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Abstract 

My thesis entitled “Fabrication and evaluation of chemically modified chitosan and silk 

fibroin derived nanomaterials for anti-cancer agents” is compiled into seven chapters, 

which comprises the introduction, review of literature, experimental findings during my 

Ph.D. tenure, a summary of the work and future prospects. 

Chapter 1 presents a brief introduction to the design and development of anti-cancer drug 

delivery systems based on biopolymers and their modified materials. It also showcases a brief 

review of biopolymer derived structures, including covalently conjugated systems, 

nanoparticles, and microparticles.  

Chapter 2 presents the development of a photocleavable nanocarrier system where 5-

fluorouracil (5-FU) is covalently conjugated to low molecular weight chitosan (LMWC) via a 

photocleavable linker. The conjugate was designed to be cleaved explicitly under UV-A 

radiations of wavelength 365 nm and release the drug in a dose-dependent manner. The 

conjugate was found to form hydrogel and organogel. The modified biopolymer was also 

fabricated into nanoparticles by ionic gelation technique for better cell penetration. The drug 

release study from the nanoparticles was done by irradiating it under a light of wavelength 

365 nm.  

Chapter 3 presents a method for antiproliferation of the cancer cells using a combination of 

5-fluorocytosine (5-FC) loaded silver nanoparticles (AgNPs) prodrug and a non-mammalian 

enzyme Cytosine Deaminase (CD). 5-FC and 5-FU loaded AgNPs were synthesized using a 

green synthesis protocol using LMWC as the reducing and the stabilizing agent, and 

nanoparticles with size less than 25 nm were formed. CD activity study showed, it effectively 

hydrolyzes prodrug 5-FC in 5-FC loaded nanoparticles into 5-FU (active drug) but was inert 

to blank nanoparticles and 5-FU loaded nanoparticles, thus proving its efficiency and 

specificity. The investigation in MDA-MB-468 cell lines manifested potent cytotoxicity for 

5-FU nanoparticles compared to the 5-FC loaded nanoparticles without CD, thus showing the 

prodrug nature of 5-FC loaded nanoparticles.  

Chapter 4 presents the synthesis of gold nanoparticles using LMWC, loaded with a model 

anti-cancer drug, doxorubicin (DOX), which was further coated with folic acid (FA) and 

fluorescein (FL) conjugated silk fibroin (SF). The SF coating helps in the sustained release of 

the drug and provides a binding domain for FA attachment to facilitate cell-targeting. The 

drug release from both the coated and uncoated nanoparticles was studied, where the coated 

one showed slow and sustained release compared to the uncoated ones. The cytotoxicity of 

coated nanoparticles in HeLa cell lines showed a maximum dose-dependent decrease in cell 
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viability than the uncoated ones. The cellular uptake of coated and uncoated nanoparticles, as 

studied by confocal microscopy, showed increased uptake efficacy of the coated 

nanoparticles by the cells.  

Chapter 5 presents the formulation of microparticles/beads from the synthesized DOX 

loaded gold nanoparticles in the previous chapter. Here, the beads were coated with FL 

coated SF for sustained drug release. The beads were synthesized by the ionic gelation 

technique using TPP, as the cross-linking agent. The drug release study from the coated beads 

showed slow and sustained release compared to the uncoated ones.  

Chapter 6 presents the synthesis of biotin conjugated LMWC-SF based carbon dots (CS-

dots) for targeted delivery of anti-cancer drugs and cell imaging. 5-FU is loaded to the 

conjugate as the model anti-cancer drug. LMWC and SF based Cdots possess a large number 

of free amino groups that can be utilized for functionalizations. The LMWC-SF mixture 

based Cdots were 3±1.5 nm sized and showed increased fluorescence intensity and relative 

quantum yield compared to the pure LMWC and SF based Cdots. Biotin covalently 

conjugated to the free amino group of Cdots can provide target specificity to the nanocarrier.     

Chapter 7 consists of the summary and the future prospects of the thesis work. 
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1.1.  Cancer, anti-cancer agents and their mechanism 

Cancer is a collection of diseases that is caused by the uncontrolled division of abnormal cells 

that can develop in any part of the body and possess the ability to spread to other parts. The 

normal cells divide in an orderly and controlled manner, and once they are worn out or 

damaged, they die and are replaced by new healthy cells. But in cancer, this process breaks 

down, and unhealthy cells start growing in an uncontrolled manner making new unhealthy 

cells that take over the normal cells. Benign is the type of non-cancerous tumor, while 

malignant are the cancerous tumors that have the potential to grow and spread by the process 

called metastasis. The cell division in normal and cancer cells is shown in Figure 1.1. 

 

Figure 1.1 Cell division in normal and cancer cells. 

Altogether, there are more than 200 different types of cancers, and the type of cancer is 

designated by the body part in which it originates. The type includes carcinoma (originate in 

the epithelial cells), sarcoma (originate from connective tissue), lymphoma and leukemia 

(originate from blood-making cells), germ cell tumor (derived from pluripotent cells of the 

testicle or the ovary), and blastoma (derived from embryonic tissue)1.  

Many factors can cause cancer, though most of them are still unknown. The most common 

causes are chemical carcinogens, biological carcinogens, and physical carcinogens. Many 
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other factors, such as hereditary, obesity, old age, are also responsible for causing cancers. 

The most common technique of cancer treatment includes surgery, chemotherapy, and 

radiation therapy. Surgery is generally done in earlier stages, while chemotherapy is useful 

for killing the spread cancer cells or retarding their growth. Radiation therapy is used to kill 

or slow down the growth of cancer cells, but it is generally given along with chemotherapy or 

surgery. Some other less used treatments are immunotherapy, hormone therapy, stem cell 

transplant, cryoablation, bone marrow transplant, etc. Even after the following treatments, the 

main target is to get rid of all the cancer cells from the body as even if a few of them remain, 

they can multiply again to produce a regeneration of the disease.  

National Cancer Institute has listed more than 200 types of anti-cancer agents. The most well-

known of them is 5-fluorouracil (5-FU), cyclophosphamide, doxorubicin (DOX), epirubicin, 

camptothecin, and paclitaxel (PTX). Their structures are shown in Figure 1.2. The anti-

cancer agents can be broadly classified, as shown in Table 1.1.  

 

Figure 1.2 Chemical structures of some important anti-cancer agents. 
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Table 1.1 Classification of anti-cancer agents.  

Type Description Example 

Alkylating agents Adds an alkyl group to guanine 

preventing linking of DNA helix.   

Melphalan, 

Cyclophosphamide, 

Chlorambucil, Uramustine.  

 

Plant alkaloids  Inhibits the polymerization of β-

tubulin into microtubules, stopping 

spindle formation in cell division. 

Paclitaxel, Docetaxel,  

Tenisopide. 

 

Antitumor-

antibiotics 

Inhibit DNA replication by various 

means.  

Doxorubicin, Daunorubicin, 

Mitomycin, Bleomycin.  

 

Antimetabolites 

 

Inhibits cells normal metabolic 

function by incorporation of 

chemically changed nucleotides or 

by reducing the deoxynucleotides 

supply.  

5-fluorouracil,6-

Mercaptopurine, Gemcitabine, 

Floxuridine.  

 

 

Topoisomerase 

Inhibitors I and II                                     

Blocks the action of 

topoisomerase(topoisomerase I and 

II), enzyme responsible for 

controlling the changes in DNA  

Camptothecin, Diflomotecan, 

Doxorubicin, Daunorubicin.  

 

 

Here, we have discussed some of the important anti-cancer agents and their mechanism of 

action inside the cell.  

5-fluorouracil  

It is an antimetabolite chemotherapeutic drug, an analog of uracil, substituting hydrogen with 

a fluorine atom at the C-5 position. It has shown promising effects in the treatment of various 

types of cancers such as colorectal cancer2, skin cancer3, stomach cancer4, breast cancer2, 

pancreatic cancer5, to name a few. The mechanism of action of 5-FU is shown in Figure 1.3. 

In the cell, 5-FU gets converted to active metabolites: fluorodeoxyuridine monophosphate 

(FdUMP), fluorodeoxyuridine triphosphate (FdUTP), and fluorouridine triphosphate (FUTP), 
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which are responsible for its cytotoxic nature2. During DNA synthesis, deoxyuridine 

monophosphate (dUMP) gets transformed to deoxythymidine monophosphate (dTMP) by the 

transfer of methyl group, facilitated by 5,10-methylene tetrahydrofolate (CH2THF) and 

catalyzed by Thymidylate Synthase (TS). 5-FU acts a competitive substrate for TS which 

inhibits the synthesis of dTMP and thereby stopping the synthesis of DNA in affected cells.  

 

Figure 1.3 Mechanism of action of 5-FU inside a cell. 

Doxorubicin  

DOX is an anthracycline antibiotic chemotherapeutic drug. It’s been used for treating 

different types of cancers like breast cancer6, lung cancer7, ovarian  cancer8, etc. There are 

several mechanisms of action that have been proposed for DOX, which includes (a) 

intercalation between DNA nucleotides; (b) inhibition of topoisomerase II enzyme by 

stabilizing it after it has broken DNA for replication, thus stopping resealing of DNA double 

helix and replication; (c) producing quinone type damaging free radicals, thus interrupting 

DNA replication and transcription leading to cell death9–12.  

5-fluorocytosine as a prodrug 

5-FC is a fluoropyrimidine that is primarily used as an antifungal medicine to treat systemic 

mycoses and fungal infections that affect internal organs. But with the action of an enzyme, 
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cytosine deaminase, it gets hydrolyzed to 5-FU. It has been widely used as an enzyme-

prodrug system for suicidal gene therapy for the treatment of cancer. CD is exclusively 

expressed only in certain types of fungi and bacteria and is absent in mammalian cells, and it 

encodes a protein that catalyzes the deamination of 5-FC to 5-FU. Thus, 5-FC acts as a 

prodrug that gets converted to 5-FU, an active antitumor agent upon the action of the gene, 

and causes cell death13. 

1.2.  Drug delivery systems  

A drug requires a suitable drug delivery system (DDS) for its safe, selective, and efficient 

administration into the cell for enhancing its bioavailability, target specificity, and cellular 

uptake. Designing a DDS requires careful observation and analysis in the following matters: 

type of drug, selecting drug carrier, designing the mechanism and kinetics of drug release, 

and finally, the drug administration pathway. A drug carrier carries the drug into the site of 

action and primarily controls its release into the systemic circulation. A carrier is also highly 

responsible for the pharmacodynamics and pharmacokinetics of the drug.  

