in pectin was evident from the stretching frequencies in the range, of 
3200 — 3600 cm 1, and bending frequencies in the range of 1390 — 1440 cm4, observed in 

MP-DS. Notably, due to large number of —OH groups in pectin, the O—H stretching band 
was broad and intense. 

The peaks were observed at 1092 cm 1, 1156 cm 1 and 1300 cm 1 in MP-DS. 

However in MP nanomaterials the peaks at 1095 cm 1, 1147 cm 1 and 1250 cm' were 
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observed, which were attributed to C-O stretching frequencies. The peak at 1146 cm 1  was 

due to C-O-C stretching frequency and assigned to the C-O-C linking groups in pectin. 

The bands in the region of 1000 -1300 cm 1  were due to C-N group in the DS and 

MP-DS. The IR peak at 800 - 1000 cm 1, observed for DS and MP-DS were due to 

substituted aromatic ring in diclofenac sodium structure. The peak observed at 590 cm 1  was 

attributable to vibrations of Fe-O bond. As expected, this peak was not observed in the IR 

spectrum recorded for DS. These observations reflected the formation of MP-DS. Thus from 

the IR study it was concluded that the fabricated nanomaterial comprised of magnetite 

nanoparticles, pectin and diclofenac sodium. 

3.3.5 Thermal studies 
The loading of the DS in the hybrid nanomaterial system of MP-DS was further 

studied by thermogravimetry analysis (TGA), as given in Fig. 3.11 a. The TGA of magnetite 

nanoparticles encapsulated in calcium pectinate nanomaterial without drug (MP) exhibited 

13.5 % mass loss in two stages. The first mass loss about 5% at 110 °C was due to loss of 

absorbed water in MP and then further 8.5 % mass loss occurred up to 750 °C could be 

attributed to the degradation of calcium pectinate. The stable mass beyond 750 °C was due 

to iron oxide and residual calcium pectinate after heating, which accounted for 86.5 % of the 

MP nanomaterials. This indicated high amount of MNPs were encapsulated in calcium 

pectinate nanomaterials in MP-DS batch. 

However, from this study it was not confirmed whether the amount of drug 

associated with the MP-DS was completely encapsulated or some fraction of it was bound to 

the external boundary of the spherical structured calcium. pectinate nanomaterials. This was 

also addressed by the thermal studies of MP-DS, where the thermal events corresponding to 

the pure drug (DS) did not corroborate with those of the drug encapsulated in hybrid 

nanomaterials of calcium pectinate-magnetite. In the case of differential thermal analysis 

(DTA) of pure drug, the major exothermic event was observed at 650 °C which was 

associated with a heat release of 2.53 J/mg (Fig. 3.1 lb). This was correlated with a mass loss 

due to thermal degradation as evident from the TG and plot. However in the case of MP-DS 

batch, the similar exothermic event was not observed at 650 °C rather it was recorded at 395 

°C, and was associated with a heat release of 1.69 J/mg (Fig. 3.1 lb). Such a shift of thermal 

event towards lower temperature could be thought to be due increase in thermal conductivity 

of the MP-DS nanomaterial. This phenomenon could be related to structures of nanoscale 
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dimension. In this regard, it was found in literature that hybrid nanomaterials of 100 nm and 
less have a tendency to exhibit strikingly different thermal conductivities compared to the 
bulk materials, where the increase in the thermal conductivity could be attributed to phonon 
properties [37, 38]. It was discussed from SEM and TEM studies that the sizes of the MP-
DS were in the range of 100 — 150 nm, which was therefore favorable for increasing thermal 
conductivity. Due to this the degradation of drug DS encapsulated in MP-DS nanomaterials 
was expected to occur at much lower temperature than its bulk drug. The lack of thermal 
signatures of the pure drug corresponding to its bulk property in the thermal analysis of MP-
DS also confirmed that no drug content was outside the nanomaterial. So we concluded that 

the drug with a loading content (wt %) of — 29% was encapsulated within the spherical MP-
DS nanomaterials. 
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Fig. 3.11a. Thermogravimetric analysis (TGA) of MP-DS, MP (calcium pectinate-magnetite 
nanoparticles- without drug DS) and pure drug DS. 
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Fig. 3.l lb. Differential thermal analysis (DTA) of MP-DS, MP and pure drug DS. 

3.3.6 Zeta potential measurement: Mechanism of the formation of nanomaterial of MP-
DS 

The zeta potential measurements (given in Table 3.2) offered an - evidence of the 

stability of MP-DS hybrid nanomaterial as reflected from large zeta potential (— 47.0 mV). 

The zeta potential of diclofenac sodium was measured as —110 mV. In the pectin usually Cat+ 

ion is used for formation of a cross linked network on calcium pectinate. Since both pectin and DS 

exhibit negative zeta potential (— 35.1 mV) so their interaction is less probable. Therefore, it appears 

• that DS is entrapped during the formation of spherical calcium pectinate nanomaterials. Probably due 

to lack of scope for interaction of pectin with DS, % drug loading was less. In view of the above 

• studies a mechanism towards formation of the MP-DS nanomaterials is proposed as shown in Fig. 

3.12. 

Table 3.2 Zeta potential measurements of diclofenac sodium (DS), magnetite calcium pectinate 
without diclofenac sodium (MP), nanomaterials of magnetite calcium pectinate loaded with 
diclofenac sodium (MP-DS) 

Samples 	 Measured zeta potential value (~) in mV 
Diclofenac Sodium (DS) 	 — 110 
MP-DS 	 —47 
MP 	 —17.6 
Pectin (H-4) 	 —35.1 



Chapter- 3 	 Diclofenac sodium loaded in magnetite - pectin nanomaterials 

Liquid 
FeSO4 + ammoma 	• 

0 s Fe(NO3)3 pH-10  
Magnetite 

nanoparticle 
(MNPs) 

pH 4 	~® 

MNPs 

~Oo 
0000p 

ek e 

crosslinking 
by Cat} ions Pectin Diclofenac sodium (DS) 

Amount loaded / released determined 	Dialysed 
by UV spectrophotometry 

at 276 nm for DS 

 

MNPs coated with calcium pectinate 
(MCP) loaded with DS 

~~O COO- H 

HU HO H 

	

H 	 H 	 H 

	

vuLnnr, ~~ HO 	 H 

	

H H OH p 	O 
-OOC 

Structure of a pectin 
monomer unit 

Fig. 3.12. Schematic representation of mechanism towards formation of the MP-DS hybrid 
nanomaterials. 

3.3.7 Magnetic studies 
The magnetic behavior of the MP-DS nanomaterial was studied from its 

magnetization curve (M-H curve) recorded at room temperature from VSM measurements. 

The M-H curve for the nanomaterials of MP-DS and MP were similar to that of the as-

synthesized MNPs, and exhibited negligible coercivity and remanence magnetization (Fig. 

3.13). This phenomenon could be attributed to superparamagnetic behavior of magnetite 

nanoparticles. The saturation magnetization (Ms) measured at room temperature in the 

range of ±10 kOe were 55.93 emu/g, 47.42 emu/g, and 44.05 emu/g for MNPs, MP and 

MP-DS respectively. The decrease in the saturation magnetization in the calcium pectinate 

coated MNPs loaded with DS (MP-DS) with respect to MNPs could be attributed due to 

effect of small particle size owing to non-collinear spin arrangement at the surface., or due 

to the formation of magnetic dead layer by nonmagnetic material and at the domain 

boundary wall of MNPs [39, 40]. The particle size effect on reduction of Ms may be ruled 

out as the same batch of MNPs with uniform particle size distribution was used for 
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synthesis of MP. The magnetic moments could however be quenched due to the formation 

of magnetic dead layer at the domain wall of MNPs, as explained in Chapter 2. In the case 

of MP-DS, the non magnetic materials, like drug (DS) and calcium pectinate is likely to 

form magnetic dead layer. This could hinder the domain wall motion during application of 

the magnetic field, which might be responsible for the reduction in the saturation-

magnetization in these formulations. 
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Fig. 3.13. Magnetization vs field (M-H) curve of MNPs, MP (without drug) and MP-DS 
nanomaterials measured by VSM at room temperature. 

The superparamagnetic behavior of the MP-DS nanomaterials was studied by 

SQUID measurement between 5 K and 300 K using zero-field cooling (ZFC) and field 

cooling (FC) in an applied magnetic field of 500 Oe (Fig. 3.14). The curves diverged at 75.4 

K, characterized as blocking (TB) temperature, which corresponded to the transition from 

ferromagnetic to superparamagnetic behavior. However, the blocking temperature depends 

on the strength of the applied field during the SQUID measurement. As the applied field in 

this batch was .500 Oe which was higher than (200 Oe) that used for measuring MP 

nanomaterials (discussed in chapter — 2), it resulted in lowering of the TB value. 

In the ZFC curve (Fig. 3.14), without applied magnetic field, when the sample was 

cooled to 5 K the total magnetization was —13.56 emu/g. Such lower order of magnetization 

may be attributed to the random orientation of the magnetic moments of individual particles 

`1E 
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due to particles less than 20 nm sizes [41]. As the temperature was increased more particles 
reoriented their magnetic moment (magnetization) along the external applied field. Due to 
this the magnetization increased till it reached a maximum value of 75.4 K as shown in the 
ZFC curve. On the other hand, in the FC curve the magnetization measured at 5 K and in the 
presence of 500 Oe was 21.64 emu/g. The externally applied magnetic field energetically 
favoured the reorientation of the individual magnetic moment along the direction of the 
applied field which resulted in the increased magnetization. Such a behavior was 
characteristic of superparamagnetism typically observed in small ferromagnetic •or 
ferrimagnetic nanoparticles. Below TB, the MP-DS nanoparticles exhibited ferromagnetic 
properties. When the temperature was above the TB, the thermal energy becomes higher, 
which could result in overcoming the anisotropy barrier and randomize the magnetic 
moment, leading to the superparamagnetic behavior of the nanoparticles [42]. 
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Fig. 3.14. ZFC and FC curve of MP-DS nanomaterials recorded at 500 Oe, measured by SQUID. 

3.3.8 In vitro drug release studies from MP-DS hybrid nanomaterial 
It is well-known that the sustained or controlled release of low molecular weight 

drugs from polysaccharide-based matrices is not trivial. This can be attributed to higher drug 
solubility due to high water contents in the polysaccharide based matrices. The release rate 
of drugs from the polysaccharide-based matrices is generally very fast and can be referred to 
as burst release [35]. Sustained release might be achieved by modifying the polysaccharide 
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especially by cross-linking in order to hold back the drug in its network structure for 

sustaining its release. In the case of MP-DS nanomaterial, the pectin was cross-linked with 

Cat  ions and the nature of release of the drug DS was studied by in vitro method by treating 

MP-DS sequentially in simulated gastric fluid (SGF) followed by its in vitro release in 

simulated intestinal fluid (SIF) and then in simulated colonic fluid (SCF) to mimic the 

gastrointestinal pathway. In addition, the in vitro release study was also carried out in 

phosphate buffer at pH 7.4 at 37 °C for 48 h to mimic drug release in blood. 

3.3.8.1 Sequential in vitro release in gastrointestinal fluids 
The release of drug from a matrix is mostly governed by pH and in certain cases by 

specific enzymes. It was found that after 2 h only 0.18 % of the drug was released in SGF 

(showed in Fig. 3.15). Such negligible drug release in SGF indicated significant shielding of 

the encapsulated drug by calcium pectinate at low pH. This is in good agreement to our 

previous discussion in chapter 2 where we demonstrated the stability of calcium pectinate in 

acidic gastric condition. In addition, DS exhibited poor solubility at pH 1.2, which could 

also affect drug releasing ability in SGF. Our result of poor release of DS at pH 1.2 was in 

good agreement with the literature report, where electrospun diclofenac sodium loaded 

Eudragit®  L 100-55 nanofibers exhibited in vitro release of only 3 % of the loaded drug in 

0.1 N. HCl in 2 h [43]. Further for such a low release they also attributed to insolubility of 

Eudragit®  L 100-55 in the acidic environment, which probably prevented dissolution of DS. 

On the other hand, the in vitro release of the drug in SIF at pH — 6.8 for 3 h was rapid (Fig. 

3.15) and agreed well with the literature report [43]. The rapid release in SIF could be 

attributed to swelling of calcium pectinate nanomaterial due to weakening of calcium 

pectinate network structure at higher pH. Moreover, the solubility of the drug at this pH was 

also high. It was noted that about 8 % of the drug loaded in MP-DS nanomaterial was 

released during the first 2 h in SIF medium, while 80 % of the drug was released during the 

3 d̀  hour in SIF medium. Such rapid release in the 3 d̀  hour perhaps indicated the swelling 

effect of calcium pectinate. The swelling tendency of calcium pectinate was also 

corroborated from observation of larger average size of the synthesized MP-DS in DLS 

measurement as compared to their dried ones measured by SEM and TEM. It may be 

thought that the hybrid nanomaterials swelled to a maximum level during the 3 h interaction 

in SIF medium. The swelling of calcium pectinate can be attributed to increase in the 

concentrations of negatively charged carboxylate groups in pectin at higher pH (pKa  = 2.9- 
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4.1), which however would depend on the degree of esterification [44, 45]. This could lead 

to repulsion between pectin chains and thus resulted in swelling of pectin. Additionally, DS 

is a weak acid (pKa  = 4.0) with more solubility at neutral pH [46], and thus at pH 6.8 it 

exhibits rapid release. However, the rate of drug release was again slowed down in 

simulated colonic fluid (SCF) where the pH was at 5.5 (Fig. 3.15). From these studies, it 

may be surmised that the MP-DS formulation is very effective for releasing drug in the 

intestinal region where significant release of the drug (-- 88 %) occurred. While in colonic 

region, only 11 % drug was released in 43 h at a very slow rate. 

Fig. 3.15. Sequential in vitro release of DS from MP-DS in simulated gastric fluid (SGF pH 1.2) for 
2 h, followed by simulated intestinal fluid (SIF pH 6.8) for 3 h and simulated colonic fluid (SCF pH 
5.5) up to 48 h. 

3.3.8.2 In vitro release in phosphate buffer at pH 7.4 

The in vitro release studies of DS from MP-DS formulation in phosphate buffer 

solution at pH 7.4 at 37 °C exhibited sustained release where 90 % of DS was released in 8 h 

(Fig. 3.16). The remaining DS was slowly released during the next 48 h. In the case of 

ethylcellulose and iron/ ethylcellulose (core/ shell) nanoparticles also sustained release of 

DS has been reported in phosphate buffer (pH = 7.4) for up to 4 days [11]. In this case 

slower release of the drug loaded in iron/ ethylcellulose (core/ shell) nanoparticles was 

reported when compared to that in ethylcellulose. But the overall release rate was much 

lesser and slower than MP-DS system at this pH. Moreover, cellulose or its derivatives are 
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non-biodegradable and could be a drawback. On the other hand, our system consists of 

pectin which is biodegradable. In this regard the polymer PLGA copolymer also reported 

relatively faster release of DS at this pH which was attributed to the amorphous nature of 

PLGA copolymer [47]. In this system almost complete drug was released within a time span 

of 14 h. Further in the case of tailored carboxymethyl guargum hydrogel with nanosilica for 

transdermal drug delivery, sustained release of diclofenac sodium was observed for —20 h 

where only 70 % of the total drug was released at pH 7.4. The faster release at this pH was 

attributed to the higher solubility of the DS as supported from its pKa  value [48]. 

0 	10 	20 	30 	40 	50 
- 	 Time (h) 

Fig. 3.16. In vitro release of DS from MP-DS nanomaterials in phosphate buffer solution (pH 7.4) 
for 48 h. 

3.3.8.3 Modeling of drug release 
In order to prove the relation of swelling effect on cumulative release the drug 

release mechanism of the fabricated nanomaterials were studied by simple exponential 

relation (Mt  / Mc) = kin, referred to as Korsemayer - Peppas equation [49, 50]. The model is 

usually used to describe the general solute release behavior from different polymeric 

materials [50, 51], where (MI Mme ) is the fractional solute release, t is the release time, k is a 

constant incorporating structural and geometric characteristics of material and n is the 

diffusion exponent characteristic of release mechanism. For spheres, the value of n < 0.43 

indicates that the drug release from the polymer was due to Fickian diffusion [50, 51]. The 

value of n in the range of 0.43 to 0.85 is an indication of both diffusion controlled drug 
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release and swelling controlled drug release. The values above 0.85 indicate swelling 

controlled drug release which is related to polymer relaxation during swelling of pectin [52]. 
The equation of this model was modified in terms of % cumulative release as 

M1 /M * 100= (k* 100)* t" 

where (Mt / M)* 100 is the experimentally measured % cumulative drug release; Mc 
corresponded to 100% drug is release, M, corresponded to release at time (t). 

Taking log on both the side we get 

log M1 /M * 100= log (k* 100) + n log t 

The log M, / M~ *100 was plotted against log t for up to 88 % of cumulative release 

(Fig. 3.17). The value of n was obtained from slope and (k* 100) was obtained from the 

intercept. From the fitted data of release of DS from MP-DS, n was found to be 0.9868 

which indicate the non-Fickian transport of drug release, controlled by swelling effect of 

calcium pectinate at pH 7.4 [50, 51]. The value of k* 100 was found to be 12.43. 

On the basis of Korsemeyer - Peppas model we may conclude that the drug release 

in phosphate buffer pH 7.4 in the case of MP-DS nanomaterials was controlled by the 

swelling effect of calcium pectinate at this pH which corroborated DLS results. 
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Fig. 3.17. Showing linear fit of in vitro release of DS up to 8 h from MP-DS in phosphate buffer 
solution (at pH 7.4), using Korsemayer Peppas equation in log scale. 

Overall, it was noted that unlike polysaccharide matrix for drug carrier which could 

exhibit burst release property, pectin which is an anionic polysaccharide, was successfully 

modified to form hybrid nanomaterials of magnetite-calcium pectinate system, capable to 

load drugs and exhibit sustained release property. Moreover, it also comprised magnetic 

responsive property for magnetic guiding. 

105 



Chapter- 3 	 Diclofenac sodium loaded in magnetite - pectin nanomaterials 

3.4 CONCLUSION 
Fabrication of a simple, reproducible and novel targeted drug delivery system of 100 

- 150 nm size (measured by SEM and TEM) comprising of magnetite nanoparticles, pectin 

cross linked with calcium ions and the drug diclofenac sodium (MP-DS) has been achieved. 

The SQUID and VSM studies of MP-DS system confirmed its superparamagnetic nature. 

Thermal analysis was instrumental in ascertaining that the .drug associated with MP-DS was 

essentially encapsulated in the hybrid nanomaterials. The high c-potential (— 47 mV) 

indicated the stability of the synthesized drug delivery system. The in vitro release studies of 

DS from hybrid nanomaterial MP-DS system in gastrointestinal fluid was pH dependent. It 

exhibited poor release in simulated gastric fluid, while about 90% of the drug was released 

rapidly in simulated intestinal fluid, and thus the colonic release was limited. Therefore, the 

applicability of this system for colon specific delivery might be limited as it has to pass 

through intestine before reaching colon so it was thought to unsuitable for colonic targeting. 

The in vitro release study carried out at pH 7.4 (mimicking blood pH) exhibited sustained 

release which satisfied non-Fickian release based on Korsemeyer- Peppas model and 

corresponded to diffusion controlled mechanism. This was attributed to swelling effect of 

pectin in aqueous medium, also supported by the dynamic light scattering (DLS) 

measurement which exhibited particle size ranging between 220 — 400 nm. 

Overall the sustained drug release at pH 7.4 corresponding to blood pH was 

encouraging for targeted drug delivery, especially via intravenous administration followed 

by magnetic guiding to inflammatory site where otherwise the direct drug administration is 

cumbersome, e.g., knee joints, for its sustained release. This - would also minimize the 

distribution of the drug to other undesirable parts of the body. However this proposal will be 

further augmented after in vivo studies of this formulation. 
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Chapter- 4 	Diclofenac sodium loaded in nanomaterials of magnetite - pectin reinforced with chitosan 

4.1 INTRODUCTION 
Nanomaterials of polysaccharide based natural polymers have attracted tremendous 

scientific interest in developing nanoscale targeted drug delivery system. In this regard the 

chitosan which is a biocompatible, biodegradable and nontoxic cationic polysaccharide has 

been reported to be used for delivery of various drugs including diclofenac sodium (DS) [1]. 

Similar to pectin chitosan is a very promising biomaterial for drug delivery system but oral 

administration is restricted by its fast dissolution in the stomach but has a limitation for 

controlled drug delivery [2, 3]. Thus to overcome the disadvantages associated with the 

individual polymer it is usually cross linked with various agents including polyelectrolytes 

to form a complex network structure of chitosan. Some polymers which were used as cross 

linking agents are polyvinyl pyrrolidone, chondroitin, xanthan gum, sodium alginate, and 

pectin etc.; for prolonged drug delivery [3-8]. Advantage of polyelectrolyte complex of 

chitosan with other polymers includes the avoidance of organic solvents, chemical cross-

linking agents which reduces the toxicity and undesirable side effects. These types of 

materials are though excellent for drug loading and release but they suffer from limitations 

like targeting ability. 
In this regard, we have developed pectin based nanomaterials with magnetite 

nanoparticles (MNPs) encapsulated in it (discussed in chapter 2) and its potential drug 

(diclofenac sodium) loading and release capacities, as discussed in chapter 3. However the 

loading efficiency of the model drug, diclofenac sodium, in 100 — 150 nm magnetite-

calcium pectinate nanomaterials was about 60 % and drug loading content (wt %) was 28.9 

%. There was a scope for improving the drug loading efficiency. In this regard, it was found 

from literature reports that microparticles of chitosan exhibits high % entrapment efficiency 

[9]. In order to improve the drug loading efficiency using pectin, it was thought to explore 

the conditions of utilizing pectin in combination with chitosan. Our idea was influenced by a 

similar study on microparticles of sizes 920.48 to 1107.56 µm of pectin re-inforced with 

chitosan and cross linked with Zn2+  showed 96.95 — 98.85 % loading of resveratrol as a 

model drug [10]. 