 

Figure 1.4 Various types of drug carriers used for chemotherapeutic drug administration. 
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Drugs are attached to the carriers in various ways like adsorption, encapsulation, covalent 

attachment, etc. Different types of drug carriers like polymers14, microparticles15,16, 

nanoparticles17,18, peptides19,20, liposomes21, dendrimers22, surfactants23, etc., have been 

employed for the delivery of anti-cancer agents and are depicted in Figure 1.4. Among 

which, biopolymers have gained wide attention because of their extraordinary properties.  

1.2.1.  Biopolymers for chemotherapeutic drug delivery 

Biopolymers such as proteins/peptides, carbohydrates, and their chemical modifications are 

very attractive as drug-delivery cargo, as many of them exhibit very low cytotoxicity in living 

cells. Such biopolymers also possess versatile functional groups and tunable physical 

properties. They are often found to be biodegradable as well, which can break down into 

natural by-products such as water, gases (CO2, N2), biomass, and inorganic salts, under the 

action of microorganisms and/or enzymes. Since they have less or no detrimental effect on 

the environment, they are in high demand to minimize the usage of non-renewable resources 

and synthetic materials that have an adverse environmental impact. The degradation may take 

hours, days, or even a few years, depending upon the polymer's molecular architecture. The 

use of naturally occurring biodegradable polymer dates back to almost 100 AD when catgut 

sutures were prepared using sheep intestine’s collagen. Naturally available biodegradable 

polymers are mostly available in abundance, cost-effective, biocompatible, non-toxic, and 

environment friendly24. 

Most of the biodegradable polymers consist of amide, hydroxyl, ether, and ester functional 

groups. Based on structure and synthesis, they are classified into two broad groups, as shown 

in the chart in Figure 1.5. 
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Figure 1.5 Classification of biodegradable polymers.   

The agro-polymers are obtained from biomass and consist of polysaccharides like starch, 

chitin, pectin, etc., which contains glycosidic bonds; and proteins like corn protein, wheat 

gluten, casein, etc. which are made of amino acids. The biopolyesters are derived from 

microorganisms or synthetically prepared from natural and synthetic monomers. Some of the 

examples of biopolyester are poly (lactic acid) (PLA), poly (hydroxyalkanoates) (PHA), Poly 

(hydroxybutyrate) (PHB), and Poly (lactic-co-glycolic acid) (PLGA).  

The use of biopolymers in drug delivery field has proved to be an effective and successful 

approach. Some of the most widely used biopolymers in drug delivery field are chitosan, silk 

fibroin (SF), gelatin, PLA, PLGA, hyaluronic acid, poly(L-lysine), poly(malic acid), 

poly(glutamic acid) (PGA), and poly(aspartame). They are used as it is or in various forms 

like nanoparticles, microparticles, and hydrogel.  

We have used two types of biopolymers in our research, i.e., chitosan and silk fibroin. 

Therefore, we will be mainly focusing our further discussion on cancer drug delivery systems 

using biopolymers, especially chitosan and silk fibroin.   

1.2.2.  Chitosan and its chemical modification as drug delivery cargo  

Among the natural polymers, polysaccharides have gained much attention nowadays due to 

their remarkable physical and biological properties. Chitosan is a natural linear 

bioaminopolysaccharide consisting of randomly distributed β-(1→4)-linked D-glucosamine 

Biodegradable 
polymers

Agro-polymers

Polysaccharides

Proteins

Biopolyesters

Synthetic 

Microorganism
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(deacetylated unit) and N-acetyl-D-glucosamine (acetylated unit). It is prepared by alkaline 

deacetylation of chitin, which is the second most abundant polymer after cellulose. Chitin is a 

specific component found in the cell walls of fungi, exoskeletons of insects and arthropods, 

beaks and internal shells of cephalopods, radulae of molluscs, and other soft tissues of fish as 

ordered crystalline microfibrils. Chitin is converted to chitosan to enhance its solubility, 

degradation and impart functionalization. The conversion can be done by chemical and 

enzymatic processes. Chemical deacetylation of chitin is done by the treatment of chitin with 

sodium hydroxide (NaOH) solution at elevated temperature, as shown in the reaction in 

Figure 1.6. The effect of various parameters, such as reaction times, NaOH concentration, 

and temperature, affect the degree of deacetylation (DDA) of the formed chitosan.   

 

Figure 1.6 Deacetylation of chitin to chitosan.  

The reaction of chitosan is significantly more versatile than cellulose and chitin because of 

the free amine and hydroxyl group in its backbone. Its properties can be played around by 

various chemical modifications leading to a wide range of derivatives.  One of the major 

limiting factors of chitosan is its poor solubility as it is a weak base and is insoluble in water 

as well as in organic solvents. However, it is highly soluble in dilute aqueous acidic solution 

(pH<6.5) such as 1 v/v% of acetic acid, formic acid, hydrochloric acid, etc. converts the 

glucosamine units of chitosan into a miscible form R-NH3
+.  

Chitosan acquires wide applications in the biomedical field for its exceptional properties like 

excellent biocompatibility, non-toxicity, biodegradability, and the ability to get chemically 

modified by various functionalization because of the existence of free amino and hydroxyl 
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group in its backbone25,26.  Moreover, it can be very easily formulated into hydrogels27,28, 

nanoparticles29–33, microparticles (beads)34,35, films36–41, nanofibres42,43, and cross-linked 

compound44–46. It can also be used as the reducing agent for synthesizing various metal 

nanoparticles26,47–50 and as a coating material51,52.  

1.2.3.  Silk fibroin as a highly versatile biomaterial 

SF is a protein that is one of the two components of raw silk, i.e., SF and sericin.  The latter is 

the gummy part, which coats two singular filaments of the former. Silk is produced by larvae, 

hymenoptera, flies, beetles, arachnids, arthropods, and various other insects, but the best 

known SF is acquired from the cocoons of the mulberry silkworm Bombyx mori which is 

raised in sericulture53,54.SF derived from Bombyx mori has shown various notable 

applications due to its high biocompatibility, tailorable degradation profile, ease in chemical 

modifications, aqueous processability, abundant availability, and excellent mechanical 

properties upon material fabrications55–57. It has an amino acid sequence dominated by 

repetitive Gly-Ala-Gly-Ala-Gly-Ser, as shown in Figure 1.7,  with significant quantities of 

other amino acids such as aspartic acid, threonine, tyrosine, and glutamic acid, which are 

used for various modifications56. It has been used as sutures58, in drug delivery59, as coating 

materials60, and in tissue engineering61 for bones62,63, cartilages64,65, ligaments66, skin67,68, 

neural69,70, etc.  

 

Figure 1.7 Structure of silk fibroin backbone 
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1.3.  Controlled drug delivery systems  

Before 1950, all types of drugs were delivered inside the body by formulating into pills and 

capsules, which releases the drug as it comes in contact with water. This technique does not 

offer any control over drug-releasing kinetics. By 1952, Smith Klein Beecham introduced the 

concept of a controlled drug delivery system in the form of a sustained drug-releasing 

formulation that can control the drug release kinetics and attain 12-hour efficacy71.  

It has been observed that despite the development of a large number of active therapeutic 

agents, only a few of them have been clinically successful. The poor activity of a drug inside 

the body is mostly due to its low bioavailability and the rate at which the drug is 

administered. This also results in improper drug dosage leading to various severe side effects. 

Controlled drug delivery is a technique that is designed in such a way that the drug is 

delivered into the site of interest in a controlled and pre-determined manner by maintaining a 

persistent concentration of the drug for a specified period, thereby regulating the bio-

availability and minimizing side-effects of the drug28. Depending upon the type of carrier, 

formulation, and application of the delivery, delivery time may vary from a few hours to even 

years.  

In controlled drug delivery systems, some external environment or stimuli control the kinetics 

of drug release. At least one of the carrier's parts responds to external physical stimuli like 

temperature, ultrasound, light, magnetic and electrical fields, or chemical stimuli like pH, 

redox potential, ionic strength, and chemical agents.  

Various polymeric materials have been used as the stimuli response drug carriers. For 

example, many pH-responsive systems using polymer-based nanoparticles72–74, micelles75, 

hydrogels76, and polymer-drug conjugates77; photoresponsive systems using copolymer78 and 

nanocarrier79; ultrasound responsive systems using polymeric nanobubbles80, microbubble81, 

nanoparticles82 and micelle83 has been reported.  
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1.4.  Targeted drug delivery systems 

Most of the anti-cancer drug shows reduced efficacy due to the non-specificity of the drug 

toward cancer cells. Thus, a huge portion of the administered drug gets released into the 

normal cells, thereby decreasing the drug's bioavailability in the cancer cells and increasing 

side effects due to normal cell damage84. Cancer targeted drug delivery is a technique that 

specifically targets the cancer cells, sparing the healthy cells22. For designing cancer targeted 

drug delivery system, the difference in cellular micro-environment and cancer/normal cell 

composition like expression of surface receptors, the specific location of the diseased cells, 

etc., are studied.  

The targeted delivery of drug can be attained by two modes of targeting: passive and active. 

Passive mode deals with the modification of the physical and chemical properties of the 

system to increase its circulation time inside the body and eventually combines with the 

tumor cells. For example, modification of the drug carriers with poly(ethylene glycol) (PEG) 

and poly(ethylene oxide) (PEO) improves drug solubility, circulation time and improvise 

specific cell targeting by better permeability and retention effect85. However, active targeting 

deals with employing cell-targeting moieties for site-specific delivery of anti-cancer drugs. 

So, a basic active targeting system consists of a targeting moiety, drug, and a carrier. The 

drugs and targeting moieties are attached to the carriers by various means like adsorption, 

encapsulation, and covalent attachment. The cell-targeting moiety is selected in such a way 

that it targets those receptors which are either overexpressed or exclusively present in the 

cancer cells. Various types of cell-targeting moieties like peptides, ligands, monoclonal 

antibodies, aptamer have been used. A schematic representation of typical targeted drug 

delivery systems is shown in Figure 1.8.  
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Figure 1.8 Schematic representations of targeted drug delivery systems    

Various types of peptides have been found useful for cancer targeting, like Arginine-Glycine-

Aspartic acid (RGD), which recognizes integrin, which is overexpressed in the cancer cells. It 

has been used along with nanoparticles86,liposomes87, etc. Antibodies are species that target 

antigens that are specifically present on affected cell membranes. Antigen-antibody 

interaction is a very specific chemical interaction as an antibody binds only to a particular 

antigen. Similarly, an aptamer is a single-stranded oligonucleotide that specifically 

recognizes their targets and binds with high affinity. Cell targeting aptamer can be produced 

by cell-SELEX (systematic evolution of ligands by exponential enrichment) process88. 