4.1.1 Objective of the study 
Our aim was to reduce the size of the drug carrier and further to use pectin as a major 

component while chitosan being a minor one, so that the nanomaterial possess mostly the 

characteristics of pectin. Moreover, use of low cost pectin, as discussed in chapter 2, would 
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render biocompatibility and biodegradability. Such type of material will be referred to as 

pectin re-inforced with chitosan. In our method of fabrication of nanomaterials of pectin-

chitosan system, Zn2+  or Cat+  ions were not needed for cross linking pectin, as chitosan was 

explored to form a cross linked network with pectin by electrostatic interaction. However, 

the hybrid nanomaterial of pectin-chitosan system lacked magnetic property and there was a 

scope to incorporate magnetic materials to make it multifunctional. In that case, it could 

exhibit magnetic responsive property along with drug as carrier ability. 

In the present study we report synthesis, characterization and in vitro release of 

diclofenac sodium (DS) from hybrid nanomaterials comprising magnetite-petin-chitosan 

system. These type of nanomaterials referred here as MPCh-DS, was characterized by XRD, 

Mossbauer spectroscopy, SEM-EDAX, TEM, DLS, FT-JR, TG, SQUID and VSM. The in 
vitro release of DS was studied in simulated gastrointestinal fluid and in phosphate buffer 

solution. 

4.2 MATERIALS AND METHODS 

4.2.1 Materials 

Chitosan was purchased from Polysciences Inc., Warrington, PA (Molecular Weight 

—15,000 with minimum 85% degree of deacetylation). In addition, all the chemicals, except 

CaCl2 mentioned in chapter 2 and chapter 3 were used. 

Simulated gastic fluid (SGF), simulated intestinal fluid (SIF), simulated colonic fluid 

(SCF) and phosphate buffer solution were prepared as discussed in chapter 3. The 

calibration curve of the DS as discussed in chapter 3 was plotted for the determination of the 

amount of the drug loaded and released in these media by UV-visible spectrophotometry. 

4.2.2 Method for fabrication of nano materials of inagnetite- pectin- reinforced with 
chitosan loaded with DS 

MNPs were synthesized by co-precipitation method as discussed in chapter 2 using 

the optimized conditions. After washing the MNPs, 25 mL of the dispersion of MNPs were 
mixed with 25 mL of 0.4 % w/v of pectin at pH — 4 where pH was controlled by adding 
dilute HCI. 

In another vessel, diclofenac sodium was mixed with 25 mL of chitosan dissolved by 
adding dilute acetic acid. Here 0.01 M and 0.05 M of DS were respectively stirred with 
different concentration e.g., .0.00625 % to 0.1 % w/v (Table 4.1). This mix was then added 
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to the dispersion of MNPs and pectin. The batches of different concentrations of pectin, 

chitosan and DS used for optimization process of fabrication of MNP encapsulated with 

pectin re-inforced with chitosan system are presented in Table 4.1 _ This mixture was then 

allowed to stir for 6 hrs. 

Table 4.1. Optimization of encapsulation efficiencies and drug loading content in MPCh-DS 
nanomaterials with fixed concentration of MNPs 

	

Concentration of 	Chitosan 	Pectin 	% Encapsulation 	Drug loading 

	

diclofenac sodium 	(% w/v) 	(% w/v) 	efficiency 	content (wt %) 
0.01 M 0.1% 0.4% 99.62 	 - 

0.01 M 0.05% 0.4% 99.44 	 - 

0.01 M 0.025% 0.4% 99.50 	46.25 % 

0.05 M 0.025% 0.4% 99.49 	50.86 % 

0.05 M 0.0125% 0.4% 97.40 	 - 

0.05 M 0.00625% 0.4% 95.94 	 - 

- not analyzed as the nanomaterials of only optimized conditions were studied further. Notably drug 
encapsulation efficiency was more than 99 %for both 0.01 Mand 0.05 MDS, for the same chitosan 
concentration (0.025% w/v) 

4.2.3 Methodology for drug loading analysis 
The dispersion of the nanomaterials of magnetite-pectin reinforced with chitosan 

loaded with DS obtained after the synthesis comprised free dissolved drug and drug loaded 

in nanomaterials. The drug loaded in these nanomaterials would therefore be difference of 

total drug taken for fabrication and the amount of free dissolved drug in the dispersion i.e. 

Amount of drug loaded = Initial amount of the drug taken - amount of free dissolved drug. 

The concentration of free dissolved drug in the dispersion was determined by the 

bulk equilibrium reverse dialysis as discussed in chapter 3. The concentration of the drug 

present inside the dialysis bag was measured by UV visible spectrophotometry at X ax  = 276 

nm as discussed in chapter 3. 
The drug loading content (wt %) in nanomaterials of magnetite pectin reinforced with 

chitosan loaded with DS was calculated as: 

Drug loading content (wt %) _ (a/ b) .* 100 
a = amount of the drug loaded in the nanomaterials of magnetite-pectin reinforced with 

chitosan loaded with DS_ 
b = weight of fabricated nanomaterials of magnetite-pectin reinforced with chitosan loaded 

with DS. 
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The extent of drug incorporation into nanomaterials of magnetite-pectin reinforced with 

chitosan was expressed in terms of % encapsulation efficiency of DS, which is given as: 

% Encapsulation efficiency = (a It) * 100 

a = amount of the drug loaded in nanomaterials of magnetite-pectin reinforced with chitosan 

loaded with DS. 

t = Initial amount of the drug taken. 
It may be noted here that, the magnetite pectin nanomaterials reinforced with 

chitosan which were fabricated using fixed concentration of the dispersion of MNPs, 0.4 % 

pectin, 0.025 % chitosan without DS will now be referred to as MPCh (magnetite 

nanoparticles: pectin reinforced with chitosan). Further the batches prepared using same 

composition as that of MPCh loaded with 0.01 M DS will now be referred to as MPCh-

DSO.01 and the one prepared using 0.05 M DS as MPCh-DSO.05 respectively_ 

4.2.4 Characterization 
The details of the methods used for characterization, namely, XRD, FT-IR, DLS, 

SEM-EDAX, TEM, SQUID, VSM and 57Fe Mossbauer spectroscopy are discussed in 

chapter 2 and 3. 

4.2.5 Methodology for in vitro drug release 
The methodologies used for estimating in vitro drug release from MPCh-DS 

nanomaterials in simulated gastric fluid, simulated intestinal fluid, simulated colonic fluid 

and in phosphate buffer solution at pH 7.4, were same as discussed in the chapter 3. 

4.3. RESULTS AND DISCUSSION 
4.3.1 Evaluation of drug loading 

It may be noted from Table 4.1 that the batches of MPCh-DS synthesized using 

pectin concentrations of 0.4% and chitosan 0.025 % followed by treatment with 0.01 M DS, 

resulted in — 99.50 % encapsulation efficiency. On the other hand, the batch synthesized 

using 0.01 M DS in 0.05 % chitosan and 0.4% pectin also showed similar encapsulation 

efficiency. But it was noted that the higher polymer content might reduce the magnetic 

property of the material as discussed in chapter 2. Further, by increasing the drug 

concentration to 0.05 M, the encapsulation efficiency was also found to be only —99.49 %_ 

However, there was about 4 % increase (50%) in the drug loaded content when the initial 
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drug concentration was 0.05M as compared to the batch of 0.01 M DS. But further 

decreasing the chitosan concentration to 0.0125 % and 0.00625 % resulted in small decrease 

in drug loading efficiency. From the above results, it was noted that the optimized 

conditions needed for preparing hybrid nanomaterials of magnetite-pectin-drug were 0.4 % 

w/v pectin, 0.025 % w/v of chitosan with 0.01 M and 0.05 M DS (MPCh-DSO.01 and 

MPCh-DS0.05 respectively.) In addition, MNP encapsulated with pectin and chitosan but 

without DS was also synthesized (referred to as MPCh) for comparing the IR and TG data to 

elucidate drug loading. 
The chitosan solution dispersed with various concentrations of DS was then added to 

crosslink with pectin to form magnetic nanomaterial MPCh-DS. The above method was 

optimized to achieve uniform size distribution of these spherical nanomaterials. The key 

parameters involved in the optimization process were pH of about 4, pectin precursor 

concentration which was taken as 0.4 % in w/v, as optimized in the previous chapters, 

various concentrations of chitosan (0.1 to 0.00625% w/v) and DS (0.01 M and 0.05 M) 

followed by vigorous stirring for 6h. The utilization of higher polymer concentrations 

resulted into the formation of viscous polymeric matrix which might reduce the saturation 

magnetization of the system [11]. It was found that chitosan concentration of 0.025 % w/v 

and pectin of 0.4 % w/v with 0.05M DS and 0.01M DS (Table 4.1) was optimum for 

synthesizing nanomaterial of MPCh-DS which showed — 99 % encapsulation efficiency. 

4.3.2 X-ray diffraction studies 
The strategy to prepare the magnetic nanomaterial of MPCh-DS involved the 

synthesis of stable MNPs by co-precipitation method followed by its in-situ encapsulation 

with pectin. The XRD analysis of MPCh-DSO.05 and MPCh-DSO.01 revealed presence of 

magnetite phase as supported from the position and relative intensities of diffraction patterns 

at 220, 311, 400, 511 and 440 planes (Fig. 4.1) which corroborated well with those of cubic 

magnetite structures as reported in JCPDS 01-11111 data. The average crystallite size (D) of 

the MNPs was found to be about 2 nm, which was calculated using the Debye-Scherrer 

formula i.e. D = 0.9.. /dcos6, where ? is X-ray wavelength, A is line broadening measured at 

half-height from the most intense peak of XRD (311 plane) and 0 is Bragg angle of the 

particles. In addition, the diffraction pattern of pure DS was observed in the XRD pattern of 

MPCh-DSO.05 and MPCh-DSO.01 as shown in Fig. 4.1. The XRD pattern of pure DS 
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agreed well with the JCPDS data 39-1684. The incorporation of DS was further confirmed 

from the absence of DS pattern in MPCh (without drug loading). 

Cl) 

a) 
c 

MPCh-DSO.05 
MPCh-DSO.01 
MPCh 

MNPs 

DS 

20  40  60 

20 (degrees) 
Fig. 4.1. XRD of the Diclofenac Sodium (DS), MNPs, MPCh, MPCh-DSO.01 and MPCh-DSO.05. 

4.3.3 S7Fe Mossbauer spectroscopic studies 
The formation of magnetite phase in MPCh-DS was also confirmed from the 57Fe 

Mossbauer spectroscopy studies of nanomaterials of MPCh-DSO.05 by recording 

characteristic tetrahedral (Fe3-') and octahedral (Fe2+i3+) sites of Fe at 5 K and in presence of 

5T externally applied magnetic field (Fig. 4.2). This study revealed tetrahedral (Fe3-') and 

octahedral Fe2~-13-~ sites which are typically due to magnetite phase (Fig. 4.2). The 

corresponding hyperfine splitting parameters, namely, isomer, shift, quadrupole splitting and 

internal magnetization (Bhf) are given in Table 4.2, which were characteristic of magnetite 

phase. For the batch measure at 5 K and 5 T, isomer shift corresponding to Fe3+ (tetrahedral) 

while the isomer shift of 0.5 corresponded Fe shift which is given as Fee+/Fe3+. Due to the 

presence of the Fee the average isomer shift increased. Small order of quadrupole splitting 

corresponded to cubic structure and hence corroborate with that of magnetite phase. The 

internal magnetization was. found to be 57.49 for tetrahedral site and 49.50 for octahedral 

site. 
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Fig.4.2. 57Fe Mossbauer spectra of MPCh-DSO.05 nanomaterials recorded at 5 K showing typical 
sextet of magnetic material and at 5 K and 5 T showing tetrahedral and octahedral sites of Fe304 
phase. 

Table 4.2 57Fe Mossbauer spectroscopy hyperfine splitting parameters of MPCh 
FWHM Isomer shift Quadrupole Bhf (Tesla) Area (%) (mm/s) (mm/s) splitting (mm/s) 

0.730±0.015 0.409±0.025 0.064±0.008 52.50 ±0.03 30.8 5K 0.89±0.012 0.388±0.022 -0144±0.010 52.56±0.05 69.2 

5K & 	0.668±0.052 0.308±0.025 0.045±0.010 57.49±0.130 30.0 (T) 
5Tesla 	0.971±0.031 0.514±0.015 -0.120±0.018 49.50±0.010 70.0(0) 

(T): Tetrahedral and (0): _ Octahedral 

4.3.4 Morphological studies 
4.3.4.1 Scanning electron microscopy (SEM), energy dispersive X-ray analysis (EDAX) 

studies 
The SEM study revealed that the fabricated MPCh-DSO.05 nanomaterials were 

mostly spherical in shape with size distribution in the range of 100 — 150 nm (Fig. 4.3). 

Further EDAX analysis of a selected area of a representative spherical MPCh-DS 

nanomaterial exhibited co-localization of sodium (Na) and iron (Fe) - as evident from the 

recorded K-X-rays of Na (1.04 keV) and Fe (6.39 and 7.07 keV) as shown in Fig. 4.3. The 

detection of co-localized Na and Fe was attributable to those of the diclofenac sodium and 

MNPs respectively in each spherical nanomaterials and thus indicated the formation of 

MPCh-DS. 
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Fig. 4.3. SEM of MPCh-DSO.05 showing individual spherical nanomaterials of sizes 100 -150 nm, 
EDAX analysis showing K-X=ray peaks of Na and Fe indicating the presence of the diclofenac 
sodium and magnetite in MPCh-DS. 

4.3.4.2 Transmission electron microscopy (TEM) 
The TEM analysis of the MPCh-DSO.05 nanomaterials illustrated formation of 

spherical structures of -150 nm size which corroborated with the SEM results (Fig. 4.4a, 

4.4b). However, some cylindrical shapes structure were also observed which was probably 
was due to coalescing of two or more spherical: nanomaterials. A higher resolution TEM 
study of a part of a representative nanomaterial of MPCh-DSO.05 revealed encapsulation of 
a• large number of MNPs. (Fig. 4.4c). Its corresponding SAED image revealed 

polycrystalline nature of the encapsulated MNPs (Fig. 4.4c). 

Fig. 4.4a. TEM showing morphology of MPCh-DSO.05 nanomaterial with size of-150 nm. 
120 



Chapter- 4 	Diclofenac sodium loaded in nanomaterials of magnetite - pectin reinforced with chitosan 

Fig. 4.4b. TEM showing morphology of MPCh-DSO.05 nanomaterial with size of —150 nm. 

Fig. 4.4c. Showing detailed TEM image showing aggregation of 100 - 150 nm MPCh- 
DSO.05 and its corresponding SAED image exhibiting polycrystalline nature of MNPs. 

4.3.4.3 Dynamic light scattering studies 
The dynamic light scattering (DLS) measurement of MPCh-DSO.05 in aqueous 

solution at pH— 4 exhibited unimodal size distribution in the range of 230 — 520 nm with 
maximum intensity at — 350 nm (Fig. 4.5). This indicated that the method of synthesis 

offered a good control over the size of these nanomaterials. It may however be noted that the 
particle size measured by DLS was larger than those measured by TEM and SEM_ 
Primarily, SEM . and TEM studies were carried out in dried materials while DLS studies 
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were carried out in aqueous medium_ The increase in the sizes of MPCh-DSO.05 

nanomaterials could be attributed to the swelling effect of pectin in aqueous medium [12]. 
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Fig. 4.5. DLS measurement of MPCh-DS05 in aqueous solution at pH-4. 

4.3.5 FT- IR analysis 
The encapsulation of DS in MPCh-DS was further elucidated by FT-IR analyses. As 

mentioned in the chapter 3, DS consists of various functional groups, notably, -NH and 

COO-, substituted benzene ring and C-Cl. Similarly, pectin and chitosan consists of —OH 

groups, COO-, C-O-C, which were studied by IR spectroscopy. The corresponding IR peaks 

of these groups were identified from literature [13]. 

The presence of DS encapsulated in magnetite-pectin-chitosan nanomaterials was 

evident from observation of characteristic IR peaks of DS in the MPCh-DS batch. The N-H 

stretching frequency of the secondary amine corresponding to DS at 3326 and 3337 cm-1 for 

the batches MPCh-DSO.01 and MPCh-DS0.05 respectively, as compared to the N-H 

stretching frequencies at 3380 cm 1 observed in the DS (Fig. 4.6). The N-H bending 

frequency in these batches was recorded at 1621 cm 1. However, the presence of carboxylate 

group, in calcium pectinate, would also exhibit IR bands, in the region 1550 — 1650 cm 1_ 

Thus the bands observed at 1577 and 1579 cm' in MPCh-DS0.0l and MPCh-DS0.05 were 

attributable to the presence of carboxylate group. The bands in this region were also 

observed for magnetite-pectin-chitosan system indicating carboxylate group contributed 

from MPCh as similar bands were observed in MPCh batch. The IR peak recorded at 1453 

cm' in DS was due to -CH2 group of aromatic ring (in DS) which was also recorded in 

MPCh-DS0.01 and MPCh-DSO.05 batches. 
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Fig. 4.6. FT-IR spectra of DS, MPCh, MPCh-DSO.01 and MPCh-D80.05, showing encapsulation of 
DS in the nanomaterials. 

The -OH group in pectin and chitosan were evident from the stretching frequencies 

in the range of 3200 — 3600 cm-1, and bending frequencies in the range of 1390 — 1440 cni 

1, observed in MPCh, MPCh-DSO.01 and MPCh-DSO.05. Notably, due to large number of - 

OH groups in chitosan and also in pectin, the O-H stretching band was broad and intense. As 

a result, the N-H stretching frequency peak due to —NH2 group in chitosan was masked. The 

IR peaks recorded at 1017 cm', 1094 cm', 1147cm 1, 1290 cm' were observed in MPCh, 

MPCh-DSO.01 and MPCh-DSO.05, which were attributable to C-O stretching frequencies. 

The peak at 1146 was due to C-0-C stretching frequency corresponding to the C-O-C 

linking groups in pectin. The IR peak at 773 cm 1, observed for DS, MPCh-DSO.01 and 

MPCh-DSO.05 were due to substitute aromatic ring in diclofenac sodium structure. The 

peaks occurring at 773 cm' and 745 cm-1  are likely to be due to di-substituted benzene ring 

in the DS structure. So from the above IR studies, where the peaks of DS agreed well with 

those of MPCh-DS indicated the formation of MPCh-DSO.05 and MPCh-DSO.01. The peak 

observed at 590 cm' was attributable to vibrations of Fe-O bond. As expected, this peak 

was not observed in the IR spectrum recorded for DS. So from the above IR studies, peaks 

of DS agreed well with those of MPCh-DS indicated the formation of MPC-DSO.05 and 

MPCH-DSO.01. Furthermore, the absence any peak in the region 1680-1630 cm' in MPCh-

DSO.05, MPCh-DSO.01 and MPCh indicated that the amide bond formation did not occur 

due to interaction of pectin and chitosan. This indicated that the formation of these 

nanomaterials was perhaps based on the electrostatic interaction between DS, pectin and 
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chitosan. These observations reflected the formation of MPCh-DSO.05 and MPCh-DSO.01. 

Thus from the FT-IR study it was concluded that the fabricated nanomaterial comprised of 

magnetite nanoparticles, pectin, chitosan and diclofenac sodium. 

4.3.6 Thermogravitnetric analysis 

The encapsulation of DS in MPCh-DS was studied by thermogravimetric (TG) 

analysis as shown in Fig. 4.7a. The TG plot of DS  exhibited step wise degradation (Fig 

4.7b). Initial weight loss of — 17 % was observed till 80 °C. The DS was thermally stable up 

to 250 °C. Beyond that the drug started decomposing, first rapidly between 250 °C — 290 °C 

where about 18 % of the drug decomposed and then gradual thermal decomposition 

occurred between 300 °C and 685 °C corresponding to in 50 % mass loss. Finally (-15 % of 

DS decomposed in the range of 840 °C — 870 °C. 
The thermal analysis of the as-synthesized nanomaterial of magnetite — pectin — 

chitosan (MPCh) exhibited 29.8 % mass loss at — 800 °C and then it was thermally stable 
(Fig. 4.7b). 

Temperature (°C) 

Fig. 4.7a. TGA plot of MPCh-DSO.05 and MPCh-DSO.0 1. 
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Fig. 4.7b. TGA plot of MPCh and diclofenac sodium (DS). 

The thermal analysis of the batches MPCh-DSO.01 and MPCh-DSO.05 

corresponding to diclofenac sodium drug loaded in the MPCh, also exhibited step wise mass 

loss. Similar to DS for the batch MPCh-DSO.01, initially about 2 % mass loss up to 80 °C 
followed by a 40 % rapid mass loss in the temperature range of 190 —260 °C. This was 
followed by 21 % gradual mass loss in the temperature range between 260°C- 710 °C 
followed by another 11 % rapid mass loss in the temperature range between 710 -723 °C. 

Then about 2 % gradual mass loss was noted for this batch till it was heated to 1000 °C. 

4.3.6.1 Calculation of loaded drug from thermal analysis. 
The weight loss for MPCh-DSO.01 was 72.0 % and that MPCh-DSO.05 was 75.8 %. 

Since drug decomposed completely as reflected from its thermal study, so the total weight 
losses in the MPCh-DS systems were due to loss of drug from the fabricated nanomaterials. 
The total drug loaded in the nanomaterials could be calculated from the thermal analysis as 
= total mass loss in MPCh-DS system — mass loss from MPCh system. In the case of MPCh-
DSO.05, total mass loss = 75.8 % out of which 29.8 % loss is due to MPCh degradation i.e. 
22.74 % loss is due to MPCh. So the mass loss due to drug in MPCh-DSO.05 = 75.8 — 22.7 = 
53.1 % of fabricated MPCh-DS system. This was in good agreement with the drug loading 

as given in Table 4.1. 
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4.3.7 Zeta potential measurement: mechanism of the formation of nanomaterial of 

MPCh-DS 
The zeta potential measurements (given in Table 4.3) offered an insight towards the 

formation of the nanomaterials of MPCh-DSO.05 as schematically represented in Fig. 4.8. 