Ligands like folic acid (FA) and biotin have also been employed as cancer cell targeting 

moieties. Folate receptors are over-expressed in numerous kinds of cancer cells such as 

ovarian, breast, kidney, cervical, colorectal, lung, and brain tumors, which rapidly bind to FA 

and triggers cellular uptake via endocytosis89. Similarly, biotin receptors are even more 

overexpressed than folate receptors in some cancer cells like leukemia, ovarian, colon, 

mastocytoma, lung, renal, and breast90.  

1.5.  Modifications of biopolymers for anti-cancer agents 

Although numerous types of biopolymers are available, many of them lack significant 

physicochemical and biological properties, thus restraining them from using as an effective 
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drug delivery tool. For achieving the desirable properties, the development of a new polymer 

is a very tedious, expensive, and time-consuming process. However, modifying an existing 

polymer is the best way to overcome specific limitations and impart new physical, chemical, 

mechanical, and biological properties required for a particular application.  

Various factors affect the selection of the parent polymers, their modifications, and 

optimization for effective drug delivery to get the required properties and architecture. Some 

of the factors are listed in Table 1.291. 

Table 1.2 Factor determining the selection and modification of polymers for drug delivery 

application. 

Polymer 

properties 

Formulation Delivery Paths  Delivery 

Techniques 

 

 

Drug 

properties 

Degradation profile Hydrogels Oral  Targeted   Stability 

Solubility Nanoparticles Intravenous  Controlled  Compatibility  

Hydrophilicity Microparticles Intradermal    Solubility 

Ionic nature 

Chemical 

Composition 

Films 

Scaffolds 

Fibers 

Liposomes 

Micelles 

Subcutaneous, 

Ocular 

   Dosage 

 

The type of polymer modification done for drug delivery is broadly classified into two kinds:  

(a) Physical modifications: blending and composite formation. 

(b) Chemical modifications: copolymerization and surface functionalization 

The techniques have been briefly discussed below, with some examples using biopolymers.   
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1.5.1.  Biopolymer blends   

Polymer blending is a technique by which more than one polymer is physically mixed to 

produce a new material with different physical properties. Various biopolymer blends using 

chitosan, PEG, PLGA, starch, silk fibroin, etc., have been developed and employed for anti-

cancer agents. Chitosan/PEG-coated PLGA nanoparticles have been used for delivering 

curcumin92 and paclitaxel93. This formulation could easily encapsulate hydrophobic drugs 

and increase blood circulation time and, thus, increase the drug's bioavailability by reducing 

the opsonization by blood protein, which helps avoid the phagocytic uptake. 

Chitosan/polycaprolactone blend nanofibres loaded with 5-FU were reported, which was 

prepared by electrospinning. Increasing chitosan content increased the fiber diameter and 

degradation rate. Nanofibres containing higher chitosan showed more drug loading efficiency 

and prolonged 5-FU release in neutral medium and faster release in an acidic medium 

because of acidic pH sensitivity94. Chitosan/starch blend film has been used for loading the 

anti-cancer drug hydroxyurea. It was observed from the scanning electron microscope (SEM) 

data that upon increasing the percentage of starch, the film roughness increased. The drug 

release from the blend was pH-dependent, which showed faster release in the acidic medium 

than in neutral medium (pH 7.4). Moreover, the release of drug at pH 7.4 and swelling 

percentage decreased with increasing chitosan percentage95.  

1.5.2.  Biopolymer composites and nanocomposites  

Polymer composites are made up of a combination of two or more polymers or polymers with 

other materials. Upon combining, it produces a new material having properties different from 

the individual components. However, the individual phases retain itself within the final 

structure, thus differentiating composites from mixtures and solid solutions. A composite 

consists of two phases: a discontinuous or reinforcing phase embedded in the continuous or 

matrix phase. Biopolymer based composites consist of a biopolymeric matrix reinforced by 
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organic or inorganic fillers. Similarly, Biopolymer based nanocomposites are multiphase 

materials where nanomaterial is embedded in a biopolymeric matrix. Various biopolymers 

like chitosan, PEG, PVP, PLGA have been used along with nanomaterials as polymer-

nanocomposites for cancer therapy. For example, Nivethaa et al. have reported the synthesis 

of 5-FU loaded chitosan/ gold nanocomposite using a chemical method where the binding of 

gold to the free amine and hydroxyl group of chitosan was done and proved by XPS and 

FTIR data. The nanocomposite was cytotoxic toward carcinogenic MCF-7 cell lines while 

non-cytotoxic towards non-carcinogenic VERO cells96. They have also reported the synthesis 

of 5-FU loaded chitosan/silver and chitosan/silver/carboxylated multiwalled carbon 

nanotubes (MWCNT) nanocomposites. A sustained and prolonged release of drug was 

observed in the nanocomposite with MWCNT. It also showed better cytotoxicity towards 

MCF-7 cell lines as compared to the nanocomposite without MWCNT. Thus, the results 

showed that the use of MWCNT is fruitful in enhancing the release and cytotoxicity of the 

system29.  

Bothiraja et al. developed a layered nanocomposite system by intercalating PTX drug into the 

interlayer of Na+-MMT by ion-exchange mechanism, which was further coated with chitosan. 

In vitro drug release study showed a controlled release of the drug, and studies in human 

colon cancer cell lines (COLO-205), showed superior anti-cancer activity of the 

nanocomposites as compared to blank PTX and blank MMT-chitosan nanocomposites97.  

Magnetic nanoparticles have been used to control the accumulation of the drug dose in the 

target of interest by means of a magnetic gradient. Synthesis of gemcitabine loaded 

magnetically responsive Fe3O4/chitosan nanocomposite was reported by Arias et al. The 

system also showed pH responsiveness, higher drug loading capacity, a slower drug release 

profile98. Synthesis of a core and shell material with chitosan-polymethacrylic acid (CTS-

PMAA) shells and Fe3O4 cores was reported by Zarouni et al., which was loaded with DOX. 
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PMAA was used, as its high carboxyl content provides favorable electrostatic interactions, 

which lead to high drug encapsulation efficiency of about 98% and pH-dependent absorption 

and delivery of the drug. The system can halt the drug release at a neutral pH of 7.4; 

however, it permitted a fast release at acidic pH of 5.899. Hazhir et al. has reported chitosan/ 

porous reduced graphene oxide (prGO) based nanocomposite loaded with DOX, which 

showed an effective drug loading efficiency compared to pure prGO due to the presence of 

free carboxyl and amino group of chitosan. The drug release was increased from 10% to 25% 

in 1 h, an acidic pH of 4.0 as compared to neutral100. Polypyrrole/chitosan-silver chloride 

core-shell nanocomposite was reported as a controlled release system for 3-amino-2-phenyl-

4(3H)-quinazolinone (I). The products showed efficiency in antitumor activity against the 

EAC cell line and high antibacterial activity against gram-positive and gram-negative 

bacteria101. Synthesis of daunorubicin loaded nanofibres composite was reported, which was 

prepared by incorporating MWCNT/Fe3O4 into the electrospun PLA nanofibres. The 

diameter of the nanofibres is decreased by MWCNT/Fe3O4 incorporation. In the presence of a 

magnetic field, the encapsulation efficiency, drug release rate, and cell proliferation was 

amplified102.  

Synthesis of sodium alginate/chitosan/hydroxyapatite nanocomposite hydrogel was reported 

by varying the concentration of hydroxyapatite (0.6, 2.0, 3.5, and 5.0 % wt/v) and using 

gamma radiation as cross-linker for the oral delivery drug of DOX. The drug release was 

found to be pH-dependent, where 95% drug release was obtained at pH 5.0, and 60% release 

was obtained at pH 7.5, which is due to the carboxyl group in the polymer matrix103.  

1.5.3.  Biopolymer based copolymers  

By combining more than one dissimilar monomeric species/ repeating units, it is possible to 

get new and desirable properties. This linking of two or more monomers during 

polymerization is called copolymerization, and the polymer obtained is called a copolymer. 
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Along with the type and number of monomers, the spatial arrangement of the monomers is 

also an essential parameter in determining the properties. The possible classification of 

copolymers containing A and B repeating units are listed in Figure 1.9104. 

 

Figure 1.9 Classification of copolymers containing A and B repeating units 

Copolymers have been used for the delivery of various types of drug due to their several 

advantages, as they have been found to control the solubility of multiple drugs, target the 

diseased tissues, and easily load biologically active molecules. Some of the biopolymers used 

mostly for this purpose are chitosan, hyaluronic acid, dextran, dextrin, poly(L-lysine), 

poly(glutamic acid), poly(malic acid), and poly(aspartame)105. Some of the examples of 

biopolymer-based copolymers used in cancer therapy have been discussed.  

Wang et al. have used alternating copolymer-based pH-sensitive amphiphile for the delivery 

of DOX. It was synthesized by polycondensation of oligo (ethylene glycol) (OEG) with malic 

acid and DOX conjugation by benzoic imine linkages. The pH-responsiveness of the 

copolymer was due to the benzoic imine linkages, as shown in Figure 1.10. It showed a rapid 

release of DOX at pH 5 while slow release at neutral pH of 7.0. Moreover, a cell study on 

MCF-7 cell lines showed its cytotoxic nature, thus providing an efficient platform for cancer 

therapy106.  
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Figure 1.10 pH-mediated release mechanisms by benzoic imine linkage  

Guragain et al. has reported the synthesis of nanoporous calcium carbonate (CaCO3) sphere 

by chelating the self-assembling micelle of double hydrophilic block copolymer poly (acrylic 

acid-b-N-isopropylacrylamide) with calcium through mineralization activity. Due to the 

highly porous nature of the sphere, it could accommodate a large quantity of drugs (DOX). 

The drug release data showed that the release of DOX from the structure follows the Higuchi 

model107.  

Bio-copolymer based micro/nanoparticles have also been explored for cancer therapy, as 

reported by Savin et al., where they have synthesized bevacizumab loaded 

micro/nanoparticles (MNP) from chitosan grafted poly(ethylene glycol) methacrylate by 

Michael addition reaction. The MNPs were double cross-linked by the ionic and covalent 

process in reverse emulsion, which offered mechanical stability. The material showed 

improved water solubility, pH sensitivity, and a controlled release of the drug for several days 

due to its swelling behavior in an aqueous medium. Moreover, the material without the drug 

was non-toxic to cells found by the cytotoxicity test on osteoblastic cell cultures108.  

1.5.4.  Surface functionalization of biopolymers 

In drug delivery, the surface functionalization of a polymer is done for several reasons: 
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(a) To protect the drug from degradation from drug stability affecting factors like 

temperature, oxidation, pH, light, and enzymatic reactions.  

(b) Impart some desirable properties. E.g., improvement of hydrophilicity, 

biocompatibility, cellular uptake, cell imaging, etc.  

(c) Conjugate targeting ligand for targeted drug release.  

(d) Conjugate moieties that are responsive to a particular range of stimuli for controlled 

drug release.  

A polymer's low hydrophilicity limits its use as an effective drug-carrying agent, especially 

for a hydrophobic drug, as a body treats a hydrophobic carrier as a foreign molecule. 

Moreover, a hydrophobic carrier can get surrounded by the mononuclear phagocytic system 

(MPS), which can absorb the drug carrier to the liver. Thus, the coating protects it from the 

MPS. PEG has been known to enhance the hydrophilicity of polymers upon conjugation. 

Cisplatin containing PLGA–mPEG nanoparticles were reported, which upon evaluation with 

water uptake or contact angle measurements, the hydrophilicity was found to increase with 

PEG content. The nanoparticles showed a rapid degradation and a sustained release of 

cisplatin. Moreover, upon administration of the nanoparticles intravenously into mice, a 

prolonged blood residence time was observed109. PEGylated chitosan is also being reported 

for gene delivery110, paclitaxel delivery93,111, targeted drug delivery using cell-targeting 

moieties112. While PEG attachment enhances the solubility and blood circulation time of 

chitosan, conjugation of targeting moieties along with it imparts cell-specific delivery 

property113. Chan et al. have developed a cell-specific gene delivery system with folate-PEG-

grafted chitosan. The system showed improved water solubility and low cytotoxicity towards 

normal human embryonic kidney cell lines (HEK 293)112. Various water-soluble derivatives 

of chitosan like carboxymethyl chitosan (CMC), have also found wide application in the drug 

delivery field114.  
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Targeting functionalization is done for imparting cell targeting properties to a polymer. As 

discussed in Section 1.4, various types of cell targeting moieties like peptides, ligands, 

monoclonal antibodies, aptamers are conjugated to the polymer. Table 1.3 lists some 

examples of targeting functionalized biopolymers for cancer therapy.  

Table 1.3 Cell targeting functionalization of biopolymers. 

Targeting  

moiety  

Biopolymer  Delivering molecule/drug Ref. 

Folic acid  Chitosan   

Silk Fibroin 

PLGA-PEG 

Cellulose 

Carboxymethyl-

cellulose 

PLA 

Sirna, Ligustrazine, Gene, 5-FU, DOX, Ursolic acid. 

DOX 

DOX 

DOX 

Curcumin, 5-FU 

 

Paclitaxel 

33,112,115–118 

119,120, 121 

122 

123 

124,125 

 

126 

Biotin 

 

Chitosan  

PLGA 

PLA-PEG 

PEG-PCL 

5-FU, Curcumin,Docetaxel, Bufalin.  

BSA, SN38 

Paclitaxel  

Artemisinin 

127–130 

131,132 

133 

134 

Aptamer  Chitosan 

PLGA 

PLGA-chitosan 

PLGA-PEG 

 

PAMAM-PEG 

Docataxel, Epigallocatechin gallate,  

Gefitinib,Nutlin-3a, Paclitaxel, 

Epirubicin 

Gemcitabine, TFO, Docetaxel, P-gp siRNA,  

Cisplatin, DOX.  

miR-15a & miR-16-1. 

135–137 

138, 139, 140 

141 

142, 143, 144, 

145, 146, 147 

148 

Antibody Chitosan 

PLGA 

Silk fibroin 

DOX, α –hederin,  

BSA, Docataxel,  

Dinutuximab 

149–152 

153–155 

156 

 

For obtaining stimuli-responsive behavior, drug carriers functionalized with stimuli-

responsive linkers have been reported, connecting the drugs to the carriers. These linkers are 

chemical moieties designed so that they get altered upon exposure to a specific stimulus and 

release the drug into the target and provide control over the drug-releasing kinetics. For 
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example, photo liable linkers, also known as photolabile protecting groups (PPGs), can be 

decomposed by photoirradiation. The decomposition mostly occurs in mild conditions 

without the presence of any special chemical reagents. Derivatives of o-nitrobenzyl based, 

carbonyl based, and benzyl based showed photo responsiveness and have been used157. The 

o-nitrobenzyl groups can be activated by exposure to a light of wavelength 365 nm, which 

comes under UV-A radiations (long wavelength) and regards relatively safe for cells158. 

Wang et al. developed a cell targeting aptamer-drug conjugate (ApDC), where they have 

designed a phosphoramidite that contains 5-FU and a photocleavable linker of the o-

nitrobenzyl derivative, as shown in Figure 1.11. This phosphoramidite moiety was 

conjugated to a DNA aptamer (sgc8) by an automated DNA synthesizer. The aptamer sgc8 

was chosen as a model, and it can bind to target protein tyrosine kinase 7, which is 

overexpressed on target colon cancer cell lines (HCT116)88. 

 

Figure 1.11 Structural features of the phosphoramidite.  

Similarly, Zhang et al. has synthesized 5-FU attached to a tumor homing cyclic peptide Cys-

Asn-Gly-Arg-Cys (CNGRC) via an o-nitrobenzyl derivative. CNGRC recognizes a cancer 

marker of specific amino peptidase N (APN/CD13) isoform, which is overexpressed on 

tumor blood vessels’ surface159.   

Like photolabile linkers, various other types of linkers are available, sensitive to different 

types of stimuli like disulfide linkers, which are easy to conjugate and are susceptible to 

reducing agents like glutathione (GSH) or cysteine (Cys). For example, Li et al. have 
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synthesized glutathione responsive disulfide cross-linked and self-assembled micelles from 

lipoic acid (LA) and cholic acid (CA). Within 24 h, 35 μg/ml of DOX was released without 

glutathione, while the release was increased up to 88.1% in the presence of glutathione at 

37°C. Through confocal laser scanning microscopy, it was observed that DOX was released 

into the nuclei of HeLa cell lines after 8 h of incubation160.  Kong et al. have synthesized 

DOX- disulfide–methoxy PEG conjugate, which can self-assemble to form micelles. About 

67.90% DOX release was observed at pH 7.4 and GSH concentration of 1 mg/ml after 72 

h161. Some of the stimuli-responsive bonds have been listed in Table 1.4. 

Some pH-responsive linker conjugation with chitosan has been reported. Lee et al. have 

conjugated paclitaxel to chitosan via a succinate linker that gets cleaved under physiological 

condition. The conjugate showed enhanced water solubility, bioavailability, and tumor 

inhibition in mice model162. Lee et al. reported the synthesis of hyaluronic acid attached 

glycol chitosan nanoparticles for dual drug delivery. DOX was conjugated via a pH-sensitive 

linker, and celecoxib was coloaded to it. The conjugate was stable at pH 7.4 but released the 

drug at pH 6 and 4. The combination of the drugs showed a synergistic effect compared to 

pure drugs and the nanoparticle163. 

Table 1.4 List of some stimuli-responsive bonds/groups. 

Internal 

Stimuli 

Stimuli Cleavable  bonds/ groups Ref. 

pH  Acylhydrazone  164 

  Acetals 165 

  Benzoic imine 166 

  Carbamate 167 

  Ester  168 

  Histidine  169 

 Enzyme       Cathepsine B 

                   Esterase  

Vat-Cit, Phe-Lys dipeptide 

Ester  

170 

171 

 Redox         Glutathione Disulfide, Thioether 160,172 

External 

stimuli 

Photo  Derivatives of  

o-nitrobenzyl, carbonyl and benzyl.  

 

88,157,159 
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1.6.  Formulation of biomaterials from chitosan and SF for anti-cancer agents 

1.6.1.  Chitosan nanoparticles and microparticles  

Polymeric nanoparticles made up of biopolymers find significant application in drug 

delivery, gene delivery, and tissue engineering. They provide many advantages while 

delivering a drug, such as biocompatibility, biodegradability, lesser toxicity, stability 

increase of volatile agents, targeted drug delivery, and non-immunogenicity.  

Chitosan nanoparticle has been one of the widely used biopolymeric nanoparticles for 

cancer drug delivery. Various mechanisms are associated with the drug release from the 

chitosan nanoparticle, such as swelling, erosion, and diffusion. Some of the methods used 

for its preparation are ionic gelation, emulsification solvent diffusion, microemulsion, 

emulsion-based solvent evaporation, and emulsification solvent diffusion. Among these, ionic 

gelation is the simplest one, which avoids using any toxic chemicals, organic solvents, and 

high temperature. Li et al. reported the synthesis of chitosan nanoparticles by ionic gelation 

for the dual delivery of hydrophilic drugs 5-FU and leucovorin (LV). The drugs were 

encapsulated in the nanoparticles by electrostatic interactions. XRD results showed that both 

the drugs were distributed on the nanoparticles in amorphous state. In the cumulative drug 

release profile, an initial burst release of drugs was observed, but after some time, 

continuous-release occurred173. Aydin et al. has reported the synthesis of 5-FU encapsulated 

chitosan nanoparticles by ionic gelation to study the controlled release of 5-FU from chitosan 

nanoparticle for tumor environment due to pH sensitivity of chitosan nanoparticle. On testing, 

the pH sensitivity of the nanoparticle with phosphate buffer of varying pH values (3, 4, 5, 6, 

7.4) showed a significant swelling response for pH 5. The In vitro release studies showed a 

controlled and sustained release of 5-FU from chitosan nanoparticles with 29–60% release 

amounts after 408 h of the incubation period174. Table 1.5 shows some examples of chitosan 

nanoparticles used for anti-cancer agents.  
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Microparticles/microspheres/beads are hollow spheres that are in 1-1000 µm in range and are 

generally made of protein or polymer, which are used for oral and depot delivery of drugs. 

Chitosan microparticles are made up of cross-linked chitosan chains with a tangled mesh 

structure, providing a matrix for the entrapment of drugs175.  There are various methods 

available for its synthesis, which includes ionic interactions, thermal cross-linking, solvent 

evaporation, interfacial acylation, coating on preformed microparticles, chemical cross-

linking, etc. Ionic gelation technique, which comes under ionic interaction, has been widely 

used because of the non-toxic nature of the TPP anion, mild reaction conditions, and non-

solvent steps used in this method.  Lin et al. have reported the synthesis of 5-FU loaded 

chitosan/PEG microparticles by using TPP as the cross-linking agent. Various factors 

affecting the drug release behavior were studied. It was found that the drug release was 

retarded with various factors such as (a) increasing chitosan concentration due to the increase 

in viscosity and greater ionization of amine group; (b) increasing the pH of PBS buffer due to 

the destruction of the structure of microparticles at lower pH; (c) increasing TPP 

concentration due to increasing cross-linking density resulting in extra compact structure and 

retarding diffusion; (d) increasing cross-linking time which increases the interaction of 5-FU 

and microparticles16. Table 1.5 shows some examples of chitosan microparticles used for 

anti-cancer agents.  
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Table 1.5 Chitosan nanoparticles and microparticles for anti-cancer agents. 