The zeta potential of MNPs synthesized at pH— 10 was measured as — 41.8 mV which 

confirmed synthesis of highly stable MNPs. These stable MNPs were conditioned at pH— 4 

and were mixed with pectin. At this pH, the zeta potential (~) of MNPs was found to be 

+17.7 mV and that of pectin was —35.9 mV. The negative zeta potential of pectin was due to 

polyanionic nature of pectin at pH— 4. The zeta potentials of MNPs and pectin at pH— 4 

were thus favorable for electrostatic interaction of MNP and pectin. When DS was dispersed 
in chitosan and was subsequently mixed with pectin, the formation of spherical shaped 

MPCh-DS is persuasive due to electrostatic interaction between positively charged amino 

groups (NH3') of chitosan and anionic COO- groups of pectin at pH— 4. The similar reports 

were also found in the literature [14]. Furthermore, it has also been reported that the 

intramolecular H-bonding between the -COOH groups of pectin or -NH2 groups of chitosan 

and -OH, -OCH3 or -COOCH3 groups elsewhere within the complex is also possible [14]. 

However, such interactions between pectin and chitosan are favored at low pH [15, 161, 

which could lead to the formation of more compact network structure. The formation of this 

network structure as well as the formation of spherical shape was due to minimum surface 

energy needed to attain stability in the MPCh-DS nanomaterials_ Moreover, the spherical 

nanomaterials of MPCh-DS were likely to be due to cross linking of pectin with chitosan 

and not due to any chemical bonding by amide group formation. This was confirmed from 

the IR results which did not show any amide group. So the cross linking between pectin and 

chitosan could be persuaded due to electrostatic interaction as supported from the zeta 

potentials of chitosan and pectin as +117 mV and — 35.9 mV respectively at pH —4. Further 

the zeta potential of nanomaterial MPCh-DSO.05 was measured to be —18.6 mV, indicating 

that the nanomaterials was reasonably stable [17]. 
The loading of the drug diclofenac sodium in the nanomaterials of MPCh was found 

to be successful only when the drug was first dispersed in chitosan and then mixed with 

pectin and not the other way. This could be explained on the basis of zeta potential data as 

given in Table 4.3. The zeta potential of DS was —110 mV, which could electrostatically 

interact with chitosan (+114 mV) (all measurements were at pH-- 4). 
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Table 4.3. Zeta potential measurements of magnetite nanoparticles (MNPs), pectin solution, chitosan 
solution, diclofenac sodium solution and nanomaterial MPCh-DSO.05. 

Samples Measured zeta potential value (0 in mV 
MNPs at pH 410  -4L2 
MNPs atpH-4 ±17.1 
Pectin at pH--4 - 35.7 
Chitosan at pH-4 +114 
Diclofenac Sodium -110 
MPCh-DSO.05 -18.7 
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Fig. 4.8. Schematic representation of mechanism towards formation of the MPCh-DS nanomaterials. 
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4.3.8 Magnetic studies 
The magnetic property of the as synthesized batches of nanomaterials of MPCh-DS 

were studied by from the saturation magnetization (MS) from the M-H curves of these 

batches from VSM measurements recorded in the magnetic field scanned in the range of +_ 

10 kOe at room temperature. The MS  of the batches of MPCh-DSO.01 and MPCh-DSO.05 

were compared with that of MPCh (without drug loading) and MVPs. It was noted that the 

magnetization curves (M-H) for all the batches were similar to that of the as-synthesized 

MNPs (Fig. 4.9), i.e., these batches exhibited negligible remanence magnetization and 

coercivity. In the case of MNPs, such magnetic properties were reported to be due to the 

phenomenon of superparamagnetism, usually exhibited by magnetite nanoparticles of sizes 

less than 20 nm [18]. Thus the phenomenon of superparamagnetism in the batches of 

MPCh-DS was attributable to the presence of magnetite nanoparticles, indicating the 

incorporation of magnetic properties in the as-synthesized batches of nanomaterials of 

MPCh-DS. However, the measured saturation magnetization (MS) was .found to be lesser 

than the magnetite nanoparticles. Compared to the MNPs (MS  = 55.82 emu/g) the saturation 

magnetization of nanomaterials of magnetite-pectin-chitosan, (i.e. the batch without drug 

loading - MPCh) was measured to be 44.15 emu/g, while that of the batches MPCh-DSO.01 

and MPCh-DSO.05 were measured to be 36.63 emulg and 34.40 emu/g respectively. The 

decrease in the saturation magnetization (Ms) in these batches could be attributed either to 

the effect of small particle size owing to non-collinear spin arrangement at the surface , or 

due to the formation of magnetic dead layer by pectin and or chitosan at the domain 

boundary wall of MNPs [19, 20]. The particle size effect on reduction of MS  may be ruled 

out as the same batch of MNPs with uniform particle size distribution was used for synthesis 

of different batches of MPCh-DS. The magnetic moments could however be quenched due 

to the formation of magnetic dead layer of pectin cross linked with chitosan at the domain 

wall of MNPs. This could hinder the domain wall motion during application of the magnetic 

field, which might be responsible for the reduction in the saturation magnetization in these 

nanomaterials. It may therefore be inferred that the synthesis of magnetic nanomaterials of 

MPCh-DS resulted in polymer-MNP interface. It was interesting to note that the 

magnetization (MS) in these nanomaterials was lowered due to the increase in the 

concentration of the loaded diclofenac sodium (DS). Apparently the drug DS might be 

thought to contribute to the formation of magnetic dead layer. Overall, it may be surmised 
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that the as-synthesized nanomaterials of MPCh-DS exhibited magnetic behavior and could 

be used as magnetically transported system. 
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Fig. 4.9. Magnetization vs field (M-H) curve of MNPs, MPCh, MPCh-DSO.01 and MPCh-DSO.05 
measured by VSM at room temperature. 

In a magnetic material if the individual magnetic moments of the particles tend to 

orient randomly at room temperature, due to which the net magnetization becomes zero. At 

lower temperature, the flipping of the spins can be stopped which could result in finite 

magnetization. In certain cases, an applied magnetic field is required in addition to lowering 

of temperature for aligning the magnetic moments to give rise to a net magnetization. This 

phenomenon is known as superparamagnetism. This is typically observed for nanoscale 

magnetic materials. The phenomenon of superparamagnetism in the synthesized batches 

were studied using SQUID measurement by recording magnetization in the temperature 

range of 5 K and 300 K with and with the presence of an applied magnetic field. (50 Oe), 

field cooled (FC) and zero field cooled (ZFC) conditions (Fig. 4.10). 
The FC- ZFC curves were typically due to superparamagnetic MNPs of 2-8 nm size 

encapsulated in nanomaterials of MPCh-DSO.05. The curves diverged at 112 K, 

characterized as blocking temperature (TB), corresponded to the transition from 

ferromagnetic to superparamagnetic behavior. In the ZFC curve, without applied magnetic 

field, when the sample was cooled to 5 K the corresponding magnetization was very small 
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(-. 4.5 emulg). This may be attributed to the random orientation of the magnetic moments of 
individual particles. Now in the ZFC curve, as the temperature was increased, more particles 
reoriented their magnetic moment [21]. Due to this the magnetization increased till it 
reached a maximum value of 112 K (Fig. 4.10). Such a behavior was characteristic of 
superparamagnetism typically observed in small ferromagnetic or ferrimagnetic 
nanoparticles. Below TB, the MPCh-DSO.05 nanoparticles exhibit ferromagnetic properties. 
When the temperature is above TB, the thermal energy overcomes the anisotropy barrier and 
randomizes the magnetic moment, leading to the superparamagnetic behavior of the 
nanoparticles [21, 22]. On the other hand, the magnetization in the FC measurement 

recorded at 5 K temperature and 50 Oe magnetic field was 12.2 emu/g. Compared to ZFC 
measurement, the magnetization for FC measurement was higher due to the externally 
applied magnetic field which energetically favored the orientation of the individual magnetic 
moment and hence resulted in the observed magnetization along the direction of the applied 

field. Then the magnetization was nearly constant up to the temperature equivalent to TB, at 
which its magnetization was similar to that recorded for ZFC measurement. At temperature 
higher than TB, the magnetization in FC condition decreased as thermal energy was 

sufficient for overcoming the anisotropic barrier and led to randomization of the moments. 
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Fig. 4.10. ZFC and FC curve of MPCh-DSO.05 recorded at 50 Oe, measured by SQUID. 
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4.3.9 In vitro release studies of MPCh-DSO. 05 nanomaterial 
As discussed in the chapter 3, DS a low molecular weight has a tendency to release 

from polysaccharide based matrices rapidly and can be referred to as burst release [12]. This 

is primarily due to high water contents in the polysaccharide based matrices which facilitates 

high drug solubility. However, sustained release property might be achieved by modifying 

the polysaccharide especially by cross-linking, so that the modified polysaccharide can hold 

back the drug in its network structure and assist in releasing the drug in a sustained manner. 

It may be remarked here that the trials of cross linking with Cat  in pectin-chitosan mixture 

was also carried out. But since no difference was observed with respect to the release of the 

DS from the system thus further trials were carried out without Cat  ions. 

In the case of nanomaterials of MPCh-DS, the pectin was reinforced with chitosan 

by electrostatic interaction, which resulted in more than 99 % drug loading efficiency. The 

loading efficiency was much higher than that of magnetite-calcium pectinate nanomaterials 

where loading efficiency = 60.6 % and drug loading content was only 28.9 % (w/w), 

keeping pectin composition same) as discussed in the previous section. Here, the drug 

loading efficiency was calculated as the amount of drug loaded in the magnetite-pectin-

chitosan nanomaterials with respect to the initial amount of drug taken for the loading. 

Notably, the concentration of the drug loaded in the MPCh-DS nanomaterial (-'50% w/w) 

was also two folds higher than that of MP-DS (28.97% w/w). Therefore, to elucidate the 

potential applications of the nanomaterials of MPCh-DS for its ability for sustained release 

in colon specific site, an in vitro drug release study was carried out sequentially in simulated 

gastrointestinal fluid, e.g., in simulated gastric fluid (SGF) for 2 h, followed by simulated 

intestinal fluid (SIF) for 3 h and then in simulated colonic fluid (SCF) for 55 h to mimic the 

transportation to colon via gastrointestinal pathway. In addition, an in vitro release study of 

drug was also carried out in phosphate buffer at pH -7.4 at 37°C for 48 h to mimic drug 

release in blood. 

4.3.9.1 Sequential in vitro release in gastrointestinal f uids 
It was found that after 2 h interaction of MPCh-DSO.05 in SGF, negligible amount of 

DS (0.02 %) was released (showed in Fig. 4.11). This was similar to the poor release of DS 

from MPDS nanomaterials, as discussed in chapter 3. This was attributed to the poor 

solubility of DS in acidic medium as well as protonation of carboxyl groups of pectin and of 

amine group of chitosan as reported by George et al. [16] which causes slower 
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release of DS. As the pH was increased, the concentration of negatively charged carboxylate 

groups in pectin was thought to be increased (pKa  of 2.9 - 4.1), which would however 

depend on the degree of esterification [23, 24]. However, 69 % of the loaded drug in MPCh-

DSO.05 system was released during the 3 h of its interaction in simulated intestinal fluid. 

Notably, the pH in SIF was higher (pH 6.8) which might facilitate swelling of pectin-

chitosan matrix and hence favored higher amount of drug release [ 12]. At this higher pH in 

SIF, it is persuasive that the electrostatic interaction between pectin and chitosan would 

become weaker and would result into formation of more porous material and hence 

increases the rate of drug release from the matrix. This could be explained on the basis pKa  

value of chitosan, which is in the range of 6.3 and 7.0 [25]. It is reported that at pH 6.8, 

about 71.5 % of amino groups are not positively charged by an H+  ion [25]. Similarly, at pH 

6.8, the swelling of pectin (pK,, = 2.9 - 4.1) can be attributed to the increase in the 

concentrations of negatively charged carboxylate groups, which however would depend on 

the degree of esterification. This could lead to repulsion between pectin chains and thus 

result in swelling of pectin. Moreover, DS is a weak acid (pKa  = 4.0), and is more soluble at 

neutral pH [26], thus at pH 6.8 it showed rapid release and soluble in intestinal fluid. The 

rate of drug release in SIF was slow in the beginning (Fig. 4.1 1), but increased after the first 

hour. Initially the rate of drug release was less which might be related to the slow rate of 

swelling of the pectin-chitosan structure. Besides, erosion of polymer (pectin) matrix due to 

the presence of pectinase enzyme in the SIT could also facilitate drug release. It may be 

surmised that both swelling effect and erosion effect were likely to be responsible for the 

rapid release of drug in the SIF. Because of the rapid drug release in intestine, the precise 

site specific drug delivery in the colon could be a challenge. After 3 h interaction with SIF, 

the MPCh-DS was treated with SCF, where the remaining drug (— 30 %) was released over a 

span of 55 h. The rate of drug release was again slowed down in simulated colonic fluid 

(SCF) where the pH was at 5.5. Overall, a sustained release of drug was observed up to 60 h 

where significant release was observed in SIF (Fig 4.1 1). 

Our results of the release of DS in SCF were similar to those reported for resveratrol 

loaded in microparticulates of pectin and chitosan cross linked with zinc ions [10]. This 

could be attributed to the sensitivity of the material to pectinase enzyme. Thus in SCF the 

release from the nanomaterials was due to potential degradation of the polymeric structure 

as well as due to the moderate solubility of DS at pH-5.5 which resulted into the drug 

release in a sustained manner. Our system also showed higher release of the drug DS in SIF 
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as compared to the release of resveratrol from zinc-pectinate-chitosan (0.5% w/v) 

microparticles where —40% of the drug released in SIF after 5 h. In this reported work, 0.5 

% w/v of chitosan was used as compared to only 0.025% chitosan in our method. The drug 

release 'pattern in zinc-pectinate-chitosan microparticles was though found to be more 

sustained which may be attributed to the higher concentration of the polymeric layer of the 

microparticles [271. Overall, it was concluded that the system showed better sustained 

release than that reported for MP-DS in chapter 3. 

Fig. 4.11. Sequential in vitro release studies of DS from MPCh-DS0.05 in simulated gastric fluid 
(SGF pH 1.2) for 2 h, followed by simulated intestinal fluid (SIF pH 6.8) for 3 h and then in 
simulated colonic fluid (SCF pH 5.5) up to 60 h. 

4.3.9.2 In vitro release in phosphate buffer at pH 7.4 

The in vitro release pattern of the drug DS in the phosphate buffer pH 7.4 was 

studied to mimic the drug release in blood, if the nanomaterials loaded with DS is injected 

intravenously. The in vitro release studies in phosphate buffer pH 7.4 reflected sustained 

release of DS where about 97% of release occurred within 12 hours (showed in Fig. 412). It 

may be noted that the release was more sustained at this pH as compared to that observed at 

pH-6.8. This was attributed to pH dependent swelling effect as discussed above. This 

sustained release from these magnetic nanomaterials could be due to a process which is 
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more complex than diffusion of the entrapped drug. Therefore to gain more insight into the 

mechanism of release of drug Korsemeyer- Peppas model was fitted. 

0 	10 	20 	30 	40 	50 
Time (h) 

Fig. 4.12. In vitro release studies of DS from MPCh-DSO.05 in phosphate buffer at pH 7.4,' for 48 h. 

4.3.9.3 Modeling of drug release 
The release mechanism of DS from MPCh-DSO.05 nanomaterials was fitted using 

Korsemeyer - Peppas model as described in chapter 3 (Fig 4.13). The in vitro release data of 

DS from MPCh-DSO.05 in phosphate buffer pH 7.4 up to 8 h in log scale, exhibited a linear 

fit (R2  = 0.997). The n = 0.9065 was observed which indicated non-Fickian transport, and 

was attributable to the swelling effect of the host material (pectin reinforced chitosan) in the 

aqueous medium [28, 29]. The value of k*100 (where k is a constant related to the structural 

and geometric characteristic of the device) was found to be 13.33. 
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Fig. 4.13. Showing linear fit of in vitro release of DS up to 8 h from MPCh-DSO.05 in phosphate 
buffer solution (at pH 7.4), using Korsemayer Peppas equation. 

4.4 CONCLUSION 

A series of novel magnetite nanoparticles encapsulated in pectin reinforced with 
chitosan nanomaterials loaded with diclofenac sodium were fabricated. The formation of the 
batches of magnetic nanomaterials of MPCh-DS was evidenced by XRD, FTIR and was 
confirmed by TG analysis. The fabricated MPCh-DS nanomaterials were mostly uniform in 
size with a distribution in the range of 100-150 nm (in dried condition) as characterized by 

its SEM and TEM analysis. The superparamagnetic behavior was established by its FC-ZFC 
measurement at 50 Oe. The VSM measurement at room temperature and at ± 10 kOe 
showed its high saturation magnetization of 34.40 emu/g for MPCh-DSO.05. The in vitro 
release studies of DS from hybrid nanomaterial MPCh-DS system in gastrointestinal fluid 
was pH dependent. It exhibited poor release in gastric fluid, while about 70 % of the drug 
was released rapidly in simulated intestinal fluid, and —30 % was released in simulated 
colonic fluid. The in vitro release study carried out at pH 7.4 (mimicking blood pH) 
exhibited sustained release which satisfied non-Fickian release based on Korsemeyer-

Peppas model and corresponded to swelling controlled mechanism. This was attributed to 
swelling effect of pectin in aqueous medium, also supported by the dynamic light scattering 
(DLS) measurement which exhibited particle size ranging between 230 — 520 nm. 

The sustained drug release at pH 7.4 corresponding to blood pH was encouraging for 

targeted drug delivery, especially via intravenous administration followed by magnetic 
guiding= to inflammatory site where otherwise the direct drug administration is cumbersome, 
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e.g., knee joints, for its sustained release. This would also minimize the distribution of the 

drug to other undesirable parts of the body. However this proposal will be further 

augmented after in vivo studies of this formulation. 
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5.1 INTRODUCTION 
Compared to conventional chemotherapeutic methods, there has been an increasing 

demand of targeted delivery of anticancer drug with sustained/ controlled drug release 
property. This would restrict the distribution of anticancer drugs to undesirable location in 
the body and will minimize severe side effects of these drugs, as they exhibit cytotoxicity 
even to normal cells [1]. Here, it was envisaged that nanoscale drug delivery system could 
improve the therapeutic action due to their ease in transportation through finer capillaries 
and potentially overcome various biological barriers to reach any desired location for 
delivering the drug. Notably drug carriers of sizes of a few hundred nanometers have been 

reported to be capable of penetrating tumors due to enhanced penetration rate (EPR effect) 
of small particles [2]. As a result, nanoscale materials can be useful for site-specific 
anticancer therapeutic agent [2, 3]. 

It was noted from literature that the biopolymers like chitosan, pectin, alginate etc. 
were used for. fabricating drug carrier of micro and nanospheres for loading and release of 
anticancer drugs e.g. 5-Fluorouracil (5-FU) [4-8]. The use of polysaccharide is advantageous 
due to biocompatibility, non-toxicity and adjustable controlled release properties as 
discussed earlier. In this regard nanospheres of pectin were reported to be an excellent 

nanoscale matrix for fabricating 5-FU loaded drug delivery system of [9]. The 5-FU has 
been extensively used in clinical chemotherapy for the treatment of metastatic carcinomas of 

breast, gastrointestinal tract, pancreas, liver, head, neck, and ovary [10-12]. 
However, this drug is rapidly absorbed as well as metabolized in the body with 

biological half-life (t1,2) = 10-20 min [13, 14]. Therefore in order to maintain a suitable 
concentration of the drug in serum for improved therapeutic activity, the drug is needed to 
be continuously administered by intravenous injection or infusion [14]. But above the 
minimum effective concentration in plasma it exhibits severe toxicity to normal tissue [1].  

Therefore, there is a recognized need of a targeted drug delivery system (DDS) of nanoscale 

dimension with sustained and controlled release of 5-FU. 

5.1.1. Objective of the study 

It was noted that nanoscale targeted drug delivery system comprising of core/ shell 

type magnetite/ poly (alkylcyanoacrylate) loaded with 5-FU was successfully fabricated for 
active targeting [15]. However, the preparation suffered from some limitations, namely use 
of organic solvents. This would require removal of organic solvents as it reduces the 
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bioactivity of drug. Moreover, even a low-level exposure to residual organic solvents may 

lead to lasting toxic effects. It occurred to us that there is a need to develop a novel targeted 

drug delivery system in aqueous medium. In this regard we aimed at fabricating 5-FU 

loaded in nanomaterials of MNP encapsulated in pectin in aqueous medium as a magnetic 

responsive nanoscale drug carrier for potential cancer therapy. Importantly, this method did 

not involve any organic solvent and surfactant. This system is expected to improve the 

therapeutic index of like 5-FU (hydrophilic drug) which are reported to redistribute rapidly 

after their release from carrier. Subsequently, it enters the circulation and results in 

incrementally improved pharmacokinetics. Moreover, highly stable formulations are 

required to take full advantage of the EPR effect in treating solid tumors [2]. 

The present study reports about synthesis, characterization and in vitro release of 5- 

fluorouracil (5-FU) from hybrid nanomaterials comprising magnetite and petin. These 

nanomaterials were characterized by XRD, SEM-EDAX, TEM, DLS, FT-IR, zeta potential, 

SQUID and VSM. The in vitro release of these nanomaterials was studied in simulated 

gastrointestinal fluid and in phosphate buffer solution. 

5.2 MATERIALS AND METHODS 
5.2.1 Materials 

In addition to the materials needed for fabricating magnetite nanoparticles coated 

with pectin as discussed in Chapter 2, 5-Flurouracil (5-FU) was procured from Sisco 

Research Laboratories Pvt. Ltd., India. Simulated gastric fluid (SGF), simulated intestinal 

fluid (SIF), simulated colonic fluid (SCF) and phosphate buffer solution were prepared as 

discussed in chapter 3. 

The cytotoxicity study of 5- Fluorouracil (5- FU) loaded in the hybrid nanomaterials 

of magnetite and petin was performed at ACTREC, Mumbai, a recognized laboratory for in 
vitro studies in cancer cell lines. The chemical and other materials needed for the study were 

provided by ACTREC. 

5.2.1.1 S fluor. ouracil 
Physical and chemical properties 

The chemical structure of 5-Fluorouracil is given in Fig. 5.1. Its molecular weight is 

130.08 g/mol. It is an odorless white / off-white colored powder which is crystalline in 
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nature. It is soluble in water but only partially soluble in cold water and methanol and is 
insoluble in diethyl ether. 

F 
NH 

O N O  
Fig. 5.1 Structure of 5-fluorouracil. 

Pharmacology 

5-FU belongs to the family of drugs called antimetabolites, which are very similar to 
normal substances within the cell. When the cells incorporate these substances into the 
cellular metabolism, they are unable to divide. These antimetabolites are specific to any 
particular cell-cycle. They attack cells at very specific phases in the cycle like 5-FU is an S-
phase specific drug and only active during particular cycles of the cell. Thus 5-FU is 
effective in rapidly dividing cells which extensively utilizes nucleotide synthesis machinery, 
such as cancer cells [16]. It has a broad spectrum of activity against various solid tumors 

including that of the gastrointestine like rectum, colon, oesphageous, pancreas and stomach 
[16, 17]. Further it is also used for the treatment of cancers of liver (hepatoma cancer), basal 
cell cancer of the skin and actinic keratoses, head, and neck [16, 17]. Sometimes it is also 
used in the treatment of inflammatory breast cancer which is especially an aggressive form 

of breast cancer. 

Method, of administration 
5-Fluorouracil is poorly absorbed after oral administration, with erratic 

bioavailability [18].  Therefore, it is administered as an injection into the vein (intravenous or 
i.v.), or as an infusion (bolus or continuous infusion) which may be given over several hours 

to several weeks depending upon the protocol of the treatment. After the parentral 
administration it is rapidly distributed as well as eliminated with an apparent terminal half-
life of approximately 10 to 20 minutes [14]. The rapid elimination is primarily due to swift 

catabolism of the liver. 
Based on the route of administration a variety of formulations are available for this 

drug in the national as well as international market. The name of the drug under separate 
categories is given below along with the name of the company that markets/ manufactures 

the particular dosage form of the drug: 	
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a) Topical ointment or cream or solution which is applied as a thin coating to the 

affected skin lesions twice a day, which may continue over several weeks. 

Topical solutions and cream of 5-FU often referred to by its trade names Efudex, 

Carac or Fluoroplex, Adrucil, Cara, Efudex, Fluoroplex, Flonida (Shalak Pharma 

India). 

b) It is available in form of injectables under the trade names of 5-Flucel {Celon 

(Vivilon)}, 5-FU-Korea {SG Pharma}, 5FU-CBC {Chandra Bhagat Pharma}, 

Flutas {Intas Pharmaceuticals}, Fivoflu {Dabur Pharmaceuticals}, Fivocil 

{Alkem Laboratories (Cytomed Division)}, Fludin inj. {Biological E.} with the 

strength of 250mg and 500mg. 

Mechanism of action 
As it is a pyrimidine antagonist, the possible mechanism for cytotoxicity of 5-FU, 

could be attributable to its antimetabolite effect. Further it is a pyrimidine analogue due to 

its similar chemical structure with that of the uracil. Thus it inhibits RNA replication 

enzymes during the nucleic, acid replication process which stops the growth of cancerous 

cells. Further the 5-FU interferes with thymidylate synthesis by acting as a thymidylate 

synthase inhibitor. The enzyme thymidylate synthase plays a role in the synthesis of 

thymidylate which is important for cell growth. This enzyme methylates deoxyuridine 

monophosphate (dUMP) into thymidine monophosphate (dTMP). Therefore the 5-FU by 

inhibition of thymidylate synthase, leads to shortage of dTMP which in turn inhibits the 

production of thymine. Without thymine the rapidly dividing cancerous cells undergo cell 

death [19]. 

Side effects 

The 5-FU is most effective in killing cells that divide rapidly. However, it is not able 

to differentiate between the cancerous cells and the normal cells. Therefore various normal 

cells like the blood cells, cells in mouth, stomach, bowel, and the hair follicles are affected. 

This results in low blood counts, mouth sores and ulcers, nausea, diarrhoea, and/or hair loss. 

The low blood counts especially the count of white, red blood cells and platelets decreases 

temporarily. This in turn reduces resistance to infection (neutropenia), anemia and/or 

bleeding. The anaemia also leads to tiredness and weakness. Other reported side effects are 

myelosuppression, mucositis, and dermatitis [17, 20]. 

144 



Chapter- 5 	 5-Fluorouracil loaded in nanoraterials of magnetite - pectin 

The 5-FU can also cause a rash, which may be itchy. Due to 5-FU the nails may 
become brittle, chipped and ridged. It also leads to watery eyes (due to increased production 
of tears), gritty eyes and blurred vision but increases sensitivity to light (photophobia)_ Even 
the change in taste is also observed; particularly metallic taste in mouth is felt during 
infusion. It also shows the discoloration along the vein through which is administered. The 
darkening of the skin due to excess production of pigments is also observed. 

When 5-FU is given continuously for a long time soreness and redness of palms of 
the hands and soles of the feet is observed. This is referred to as palmar plantar, or hand and 
foot syndrome. This syndrome is temporary and improves when the treatment finishes. In 

some cases chest pain, changes in ECG (electrocardiograph) and increase in cardiac 
enzymes is observed which indicates problems with the heart [21]. These symptoms are 
observed rarely but increased for patients with a prior history of heart disease. 

Thus overall it may be concluded that 5-FU is an effective drug for the treatment of a 
variety of cancerous tumors but it also shows non-selective action against healthy cells. 
Further it has short biological half-life of (t1/2) 10-20 min in the body due to rapid 

metabolism by dihydropyramidine dehydrogenase. The drug also shows incomplete and 
non-uniform oral absorption due to high variability in enzymatic degradation [18]_ Further, 

only less than 20% of an injected dose undergoes enzymatic activation. Therefore there is 
necessity to prolong the circulation time of 5-FU and increase its efficacy. This may be 
achieved by suitable drug delivery system (DDS) with sustained release and/ or targeted 

delivery of 5-FU. 

5.2.2 Method for fabrication of nanomaterials of magnetite pectin cross linked with C42+  

ions loaded with 5-FU 
Three protocols were developed for synthesizing nanomaterials of magnetite-pectin-5FU. 

5.2.2.1 Protocol i 
5-FU was mixed with 25 mL of 0.4 % and 1.0 % w/v pectin solution and stirred 

continuously at 55 °C for 24 h. The temperature of 55 °C was needed to achieve higher 

solubility of 5-FU [9]. To these batches 25 mL of freshly prepared MNP dispersion at pH 

4 was added and stirred for 1 h. CaCl2 solution was slowly added to the above dispersion to 

facilitate cross linking pectin with Cat+  to form a complex network structure of calcium 

pectinate. The whole mixture was stirred for 6 h at 55 °C and then cooled rapidly to 10 °C in 
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cold water circulating bath. Notably the MNP dispersion was synthesized - by co-

precipitation method as discussed in chapter 2. Three different concentrations of 5-FU, e.g. 

0.1 M, 0.05 M and 0.025 M were used in this study for fabricating magnetite-pectin-5FU 

nanomaterials. 

5.2.2.2 Protocol II 
The objective of developing this alternate protocol for fabricating magnetite-pectin-

5FU nanomaterials was to reduce the processing time of fabrication. One of the key 

parameters in the fabrication step was proper mixing of pectin and 5-FU, which required 24 

h of magnetic stirring at 55 °C as discussed in protocol 1. Here the mixing was performed by 

probe sonication (Sonics vibra cell VCX-750, 20 kHz) with the probe temperature of 55 °C. 

The probe sonication method was optimized by varying the time of sonication i.e. 30 min, 

60 min and 90 min and the drug loading efficiency was assayed for different initial drug 

concentration i.e. 0.025 M, 0.05 M and 0.1 M. After probe sonication the mix of 5-FU and 

pectin were added to the dispersion of MNPs maintained at pH - 4. This was followed by 

slow addition of 0.8 % solution of CaC12 to the mixture and stirred continuously at 55°C by 

magnetic stirrer for 6 h for cross linking with pectin to form magnetite-pectin-5FU 

nanomaterial. This mixture was then cooled rapidly to 10 °C in cold water circulating bath. 

5.2.2.3 Protocol III 
Here probe sonication was replaced with ultrasonication. The other parameters were 

same as described above. However, here the sonication was carried out at ambient condition 

for 1 h at 55 °C.After ultra-sonication the mix of 5-FU and pectin were added to the 

dispersion of MNPs maintained at pH — 4. This was followed by slow addition of 0.8 % 

solution of CaC12 to the mixture and stirred continuously by magnetic stirrer for 6 h at 55 °C 

for cross linking with pectin to form magnetite-pectin-5FU nanomaterial. This mixture was 

then cooled rapidly to 10 °C in cold water circulating bath. 

The conditions for fabrication with their corresponding % drug encapsulation 

efficiencies and drug loading content (wt %) in magnetite-pectin-5FU are as given in Table 

5.1 (protocol I), Table 5.2a and 5.2b (protocol II) and Table 5.3 (protocol III) respectively. It 

may be noted here that magnetite-pectin-5FU prepared by protocol II with 0.4 % pectin, 0.8 

% CaC12 and 0.025 M 5-FU with 1 h sonication time will now be referred to as MP-5FU. 
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In addition to the above nanomaterials, 5-FU loaded in magnetite encapsulated in 

pectin reinforced with chitosan was fabricated but it showed poor drug encapsulation 

efficiency (i.e. -4 %). Due to this further studies of MPCh-5FU were not performed. 

Table 5.1. Parameters for fabrication of magnetite-pectin-5FU nanomaterials with fixed 
concentration of MNPs (Protocol I) 
Concentration of Pectin CaC12  % Encapsulation Drug loading 

5-FU (% w/v) (% w/v) efficiency content (wt %) 
0.1M 1.0% 2.0% 17.30±2.2 12.5±1.9 

0.05 M 1.0% 2.0% 18.36±2.5 11.1±1.8 
0.05 M 0.4% 0.8% 17.28±1.6 10.0±1.6 

0.025 M 0.4% 0.8% 16.90±1.3 9.8±1.5 

Table 5.2a Optimization of the probe sonication time for fabrication of magnetite-pectin-5FU with 
0.1 M 5-FU using different probe sonication time (Protocol II) 

Sonication Pectin CaC12  Encapsulation Drug loading 
Time (% w/v) (% w/v) efficiency (%) content (wt %) 

30 min 0.4% 0.8% 11.08±16 4.0±0.9 
60 min 0.4% 0.8% 33.23±2.5 18.15± 1.1 
90 min 0.4% 0.8% 34.20±3.3 19.5±2.2 

Table 5.2b Parameters for fabricating magnetite-pectin-5FU with different concentrations of 5-FU 
and fixed probe sonication time of 60 min (Protocol II) 
Concentration of Pectin CaCL2  Encapsulation Drug loading 

5-FU (% w/v) (% w/v) efficiency (%) content (wt %) 
0.1M 0.4% 0.8% 33.23±2.5 17.51±1.1 

0.05M 0.4% 0.8% 31.10± 1.3 17.20± 1.8 

0.025M 0.4% 0.8% 29.80±2.1 16.97±1.9 

Table 5.3 Parameters for fabricating magnetite-pectin-5FU with fixed concentration of MNPs and 
fixed ultra sonication time of 1 h (Protocol HI) 
Concentration of Pectin CaC12  Encapsulation Drug loading 

5-FU (% w/v) (% w/v) efficiency (%) content (wt%) 
0.05M 0.4% 0.8% 13.50±2.9 7.1±2.1 

0.025M 0.4% 0.8% 11.20±1.8 6.5 f 2.6 

5.2.3 Methodology for drug loading analysis 
As mentioned in the drug loading protocols, the mixture obtained after rapidly 

cooling to 10 °C comprised free dissolved drug and drug loaded in nanomaterials. The drug 

loaded in the nanomaterials would therefore be difference of total drug taken for fabrication 

and amount of the free dissolved drug in the dispersion i.e. 

Amount of loaded drug = Initial amount of the drug taken - amount of free dissolved drug. 
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The concentration of free dissolved drug in the dispersion was determined by the 

bulk equilibrium reverse dialysis at 10 °C, as discussed in chapter 3_ The concentration of 

the drug from the dialysis bag was measured by UV visible spectrophotometry at ?.. = 266 

nm. The detail of drug analysis is discussed in section 5.2.6. 
The drug loading content (wt %) in magnetite-pectin-5FU nanomaterial was calculated as: 

Drug loading content (wt %) = (alb) * 100 
a = amount of the drug loaded in magnetite-pectin nanomaterials loaded with 5FU. 

b = weight of fabricated magnetite-pectin nanomaterials loaded with 5FU. 
Drug incorporation into magnetite-pectin nanomaterial was expressed in terms of % 

encapsulation efficiency of 5-FU, which is given as: 

% Encapsulation efficiency = (a / t) *100 
a = amount of the drug loaded in magnetite-pectin nanomaterials loaded with 5-FU. 

t = Initial amount of the drug taken. 
It may be noted here that, the magnetite pectin nanomaterials cross linked with 

calcium which were fabricated using fixed concentration of the dispersion of MNPs, 0.4 % 

pectin and 0.8 % CaC12 as discussed in chapter 2, without 5-FU will now be referred to as 

MP (magnetite nanoparticles: pectin cross linked with Cat ). 

5.2.4 Characterization 
The fabricated MP-5FU nanomaterials were characterized for their structure, 

morphology and magnetic properties of MP-5FU by XRD, FT-IR, DLS, SEM-EDAX, TEM, 

SQUID, and VSM; the details of the methods used are discussed in chapters 2 and 3. 

5.2.5 In vitro drug release and analysis 
In vitro release studies the MP-5-FU nanomaterials fabricated by probe sonication 

(protocol —II) for 60 min using 0.025 M 5-FU by protocol II, were performed by dialysis bag 

diffusion technique in simulated gastrointestinal fluid and in phosphate buffer solution at pH 

7.4. This was referred to as donor compartment. For gastrointestinal release studies, the MP-

5FU was treated sequentially in SGF for 2 h followed by 3 h in SIF and 43 h in SCF. 
The drug 'analysis was performed by measuring absorbance of 5-FU in Millipore 

water, SGF, SIF (without pancreatin), SCF and phosphate buffer solution (pH 7.4). The 

of 5-FU dissolved in Millipore water was measured at 266 nm. 
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Similar to that discussed in chapter 3 about 1.5 mL of an aliquot was withdrawn 
from the receptor compartment of the respective fluid at each specified time intervals and 
was replaced with equal volume of fresh medium to mimic the sink conditions of the human 
body. The aliquot was centrifuged at 15000 rpm for 15 minutes and the supernatant liquid 
consisting of released drug was estimated with Shimadzu 1600 UV visible 
spectrophotometer against appropriate blank. 

5.2.6 Drug analysis 
The concentration of the drug was measured by UV-visible absorption spectra in 

different media, namely, in Millipore water, SGF, SIF (without pancreatin), SCF and 
phosphate buffer solution. 

Stock solution of 100 gg/mL of 5-FU in Millipore water, SGF, SIF (without 
pancreatin), SCF and phosphate buffer solution were prepared by transferring 10 mg of 
accurately weighed 5-Fluorouracil to 100 mL volumetric flasks (sufficient quantity of 
Millipore water/ SGF without pepsin / SIF without pancreatin/ SCF without pectinase was 
added to dissolve it). The volume was made up to 100 mL with the respective medium. 
From this stock solution, 1 mL aliquot was taken and diluted to 10 mL. This solution was 
scanned between 230 to 350 nm on a Shimadzu 1600 double beam UV-Visible 
spectrometer. The UV spectra showed A. at 266 nm in all four media and agreed well with 
the reported values [7]. All measurements were thus carried out at A,, = 266 nm in 
triplicate, for estimation of the concentration of 5-fluorouracil in these media. 

5.2.6.1 Calibration curve for estimation of 5 fuorouracil in Millipore water 
The calibration curve was prepared by recording absorbance at 2 = 266 nm. The 

mean value and the standard deviations from triplicate analysis were calculated. The 

calibration curve was obtained by plotting mean values of the absorbance against the 
respective concentration of 5-FU ranging between 5 and 25 gg/mL (Fig. 5.2). The 

experimental data were fitted linearly (R2  = 0.998), from which the concentration of the drug 

was calculated. 

149 



2 

W C.) 
cU 
6- 0 
0 
- 0.5 ~$ 

L 

Chapter- 5 	 5-Fluorouracil loaded in nanomaterials of magnetite - pectin 

0 	10 	20 	30 

Concentration (pg/mL) 

Fig. 5.2. Calibration curve for estimation of 5-fluorouracil in Millipore water at a,,,ax = 266 nm. 
(Results are given as mean ± standard deviation, calculated from triplicate analysis) 

5.2.6.2 Calibration curve for estimation of 5-fluorouracil in simulated gastric fluid (SGF) 

The aliquots from the stock solution of 100 µg/mL were taken and dilutions made 

with SGF (without pepsin) to prepare sample for calibration in the concentration range of 5 

to 25 .ig/mL. The absorbance of dilutions was measured in triplicate by UV-Visible 

spectrometry at ?„ = 266 run against SGF as blank and the calibration curve was plotted 

(Fig. 5.3). Linear fit of the calibration curve was obtained (R2 = 0.999). Analysis of in vitro 

drug release in SGF medium was performed in this concentration range accordingly. 

0 	 10 	20 	30 

Concentration (pg/mL) 

Fig. 5.3. Calibration curve for estimation of 5-fluorouracil in SGF without pepsin at Aax = 266 nm 
(Results are given as mean ± standard deviation, calculated from triplicate analysis). 
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5.2.6.3 Calibration curve for estimation of 5-fluorouracil in simulated intestinal fluid (SIF) 
at 266 nm 

The aliquots from the stock solution of 100 gg/mL were taken and dilutions were 

made with SIF (without pancreatin) to prepare sample for calibration in concentration range 

of 5 to 25 pg/mL. The absorbance of dilutions was measured in triplicate by W-Visible 

spectrometry at 	= 266 nm against SIF (without pancreatin) as blank and the calibration 

curve was plotted (Fig. 5.4). A linear fit of the calibration curve was obtained (R2 = 0.999). 

0 	5 	10 	15 	20 	25 	30 

Concentration (pg/mL) 
Fig. 5.4. Calibration curve for estimation of 5-fluorouracil in SIF without pancreatin at ?ax = 266 
nm (Results are given as mean ± standard deviation, calculated from triplicate analysis). 

5.2.6.4 Calibration curve for estimation of 5-fluorouracil in simulated colonic fluid (SCF) 

The aliquots from the stock solution of 100 pg/mL were taken and dilutions were 

made with SCF (without pectinase) to prepare sample for calibration in the concentration 

range of 2.5 to 25 tg/mL. The absorbance of dilutions was measured by UV-Visible 

spectrometer at X = 266 nm against SCF without pectinase as blank and the calibration 

curve was plotted (Fig. 5.5). A linear fit of the calibration curve (R2  = 0.998) was obtained. 
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Fig. 5.5. Calibration curve for estimation of 5-fluorouracil in SCF without pectinase at X ax  = 266 
nm (Results are given as mean ± standard deviation, calculated from triplicate analysis). 

5.2.6.5 Calibration curve for estimation of 5-fluorouracil in phosphate buffer pH 7.4 

The aliquots from the stock solution of 100 µg/mL were taken - and dilutions were 

made with phosphate buffer pH 7.4 to prepare sample for calibration in the concentration 

range of 5 to 25 pg/mL. The absorbance of the dilutions was measured by UV-Visible 

spectrometry at X = 266 nm against phosphate buffer as blank and the calibration curve 

was plotted (Fig. 5.6). A linear fit of the calibration curve (R2  = 0.999) was obtained 

2 
D 
Q 1.5 

y = 0.0552x + 0.0901 
R2  = 0.9995 

,f, 

0 	5 	10 	15 	20 	25 	30 

Concentration (pg/mL) 
Fig. 5.6. Calibration curve for estimation of 5-fluorouracil in phosphate buffer (pH 7.4) at Xax  _ 
266 nm (results are given as mean ± standard deviation, calculated from triplicate analysis). 

5.2.7 Experimental procedure for SRB assay 

Cell viability was evaluated using the sulforhodamine B (SRB) dye assay [22, 23]. 

The cell lines were grown in RPMI 1640 medium containing 10% fetal bovine serum and 2 
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mM L-glutamine. For present screening experiment, cells were inoculated into 96 well 

microtiter plates in 100 µL depending on the doubling time of individual cell lines. After 
cell inoculation, the microtiter plates were incubated at 37 °C, 5 % CO2, 95 % air and 100 % 
relative humidity for 24 h prior to addition of experimental drugs/ nanomaterials. The 
experiments were performed in the authorized cancer research institute at Tata Memorial 
Centre, Advanced Centre for Treatment Research and Education in Cancer (ACTREC) 
Mumbai (India). 