Material   Techniques   Delivering molecule/drug Ref. 

Chitosan 

Nanoparticles 

Ionic gelation (TPP) 

Ionic gelation (TPP) 

Ionic gelation (TPP) 

Ionic gelation (TPP) 

Solvent evaporation 

Ionic interaction 

Ionic gelation (TPP) 

5-FU  

5-FU and LV 

5-FU 

5-FU 

Tamoxifen 

DOX 

DOX 

173 

174 

176 

96 

74 

177 

178 

Chitosan 

Microparticles 

 

Emulsion 

Emulsion and ionic gelation 

Phase inversion 

Ionic gelation 

Ionic gelation 

Emulsion 

5-FU 

5-FU 

5-FU 

Capecitabine 

Curcumin 

DOX 

179 

180 

16 

181 

182 

183 

1.6.2.  Chitosan-based metal nanoparticles 

Metal nanoparticles are nanometer-sized metal particles ranging between 1-100 nm. They are 

getting attention in the biomedical sector owing to their extraordinary optical, magnetic, 

thermal, catalytic, and electrical properties, which in turn depend on their shapes, size, and 

chemical composition. The nanoparticle's size is one of the critical factors of its interaction 

and behavior towards cell components. It is widely believed that particles below 100 nm have 

the potential of penetrating the cell barriers184. Chitosan consists of a large number of 

hydroxyl groups with the ability to form a complex with metal ions. It helps in controlling the 

shape and size of the nanoparticles and reduces its toxicity toward mammalian cells185,186. It 

has been used to synthesize nanoparticles of gold, silver, titanium dioxide, iron oxide, etc., 

for anti-cancer agents. Gold nanoparticles reduced and stabilized by chitosan has been used 

for paclitaxel187 and  DOX47,188. Similarly, silver nanoparticles synthesized using chitosan has 

been used for DOX189. Various other metal nanoparticles like titanium oxide190, zinc oxide191, 

iron oxide192, etc., using chitosan have been used for anti-cancer therapy.  
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1.6.3.  SF based coating systems and nanomaterials  

SF has been a versatile biocompatible coating material that is used to coat several materials 

like nanoparticles, microparticles, liposomes, membranes, scaffolds, and other complexes. 

There are several advantages of SF coating, depending upon its application. Wang et al. 

reported the coating of SF on PLGA and alginate microsphere for the delivery of protein. The 

coating was found to retard the degradation of PLGA. The release of the model protein drug 

was significantly delayed by the coating, which was due to the diffusion barrier created by 

the coating. Thus, SF coating can be used for sustained and long term release of drugs110. 

They have also found that the SF coating layer can reduce the initial burst of release193. 

Gobin et al. have reported  SF coated liposomes, which also showed long-term drug release 

and increased cell adhesion and uptake behavior upon coating194. Zhou et al. have reported 

SF coated poly (ε-caprolactone) microspheres for retarded vancomycin release with reduced 

initial burst release195. Kwon et al. have synthesized solid lipid nanoparticles (SLNs) of 

stearic acid (SA) and ceramide (Cer) using sodium lauryl sulfate as a stabilizing agent by 

emulsification and solidification process. The skin permeation of SF coated particles was two 

times larger than the uncoated ones due to the interaction of positively charged with 

negatively charged skin196. Thus, SF coating can be a beneficial approach in drug delivery 

applications. 

SF nanoparticles have been used for various anti-cancer agents like PTX197, 5-FU198, 

curcumin199, DOX200 etc. for their controlled and target specific drug release. Moreover, 

various targeting moieties are attached to SF based materials that have been already shown in 

Table 1.3.  

1.7.  Conclusions 

Cancer has been one of the leading malignant diseases worldwide. Looking into the present 

scenario of an increase in the rate of cancer cases and deaths, the development of cost-
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effective, environmentally friendly, and effective drug delivery systems has been of high 

requirement. Thus, biopolymers can be a useful vehicle for the delivery of anti-cancer drugs. 

Chitosan and SF have shown advantages in terms of abundant availability, cost-effectiveness, 

biocompatibility, and non-toxicity, presence of large functional groups in their backbones, 

and easy material formulation.    

Nanoparticles below 100 nm size show exclusive physicochemical and biological properties 

as they can easily penetrate the cell barriers and provide a high surface to volume ratio, which 

helps in better drug attachment.  Polymeric nanoparticles and metal nanoparticles formulated 

from natural biopolymers can be an effective drug-carrying tool possessing uniform shape 

and size, lower cytotoxicity, and functional groups that can be used for attaching drug 

targeting moieties.  

1.8.  Objectives of research work 

The aim of this thesis is to synthesize nanomaterials derived from biopolymers for controlled 

and targeted delivery of anti-cancer agents. We have used two types of biopolymers, low 

molecular weight chitosan, and silk fibroin. 

The following objectives have been formulated: 

 (1) Development of a photoresponsive nanocarrier by covalently conjugating 5-FU to 

LMWC via a photocleavable linker. The covalent conjugation is expected to help in 

avoiding premature drug leakage and allowing drug release only upon irradiating the 

system with the light of wavelength 365 nm. Thus, acting as a photo-controlled drug 

delivery nanocarrier.  

 

 (2) Synthesis of 5-FC loaded LMWC stabilized silver nanoparticles for an enzyme-

prodrug combinatorial system using non-mammalian enzyme cytosine deaminase. As 

5-FC is less toxic to mammalian cells and release 5-FU under the action of CD, the 
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system is expected to behave as an enzyme-mediated system releasing 5-FU in a 

controlled manner.   

 

 (3) Synthesis of folate and fluorescein conjugated SF coated LMWC stabilized gold 

nanoparticles for anti-cancer agents. The SF coating is expected to provide a diffusion 

barrier and helps in long term drug release. Folic acid conjugation can provide cell 

targeting properties, and fluorescein conjugation can be utilized for imaging purposes.  

 

 (4) Formulation of SF coated LMWC stabilized gold nanoparticle beads for DOX. The 

beads are expected to be useful for oral and depot delivery and the SF coating to 

promote sustained and long term drug release.  

 

 (5) Fabrication of biotin conjugated LMWC-SF based carbon dots for targeted delivery of 

anti-cancer agents. Biotin conjugation can provide cell targeting properties, and 

fluorescence carbon dots can be utilized for cell-imaging purposes.  
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Chapter 2  Development of photoresponsive chitosan 

conjugated prodrug of 5-fluorouracil as a 

nanocarrier for controlled delivery of the 

antitumor drug. 
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2.1.  Overview  

Polymer-drug conjugates have been a significant invention in the field of controlled drug 

delivery. The polymer and the drug are covalently conjugated via stimuli-responsive linkers 

that get cleaved upon exposure to a specific stimulus, thus releasing the drug in a controlled 

manner. They have several advantages over physically loaded drugs, as covalent conjugation 

increases the stability of the attached drug in the DDS, thus preventing its premature leakage 

and loss. It also provides high drug loading efficiency and sustained drug release, which can 

be externally controlled.   

Natural polymers have been of great importance in various pharmaceuticals and biomedical 

applications because they are biocompatible, non-toxicity, and undergo enzymatic or non-

enzymatic hydrolysis inside the cells, making them attractive candidates as potential drug 

carriers201–203. Chitosan has been widely used in cancer drug delivery as it is mucoadhesive162 

and easily gets degraded by lysozyme, which is an enzyme present in the human fluid; thus, 

no separate steps are needed for the removal of the drug carrier after the administration of the 

drug203. Besides, low molecular weight chitosan has come out with even enhanced properties 

like greater water solubility, narrower molecular weight distribution, lower cytotoxicity, and 

antioxidant properties204.   

Nanocarriers have been known to enhance the pharmacological and therapeutic properties of 

conventional drugs. Nanoparticles below 100 nm show unique biological and 

physicochemical properties as they can potentially penetrate the cell barriers184. Chitosan 

nanoparticles have been extensively used as drug carriers as they can be easily formulated 

due to its cationic nature, which allows it to undergo ionic cross-linking in the presence of 

multivalent anions205. Ionic gelation technique for chitosan nanoparticle preparation is 

advantageous as it avoids the use of toxic chemicals, organic solvents, and high 

temperature206.  
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Herein, we have designed a model drug delivery system for photo controlled delivery of 5-

FU. The drug has been covalently conjugated to LMWC via a photocleavable linker, an o-

nitrobenzyl derivative that gets decomposed when exposed to a light of wavelength 365 nm. 

Thus, when the system is exposed to that particular wavelength of light, the linker gets 

decomposed and releases the drug. The present drug delivery system was designed primarily 

for surface application. E.g., Skin cancer. The conjugated was further formulated into 

nanoparticles via ionic gelation technique for effective cell-penetration. In some DDS, 

premature drug leakage and an initial burst release of the drug occurs, which leads to an 

increase in the concentration of the drug release resulting in toxicity, damage of organs, and 

various other side effect207. In our proposed system, no premature drug leakage and burst 

release is expected as it is covalently attached to the carrier and can only get detached on 

photoactivation. This was also evident from the cleavage study of o-nitrobenzyl derivatives, 

reported earlier159,208. The synthesized prodrug-polymer conjugate is expected to improve 

hydrophilicity as well as increase the retention time of the drug.  

2.2.   Experimental Procedures 

2.2.1.  Materials 

All the reagents used were of analytical grade and were used without further purification. 

LMWC (Mv =130 kDa, 94% deacetylation), 5-FU, TPP and bis(trimethylsilyl)acetamide,4-

bromomethyl-3-nitrobenzoic acid (BSA) were purchased from Sigma Aldrich. 2-(N-

morpholino)ethanesulfonic acid (MES) buffer was purchased from Himedia. 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) was procured from Spectrochem and N-

Hydroxysuccinimide (NHS) and purchased from Alfa Aesar.  
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2.2.2.  Characterization of LMWC 

The LMWC used in the experiment was characterized for its percentage degree of 

deacetylation (DD %) and viscosity average molecular weight (Mv). The DD % was 

determined by pH-metric titration and supported by FTIR spectroscopic method. The Mv was 

determined by viscometric measurement.  

(A) Determination of degree of deacetylation of LMWC  

For pH-metric titration, 0.05 g of LMWC was dissolved in 0.1 M HCl and was titrated 

against 0.1 M NaOH. The pH of the solution was recorded with dropwise addition of 0.1 M 

NaOH. A graph of pH vs. ml of NaOH added was plotted, and the DD % was then calculated 

using the equation Eq.2.1. 

DD % = 16.1 (y-x) f/w         (Eq. 2.1)  

where, y and x are the consumed NaOH volume at two equivalent points; f is molarity of the 

NaOH solution and w is the initial weight of LMWC209,210.  

(B) Determination of viscosity average molecular weight of LMWC by viscometric 

measurement 

The viscosity average molecular weight of LMWC was performed by viscometric 

measurement using Ubbelohde viscometer. Different concentrations of LMWC: 0.033 g/dl, 

0.5 g/dl and 0.7 g/dl was prepared in 0.1 M CH3COONa/ 0.2 M CH3COOH solution. Blank 

0.1 M CH3COONa/ 0.2 M CH3COOH solution and the prepared LMWC solutions were 

allowed to flow through the viscometer at 30°C, and the time taken for the flow was 

recorded. From the time of flow of LMWC solution and time of flow of blank solvent, 

relative viscosity was determined using the equation Eq. 2.2.  

Relative viscosity, Ƞr=t/t0        (Eq. 2.2)  

Where t is the time of flow of solution, and t0 is the time of flow of the solvent.  
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From relative viscosity, inherent viscosity was calculated using the equation Eq. 2.3, which 

was then plotted against the concentration of LMWC, and extrapolating it to zero 

concentration gives intrinsic viscosity.  

Inherent viscosity, Ƞinh= ln (t/t0)/c =  ln Ƞr/c       (Eq. 2.3)  

Where c is the concentration of LMWC.  

From Inherent viscosity, the viscosity average molecular weight was calculated using Mark-

Houwink-Sakurada equation Eq.2.4. 

[Ƞ] = KMv
α            (Eq. 2.4) 

where, [Ƞ] is the intrinsic viscosity; Mv is the viscosity average molecular weight; K and α 

are constants at a given temperature and solute solvent system211.                                                                                                                

2.2.3.  Attachment of 5-fluorouracil and linker (5-FU-linker) 

5-FU-linker was synthesized following an already reported procedure, with minor 

modification159. In brief, bis (trimethylsilyl)acetamide (2.3 ml, 9.60 mmol) was added to 5-FU 

(0.5 g, 3.85 mmol) under an inert atmosphere. The reaction mixture was allowed to stir at 

room temperature until 5-FU gets completely dissolved. 4-bromomethyl-3-nitrobenzoic acid, 

the linker (1.3 g, 5.0 mmol, dissolved in acetonitrile), was added to it and was refluxed for 18 

h. Finally, the reaction was quenched with methanol, and the solvent was evaporated to 

obtain a pale yellow powder with a 42% yield.  

2.2.4.  Preparation of low molecular weight chitosan conjugated 5-FU-linker prodrug 

(LMWC-5-FU) 

5-FU-linker (0.150 g, 0.48 mmol), EDC (0.102 g, 0.53 mmol), and NHS (0.061g, 0.53 mmol)  

was dissolved in 50 mM MES buffer of pH 6.0 and was allowed to stir for 4 h for activation 

of the carboxyl group, at room temperature. LMWC (0.097 g, 0.0019 mmol) suspended in 

MES buffer was added to the reaction mixture and was allowed to react for 24 h at room 

temperature. The product was dried at 50°C and repeatedly washed with methanol followed 
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by centrifugation to remove all the unreacted 5-FU and other organic reagents. The 

supernatant was checked in UV-Visible spectrophotometer until no trace of 5-FU was found. 

Further, the product was dialyzed using a dialysis membrane (MW cut off 13 kDa) for 72 h to 

eliminate the presence of any small molecules as an impurity followed by lyophilization.  

2.2.5.  Preparation of low molecular weight chitosan conjugated 5-FU-linker prodrug 

nanoparticles (LMWC-5-FU nanoparticles) 

The nanoparticles were synthesized by the conventional ionic gelation technique206. The 

LMWC-5-FU conjugate was dissolved in 0.1 % (v/v) acetic acid solution. The acetic acid 

concentration taken was 1.75 times more than the conjugate. The pH of the solution was 

adjusted to 5.5 by 0.5 M NaOH. Then 0.21 mg/ml of aqueous TPP solution was dropwise 

added to the conjugate solution by taking conjugate: TPP ratio of 2:5 (w/w) under constant 

stirring at room temperature. The solution was stirred overnight at room temperature, and 

then the resultant nanoparticles were centrifuged for 30 min at a temperature of 14°C and 

rotation speed of 13,000 rpm to remove any suspended materials and finally lyophilized and 

stored at 4°C. 

2.2.6.  Determination of percentage conjugation 

The percentage of the conjugation of 5-FU-linker to the free amino group of LMWC was 

determined by calculating the amount of 5-FU conjugated by UV-Visible spectroscopy. The 

calibration curve of 5-FU was prepared in distilled water. The concentration of 5-FU in the 

conjugate was determined by comparing the absorbance of the conjugate to the calibration 

curve of 5-FU at 266 nm. 

2.2.7.  UV-Visible spectroscopy 

The percentage conjugation and release of 5-FU were determined by UV-Visible 

spectroscopy at room temperature using Agilent Carry 100 UV-Visible spectrophotometer.  
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2.2.8.  Fourier Transform Infrared Spectroscopy (FTIR)  

The FTIR spectra of the dry LMWC and the conjugate were recorded on Perkin Elmer 

Spectrum 2 FTIR spectrometer at room temperature using KBr pellet, over a frequency range 

of 4000-400 cm-1.  

2.2.9.  Field Emission Scanning Microscopy/Energy Dispersive X-ray Analysis (FESEM-

EDX) 

The elemental mapping to check the presence of fluorine of 5-FU in the conjugate was done 

by Zeiss Sigma Field Emission Scanning Electron Microscope by EDX Analysis. The 

conjugate was lyophilized and grounded to fine powder, spread in on carbon film for the 

analysis. 

2.2.10.  Thermogravimetric analysis (TGA) 

The change in the thermal properties before and after conjugation was studied by TGA using 

Netzsch STA 449 F3 Jupiter® thermal analyzer. The mass of the sample taken was in the 

range of 5-8 mg. The temperature was raised at a rate of 10°C/min from 25°C to 700°C under 

an inert atmosphere. 

2.2.11.  Powder X-Ray Diffraction (Powder-XRD) 

The change in crystallinity before and after conjugation was determined by powder XRD 

using Bruker D8-Advance Powder X-Ray diffractometer with CuKα radiation (λ=1.54 Å) in a 

2θ range of 5-80°. 

2.2.12.  Field Emission Transmission Electron Microscope (FETEM)  

The particle size of the nanoparticles was determined by Jeol 2100F Field Emission 

Transmission Electron Microscope. For the analysis, a droplet of the nanoparticle suspension 

was cast on a copper grid without being stained. The excess liquid was removed by touching 
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the edge of the copper grid with a small piece of filter paper and further dried overnight in a 

desiccator.  

2.2.13.   Dynamic Light Scattering (DLS)  

DLS studies were conducted to determine the hydrodynamic diameter of the particles using a 

Malvern Zetasizer Nano Series at 25±0.1°C. Diluted nanoparticle suspension was used for the 

analysis.  

2.3.   Results and Discussions 

2.3.1.  Synthesis of LMWC-5-FU conjugate prodrug  

The conjugate was synthesized in two steps, as shown in Scheme 1:  

(i) Attachment of 5-FU (1) with 4-bromomethyl-3-nitrobenzoic acid (4), the cleavable 

linker via formation of a reactive intermediate (3) using BSA (2). The drug-linker 

attachment gives (5).88,159  

(ii) Coupling of the free carboxyl group of (5) to the free amine of LMWC (6) to from the 

desired conjugate (7).  

 

Scheme 2.1 Schematic representation for the stepwise synthesis of LMWC-5-FU conjugate 

(7). 
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2.3.2.  Purification of LMWC-5-FU conjugate prodrug  

The prepared conjugate (7) was purified in two steps. At first, the unreacted 5-FU and linker 

were removed by washing three to four times with methanol followed by centrifugation. The 

washing was monitored by UV-Visible spectra of the supernatant until the peak for 5-FU was 

null. Secondly, for further removal of any other unreacted compounds and impurities, the 

compound (7) was dispersed in distilled water and dialyzed for 72 h using dialysis membrane 

(MW cut-off 13 kDa).  

2.3.3.   Determination of percentage conjugation 

The percentage of 5-FU-linker conjugated to LMWC was calculated to be 30 wt% from the 

calibration curve of 5-FU.  

2.3.4.  Synthesis of LMWC-5-FU conjugate prodrug nanoparticles  

 

Figure 2.1 Formation of LMWC-5-FU conjugate prodrug nanoparticles by ionic gelation 

technique using TPP. 

LMWC-5-FU conjugate prodrug was formulated into nanoparticles as particles with a size 

less than 100 nm are potentially capable of penetrating cell membranes, making them an 

attractive choice as drug delivery vehicles. LMWC-5-FU nanoparticles were synthesized by 

the ionic gelation technique as shown in Figure 2.1. It is a one-step process in which the 

prepared LMWC-5-FU conjugate prodrug (5) was treated with sodium tripolyphosphate 
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(TPP). In slightly acidic pH, the glucosamine residue of chitosan carries a positive charge, 

making it a poly-cationic biopolymer that can interact with poly-anionic tripolyphosphate 

molecule leading to the formation of the nanoparticles. Various other processes are available 

for the synthesis of chitosan nanoparticles, but this is the most preferred and best suited for 

pharmaceutical application as it involves the use of non-toxic TPP, aqueous and mild 

processing conditions, and requirement of less energy212.  

2.3.5.  Drug releasing mechanism  

5-FU was covalently conjugated to LMWC via a photocleavable linker containing o-

nitrobezyl derivative, which is known to get decomposed upon irradiation with λ=365 nm 

UV-A light to form o-nitroso-benzaldehyde (8) as in Figure 2.2 and release 5-FU (1). The 

linker can be cleaved in a controlled manner on irradiation, thereby releasing the drug 5-FU 

from the conjugate over a specific time interval. The cleavable bond is indicated by red color 

in Figure 2.2. Thus, the duration and rate of drug delivery can be controlled by varying the 

intensity of the light and the time of exposure to attain the preferred therapeutically effectual 

concentration.  
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Figure 2.2 Release mechanism of 5-FU from the LMWC-5-FU conjugate prodrug upon 

irradiating with λ = 365 nm light.  