After 24 h, one 96 well plate containing 5 * 103  cells/ well was fixed in situ with TCA 
(Trichloro acetic acid), to represent a measurement of the cell population at the time of drug 

addition (Tx). Experimental sample (MP-5FU) of concentration in the range of 1 - 5 mg/mL 
was dispersed in phosphate buffer pH - 7.4. 10 gl of this dispersion was added to the 
microtiter wells already containing 90 gl of medium. Similarly, 10 µ1 solution of 5-FU of 

800 gg/mL was treated to respective cell line [22, 23]. 

5.2.7.1 Endpoint measurement 

After the addition, plates were incubated at standard conditions for 48 hours and the 

assay was terminated by the addition of cold TCA (Trichloro acetic acid). Cells were fixed 

in situ by the gentle addition of 50 µl of cold 30 % (w/v) TCA (final concentration, 10 % 

TCA) and incubated for 60 min at 4 °C. The supernatant was discarded; the plates were 

washed five times with tap water and air dried. Sulforhodamine B (SRB) solution (50 µl) at 

0.4 % (w/v) in 1 % acetic acid was added to each of the wells, and plates were incubated for 
20 minutes at room temperature. After staining, unbound dye was recovered and the residual 
dye was removed by washing five times with 1 % acetic acid. The plates were air dried. 
Bound stain was subsequently eluted with 10 mM trizma base, and the absorbance was read 

on a plate reader at a wavelength of 540 nm with 690 nm reference wavelength. These 

experiments were performed in triplicate and the cell viability as mean I standard deviation 

of triplicate analysis. 
Percent growth was calculated on a plate-by-plate basis for test wells relative to 

control wells. Percent growth was expressed as the ratio of average absorbance of the test 

well to the average absorbance of the control wells * 100. 
Using the six absorbance measurements [time zero (Ti), control growth (C), and test 

growth in the presence of drug at the four concentration levels (Ti)], the percentage growth 
was calculated at each of the drug concentration levels. Percentage growth inhibition was 
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calculated as: 
[(T,-Tz)/(C-T)] x 100 for concentrations for which Ti>/=TZ  (T;-T) positive or zero 

[(Ti-TZ)/TZ] x 100 for concentrations for which T;<TZ. (T1-T,) negative 
Growth inhibition of 50 % (GI50) was calculated from the drug concentration 

resulting in a 50% reduction in the net protein increase (as measured by SRB staining) in 
control cells during the drug incubation. This value was determined for each drug, MP and 
nanomaterials of MP-5FU using the dose dependent curves. 

Values of G150 were calculated for each of cell lines if the level of activity was 
reached; however, . if the effect was not reached or was exceeded, the values for that 

parameter were expressed as greater or lesser than the maximum or minimum concentration 

tested. 
Growth inhibition of 50 % (GI50) calculated from [(T;-Tz)/(C-T)] x 100 = 50, drug 

concentration resulting in a 50 % reduction in the net protein increase. 

5.3. RESULTS AND DISCUSSION 
5.3.1 Evaluation of drug loading 

It may be noted from Table-5.1 that the batches of magnetite-pectin -5FU 
nanomaterials synthesized using pectin concentrations of 0.4 % followed by loading with 5-
FU with the concentrations ranging from 0.1M to 0.025 M using the protocol I, resulted in — 

17 % w/v drug encapsulation, with — 11 % of drug loaded content (wt %). However, 1.0 % 
(w/v) pectin is not suitable for fabrication process as it results in to formation of a viscous 
polymeric matrix. On the other hand, the batch synthesized using 0.4 % pectin with the 
concentrations of 5 FU ranging from 0.1 M to 0.025 M by probe sonication (protocol II) 
showed higher % drug loading efficiency (— 31 % w/v) and the corresponding % drug 
loaded content in the fabricated nanomaterials also increased to 17 — 18 %. It was noted that 
by increasing the initial drug concentration, did not affect % encapsulation of the drug or the 
% drug content in the fabricated nanomaterials of MNPs- calcium pectinate loaded with 5-
FU. So we surmised that 0.025 M concentration of 5-FU was optimum for fabrication of 5-
FU loaded in nanomaterials of MNP-calcium pectinate. It was also be noted from the Table 
5.2a that maximum encapsulation of 5-FU was observed for 60 min (18.15 f 1.1) and 90 min 
(19.5 ± 2.2) probe sonication. However the batch prepared by 30 minutes of probe sonication 
resulted in very low drug encapsulation efficiency of only 4.0 ± 0.9 (Table 5.2a). Further 
initial drug of 0.025 M concentration was found to be sufficient for loading drugs, as higher 
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initial concentration of drugs also exhibited similar % encapsulation efficiency (Table 5.2b). 
Furthermore, trials with bath sonication showed poor drug entrapment of — 11% for 0.025 M 

(Table 5.3). 

This indicated that this method may not be suitable to achieve a homogenous 
dispersion of the 5-FU after 1 h. From the above results, it was noted that the optimized 
conditions needed for preparing hybrid nanomaterials of magnetite-pectin-5-fluorouracil 
were 0.4% w/v pectin, 0.8% w/v of CaCl2 and 0.025M of 5-FU with 1 h probe sonication at 
70 °C. This batch will now be referred as MP-5FU. 

5.3.2 X-ray diffraction studies 
The fabrication of MP-5FU nanomaterial was characterized by using various 

techniques. The X-ray diffraction pattern of MP-5FU matched with that of pure MNPs 
exhibiting peaks at 220, 311, 400, 511 and 440 planes, corresponding to cubic magnetite 

structure as reported in JCPDS 01-11111 data (Fig. 5.7). This indicated the incorporation of 
MNPs in MP-5FU batch. 

a) 
C 

MP-5FU 

MNPs 
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20(degrees) 

Fig. 5.7. XRD of the fabricated MP-5FU nanomaterials and the as-synthesized MNPs 

5.3.3 Morphological studies 
The SEM study revealed that the MP-5FU nanomaterial were mostly spherical in 

shape with size distribution in the range of 100 — 150 nm, in dry condition (Fig. 5.8). The 
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formation of MP-5FU was evident from the EDAX analysis of a selected area of a 

representative spherical nanomaterial of MP-5FU displayed characteristic X-ray peaks of Fe, 

F and Ca corresponding to MVPs, 5-FU and calcium pectinate respectively (Fig. 5.8). 

Further, the TEM analysis of the MP-5FU illustrated formation of nanomaterials of 

100 — 150 nm size (Fig. 5.9a, 5.9 b, 5.9c), and corroborated well with the SEM results. Its 

SAED pattern was more complex than those observed for MNP coated with calcium 

pectinate (MP) as shown in Chapter 2. This indicated the presence of more than one types of 

crystalline material, attributed due to presence of MNPs and 5-FU (Fig. 5.9a, 5.9b, 5.9c). 

Fig. 5.8. Morphology and elemental composition of the 100 nm sized MP-5FU by SEM and EDAX. 
The X-ray spectrum corresponded to the marked area in the inset. 

Fig. 5.9a. Transmission electron microscopy (TEM) of MP-5FU showing structure of 100-150 nm, 
its corresponding SAED image exhibits crystalline nature of the material. 
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Fig. 5.9b. A detailed transmission electron microscopy (TEM) and corresponding selected area 
electron diffraction (SAED) of the MP-5FU nanomaterial of about 100 -150 nm. 

Fig. 5.9c. Higher resolution transmission electron microscopy (TEM) of about 100 -150 nm MP-5FU 
and its corresponding selected area electron diffraction (SAED) showing polycrystalline MNPs. 

The size distribution of the MP-5FU was also measured by dynamic light scattering 

(DLS) measurement, where the nanomaterials were dispersed in aqueous solution at pH -4. 

The DLS measurement exhibited unimodal size distribution in the range of 190 — 430 nm 

with maximum intensity at — 300. nm (Fig. 5.10), indicating that the method of synthesis of 

these nanomaterials offered a good control over their sizes. However, the size distribution 

obtained from DLS measurements were two folds higher than that measured by SEM_ and 
TEM studies. This discrepancy can be attributed due to swelling effect of calcium pectinate 

in aqueous medium [9]. 
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Fig. 5.10. Dynamic Light Scattering (DLS) measurement of MP-5FU nanomaterials in aqueous 

solution at pH— 4 

5.3.4 FT-IR analysis 
The formation of MP-5FU system was confirmed by FT-IR studies. Broadly, it was 

observed that the absorption bands in the IR spectrum recorded for MP-5FU nanomaterials 

matched with the bands recorded for pure drug to a large extent. The corresponding JR 

peaks of these groups were identified from literature [24, 25]. 

5-FU consists of various functional groups, notably, N — H and C=O, substituted ring 

and C-F. The IR of 5-FU was quite similar to that of MP-5FU. The peaks due to stretching 

of N-H group of 5-FU observed at 3165 cm 1  and 3065 cm 1  were overlapped by a broad 

peak of pectinate structure in the range of 3100 to 3600 cm 1  in MP-5FU due to the presence 

of O-H group (Fig. 5.11). The peak observed at 1735 cm 1  in MP-5FU and 5-FU was 

attributable to stretching frequency of C=O group. The characteristic ring structure of 5-FU 

was evident from the corresponding peak at 1235 cm 1  and a medium strong peak at 1000 

cm 1  corresponding to ring of 5-FU confirmed the entrapment of 5-FU in MP-5FU. Further 

the peaks at 1630 cm 1  observed in MP was attributable to the presence of carboxylate group 

in calcium pectinate, while the peak at 1650 cm 1  corresponded to ring structure of 5-FU was 

observed [25]. 

Further the peaks recorded at 745, 665 and 550 cm 1  in the IR spectrum of 5-FU 

corresponded to its ring structures. However these peaks were found to overlap in MP-5FU, 
which also comprised of a strong peak at 580 cm-1 due to Fe-O vibration as observed in 

MP. So from IR studies it was conclusive that nanomaterials of 5-FU loaded in MNP coated 

with calcium pectinate was formed. 
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Fig. 5.11. FT-IR spectra of MP, 5-FU and fabricated MP-5FU nanomaterials. 

5.3.5 Zeta potential measurement: mechanism of the formation of nanomaterial of MP 
5FU nanomaterials 

MNPs, MP and pectin showed zeta potential of + 17.4 mV at pH— 4, — 17.8 mV and 
—35.9 mV at pH— 4, as discussed in chapter 2. However the zeta potential of MP-5FU was 
measured as — 40.5 mV which indicated the fabricated system was very stable as zeta 

potentials more that ± 25 mV are considered to be stable [26] (Table 5.4). The negative zeta 

potential in MP-5FU could be attributed to polyanionic nature of pectin. In view of the 

results obtained from various studies a mechanism towards formation of the MP-5FU 

nanomaterials is proposed as shown in Fig. 5.12. 

Table 5.4. Zeta potential measurements of magnetite nanoparticles at pH 4, nanomaterials of 
magnetite-pectin (MP) at pH — 4, magnetite nanoparticles encapsulated in calcium pectinate 
nanomaterials loaded with 5-FU (MP-5FU) at pH 4 and 5-FU. 

Samples 	 Measured zeta potential value (~) in mV 
MNPs (pH--4) 	+17.4 
Pectin (pH.-4) 	—35.9 
MP (pH-44) 	 —17.8 
5- FU 	 —36.0 
MP-5FU 	 — 40.5 
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Fig. 5.12 Schematic representation of mechanism towards formation of the MP-5FU nanomaterials. 

Since 5-FU and pectin both exhibit negative zeta potential so it is unlikely that there 

could be any electrostatic interaction between them during mixing. So during formation of 

MP-5FU by cross linking of pectin with Cat+ ions, apparently 5-FU was entrapped in the 

nanomaterial. Probably due to absence of any electrostatic binding or affinity of 5-FU with 

pectin, the loading efficiency was less. 

5.3.6 Magnetic properties of MP-5FU nanomaterials 
The nanomaterials of MP-5FU were magnetic in nature, as evident from the Fig 

5.13, which were attracted to an external magnet placed adjacent to the sample vial 
containing MP-5FU. 
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Fig. 5.13. a) Dispersion of freshly prepared MP-5FU b) showing MP-5FU nanomaterials attracted to 
the external magnet placed adjacent to sample vial, indicating its magnetic properties. 

• The magnetic behavior of MP-5FU was studied by recording magnetization curve 
(M-H curve) at room temperature from VSM measurements. The M-H curve for MP-5FU 
exhibited negligible coercivity and remanence magnetization which was found to be similar 
to that of the as-synthesized MNPs and MP (Fig. 5.14). This phenomenon was typically due 
to " superparamagnetism, attributable to nanoparticles of magnetite. The saturation 
magnetization measured (Ms) measured at room temperature between ±10 kOe were 55.53 

emu/g, 47.07 emu/g and 43.15 emu/g for as-synthesized MNPs, MP and MP-5FU 

respectively. The decrease in the saturation magnetization in the nanomaterials loaded with 

5-FU (MP-5FU):could be attributed either due to the effects of small particle size owing to 

non-collinear spin arrangement at the surface [27, 28], or due to the formation of magnetic 

dead layer by nonmagnetic material at the domain boundary wall of MNPs [29, 30]_ The 

particle size effect on reduction of Ms  may be ruled out as the same batch of MNPs with 

uniform particle size distribution was used for synthesis of different MP compositions, as 

discussed in the chapter 2 and chapter 3. The magnetic moments could be quenched due to 

the formation of magnetic dead layer at the domain wall of MNPs_ In the case of MP-5FU, 

pectin and 5-FU are non magnetic material, which are likely to form magnetic dead layer. 

This could hinder the domain wall motion during application of the magnetic field, which 
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might be responsible for the reduction in the saturation magnetization in these synthesized 

hybrid nanomaterials. 
The superparamagnetic behaviour of MP-5FU was studied from SQUID 

measurement by recording field cooled (FC) and zero field cooled (ZFC) magnetization (in 

emu/g) at 50 Oe and 500 Oe in a temperature range of between 5 K and 300 K (Fig. 5.15a, 

5.15b). The magnetization of the sample at 5 K was measured to be 6.05 emulg. Such lower 

magnetization could be attributed to the random orientation of the magnetic moments of 

individual particles due to particles less than 20 nm sizes [31]. As the temperature was 

increased more particles reoriented their magnetic moment (magnetization) along the 

external applied field. Due to this the magnetization increased till it reached a maximum 

value (8.78 emu/g) at 80.4 K as shown in the ZFC curve_ Further increasing the temperature 

resulted in decrease in magnetization. Thus the transition temperature was at 80.4 K, 

corresponding to the transition from ferromagnetic to superparamagnetic behaviour. On the 

other hand, the magnetization was measured to be 11.66 emu/g at 5 K in the FC condition in 

the presence of applied external magnetic field of 50 Oe. The externally applied magnetic 

field energetically favoured the reorientation of the individual magnetic moment which 

resulted in the increase in magnetization along the direction of the applied field. Such a 

behavior was characteristic of superparamagnetism typically observed for small 

ferromagnetic or ferrimagnetic nanoparticles. Below TB, the MP-5FU nanoparticles exhibit 

ferromagnetic properties. When the temperature is above TB, the thermal energy overcomes. 

the anisotropy barrier and randomizes the magnetic moment, leading to the 

superparamagnetic behavior of the nanoparticles [32]. Notably, at higher applied field of 

500 Oe, the blocking temperature expectedly occurred at lower temperature (70. 8 K). In the 

case of the batch measured at 50 Oe, the FC curve showed gradual decrease in the 

magnetization up to 104.4 K after which the decrease in the magnetization was less 

pronounced and is typically due to superparamagnetic nature of very smaller particles as 

discussed above. However, in the case of the batch recorded at 500 Oe external field, the 

decrease in the magnetization was sharp after the blocking temperature. Moreover the 

magnetization was higher than that recorded for the batch measured at 50 Oe. Keeping in 

mind that the MNPs were same, the higher magnetization observed for higher external 

applied field was likely to be due to alignment of magnetic moments [33]. 
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Fig. 5.14. Magnetization vs field (M-H) curve of MNPs and MP-5FU measured by VSM at room 
temperature. 
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Fig. 5.15a. ZFC and FC curves of MP-5FU nanomaterials recorded at 50 Oe, measured by SQUID. 
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Fig. 5.15b. ZFC and FC curves of MP-5FU nanomaterials recorded at 500 Oe, measured by 
SQUID. 

5.3.7 In vitro drug release studies from MP-5FU nanomaterials 

As discussed earlier, that the sustained or controlled release of low molecular weight 

drugs from polysaccharide-based matrices are not trivial, attributable to higher drug 

solubility due to high water contents in the polysaccharide based matrices. The release rate 

of drugs from the polysaccharide-based matrices is generally very fast and can be referred to 

as burst release [9]_ Sustained release might be achieved by modifying the polysaccharide 

especially by cross-linking in order to hold back the drug in its network structure for 

sustaining its release. In the case of MP-5FU nanomaterials, the pectin was cross-linked 

with Cat+  ions and the nature of release of the drug 5-FU was studied by in vitro method by 

treating MP-5FU sequentially in simulated gastric fluid (SGF) followed by simulated 

intestinal fluid (SIP) and then in simulated colonic fluid (SCF) to mimic the gastrointestinal 
digestion pathway. In addition, the in vitro release study was also carried out in phosphate 
buffer at pH 7.4 at 37°C for 48 h to mimic drug release in blood. The release of drug from a 

matrix is mostly governed by pH and in certain cases by specific enzymes. 

5.3.7.1 Sequential in vitro release in gastrointestinal fluids 

It was found that after treating MP-5FU for 2 h in SGF the drug release was only 

11.78 % (showed in Fig. 5.16). The drug release of this order in SGF indicated significant 
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shielding of the drug by calcium pectinate. This is in good agreement to our previous study 
discussed in chapter 2, where we showed the stability of calcium pectinate in acidic gastric 
condition. However, the 11.78 % release of FU from MP-5FU in gastric medium was much 
higher than that discussed for DS release in chapter 3 and 4. This can be explained on the 
basis of higher solubility of 5-FU in acidic conditions [34] It may be envisaged that the SGF 
(pH 1.2) might diffuse in to the MP-5FU nanomaterials and led to dissolution of the 
encapsulated drug (5-FU). The dissolved drug could be released from the nanomaterial by 
diffusion mechanism. In the case of MP-DS and MPCh-DS the release of DS was 
insignificant as the drug is insoluble in acidic medium 

On the other hand, the in vitro release of the drug in SIF at pH 6.8 for 3 h was rapid 
but sustained, which could be attributed to weakening of calcium pectinate network structure 
at higher pH (Fig. 5.16) leading to swelling. In fact, it was noted that 21% of the drug was 
released during the first 2 h in SW medium, while 19 % of the drug was released during the 

3rd  hour in SIF medium. The rapid release of the drug in SIF observed in this study was in 
consistence with the literature reports [7], which could be attributed to swelling effect of 
calcium pectinate as demonstrated in the DLS measurement. The swelling of calcium 

pectinate can be attributed to increase in the concentrations of negatively charged 
carboxylate groups in pectin at higher pH (pKa 2.9-4.1), which however would depend on 
the degree of esterification [35, 36]. This could lead to repulsion between pectin chains and 
thus resulted in swelling of pectin. Compared to DS release from MP-DS and MPCh-DS 
nanomaterials (discussed in Chapters 3 and 4), the release of 5-FU from MP-5FU was less 

(—' 40%). The swelling effect of the polymer coating in all these batches was supposed to be 
similar. Thus the reduced FU release from MP-5FU in SIF may be attributed to its lower 

solubility as compared to DS at pH 6.8 [37]. 
Further, the rate of drug release was slowed down in simulated colonic fluid (SCF) 

where -40% of release was observed in a pH —5.5 over the rest of 48 h. Overall the system 
exhibited sustained drug release for about 48 h where almost all the encapsulated drug was 
released. This may be probably attributable to the in-vitro release studies in the presence of 
enzymes. From these studies, it may be surmised that the MP-5FU nanomaterial is very 

effective for sustained release of the drug 5-FU in gastrointestinal tract. 
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Fig. 5.16. Sequential in vitro release of 5-FU from MP-5FU nanomaterials in simulated gastric fluid 
(SGF pH 1.2) for 2 h, followed by simulated intestinal fluid (SIF pH 6.8) for 3 h and simulated 
colonic fluid (SCF pH 5.5) up to 48 h. 

5.3.7.2 In vitro release in phosphate buffer at pH 7.4 

The in vitro release studies of 5-FU from MP-5FU formulation in phosphate buffer 

solution at pH 7.4 at 37 °C exhibited sustained cumulative release (Fig. 5.17). About 83 % 

of the loaded drug was released in 24 h after which the rate of release was less. In 48 h, 95 

% cumulative release was observed. Our in vitro release study was in good agreement with 

that of Yu et al. [9], who reported in vitro release from pectin nanospheres (without 

magnetic material). 

100 

a) 
Cl) 80 a) 
ci) 
I- 

60 
c6 

j
40 

20 

0 	10 	20 	30 	40 	50 

Time (h) 
Fig. 5.17. In vitro sustained release studies of the . drug 5-FU for 48 h from MP-5FU 
nanomaterials in phosphate buffer solution (pH 7.4) 
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5.3.7.3 Modeling of drug release 
The release mechanism of 5-FU from MP-5FU nanomaterials was fitted using 

Korsemeyer_ - Peppas model as described in chapter 3 (Fig 5.18). The in vitro release data of 
5-FU from MP-5FU in phosphate buffer pH 7.4 up to 12 h (corresponding to 65.23 %) in 
log scale, exhibited a linear fit (R2  = 0.968). 
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Fig. 5.18. Showing linear fit of in vitro release of 5-FU up to 12 h from MP-5FU nanomaterials in 
phosphate buffer solution (at pH 7.4), using Korsemayer Peppas equation in log scale. 

From the slope of the plot n was found to be 1.4788 which clearly indicated swelling 

controlled drug release [38]. The swelling of the calcium pectinate was explained from DLS 

measurements. The value of k* 100 (constant related to the structural and geometric 
characteristic of the device) was found to be 1.5. The n and k values were in good agreement 

with that reported by Wang et al [39]. 

It may be highlighted that even though the nanomaterial system reported by Yu et al. 

[9] exhibited sustained drug release for a longer period of time, but our system is more 

functional as it consists of magnetic property and provides an opportunity to improve its 
overall efficacy in the in-vivo system as magnetic targeted drug delivery. Further, the 
sustained drug release at pH — 7.4 corresponding to blood pH was encouraging for targeted 
drug delivery, especially via intravenous administration followed by magnetic guiding to 

tumor site where otherwise the direct drug administration could be cumbersome, e.g., 

pancreatic tumor, hepatic tumor etc. for its sustained release. This would also minimize the 

distribution of the drug to other undesirable parts of the body. Thus to elucidate the 
cytotoxic effect of the system so developed we have carried out the in-vitro cytoxicity 
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studies in HT29 (colon), HEPG2 (liver), MIA-PA-CA-2 (pancreas) cancer cell lines by SRB 

assay after 48 h. 

5.3.8 In vitro cytotoxic activity profiles of MP-5FU nanomaterials 

The % cell viability due to interaction of MP-5FU nanomaterials in the concentration 

range of 1 to 5 mg/mL for 48 h is given in Fig. 5.19a, Fig. 5.19b and Fig. 5.19c. The % cell 

viability of the pure drug was also studied. It was noted that the % cell viability decreased 

with increasing concentrations of MP-5FU dispersions. The cell viability of 5 mg/mL of 

MP-5FU was found to be 60.9 ± 3.3 % for HT-29 and 68.2 f 16.1 % for HEPG2 cancer cell 

lines (Fig. 5.19a, and 5.19b - respectively). In both the cases the GI50 was more than 5 

mg/mL. Strikingly, the cell viability for 5 mg/mL of MP-5FU in MIA-PA-CA-2 pancreatic 

cancer cell line was only 23.9 ± 5.1 % (Fig. 5.19c) and the corresponding GI50  was found to 

be 3.7 mg/mL. Similar results were found in the reports for the free drug doxorubicin and 

the doxorubicin encapsulated in nanoparticles [40]. It was important to note that the 

nanomaterial of MNP coated with calcium pectinate (MP), did not indicate any 

antiproliferative effect. Therefore decrease in cell viability for MP-5FU was due to release 

of the anticancer drug 5-FU from these nanomaterials. These results indicated the successful 

fabrication of magnetic nanomaterials of pectin for potential delivery of 5-FU. 
The batch studied for cytotoxicity comprised — 17% drug loading content. From our 

in vitro release study in pH 7.4 condition, it was found that — 95 % of the drug was released 

in 48 h. So for the batch of 5 mg/mL MP-5FU, about 800 .tg/mL of the drug could be 

released in 48 h in phosphate buffer. In order to compare the cytotoxicity effect of the 

released drug from MP-5FU nanomaterials, we conducted cell viability studies using 800 

tg/mL of pure 5-FU in the said cancer cell lines. The cell viability was found to be 23.6 ± 

1.2, 48.8 ± 2.3 and 1.5 ± 0.1 % respectively in HT-29, HEPG2 and MIA-PA-CA-2 cancer 

cell lines (Fig 5.19a, 5.19b and 5.19c respectively). The corresponding % cell viability for 

pure 5-FU (800 gg/mL were 18.61 % for HT-29, — 20.78% in HEPG2 and 1.2 % in MIA-

PA-CA-2 cancer cell lines. It was noted that the % cell viabilities of MP-5FU were 

significantly less than those of the pure drug. This could be attributed due to sustained 

release of drug from MP-5FU while entire amount of the pure drug was available after its 

treatment on these cell lines. Similar cytotoxic effects were reported for doxorubicin loaded 

in SPION based nanomaterials [40] and in the liposomal formulation of 5-fluorocytosine (5- 

FC), as compared to their respective free drugs in cancer cell lines [41]. 



'D1 

L  80 

0 
60 

0 
L 

0 40 

MP 

1  MP-5FU 

MP 

80 
0 -C) 

60 

0 
0  40 

100 

M P-5FU 

Chapter- 5 	 5-Fluorouracil loaded in nanomaterials of magnetite - pectin 

20 
% control growth for 5-FU of 800 pg/mL = 18.61 % 

	

0 '' I 	 ° I  'T'T' 

	

1 	2 	3 	4 	5 
Concentration (mg/mL) 

Fig. 5.19a. In vitro cytotoxic activity profiles of 1VIP-5FU nanomaterials and MP on HT-29 (colon) cancer 
cell line after 48 h. 
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Fig.5.19b. In vitro cytotoxic activity profiles of MP-5FU nanomaterials on HEPG2 (liver) cancer 
cell line after 48 h. 
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Fig. 5.19c. In vitro cytotoxic activity profiles of MP-5FU nanomaterials and MP on MIA-PA-CA-2 
(pancreas) cancer cell line after 48 h. 

5.4 CONCLUSION 
A series of novel MNP coated with calcium pectinate nanomaterials loaded with 

different concentrations of 5-FU were fabricated. The method of mixing drug and pectin was 

found to be a key parameter. Mixing by magnetitc stirring was not only time consuming (24 

h) but was apparently not efficient. It was found that the mixing by probe sonication not 

only reduced the mixing time from 24 h to I h, but the % encapsulation efficiency was also 

enhanced from to 16.90 ± 1.3 % to 29.80 ± 2.1 %. Further the drug loading content (wt %) 

in the nanomaterials also increased by nearly two folds from 9.8 ± 1.5 to 16.97 ± 1.9. 

The, formation of magnetic nanomaterials of MP-5FU of 100-150 nm was 

characterized by its SEM and TEM analysis, XRD, and FT-IR analysis. The FC-ZFC 

measurement at 50 Oe confirmed superparamagnetic property of MP-5FU. The VSM 

measurement at room temperature and 10 kOe showed its high saturation magnetization of 

43.15 emulg which was 20 % less than MPNs. The in vitro release studies of MP-5FU 

formulation in simulated gastrointestinal fluid was studied by treating the nanomaterial 

sequentially in respective enzyme based simulated gastric fluid at pH 1.2, simulated 

intestinal fluid at pH 6.8 and simulated colonic fluid at pH 5.5. A sustained release was 

observed where maximum release occurred in simulated intestinal fluid. Similarly, the in 

vitro release of 5-FU from MP-5FU nanomaterial was studied in phosphate buffer at pH 7.4 
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which demonstrated sustained release of the drug. The cumulative release of drug was fitted 
with Korsemeyer Papas model which reflected swelling controlled drug release. The 
swelling behavior of the polymer was also confirmed by dynamic light scattering 
measurement which showed larger particle size ranging between 190-430 nm as compared 
to its dried material measured by SEM and TEM. The sustained drug release at pH 7.4 
corresponding to blood pH was encouraging for targeted drug delivery, especially via 
intravenous administration followed by magnetic guiding to a potential tumor site where 
otherwise the direct drug administration is cumbersome, e.g., pancreatic tumor, hepatic 
tumor etc. for its sustained release. This would also minimize the distribution of the drug to 
other undesirable parts of the body. The cytotoxicity studies of the novel fabricated MP-5FU 
nanomaterial was studied by measuring cell viability of concentration dependent MP-5FU 
nanomaterials in different cancer cell lines namely, HT-29, HEPG2 and MIA-PA-CA-2 
cancer cell lines. The GI50 of MP-5FU was more than 5 mg/mL in HT-29 and HEPG2, while 

it was 3.7 mg/mL MIA-PA-CA-2 cancer cell line. Compared to the equivalent concentration 

of pure drug (800 µg/mL), the corresponding cytotoxicity of 5 mg/mL of MP-5FU was less, 

indicating sustained release phenomenon of the drug from the nanomaterial. Thus it was 

concluded that the nanomaterials of MP-5FU was successfully fabricated which exhibited 
sustained release and was effective in antiproliferative action in cancer cells. 
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6.1 INTRODUCTION 
Cis-oxalato (trans-1-1-2-diaminocyclohexane) platinum (II) and its optical enatiomer 

cis-oxalato(trans-d-1,2-diaminocyclohexane) platinum (II) and any mixture of these two 
enatiomers is referred to as oxaliplatin, which is a third generation platinum based anti-
cancer drug [1]. It is denoted as L-OHP or OHP, which shows better in vitro and in vivo 
efficacy against many tumor cell lines which are even resistant to the most common 
platinum containing anticancer drugs, namely, cisplatin (first generation) and carboplatin 
(second generation) [2]. The presence of bulky 1, 2-diaminocyclohexane (DACH) carrier 
ligand in oxaliplatin is reported to form platinum - DNA adducts, which blocks DNA 

replication more effectively. These adducts are more cytotoxic than those formed by 
cisplatin. The cyclohexyldiamine group of oxaliplatin improves antitumor activity and the 
oxalato bidentate ligand renders water solubility. Thus better solubility and a decreased 
likelihood of development of resistance makes oxaliplatin a good candidate for first-line 

therapy. Further in the blood plasma it rapidly undergoes non-enzymatic transformation into 
reactive compounds because of displacement of the oxalate group. This process complicates 
its pharmacokinetic profile. Though most of the metabolites do not exhibit pharmacological 
activity, but dichloro(1,2-diaminocyclohexane) platinum(II) complexes enters the cell and 

display cytotoxicity [1]. However, like other anticancer drugs it is also associated with a 
range of side-effects like acute dysesthesias, cumulative peripheral distal neurotoxicity [3-5] 
that limits the range of usable doses. Further this drug also shows high in vivo partitioning to 

erythrocytes [5]. Therefore to improve the efficacy and reduce its side effects, different 
approaches are reported, which includes encapsulation of drug in microspheres, liposomes, 

micelles and nanoparticles [6-12]. 
The main advantages associated with the encapsulation of the drug substance within 

nanomaterials includes the possibility of decreasing the toxicity of the drug, prolongation of 
the plasma half-life of the drug which is — 14.1 minutes, targeting to specific molecules or 
structures in the body or having a triggered drug release induced by acid, light, heat or 
enzymes [13-15]. The site specific targeting and delivery of drug, especially at tumor sites 
has been a major challenge in the cancer therapy. In this regard, several approaches are 
being evaluated including the concept of engineered magnetic nanocarriers. The drug loaded 
in the magnetic nanocarriers can be magnetically guided to the tumor site and delivered 
locally for efficient therapy. This will provide therapeutic concentrations while minimizing 
toxicity by non specific biodistribution at normal tissues. It is important to note that this 
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drug does not result in nephrotoxicity as it exhibits higher urinary excretion as compared to 

cisplatin and carboplatin [3, 4]. The pharmacokinetic profile of oxaliplatin showed high 

clearance rates, high volume of distribution and faster elimination of this drug as compared 

to cisplatin. Further, it has also been reported that — 85 % of oxaliplatin present in plasma 
binds to proteins and — 37 % of the oxaliplatin administered is sequestered in the 

erythrocytes within 2 - 5 hours. In this regard a targeted drug delivery system of this drug 

would not only improve its therapeutic action but also minimize its toxicity towards normal 

cells. 

6.1.1 Objective of our work 
Superparamagnetic iron oxide nanoparticles coated with polysaccharide is found to 

be efficient recipe for fabrication of magnetic responsive nanomaterial based targeted drug 

delivery system. 

(1) It occurred to us that fabrication of oxaliplatin (OHP) loaded in nanomaterials of 

calcium pectinate with encapsulated magnetite nanoparticles could be useful for developing 

efficient nanomaterials of platinum based targeted drug delivery system for cancer therapy. 

In addition, magnetite nanoparticle encapsulated in nanomaterials of pectin re-inforced with 

chitosan, which showed improved drug loading efficiency for diclofenac sodium (as 

discussed in chapter 4), was used for OHP loading and evaluated for drug for potential drug 

delivery system. 

(2) Characterization of these two types of novel nanomaterials by XRD, SEM, TEM, 

DLS, Zeta potential, VSM and SQUID magnetometry. To elucidate their applicability 

towards potential targeted drug delivery these nanomaterials were studied for their in vitro 

drug release in phosphate buffer with pH 5.5 and 7.4. Furthermore, their in vitro cytotoxicity 

in cancer cell lines was assayed. 

6.2 MATERIALS AND METHODS 

6.2.1 Materials 
In addition to the materials required for fabricating magnetite nanoparticles coated 

with pectin as discussed in Chapter 2, Oxaliplatin was procured from Sigma-Aldrich GmbH, 

Germany. The calcium hydroxide used for fabrication of nanomaterials and platinum 

standard used for the calibration of ICPMS were procured from Merck, India. All other 

materials required in this study were similar to those as discussed in the previous chapters. 
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The phosphate buffer solution pH 5.5 and phosphate buffer solution pH 7.4 were prepared as 
discussed in chapter 3. Further, the cytotoxicity study was performed at ACTREC, Mumbai, 
a recognized laboratory for in vitro studies in cancer cell lines. The chemical and other 
materials needed for the study were provided by ACTREC. 

6.2.1.1 Oxaliplatin 
Physical and chemical properties 

The chemical structure of oxaliplatin is given in Fig. 6.1. Its molecular weight is 
397.3 g/mol. It is an odorless white crystalline powder with the Pt content of 48.0 - 50.0%_ 

Its solubility in water is reported to be —6 mg/mL (at 20 °C), —20 mg/mL in DMSO at 20 °C 

[16]. It exhibits poor solublility in methanol, almost insoluble in ethanol and acetone. 

H2 	 O 
N 	O  

Pt 

H2 
 

Fig. 6.1 Structure of oxaliplatin 

Pharmacology 
Oxaliplatin is an antineoplastic drug belonging to a new generation of platinum-

based compounds, which contains a platinum atom complexed with oxalate and 1,2- 
diaminocyclohexane. Unlike other platinum-based agents, oxaliplatin shows clinical activity 

in colorectal cancer and for metastatic pancreatic cancer [17]. 

Mechanism of action 
The cytotoxicity of oxaliplatin is in general based on apoptosis mechanism. Its 

anticancer activity as reported in pancreas cancer cell line, can be attributed to DNA 
damage similar to those reported for other platinum-based compounds [1]. Apoptosis may 
occur due to formation of DNA lesions, arrest of DNA synthesis, inhibition- of RNA 
synthesis, and triggering of immunologic reactions [1]. Further the formation and 
aquation of Dichloro (1,2-diaminocyclohexane) platinum(II) complexes compounds takes 
place at intracellular physiological concentrations of HCO3 and H2PO4 ions. This 

compound then enters the cell nucleus, with a peculiar tropism for sites rich in guanine- 
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cytosine. It is reported to bind with the seventh nitrogen atom of guanine which leads to 

the formation of DNA monoadducts, and then diadducts [18]_ These adducts which are 

formed in nucleosomes can also inhibit the cell division. The drug can induce 3 types of 

cross links with DNA, namely DNA intra-strand cross links, DNA inter-strand cross links 

and DNA-protein cross links. But the infra-strand cross links is probably the main 

mechanism of action in the induction of DNA lesions (DNA damage and repair), with 

binding of two guanine (Gs) or less frequently, a guanine-adenine (G—A) base pair [18]. 

Method of administration 
The drug oxaliplatin is administered by the Lv. (intravenous) route. The various 

marketed product of oxaliplatin are: 

a) Eloxatin®  marketed by Sanofi Synthelabo (France) under the given trademark. The 

Eloxatin®  is available as: 

	

I. 	Eloxatin powder, for solution for intravenous use. 

	

II_ 	Eloxatin injection, solution, concentration for intravenous use. 

b) Oxaliplatin Pliva (Pliva Croatia Ltd., Republic of Croatia) powder for solution for 

infusion, is a white freeze-dried powder. It is a sterile lyophilized product marketed 

in two presentations, 50 mg/vial and 100 mg/vial. Oxaliplatin Pliva is reconstituted 

with 10 mL or 20 mL solvent (water for injection or 5 % glucose) to obtain 5 mg/mL 

of oxaliplatin. 
Further a Folfox regimen is also reported for a combination of oxaliplatin-5 Fluorouracil-

folinic acid which is used for the treatment of colorectal cancer. 

Side effects 
Oxaliplatin causes adverse reactions that narrow its therapeutic index. The target 

organs are mainly the hematopoietic system, the peripheral nerves, and the 

gastrointestinal (GI) system. Oxaliplatin is moderately myelotoxic [1]. Commonly it leads 

to grades 3 and 4 neutropenia, but the incidence of neutropenic fever is only - 4 % [19]. 

The hemolytic anemia and secondary immune thrombocytopenia are observed but usually 

it is not severe. Sometimes it also leads to secondary acute leukemia. Its prominent toxic 

effect is acute or chronic peripheral neuropathy of the characteristics of peripheral sensory 

nerve lesions. It is associated with oral around the upper respiratory (usually laryngeal) 

and digestive tract spasms and sensory dysfunction. Mild to moderate nonspecific toxic 
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effects of oxaliplatin on the rapidly dividing cells of the GI tract are also observed. This 
leads to nausea, vomiting, and diarrhoea. 

6.2.2 Method for fabrication of nano materials of magnetite pectin cross linked with Cat+  

loaded with OHP and magnetite pectin reinforced with chitosan loaded with OHP 
Two types of OHP loaded nanomaterials were fabricated based on the selection of 

polysaccharide as a coating agent e.g. pectin and pectin reinforced with chitosan. 

6.2.2.1 Method for fabrication of nanomaterials of magnetite pectin cross linked with Cat+  

ions loaded with OHP 
5 mg of oxaliplatin (OHP) was mixed with 2.5 mL of Millipore water to prepare 2.0 

mg/mL stock solution of OHP. 250 µL of this stock solution was mixed with 5 mL of 0.4 % 

w/v pectin solution and stirred for 1 h. To this mixture, 5 mL of as-synthesized dispersion of 

MNPs, conditioned at pH — 4 was added and stirred for 1 h. The acidic pH was maintained 
by adding dilute H2SO4. Here dilute HCl was not used as oxaliplatin in presence of chloride 

ions (CV-) form an inactive precipitate of 1, 2-diaminocyclohexane platinum(II) [20]. For the 

same reason calcium chloride (CaCl2) solution was not used for cross linking with pectin, 

instead it was cross linked by 0.8 % w/v solution of calcium hydroxide Ca(OH)2 as reported 

by Yu et al. [21]. The whole mixture was stirred for 6 h. This nanomaterial will be referred 

to as MP-OHP (Table 6.1). 

6.2.2.2 Method . for fabrication of nanomaterials of magnetite pectin reinforced with 

chitosan loaded with OHP 
The fabrication of MPCh-OHP was performed using the optimum condition as 

discussed for synthesizing MPCh-DS in chapter 4. A 250 gL of stock solution of oxaliplatin 

(OHP) was mixed in 5 mL of 0.025 % w/v chitosan solution, where chitosan was dissolved 
in dilute acetic acid. To this solution, 5 mL 0.4 % pectin solution mixed with MNPs at pH -' 
4 was added. The mixture was stirred for 6 h to facilitate cross linking of pectin with 
chitosan. This nanomaterial will be referred to as MPCh-OHP (Table 6.1). 
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Table 6.1. % Encapsulation efficiency (mean ± SD; SD = standard deviation) measured from 
triulicate analysis in MP-OHP and MPCh-OHP. 

Batch code 	Pectin 	 Ca(OH)2 	Chitosan (% w/v) 	% Encapsulation 
(% w/v) 	(% w/v) 	 Efficiency 

MP-OHP 	0.4% 	0.8% 	 Nil 	 55.20±1.23 

MPCh-OHP 	0.4% 	 Nil 	 0.025% 	50.92±1.52 

Note: The volume of magnetite dispersion was kept constant for all the batches. 

6.2.3 Methodology for drug loading analysis 
As mentioned in the drug loading protocols, the dispersion obtained after the 

synthesis of MP-OHP and MPCh-OHP comprised free dissolved drug and drug loaded in 

nanomaterials. The drug loaded in the nanomaterials would therefore be difference of total 

drug taken for fabrication and the amount of free dissolved drug in the dispersion i.e. 

Loaded drug content = Initial amount of the drug taken — amount of free dissolved drug. 

(Notably, initial amount of drug taken was 500 µg) 

The concentration of free dissolved drug in the dispersion was determined by the 

bulk equilibrium reverse dialysis as discussed in chapter 3. The concentration of the drug 

present inside the dialysis bag was measured by ICPMS. The detail of drug analysis is 

discussed in section 6.2.6. 
The drug loading content (wt %) in MP-OHP and MPCh-OHP nanomaterials was 

calculated as: 
Drug loading content (wt %) = (a/ b) * 100 

a = amount of the drug loaded in MP-OHP or MPCh-OHP nanomaterial. 

b = weight of fabricated MP-OHP or MPCh-OHP nanomaterial. 
Drug incorporation was expressed in terms of % encapsulation efficiency of OHP, which is 

given as: 
% Encapsulation efficiency = (a / t) * 100 

a = amount of the drug loaded in MP-OHP or MPCh-OHP nanomaterial. 

t = Initial amount of the drug taken. 
It may be noted here that, in the similar manner as discussed in chapter 2, the 

magnetite pectin nanomaterials cross linked with calcium which were fabricated using fixed 

concentration of the dispersion of MNPs, 0.4 %, pectin and 0.8 % Ca(OH)2, without OHP 

will now be referred to as MP (magnetite nanoparticles: pectin cross linked with Cat ). 

Further similar to that discussed in chapter 4, the magnetite pectin nanomaterials reinforced 

with chitosan which were fabricated using fixed concentration of the dispersion of MNPs, 
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0.4 % pectin, 0.025 % chitosan without OHP will now be referred to as MPCh (magnetite 
nanoparticles: pectin reinforced with chitosan). 

6.2.4 Characterization 
The fabricated nanomaterials, MP-OHP and MPCh-OHP were characterized by an 

array of techniques, namely, XRD, SEM-EDAX, TEM, DLS, SQUID and VSM. The details 

of these are discussed in chapter 2 and 3. 