2.3.6.  Characterization of LMWC 

A. Determination of the degree of deacetylation of LMWC 

The DD % of the LMWC was calculated by pH-metric titration. The pH vs. ml of NaOH 

added was plotted as shown in Figure 2.3 (B) from which two equivalence points were 

determined using the second derivative plot, as in Figure 2.3 (C) and using Eq. 2, the degree 

of deacetylation was calculated to be 93.05 %. It was further confirmed by FTIR 

spectroscopy in Figure 2.3 (A), which gave a value of 94.45 % using the equation (A1656/ 

A3450) (100/1.33) where A1655 and  A3450 are absorbances at 1655 cm-1 and 3450 cm-1 

respectively213.  

 

Figure 2.3 (A) FTIR spectra of LMWC; (B) Plot of pH vs. ml of NaOH added; (C) Second 

derivative plot of pH vs. ml of NaOH added; (D) plot of inherent viscosity vs. concentration 

LMWC.  

TH-2698_156152006



Chapter 2 

43 
 

B. Determination of viscosity average molecular weight 

Different concentration of LMWC was dissolved in 0.1 M CH3COONa/ 0.2 M CH3COOH 

solution, and the viscosity was determined at 30°C using Ubbelohde viscometer. From 

viscosity data, relative viscosity (ƞr) was calculated from which inherent viscosity (ƞinh=ln ƞr 

/c) was determined. Then the ƞinh was plotted against the concentration (c) shown in Figure 

2.3 (D), which on extrapolating to zero concentration gave intrinsic viscosity as 3.28 dl/g. 

The viscosity average molecular weight was then calculated using Eq.2.5.  

[ƞ] = KMV
α           (Eq. 2.5) 

The value of K and α was determined using the following equation211.  

K= 1.64 × 10-3 × DD14.0         (Eq. 2.6) 

α = -1.02 × 10-2 × DD + 1.82          (Eq. 2.7) 

For DD = 94 %, the value of K = 6.89 × 10-3 and α = 0.86 

Therefore, 

 [ƞ] = KMV
α 

3.28= 6.89 × 10-3 Mv
0.86 

 Mv = 1298.82 dl/g = 129882 cm3/g = 129883 Da 

2.3.7.  Determination of conjugation of 5-FU-linker to LMWC 

The conjugation of the 5-FU-linker to LMWC has been analyzed by UV-Visible 

spectroscopy, FTIR spectroscopy, and FESEM-EDX. The change in the thermal property of 

the material upon conjugation was studied by TGA, and the crystalline behavior was studied 

by powder-XRD. 

(A) UV-Visible Spectroscopic study   

An indication of the coupling between 5-FU-linker and LMWC could be determined from the 

UV-Visible spectroscopic study. The UV-Visible spectra of LMWC and 5-FU-linker 

conjugate are shown in Figure 2.4 (A) and (B), respectively. A noticeable difference between 
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LMWC and the conjugate prodrug can be seen from the spectra. The conjugate shows an 

absorption peak at 266 nm, which is the characteristic peak of 5-FU, which is absent in blank 

LMWC159,214. This concludes the linkage of 5-FU with LMWC.  

 

Figure 2.4 UV-Visible Spectra of (A) LMWC; (B) LMWC-5-FU conjugate in 1% acetic acid 

solution. The absorption maxima at 266 nm in (B) prove the presence of 5-FU in the 

conjugate prodrug.  

(B) FTIR spectroscopic study  

The formation of the conjugate was further supported by the FTIR study. Figure 2.5 (A) 

shows the FTIR spectrum of LMWC. The absorption band at around 3317 cm-1 is assigned to 

the stretching vibration of amine (-NH2) and hydroxyl (O-H) group of chitosan. The bands at 

2938 and 2882 cm-1 are attributed to the symmetric stretching vibration of –CH3 and 

asymmetric stretching vibration of –CH2, respectively. The peak at 1643 cm-1 is assigned to 

the carbonyl (C=O) stretching vibration and 1537 cm-1 to N-H bending vibration. After being 

covalently attached to the linker, the carbonyl peak intensity is increased and is slightly 

shifted to 1651 cm-1, as shown in Figure 2.5 (B). The N-H peak is also shifted to a higher 

wavenumber of 1590 cm-1, confirming the successful attachment of 5-FU-linker to the 

LMWC215,216.  
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Figure 2.5 FTIR spectra of (A) LMWC; (B) LMWC-5-FU conjugate as obtained using KBr 

pellets. 

(C)  FESEM-EDX  

The elemental mapping of LMWC-5-FU conjugate was done by FESEM-EDX. EDX of 

LMWC, as given in Figure 2.6 (A), shows large peaks of carbon (C) and oxygen (O), 

indicating the two main components of chitosan along with a small amount of nitrogen (N). 

But the elemental analysis of synthesized conjugate in Figure 2.6 (B) showed peaks for 8.1% 

of fluorine (F) along with carbon, oxygen, and nitrogen, indicating the presence of 5-FU. 

 

Figure 2.6 FESEM/EDX of (A) LMWC; (B) LMWC-5-FU conjugate powder spread on a 

carbon film. 
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(D) Thermogravimetric  Analysis  

The thermal stability of LMWC and LMWC-5-FU conjugate was compared by 

thermogravimetric analysis (TGA). The TGA thermogram of LMWC and conjugate is shown 

in Figure 2.7 (A). Three consecutive weight loss steps for both LMWC and conjugate were 

observed. At first, 6% weight loss can be seen in both the thermograms from 66°C, which is 

due to moisture loss. The second weight loss of about 40% occurred in LMWC due to ether 

linkage scission in chitosan from 256°C. The third weight loss of 26% occurred from 338°C 

due to glucosamine residue of LMWC. Whereas, in the conjugate, the second weight loss 

started earlier than LMWC, which is at about 191°C. This may be due to the new covalent 

bond formation with 5-FU, which blocks the free -NH2 group of chitosan, thereby decreasing 

intermolecular interactions between the polymeric chains. It was also seen that, at the end of 

the experiment, the residue percentage of LWMC was more than that of LMWC-5-FU, 

showing the decrease of thermal stability of LMWC on covalent attachment to the drug217. A 

plot of temperature vs. percentage decomposition has been shown in Figure 2.7 (B) which is 

inferred from transient thermogravimetric plot over a temperature 25°C to 700°C in Figure 

2.7 (A). In transient thermogravimetric analysis, the mass is recorded by changing the 

temperature linearly while in static thermogravimetric analysis, the mass at a fixed 

temperature is recorded. The thermal degradation data are shown in Table 2.1.  

 

TH-2698_156152006



Chapter 2 

47 
 

Figure 2.7 (A) TGA thermogram of (a) LMWC and (b) LMWC-5-FU conjugate at a heating 

rate of 10°C/ min from 25°C to 700°C under N2 atmosphere; (B) Thermal study plot of (a) 

LMWC and (b) LMWC-5-FU conjugate obtained from TGA plot.  

Table 2.1 Thermal degradation data of LMWC and LMWC-5-FU conjugate. 

Ti=Temperature corresponding to the beginning of the decomposition; Tmax= temperature 

corresponding to the maximum rate of mass loss; Tf = temperature corresponding to the 

ending of the decomposition.  

 

(E) Powder-XRD  

The Powder XRD pattern of LMWC and the conjugate are given in Figure 2.8 (A) and (B), 

respectively. LMWC exhibits two diffraction peaks at 2θ =10° and 2θ =20°, which are the 

typical fingerprint peaks of crystal chitosan showing its high degree of crystallinity217–219. In 

the XRD pattern of the LMWC-5-FU conjugate (5), the peak of LMWC at 10° disappears and 

at 20° weakens, and a broad, amorphous peak at 20-25° appears. With the attachment of the 

aromatic moiety of the 5-FU-linker to the LMWC chain, the non-coplanarity of the chain 

might have increased. The intermolecular force of attraction between the chains has 

decreased compared to the unsubstituted LMWC due to loose packing. As a result, the 

crystallization tendency is lowered, and even the conjugate's solubility is enhanced compared 

to LMWC217,218. The amorphous nature of the LMWC-5-FU conjugate, as obtained from 

XRD, is in good agreement with the TGA analysis.  

 Ti (°C) Tmax (°C ) Tf (°C) Residual wt % 

LMWC 256  298 362 25 

LMWC-5-FU conjugate 191 236 257 20 
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Figure 2.8 XRD pattern of (A) LMWC with sharp peak at 2θ = 10 and 20°; (B) LMWC-5-

FU conjugate prodrug with broad amorphous peak at 2θ = 20-25° taken under CuKα radiation 

in a 2θ range of 5-80°.  

2.3.8.  Gelation of LMWC-5-FU conjugate prodrug 

The prepared conjugate was found to form gel in water (hydrogel) and DMSO (organogel) 

with a specific concentration, which is a very desirable property for a drug's surface 

application. The gelation concentration and gelation time of the conjugated prodrug were 

studied, which is shown in Table 2.2.The gelation time for the hydrogel was found to be 10 s 

with a concentration of 0.45 wt%, and for DMSO gel was found to be 10 min with a 

concentration of 12.5 wt%. The images of the inverted vial tests of both the gels are shown in 

Figure 2.9.  

 

Figure 2.9 Inverted vial test of (A) 0.45wt% of hydrogel (left) and (B) 12.5wt% of DMSO 

gel (right) at a time interval of 10 s and 10 min, respectively.  
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Table 2.2 The gelation concentration and gelation time of the conjugated prodrug. 

 Gelation concentration  

(wt.%) 

Gelation Time 

Hydrogel (in H2O) 0.45             10 s 

Organogel (in DMSO) 12.5       10 min 

2.3.9.  Determination of LMWC-5-FU conjugate nanoparticles formation 

The size of the LMWC-5-FU conjugate nanoparticles was determined by FETEM analysis. 

DLS was done to obtain the hydrodynamic diameter, polydispersity index (PDI), and the size 

distribution of the nanoparticles.    

(A)  FETEM Analysis 

The FETEM micrographs of the nanoparticles are shown in Figure 2.10. The images clearly 

show nanoparticles of mostly spherical shape with a narrow particle size distribution of 70-90 

nm.  

 

Figure 2.10 FETEM micrographs of LMWC-5FU conjugate nanoparticles showing 

nanoparticles of spherical shape with a narrow particle size distribution of 70-90 nm. The 

scale bar corresponds to 200 nm (top and bottom left), 100 nm (top right), 50 nm (bottom 

right). 