6.2.5 Methodology for in vitro drug release 
The in vitro drug release study was based on the dialysis bag diffusion technique as 

discussed in chapter 3. Briefly, the in vitro release of QUIP from the respective batches of 
MP-OHP and MPCh-OHP nanomaterials were performed by transferring these 
nanomaterials in respective dialysis bags containing 5 mL of freshly prepared phosphate 
buffer at pH 5.5 (without enzymes). This is referred to as donor compartment. This bag with 
its contents was then transferred to a beaker containing 20 mL of the buffer solution at pH 
5.5 without enzymes (referred as receptor compartment) and gently stirred at 100 rpm for 40 
h at 37.0 ± 0.1 °C in an incubator shaker. The pH 5.5 was selected as it has been reported 
that the extracellular pH is slightly acidic in the vicinity of tumor tissues [22]. Further the 
pH of the proximal colon is also slightly acidic (pH 5.5 — 5.7) where this drug has been 
reported to be effective [23]_ In the similar manner these studies were performed in 
phosphate buffer, at pH 7.4, without enzyme for 48 h to mimic the drug release from MP-

QUIP and MPCh-OHP in blood_ 
About 1.5 mL of an aliquot was withdrawn from the respective receptor 

compartments at each specified time periods and was replaced with equal volume of fresh 
medium to mimic the sink conditions of the human body. The aliquot was centrifuged at 
15000 rpm for 15 minutes and the supernatant liquid consisting of released drug was 
analyzed. 

6.2.6 Drug analysis 

As the drug oxaliplatin contains platinum (Pt), the drug analysis was performed by 
measuring corresponding Pt concentration in the drug. The Pt concentration was determined 
by inductively coupled plasma mass spectrometry (ICPMS, Perkin Elmer Sciex, Elan, DRC-
e). It is highly sensitive method for detecting inorganic elements of the order of ng/mL 

183 



v=nc RAe-1.102 

Chapter-6 	 Oxaliplatin loaded in novel ,nagnetic polymeric nanoinaterials 

(parts per billion). This method is based on ionization of analyte by plasma and subsequent 

determination of ionic species in terms of m/z ratio using mass spectrometry technique. In 

the plasma, almost all the positive ions are singly charged, thus m/z ratio essentially 

represent the mass of the singly ionized atoms. Unlike atomic absorption spectrometry, 

matrix effect in ICPMS is less. The drug concentration was determined from calibrating plot 

of Pt concentrations against different drug concentrations. 

6.2.6.1 Preparation of calibration curve for estimation of oxaliplatin 
First the analysis of platinum concentration was calibrated by measuring 50, 100, 

250, 500 and 750 ng/mL of standard platinum solution (Merck). The calibration curve 

showed a linear relation between standard Pt concentrations (ng/mL) and measured 

intensities (Fig. 6.2a; R2  = 0.999), indicated the suitability of measuring Pt by ICPMS 

method. 

800 
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CD 
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Concentration of platinum (ng/mL) 
Fig. 6.2a. Calibration curve showing linear correlation between concentration of oxaliplatin (at pH 
7.4) and Pt concentration measured by ICPMS analysis. The results are given as mean ± SD; (SD = 
standard deviation calculated from triplicate measurements). 

Further, a calibration curve for estimating drug concentration was plotted by 

measuring Pt concentration by ICPMS against known drug concentrations (Fig. 6.2b). A 

linear fit with R2  = 0.993 indicated the validity of the method for measuring drug 

concentration. All the experiments were performed in triplicate and results are given as 

mean ± SD (SD= standard deviation). 
The calibration plots for drug analysis were obtained in solutions (without any 

enzyme) at pH 5.5 and 7.4 and Millipore water. Stock solution of 10 µg/mL of OHP in 
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phosphate buffer solution at pH 5.5 and 7.4 were prepared from the stock solution (2 

mg/mL) by transferring 50 gL of OHP solution to 10 mL volumetric flasks. The volume was 

made up to 10 mL with the phosphate buffer pH 5.5 and pH 7.4 respectively. From this 

stock solution, aliquots were taken and diluted to obtain OHP concentration of 200 ng/mL, 

350 ng/mL, 500 ng/mL, 750 ng/mL and 1000 ng/mL. The calibration curve was prepared by 

recording the respective concentration of platinum in these solutions by ICPMS. The mean 

value and the standard deviations from triplicate analysis were calculated. The mean values 

of Pt concentrations were plotted against the respective concentration of OHP in pH 7.4 

ranging between 200 and 1000 ng/mL to obtain a calibration curve (Fig. 6.2). Linear fit of 

the calibration curve (R2  = 0.993) was obtained. The calibration plot was used for estimating 

drug released in the in vitro condition from MP-OHP and MP-Ch-OHP at pH 7.4. In the 

similar manner calibration curve for estimating OHP in pH 5.5 was prepared. Linear fit of 

the calibration curve (R2  = 0.998) was obtained with the corresponding equation of y = 

0.3842x - 42.26, which was used for estimating in vitro drug release at pH 5.5. Similarly 

calibration curve for estimating OHP in Millipore water was prepared. Linear fit of the 

calibration plot (R2  = 0.999) was obtained with the corresponding equation of y = 0.3747x -

37.40, which was used for estimating drug loading efficiency. 
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Fig. 6.2b Calibration curve showing linear correlation between concentration of oxaliplatin (in pH 
7.4) and Pt concentration measured by ICPMS analysis. The results are given as mean ± SD; (SD 
standard deviation calculated from triplicate measurements). 

6.2.7 SRB assay for cytotoxicity studies in cancer cell lines 
The cytotoxicity of the MP-OHP was evaluated using the sulforhodamine B (SRB) 

dye assay on the cancer cell lines of HT-29 (colon) and MIA-PA-CA-2 (pancreas) as 

discussed in chapter 5. 
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6.3 RESULTS AND DISCUSSION 

6.3.1 Drug loading efficiency 
It was noted from Table 6.1 that the batches of MP-OHP synthesized using pectin 

solution of 0.4 % w/v and 0.8 % w/v Ca(OH)2 with 500 .tg of initial amount of drug 
resulted in - 55.20 ± 1.23 % encapsulation efficiency. On the other hand, the batch 
synthesized using 0.4 % w/v pectin solution cross linked with 0.025 % w/v chitosan solution 
exhibited -50.92 1 1.52% encapsulation efficiency. Though the % encapsulation efficiency 
is quite high as compared to those discussed with MP-5FU yet very low drug content was 

present (-.1.0 % w/w). 

6.3.2 X-ray diffraction study 
The formation of as-synthesized stable MNPs were confirmed by recording the 

position and relative intensities of diffraction patterns at 220, 311, 400, 511 and 440 planes 

(Fig. 6.3) which corroborated well with those of cubic magnetite (Fe304) structures as 
reported in JCPDS 01-11111. These characteristic XRD peaks were also observed in the X-
ray difractogram of MP-OHP and MPCh-OHP, which confirmed the incorporation of 

magnetite nanoparticles (MNPs) in these batches. 

20 (degrees) 
Fig. 6.3. XRD of the MVPs synthesized by coprecipitation method, MP-OHP and MPCh-OHP 
nanomaterials. 
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6.3.3 Morphological studies 
The morphology of these nanomaterials of MP-OHP and MPCh-OHP were studied 

by SEM-EDAX and TEM. A representative SEM image of MP-OHP showed formation of 
large number of spherical nanomaterials, with size distribution in the range of 100 - 200 nm 
(Fig. 6.4a). The energy dispersive X-ray analysis (EDAX) of a nanomaterial (marked in the 

Fig 6.4b) clearly showed the characteristic X-ray peaks of Fe, indicating that the magnetite 
nanoparticles were present in the nanomaterials. The corresponding X-ray peaks of Pt were 
not observed in the X-ray spectrum from EDAX study due to very low concentration of Pt in 
these nanomaterials which were much below the detection limits of EDAX. However, the 
characteristic K X-ray peaks of Fe (6.39 keV) and Ca (3.63 keV) confirmed that the MNPs 
were encapsulated in these nanomaterials. Similarly the SEM analysis of MPCh-OHP also 
revealed spherical shaped nanomaterials of 100-200 nm size (Fig. 6.5). The TEM image of 
MP-OHP (Fig. 6.6) and MPCh-OHP (Fig. 6.7) were reasonably similar, which revealed 

spherical shape of the nanomaterials. The sizes of these nanomaterials in dry condition was 
about 100 — 200 nm, which were similar to those of MP-5FU discussed in the previous 
chapter. The TEM image of MP-OHP and MPCh-OHP (Fig. 6.6 and Fig. 6.7 respectively) 
also revealed 100 — 150 nm spherical shaped nanomaterials and corroborated with the SEM 

results. The corresponding SAED image confirmed the presence of polycrystalline MVPs 
encapsulated in the MP-OHP (Fig. 6.6) and MPCh-OHP (Fig 6.7) nanomaterials 

respectively. 

Fig. 6.4a. Scanning electron microscopy of MP-OHP nanomaterials. 
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Fig. 6.4b. Scanning electron microscopy energy dispersive X-ray analysis (EDAX) of the 
marked nanomaterial showing the occurrence of magnetite nanoparticles in MP-OHP 
nanomaterials. 
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Fig. 6.6. TEM of MP-OHP nanomaterials and selected area electron diffraction 
(SAED) image of MP-OHP showing the presence of polycrystalline MNPs and OHP. 

(SAED) image of MPCh-OHP showing the presence of polycrystalline MNPs and OHP. 

The size distribution of the MP-OHP and MPCh-OHP was also measured by 

dynamic light scattering (DLS) measurement, where the nanomaterials were dispersed in 

aqueous solution at pH - 4. The DLS measurement exhibited unimodal size distribution 

with an average size of - 320 - 350 rim for both MP-OHP and MPCh-OHP (Fig. 6.8 and 6.9 

respectively), indicating that the method of synthesis of these nanomaterials offered a good 

control over their sizes. However, the size distribution obtained from DLS measurements 

were nearly two folds higher than that measured by SEM and TEM studies. The increase in 
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the sizes of MP-OHP as well as MPCh-OHP nanomaterials could be attributed to the 

swelling effect of pectin in aqueous medium [21]. 
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Fig. 6.8. DLS measurement of MP-OHP nanomaterials in aqueous solution at pH — 4. 
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Fig. 6.9. DLS measurement of MPCh-OHP nanomaterials in aqueous solution at pH — 4. 

6.3.4 Zeta potential measurements 
The zeta (~) potential of the as-synthesised MNPs at pH — 10 and at pH — 4 was 

measured to be -40.7 mV and +17.6 mV respectively, which were similar to the zeta 

potential measurements discussed in chapter 2. Pectin at pH - 4 was -36.1 mV, chitosan at 

pH - 4 was +113.8 mV and that of the OHP was -35.2 mV at pH — 4. Further the MP-OHP 

system showed zeta values of -30.5 mV which indicated that the fabricated nanomaterials 

were stable (Table 6.2) as zeta potentials more that ±25 mV are considered to be stable [24]. 

Similarly, MPCh-OHP showed zeta potential of -22.8 mV and can also be considered to be 

stable. It may be envisaged that, at pH — 4, OHP ( 	—35.2 ± 1.2) would interact 

electrostatically with chitosan ( = + 113.8 ± 1.5) and with pectin reinforced with chitosan, 

and the polymer can subsequently be cross linked to form a complex network structure 

carrying drug. 
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Table 6.2. Zeta potential measurements of oxaliplatin (OHP), magnetite pectin cross lined with Cat+ 
loaded with OHP (MP-OHP) and magnetite pectin reinforced with chitosan loaded with OHP 
(MPCh-OHP). 

Batches Measured zeta potential value (~) in mV 
MNPs (pH - 10) —40.7 
MNPs (pH — 4) +17.6 
Pectin (pH — 4) —36.1 

Chitosan (pH --- 4) +113.8 
OHP —35.2  

MP-OHP —30.5 

MPCh-OHP —22.8 

6.3.5 Magnetic studies 
The magnetic behavior of the MP-OHP and MPCh-OHP nanomaterial was studied 

by recording its magnetization curve (M-H curve) from VSM measurement recorded at 
room temperature. The M-H curves for MP-OHP and MPCh-OHP exhibited negligible 
coercivity as well as negligible remanence magnetization (as given in Fig. 6.10 and Fig. 
6.11 respectively), which were similar to that of the as-synthesized MNPs. This 
phenomenon was attributed to superparamagnetic behaviour of MNPs. The saturation 

magnetization (MS) measured at room temperature between ±10 kOe for MNPs, MP and 

MP-OHP were 55.69 emu/g, 47.64 emu/g and 45.65 emu/g respectively (Fig. 6.10). 
Similarly in the case of MPCh-OHP and MPCh the saturation magnetization (Ms) measured 

at room temperature between ±10 k-Oe was 42.46 emu/g and 45.51 emu/gm respectively 
(Fig. 6.11). The decrease in the saturation magnetization, in the OHP loaded batches (MP-

OHP and MPCh-OHP) was attributable to the formation of magnetic dead layer by 
nonmagnetic material at the domain boundary wall of MNPs [25, 26] in the fabricated MP-
OHP and MPCh-OHP nanomaterials. These non magnetic components are calcium 
pectinate and pectin reinforced with chitosan respectively for MP-OHP and MPCh-OHP 
nanomaterial. This could hinder the domain wall motion during application of the magnetic 
field, which might be responsible for the reduction in the saturation magnetization in these 

formulations. 
Further the superparamagnetic magnetic behavior of the MP-OHP nanomaterials was 

ensured from the FC-ZFC measurements recorded between 5 and 300 K using zero-field 

cooling (ZFC) and field cooling (FC) in an applied magnetic field of 100 Oe (Fig. 6.12). The 
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curves diverged at 78.20 K, characterized as blocking (TB) temperature, which corresponded 
to the transition from ferromagnetic to superparamagnetic behavior 

In the ZFC curve, without applied magnetic field, when the sample was cooled to 5 
K the total magnetization was - 4.97 emu/g (Fig. 6.12). Such lower magnetization may be 
attributed to the random orientation of the magnetic moments of individual particles due to 
particles of sizes less than 20 nm sizes [27]. As the temperature was increased more 
particles reoriented their magnetic moment (magnetization). Due to this the magnetization 
increased till it reached a maximum value of 78.20 K as shown in the ZFC curve. On the 
other hand, the magnetization measured at 5 K and in the presence of 100 Oe in the FC 
curve was 15.74 emu/g. The externally applied magnetic field energetically favored the 
reorientation of the individual magnetic moment which resulted in the increase in 
magnetization along the direction of the applied field. Such a behavior was characteristic of 
superparamagnetism typically observed in small ferromagnetic or ferrimagnetic 

nanoparticles. Below TB, the MP-OHP nanoparticles exhibit ferromagnetic properties. 

When the temperature is above TB, the thermal energy overcomes the anisotropy barrier 
and randomizes the magnetic moment, leading to the superparamagnetic behavior of the 

nanoparticles [28]. 
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Fig. 6.10_ Magnetization vs field (M-H) curve of MNPs, MP (without drug) and MP-OHP 
nanomaterials measured by VSM at room temperature. 
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Fig. 6.11. Magnetization vs field (M-H) curve of MNPs, MP (without drug) and MPCh-OHP 
nanomaterials measured by VSM at room temperature. 
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Fig. 6.12. ZFC and FC curve of MP-OHP nanomaterials recorded at 100 Oe, measured by SQUID. 

6.3.6 In vitro release studies of MP-OHP and MPCh-OHP 

Though polysaccharides are preferred matrices for loading drug, but low molecular 

weight drugs loaded in polysaccharides have burst release tendency [21]. This is primarily 

due to high water contents in the polysaccharide based matrices which facilitates high drug 
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solubility. However, it is envisaged that a sustained release property could be achieved by 

modifying the polysaccharide especially by cross linking, so that the modified 

polysaccharide can hold — back the drug in its network structure and assist in releasing the 

drug in a sustained manner. In the case of MPCh-OHP nanomaterial, the pectin was 

reinforced with chitosan, which showed — 51 % of drug encapsulation efficiency (Table 

6.1). Similarly the loading efficiency of OHP in magnetite-calcium pectinate nanomaterial 

was —55 % (where pectin composition was same as in the batch of MPCh-OHP). In order to 

elucidate the potential applications of these drug loaded nanomaterials (MPCh-01-IP and 

MP-OHP) for its sustained release ability in colon or near to the tumor after injecting the 

nanomaterial dispersion injected intravenously, an in vitro drug release study was performed 

for 48 h at 37 °C in phosphate buffer solutions at pH 5.5 and pH 7.4 respectively. 

A time dependent cumulative release of OHP form MPCh-OHP and MP-OHP was 

observed at pH 5.5 (Fig: 6.13 and 6.14 respectively). Notably, -49 % and 23 % of OHP was 

released from MP-OHP and MPCh-OHP respectively, after 1 h interaction in phosphate 

buffer solution at pH 5.5 (Fig. 6.13 and Fig. 6.14 respectively). At this pH, 90 % of the total 

loaded Ol-IP was released in 7 h from MPCh-OHP. While for the same release condition, 

only 65 % of the loaded OHP was released from MP-OHP system. However, in 24 h about 

85 % of OHP loaded in MP-OHP nanomaterial was released. So from our studies, it was 

surmised that MP-OHP nanomaterials exhibited better sustained release of OHP at pH 5.5. 

At pH 7.4 the in vitro release of OHP, from MPCh-OHP and MP-OHP nanomaterials 

(Fig. 6.15 and 6.16 respectively) after I h interaction showed 32 % and 19 % cumulative 

release of OHP respectively. These values were significantly lesser than those observed for 

the release studies at pH 5.5. Further after 7 h of interaction cumulative release of OHP from 

MPCh-OHP nanomaterials was --- 72 % and that from MP-OHP nanomaterials was —60 %. 

The remaining amount of OHP was released over a period of 48 h. Therefore it was noted 

that pH 7.4 offered better sustained release of OHP. In vitro release studies from MP-OHP 

system was found to be similar to the release studies of cis-platin from PLGA-PEG 

nanoparticles as reported by Dhar et al. [29]. 

The higher release of OHP at pH 5.5 was attributable to its higher solubility at this 

pH, which could facilitate diffusion based release of OHP from these nanomaterials [20]. 

The higher release condition observed for MPCH-01-IP nanomaterial at pH 5.5 was due to 

the tendency of higher solubility of chitosan in acidic medium [30]. As a result the network 

structure of pectin reinforced with chitosan might tend to loosen and caused higher release. 
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Fig. 6.13. In vitro release studies of the drug OHP for 48 h from MPCh-OHP nanomaterials in 
phosphate buffer solution (pH 5.5) 
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Fig. 6.14. In vitro release studies of the drug OHP for 48 h from MP-OHP nanomaterials in 
phosphate buffer solution (pH 5.5) 
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Fig. 6.15. In vitro release studies of the drug OHP for 48 h from MPCh-OHP nanomaterials in 
phosphate buffer solution (pH —7.4) 
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Fig. 6.16. In vitro release studies of the drug OHP for 48 h from MP-OHP nanomaterials in 

phosphate buffer solution (pH —7.4) 
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6.3.6.1 Modeling of drug release 

The in vitro release data obtained from the above studies were fitted using 

Korsemeyer - Peppas model as described in chapter 3, to establish the time dependent 

release mechanism of OHP. 
The in vitro release data of OHP from MPCh-OHP in phosphate buffer at pH 7.4 up 

to 7 h (corresponding to 72 %) in log scale, exhibited a linear fit (R2  = 0.951) (Fig. 6.17). 

Here, the n = 04288 which corresponded to diffusion based release mechanism according to 

Fickian transport [31]. The Fickian transport may be attributed to very low concentration of 

the encapsulated drug. In this case the value of k* 100 (constant related to the structural and 

geometric characteristic of the device) was found to be 33.51. 

0 	0.2 	. 0.4 	0.6 	0.8 	1 

Log t 
Fig. 6.17. Showing linear fit of in vitro release of OHP up to 7 h from MPCh-OHP in phosphate 
buffer solution (at pH 7.4), using Korsemayer - Peppas equation in log scale. 

On the other hand, the linear fit was not possible for the data obtained from the in 

vitro release of OHP from MPCh-OHP nanomaterials in phosphate buffer pH 5.5 up to 7 h 

(Fig 6.18). This was probably due to burst release of the drug. 

197 



Chapter-6 	 Oxaliplatin loaded in novel magnetic polymeric nanomaterials 

C) 
1.9 

1.8 

o 1.7 
J 

1.6 
0 	0.2 	0.4 	0.6 	0.8 	1 

Logt 
Fig. 6.18. The in vitro release of OHP up to 7 h from MPCh-OHP in phosphate buffer solution (at 
pH 5.5), using Korsemayer - Peppas equation in log scale. 

In the case of MP-OHP nanomaterials, the data obtained from the in vitro release of 

OHP in phosphate buffer pH 7.4 up to 7 h showed a linear fit with RZ  = 0.9967 (Fig 6.19). 

The factor n was found to be 0.5886 which indicated non-Fickian transport [31]. This is an 

indication of both diffusion as well as swelling controlled drug release. Here, the value of 

k*100 was found to be 19.39. 
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Fig. 6.19. Showing linear fit of in vitro release of OHP up to 7 h from MP-OHP in phosphate buffer 
solution (at pH 7.4), using Korsemayer - Peppas equation in log scale. 
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The data obtained from the in vitro release of OHP from MP-OHP nanomaterials in 

phosphate buffer pH 5.5 up to 7 h showed a linear fit with R2  = 0.995 (Fig 6.20). Here, the 

factor n was found to be 0.5018 which indicated non-Fickian transport where the release of 
the drug was based on diffusion as well as swelling of the polymer. In this case the value of _ 

k*100 was found to be 23.58. 

0 	0.2 	0.4 	0.6 	0.8 	1 

Log t 
Fig. 6.20. Showing linear fit of in vitro release of OHP up to 7 h from MP-OHP in phosphate buffer 
solution (at pH 5.5), using Korsemayer - Peppas equation in log scale. 

6.3.7 In vitro cytotoxic activity profiles of MP-OHP 
Based on our in vitro release studies, which showed better sustained release patterns 

for MP-OHP nanomaterials, their cytotoxicity studies were performed by the SRB assay by 
recording cell viabilities. On the basis of the reported pharmacological actions of oxaliplatin 
[ 17], two cancer cell lines, namely HT-29 (Colon) and MIA-PA-GA-2 (Pancreas) were 

selected to assess the cytotoxicity profiles of MP-OHP. Equivalent concentration of pure 
OHP were treated i.e. 1 mg/mL of MP-OHP containing about —10 gg/mL of the OHP. Pure 
drug OHP of this concentration was treated. Similarly for other concentrations of MP-OHP, 

an equivalent concentration of the OHP was used. 
The cytotoxicity of MP-OHP in the HT-29 cell lines was not found to be significant 

for MP-OHP nanomaterials, when different concentrations of MP-OHP nanomaterials (1, 2, 
4 and 5 mg/mL) in phosphate buffer solution at pH 7.4 was studied for 48 h (Fig. 6.21a). 
Here only 5% of the growth inhibition was observed for the batch of 5 mg/mL 
concentration of MP-OHP. On the other hand, the pure drug of the concentrations of 10-50 
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µg/mL showed growth inhibition up to 24 % (Fig. 6.21b). Though above 95% of drug 

release was expected,  in phosphate buffer solution at pH 7.4, but the growth inhibition was 

negligible, which probably indicated that the drug loading contents in the nanomaterials 
were less. Our results were similar to those reported for the liposomal formulation of 5-

fluorocytosine (5-PC), when compared to free drug on MC38/7 cells [32] and similar to the 

reports of the SPIONs based drug delivery system of doxorubicin [33]. 

However in the case of the MIA-PA-GA-2 (Pancreas), the cell viability decreased as 
the concentration of MP-OHP was increased from 1 mg/mL to 5 mg/mL (Fig. 6.22a). The 

batch of 5 mg/mL exhibited 39.7 % growth inhibition. It was noted that the pure drug of 

concentration of 50 tg/mL exhibited 40.9% growth inhibition which was almost similar to 

that of the 5 mg/mL MP-OHP batch (Fig. 6.22b). The GI50 value for MP-OHP in this 

pancreatic cancer cell line was more than 5 mg/mL. Further it may be noted here that the 

magnetite nanoparticles coated with calcium pectinate (MP) of similar concentration (1 — 5 

mg/mL) did not exhibit any decrease in the cancer cell growth, indicating that the MP 

nanocarriers did not result in the decrease in the cell viability for MP-OHP system. In other 

words, it was confirmed that the antiproliferative effect was due to the release of the OHP 

form MP-OHP. This was in good agreement with literature reports on other types of drugs 

loaded in different nanomaterials [34-36]. These results indicated the successful fabrication 

of magnetic nanomaterial of pectin for potential delivery of OHP. 
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Fig. 6.21a. In vitro cytotoxic activity profiles of MP-OHP and MP nanomaterials on HT-29 (colon) 
cancer cell line after 48 h. 
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Fig. 6.21b. In vitro cytotoxic activity profiles of OHP on HT-29 (colon) cancer cell line after 48 h. 
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Fig. 6.22a. In vitro cytotoxic activity profiles of MP-OHP and MP nanomaterials on MIA-PA-CA-2 
cancer cell line after 48 h. 

201 



iJ 

0 80 
rn 
0 
C 70 
0 

100 

U 
60 

50 

Chapter-6 	 Oxaliplatin loaded in novel magnetic polymeric nanomaterials 

10 	20 	30 	40 	50 

- 	Concentration (pg/mL) 
Fig. 6.22b. In vitro cytotoxic activity profiles of OHP on MIA-PA-CA-2 cancer cell line after 48 h. 

6.4 CONCLUSION 
Fabrication of a simple, reproducible and novel targeted drug delivery system of 100-

150 nm size (measured by SEM and TEM) comprising of MNPs, pectin cross linked with 

calcium ions and loaded with oxaliplatin (MP-OHP) as well as MNPs, pectin reinforced with 

chitosan and oxaliplatin (MPCh-OHP) has been achieved. The loading efficiencies in MP 

and MPCh systems were 55.20 ± 1.23 and 50.92 ± 1.52 respectively. However, the drug 

loading content was very small (less than 1 %) as the starting drug concentration was less. 

These nanomaterials (MP-OHP and MPCh-OHP) showed superparamagnetic behavior with 

saturation magnetization of 45.51 emu/g and 42.46 emu/g respectively. The SQUID and 

VSM studies of MP-DS system confirmed its superparamagnetic nature. The high (-potential 

(-30.5 ± 1.3 mV) in case of the MP-OHP and — 22.8 ± 2.1 in case of MPCh-OHP indicated 

the stability of the synthesized drug delivery system. 

The in vitro drug release from MPCh system at pH 5.5 and 7.4 corresponded to burst 

release, while the release of OHP from MP-OHP system showed better sustained release both 

at pH 5.5 and at pH 7.4. This was attributed to solubility of the OHP and its less 

concentration which also enhances its diffusion (a process dependent of the concentration) 

form the polymeric structure. The swelling effect of pectin in aqueous medium was also 

supported by the dynamic light scattering (DLS) measurement which showed average 

particle size —300 nm. The released data of OHP from MPCh-OHP fitted with Korsemeyer- 
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Peppas equation satisfied Fickian transport and was diffusion controlled release, while the 
release of OHP from MP-OHP satisfied non-Fickian diffusion transport and the release was 
based on diffusion and swelling. Further cytotoxicity studies of MP-OHP were performed in 
cancer cell lines e.g., MIA-PA-GA-2 and HT-29. Notably, the MP-OHP showed 39.7 % 
reduction in the growth of MIA-PA-GA-2 (pancreas) cancer cells at a concentration of 5 
mg/mL of the nanomaterial. Such reduction of growth matched with the 50 (g/mL of pure 
OHP. From this result, it was concluded that MP-OHP magnetic nanomaterial system could 
be potentially effective as anticancer therapy in pancreas. 
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Nanomaterial based drug delivery system has drawn significant scientific attention 
due to its ease in transportation through biological barriers. Primarily, nanomaterials of 
different types of biodegradable polymers have been evaluated by different research groups 
across the globe, but development of polysaccharide based namomaterials have been of 
prime interest as most of these materials are proven to be excellent bulk matrix for 
conventional drug formulation. In this study we have chosen pectin as the polysaccharide for 
developing its nanomaterial for targeted drug delivery. Notably, pectin nanomaterials were 
developed prior to the start of this project which exhibited successful loading of insulin 
(discussed in Chapter 2). But these materials lack targeting ability. So we started developing 

a novel hybrid nanomaterial where magnetic nanoparticles were encapsulated in pectin and 
loaded drug in it, for fabricating of magnetic responsive nanomaterials for potential targeted 

drug delivery. 
The magnetic nanoparticles were synthesized as Fe304 (magnetite) by co-

precipitation method and were characterized by XRD, 57Fe Mossbauer spectroscopy. The 

synthesized MNPs were highly stable as evident from high zeta potential (— 41.2 mV). The 
room temperature Mossbauer spectrum of the as synthesized magnetite showed highly 
relaxed sextet signature owing to superparamagnetism, which was due to particles of sizes 
less than 20 nm. The magnetite phase was confirmed from the low temperature Mossbauer 

studies (at 5 K) in the presence of an external field of 5 Tesla, which exhibited two sextets. 
corresponding to tetrahedral Fe3+  site and octahedral Fee+i3+  site. The oxidation states of iron 

were corroborated from the isomer shift, while the cubic structure of magnetite phase was 
reflected from low quadrupole splitting measured for 5 K and 5 T conditions. The intrinsic 
magnetic field (Bhf) was found to be 59.0 T corresponding to tetrahedral sites and 50.77 T 
corresponding to octrahedral sites of magnetite at 5 K and 5 T. The shapes and sizes of the 
as synthesized magnetite nanoparticles (MNPs) were determined from scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). The TEM studies showed 
particles of 2 — 8 nm sizes, which supported the superparamagnetic behavior exhibited 
(corroborated) by Mossbauer spectroscopy. The magnetic properties of the MNPs were 
further determined from SQUID measurements. The saturation magnetization of the MIVPs 

was found to be 53.9 emu/g. 
These MNPs were encapsulated in pectin. The pectin was cross linked with Cat , 

Mgr', Mn2+  and Zn2+  ions out of which cross linking with Cat+  showed excellent results and 

the method of cross . linking with Cat+  ions was continued for further studies. The 
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nanomaterials _comprising MNPs encapsulated with calcium pectinate is abbreviated as MP. 
The magnetite phase in the MP was confirmed from XRD and 57Fe Mossbauer spectroscopy. 
The synthesized MPs were spherical in shape with sizes ranging mostly between 100-150 
nm in dry condition as evidenced by TEM and SEM. The DLS measurement of 
representative MP-0.4 nanomaterials showed unimodal size distribution, signifying that the 
method of synthesizing MPs offered a good control over the size of these nanomaterials. 
However, the average size of MPs in aqueous solution at pH- 4 was about 300 - 400 nm 

which was due to the swelling of the pectin. The stability of MNPs was confirmed from its 
zeta potential measurement. The coating of the as-synthesized MVPs with pectin and 

formation of MNP-pectin interface was proposed on the basis of their electrostatic 
interaction at pH- 4, as supported from their respective zeta potentials. Eventually, the MP 
nanomaterials were achieved by cross linking the carboxylic group of the pectin with Cat}  

ions to form rigid calcium pectinate structure at the periphery of MP. This was confirmed 

from reduction of zeta potential of pectin attributed to shielding of its higher charge density 

by Cat . The formation of MP nanomaterials was further corroborated by FT-IR, TGA, XPS 
and its dissolution in SGF. According to our proposed mechanism, most of the MNPs were 
completely encapsulated within the MP nanomaterials. This was verified from the 

measurement of total Fe content (43.3 ± 2.1 %) in MP-0.4 by instrumental neutron 

activation analysis, which corresponded to 59.6 ± 2.9 % of MNPs in MP-0.4.. Further, 

dissolution study of MP-0.4 in SGF revealed negligible loss of Fe (1.9%) from the MP-0.4 
which correlated well with the surface Fe composition as measured by XPS. The 
superparamagnetic nature of the MP-0.4 was confirmed by measuring ZFC-FC profile at an 
applied field of 200 Oe whose blocking temperature was found to be 93.3 K. Its saturated 

magnetization was 46.21 emu/g measured at an applied field of 2.5 T, which was lower than 

that of as-synthesized MNPs (53.9 emu/g at 2.5 T) and it decreased with increasing 

concentration of the precursor pectin. This property was explained on the basis of magnetic 
quenching phenomena due to the formation of magnetic dead layer by pectin at the domain 
boundary wall of the MNPs which restricted its motion to orient the magnetic moments 
during externally applied magnetic field. Further, the as synthesized system was found to be 
reasonably stable over a time of 6 months as supported from XRD, Mossbauer studies of the 

aged samples. 
The fabricated nanomaterial of magnetite encapsulated by calcium pectinate was 

studied for its loading of diclofenac sodium (DS), 5-fluorouracil (5-FU) and oxaliplatin 
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(OHP). The drug loaded nanomaterials were characterized by array of techniques. They 
were mainly spherical shaped of about 100 — 150 urn in dried condition as corroborated from 
SEM and TEM studies. The encapsulated iron oxide phase was magnetite as confirmed from 
XRD and 57Fe Mossbauer spectroscopy. The loading of the drugs were indicated from the 
weight loss studies by thermogravimetry analysis and FT-IR spectroscopy. In the case of 
diclofenac sodium loaded in magnetic calcium pectinate (MP-DS), The drug loading 

efficiency was 60.6 ± 1:1 % for the batch synthesized using .0.4 % pectin and the 

corresponding drug loading content was only 28.9 ± 1.2 (wt %). 

The in vitro release of the drug from MP-DS nanomaterials was studied in simulated 
gastrointestinal fluid by sequentially treating the drug loaded nanomaterials in simulated 
gastric fluid (SGF) containing pepsin for 2 h, followed by treating with simulated intestinal 
fluid (SIF) containing pancreatin for 3 h and then in simulated colonic fluid (SCF) 
containing pectinase for remaining of the 48 h, in sink conditions. A time dependent % 
cumulative drug release was observed which indicated_ sustained release properties of the 
drug from MP-DS system. The drug release in the SGF was insignificant which was due to 
poor solubility of the DS in acidic conditions. In SIF, about 88 % of the drug was released 

from MP-DS nanomaterials. Such rapid release was attributed to swelling of calcium 

pectinate. Since the solubility of the drug was high at pH 6.8, so the swelling effect of pectin 

facilitated the diffusion of the drug from the nanomaterials. The remaining of the drug was 
released in the SCF. On the other hand, the release of the drug DS from MP-DS in 

phosphate buffer solution was more sustained, as 88 % of the drug was released in 8 h. The 
drug release profile was modeled using Korsemayer - Peppas equation, where the the 
transport of solute, i.e., drug was non-Fickian type and was found to be swelling controlled. 
It was interesting to note that when pectin was mixed with chitosan, the loading efficiency of 
the drug DS increased appreciably (above 99 %), and the drug loading content in the 
polymeric nanomaterial was 46 — 50 % which of course was dependent on the initial 
concentration of the drug used. Such a nanomaterial was referred to as magnetite 
nanoparticle encapsulated in pectin reinforced with chitosan (MPCh). Notably, the chitosan 

concentration was only 0.025 % as compared to 0.4 % pectin. The fabricated drug loaded 
nanomaterials were spherical shaped of 100 — 150 nm and exhibited superparamagnetism 

with saturation magnetization of 36.63 emu/g and 34.40 emu/g respectively for 0.01 and 

0.05 M -concentration of drug used for loading. The release profile of the drug in simulated 

gastrointestinal fluid corresponded to sustain release of drug from MPCh nanomaterials. The 

211 



Summary 

release was negligible in SGF while about 70 % of the drug was released in SIF for 3 h and 
the remaining 30 % of the drug was released in SCF over a period of 60 h. A better 
sustained release was noted in phosphate buffer solution. The drug release profile was fitted 
with Korsemayer - Peppas equation, which satisfied swelling controlled non-Fickian 

transport condition. 
It was evident that the sustained release of DS in simulated gastrointestinal fluid was 

better for pectin-reinforced with chitosan system, while the sustained release of DS in 
phosphate buffer was similar for MP-DS and MPCh-DS systems_ The magnetic properties 
were also similar for both types of nanomaterials. However, the drug loading in MPCh 
nanomaterials was more, due to which MPCh-DS nanomaterials were considered to be more 

suitable for magnetically targeted drug delivery system. 
The loading of 5-FU in magnetite-calcium pectinate nanomaterials was studied for 

developing potential targeted drug delivery for cancer therapy. The loading of 5-FU in 
calcium pectinate coated magnetite nanomaterials was low (— 10.0 % by wt), which was 
attributed to poor mixing of the drug with pectin by magnetic stirring. Notably, the mixing 
of pectin with 5-FU by magnetic stirring was carried out for 24 h. In contrast, it was found 
that probe sonication for 1 h led to two fold higher drug loading efficiency as well as drug 
loading content. The drug loading efficiency was about 33 % and the drug loading content in 
the MP-5FU was 18.15 %. The enhanced drug loading efficiency and drug loading content 

was attributable to better  mixing by probe sonication. The MP-5FU exhibited 
superparamagnetism with reasonably large saturation magnetization (43.15 emu/g) and thus 

could be referred to as magnetic nanomaterials for drug delivery. 

The in vitro release of 5-FU from MP-5FU nanomaterials were studied in simulated 

.gastrointestinal fluid and in phosphate buffer solution. The time dependent % cumulative 
release of drug was observed where the release in SGF was 11.78 % of the loaded drug. 
Higher release of 5-FU in SGF than that of DS was due to higher solubility of 5-FU in acidic 
condition. About 50 % of the loaded drug was released in SIF for 3h followed by the 
remaining 35 % release in SCF. Higher release in SIF and SCF was attributed to pH effect. 
In addition to that the enzyme pectinase in SCF could also contribute to the release of the 
drug by polymeric degradation. The in-vitro release of 5-FU in phosphate buffer also . 

showed a time dependent sustained release. The released drug in phosphate buffer solution 
at pH 7.4 was modeled using Korsemayer - Peppas equation, which satisfied swelling 

controlled non-Fickian transport condition. 
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The cytotoxicity studies of the novel fabricated MP-5FU nanomaterial was studied 
by measuring cell viability of concentration dependent MP-5FU nanomaterials in different 
cancer cell lines namely, HT-29, HEPG2 and MIA-PA-CA-2 cancer cell lines. The G150 of 
MP-5FU was more than 5 mg/mL in HT-29 and HEPG2, while it was 3.7 mg/mL in MIA-
PA-CA-2 cancer cell line. Compared to the equivalent concentration of pure drug 

(800µg/mL), the corresponding cytotoxicity of 5 mg/mL of MP-5FU was less, indicating 

sustained release phenomenon of the drug from the nanomaterial. Thus it was concluded that 
the nanomaterials of MP-5FU was fabricated successfully which exhibited sustained release 
and was effective in antiproliferative action in cancer cells. 

The loading of oxaliplatin, a third generation platinum based anticancer drug, in 

magnetite nanoparticles coated with calcium pectinate and magnetite nanoparticles coated 
with pectinate reinforced with chitosan were studied. The drug loading efficiencies in MP 
and MPCh systems were 55.20 ± 1.23 % and 50.92 ± 1.52 % respectively. However, the 
drug loading content was very small (—1 %) as the starting drug concentration was less. The 
morpholopgy and magnetic properties of these drug loaded nanomaterials were quite similar 

to those discussed for MP-5FU and other systems. But the in vitro drug release was different 

from the earlier cases. Burst release was observed for from MPCh system at pH 5.5, while 
the release of OHP from MP-OHP system showed better sustained release both at pH 5.5 
and at pH 7.4. Contrastingly, the OHP released from MPCh-OHP fitted with Korsemeyer-

Peppas equation satisfied Fickian transport and was diffusion controlled release which that 
for MP-OHP the release of OHP was non- Fickian and was diffusion and swelling 
controlled_ The cytotoxicity studies of MP-OHP were performed in cancer cell lines e.g., 
MIA-PA-GA-2 and HT-29. Notably, the MP-OHP showed 39.7 % reduction in the growth 

of MIA-PA-GA-2 (pancreas) cancer cells at a concentration of 5 mg/mL of the 

nanomaterial. Such reduction of growth matched with the 50 pg/mL of pure OHP. From this 

result, it was concluded that MP-OHP magnetic nanomaterial system could be potentially 

effective for anticancer therapy in pancreas. 
From this extensive study, we have shown the possibility of fabricating magnetic 

polymeric nanomaterials suitable for drug loading, especially for cancer therapy. The 
incorporation of magnetic materials in the nanomaterials has provided an additional as well 
as important functionality for targeted drug delivery. It may be assumed that the drug 
delivered by intravenous mode may be guided to the tumour site and due to its reduced .size 

it would be expected to exhibit enhanced penetration rate (EPR effect) for improved therapy. 
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FUTURE SCOPE OF THE WORK 
There is a scope for improving drug loading efficiency of 5-FU. The polymer could 

be modified to achieve better loading. In addition, attention needs to be paid for better 

loading of OHP in such polysaccharide based nanomaterials. The release was very rapid 

which could to be controlled for better efficacy against cancer therapy. Furthermore, these 

drug loaded. nanomaterials could be tested in animal model for a better understanding of 

release of the loaded drug and their effects in the in vivo conditions. 
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APPENDIX I 

The drug loaded NPs were placed in a dialysis bag, along with the 5 mL of buffer 

containing simulated gastric fluid at pH 1.2 mixed with pepsin enzyme. The dialysis bag 

was then immersed in a buffer solution maintained at similar condition but without the 

enzyme. After 2 h release studies in SGF, the medium was withdrawn from the dialysis bag 

and replaced by simulated intestinal fluid at pH 6.8 and pancreatin enzyme. The dialysis bag 

containing the above mixture was then immersed in a medium at pH 6.8 and the release 

study was monitored for 3 h. Similarly the release study was conducted in simulated colonic 

fluid at pH 5.5 for 48 h. 



APPENDIX II 

The differential thermal analysis (DTA) of the pure drug (DS) did not match with 

those of the drug. in MP-DS. The DTA of pure drug (DS) reflected a major exothermic event 

at 650 °C, which was associated with heat release of 2.53 J/mg (Chapter 3 p 98, Fig. 3.11 b) 

and corresponded to a weight loss due to thermal degradation of the material (Chapter 3 p-

97, Fig. 3.l la). However in the case of MP-DS batch, the exothermic event was recorded at 

395 °C, and the measured heat release was 1.69 J/mg (Chapter 3 p 98, Fig. 3.l lb). Such a 

shift of thermal event towards the lower temperature could be due to the increase in thermal 

conductivity of materials attributed to phonon properties in nanomaterials of sizes less than 

100 nm (Ju 2005; Nika et al. 2009). In addition, the presence of MNPs with large heat 

capacity (Cornell and Schwertmann 2003) could stimulate thermal wave propagation to the 

encapsulated drug in MP-DS nanostructure, resulting in degradation of drug at lower 

temperature. This phenomenon would be more relevant if the drug DS interacts with the 

MNPs. Such interaction was favourable in MP-DS as the measured zeta potentials of DS-

and MNPs at working pH —4 were —110.0 f 3.0 mV and +17.4 f 1.4 mV (Chapter 3, p 98, 

Table 3.2) respectively and favored electrostatic interaction. Furthermore, the lack of 

thermal signatures of the drug corresponding to its bulk property in the thermal analysis of 

MP-DS also confirmed that there was no drug content on the periphery of the nanostructured 

MP-DS and all the drug content in it was mostly encapsulated in the MP-DS nanostructure. 
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