(B) DLS study 
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DLS studiey was performed using dilute nanoparticle suspension in water. The final value 

was an average of three measurements. The z-average particle size was obtained to be 

178.90±12 nm diameters with a PDI of 0.127. Figure 2.11 shows the DLS spectrum of 

LMWC-5-FU conjugate nanoparticles. 

 

Figure 2.11 DLS spectrum of LMWC-5-FU conjugate nanoparticles suspension in water.  

2.3.10.  In vitro release study of 5-FU from LMWC-5-FU conjugates nanoparticles 

prodrug. 

The in vitro release study of 5-FU from the conjugate nanoparticles was performed by 

irradiating it under LED UV bulb (λ= 365 nm) of 48 W at 25°C. Nanoparticles (0.4 mg/ml) 

dispersed in 2% acetic acid in water/acetonitrile (50:50) mixture was taken in a quartz cuvette 

and kept for irradiation. After an interval of 1 h, 1 ml aliquot was taken out in a dialysis 

membrane (MW cut-off 13 kDa) and dialyzed against 15 ml of distilled water. After 12 h of 

dialysis, approximately 500 µl samples were taken out from the solution outside the dialysis 

membrane and analyzed by UV-Visible spectrophotometry. This was done to measure the 

released concentration of 5-FU, as the cleaved 5-FU comes out of the dialysis membrane 

while the conjugate remains inside the membrane. The procedure was repeated for three more 

aliquots after 2, 3, and 4 h of irradiation. The drug release percentage (weight percent based 
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on initial drug taken) at different time intervals is shown in Figure 2.12 (A), which displays a 

steady release of 5-FU with a drug release of about 53% achieved after an interval of 4 h.  

The UV-Visible absorption spectra of the irradiated samples were also recorded during the 

course of the photochemical reaction, i.e., after 0.5, 1, 1.5, 2, 3, 3.5, and 4 h to study the 

uniform cleavage of the linker with time. The changes in the UV-Visible absorption spectra 

are shown in Figure 2.12 (B). An absorption peak between 300-325 nm increased gradually, 

which is the characteristic peak of o-nitroso-benzaldehyde220 that forms upon decomposition 

of the linker and thus releases 5-FU, proving successful uniform cleavage of the linker. 

 

Figure 2.12 (A) Drug release kinetics of LMWC-5-FU conjugate nanoparticles after 

irradiation at 365 nm at a different time interval of 1, 2, 3, and 4 h with an initial drug 

concentration of 0.4 mg/ml; (B) Overlaid UV-Visible Spectral changes of the conjugate 

prodrug upon irradiation with UV light of λ=365 nm for different time interval.  

2.4.  Conclusions 

A controlled drug delivery system of 5-FU, an antitumor drug covalently conjugated to low 

molecular weight chitosan via a photocleavable linker, has been designed and successfully 

tested in vitro for the release of the drug. The conjugate prodrug releases the effective drug 5-

FU only on external stimulation, using the light of wavelength 365 nm. The concentration 
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and rate of the drug release could be controlled by monitoring the dose of the external 

stimulus. Nanoparticles of the covalently conjugated polymer-prodrug were synthesized to 

achieve better cell penetration ability. The average size distribution of the nanoparticles 

obtained was 70-90 nm, and as it is widely believed that nanoparticles having a size less than 

100 nm are potentially capable of penetrating cell membranes, the synthesized LMWC-5-FU 

nanoparticles could be a suitable model for effective delivery of antitumor drugs as well as 

for their dose-dependent release in a controlled manner. 
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2.5.  Individual FTIR spectra 

 

Figure 2.13 FTIR spectra of 5-FU.  

 

Figure 2.14 FTIR spectra of 5-FU-liker.  
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Figure 2.15 FTIR of LMWC. 

 

Figure 2.16 FTIR of LMWC-5-FU conjugates. 
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Figure 2.17 HRMS spectra of 5-FU-linker.
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Chapter 3  Synthesis of 5-fluorocytosine loaded 

chitosan stabilized silver nanoparticles as a 

prodrug in combination with cytosine deaminase 

for controlled drug delivery  
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3.1.  Overview  

Nanomaterials-mediated drug delivery has conceived great importance in the field of drug 

delivery due to their prominent dominance in improving efficacy in affected tumor cells221. 

Exceptional properties of nanomaterials such as small size, promising physicochemical 

properties, prolonged blood circulation, and high surface-area-to-volume ratio allow them to 

penetrate the affected cells and release the drug in an effective and controlled manner 222. 

Such nanoparticle cargos also have the potential to control both the pharmacodynamic and 

pharmacokinetic profiles of the therapeutic agents, thus enhancing their therapeutic index17. 

Biopolymer-stabilized silver nanoparticles (AgNps) have earned much attention in the 

biomedicine and healthcare sectors because of their excellent antimicrobial, anti-

inflammatory, anti-cancer, and anti-angiogenic properties. Its application in cancer diagnosis 

and treatment exhibited promising results as a targeted drug delivery tool, preliminary cancer 

detection probe, and as a therapeutic molecule by itself 223–225. The overall toxicity of AgNps 

has been lesser-known, and a few studies on its toxic effects in biological systems reported 

results that are unmatched and conflicting 186,226,227. AgNps have decidedly less or no toxicity 

to the mammalian cells at a lower dosage compared to other metal nanoparticles 224,228. Green 

synthesis of AgNps using plant extracts, microorganisms, and biopolymers has been in trend 

for environmental friendliness. Synthesis of the nanoparticles using biopolymers such as 

chitosan has been worthwhile and has been reported by various researchers 50,229,230, where 

chitosan acts as both a reducing and a stabilizing agent. Chitosan possesses a large number of 

hydroxyl groups with the ability to form a complex with metal ions. It helps in controlling the 

shape and size of the nanoparticles and reduces its toxicity to mammalian cells185,186. 

Moreover, the size of the nanoparticles obtained was found to be less than 30 nm, which has 

the potential to penetrate the cell barriers184. Chitosan has attained great importance in 
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pharmaceutical research because of its biocompatibility, non-toxicity, biodegradability, 

mucoadhesiveness, and lysozyme degradability162,203. 

5-FU is an antimetabolite used for the treatment of various types of cancer. It exerts its 

anticancer activity by converting itself to FdUMP, which irreversibly inhibits the action of 

TS, causing scarcity of dTTP and thereby preventing DNA synthesis, which ultimately leads 

to apoptosis2. Due to its toxicity and adverse side effects, 5-FU is often introduced via a 

suicide gene therapy approach. This technique adds a ‘killer gene,’ generally an enzyme that 

transforms a nontoxic prodrug into a lethal drug. The concept of prodrug has previously been 

reported for controlled and safe administration of drugs 231–234. Bacterial cytosine deaminase 

(CD), along with 5-FC, has been widely used as an enzyme-prodrug system for suicidal gene 

therapy for the treatment of cancer. The prodrug 5-FC is a fluoropyrimidine, primarily used 

for the treatment of systemic mycoses and fungal infections that affect internal organs and is 

known to be less toxic to mammalian cells than 5-FU. The advantage of using CD lies in the 

fact that there is minimal off-target effects as this gene is exclusively expressed only in 

certain types of fungi and bacteria and is absent in mammalian cells. CD encodes a protein 

that catalyzes the deamination of 5-FC to 5-FU. Thus, 5-FC acts as a prodrug that gets 

converted to 5-FU, an active antitumor agent upon the action of the gene13. To increase the 

cellular uptake of CD to the cancer cells, various carriers such as antibodies, polymers 235, 

chitosan, and its nanoparticles, have been previously reported 31,236.  

Herein, to facilitate enhanced delivery into the target cell, we have demonstrated a procedure 

for antiproliferation of the cancer cells using a combination of nanoparticle prodrug and a 

non-mammalian enzyme CD. Activity assay showed high selectivity and efficiency of ECD 

towards 5-FC encapsulated chitosan-silver nanoparticles, converting it into the active 

antitumor agent 5-FU in situ. The synthesized nanoparticles manifested negligible 

cytotoxicity in human breast carcinoma cell line MDA-MB-468.  
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3.2.  Experimental Procedures 

3.2.1.  Materials  

All the reagents and the solvents were of analytical grades and were used without further 

purification. LMWC (Mv =129 kDa; 94% deacetylation) and 5-FU were procured from 

Sigma Aldrich, and 5-FC was purchased from Alfa Aesar. Glacial acetic acid was purchased 

from Merck (India), and Silver nitrate was purchased from Himedia laboratories, Mumbai. 

3.2.2.  Synthesis of 5-fluorouracil/5-fluorocytosine loaded LMWC stabilized silver 

nanoparticles (CAg-FU)/( CAg-FC). 

The nanoparticles were synthesized following a reported protocol with some 

modifications237. LMWC (6.9 mg/ml) was dissolved in 1% aqueous acetic acid solution. 5-

FU or 5-FC was added to it with LMWC: 5-FU/5-FC ratio of 1:1 (w/w) and stirred until a 

clear solution was obtained. 54 mM AgNO3 (0.4 ml/ml LMWC solution) was added into each 

of the solutions containing 5-FU and 5-FC respectively and stirred at 90°C for 6 h for 

nanoparticle formation and then kept overnight at 37°C for proper drug loading. The color of 

the solution changes from colorless to light yellow, followed by dark brown. The solutions 

were then centrifuged at 13,000 rpm for 30 min, and the drug loaded nanoparticle pellets are 

collected and stored at 4°C.  

3.2.3.  Drug loading efficiency  

The drug loading efficiency was determined by spectrophotometric analysis. After the 

formation of nanoparticles and loading of the drugs, the reaction mixture was centrifuged at 

13,000 rpm for 20 min. The absorbance of the supernatant was analyzed in UV-Visible 

spectroscopy at a wavelength of 266 nm and 276 nm for CAg-FU and CAg-FC, respectively. 

Comparing with a calibration curve of pure 5-FU and 5-FC, the drug loading efficiency was 

calculated.  
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3.2.4.  In vitro drug release study   

The in vitro release of 5-FU and 5-FC from CAg-FU and CAg-FC, respectively, were carried 

out by suspending a known amount of drug loaded nanoparticles in phosphate buffer saline 

(PBS) of pH 7.4. The suspension was transferred to the dialysis membrane (MW cutoff 13 

kDa) and immersed in 20 ml of PBS buffer maintained under constant stirring. At the chosen 

time interval, 500 µL aliquot of sample was taken out and replaced with the same quantity of 

fresh PBS buffer. The collected aliquots were analyzed spectrophotometrically at 266 nm and 

276 nm for 5-FU and 5-FC, respectively, and the percentage of drug release was calculated 

using a standard calibration curve of pure 5-FU and 5-FC. 

3.2.5.  Cytosine deaminase activity study 

CD gene was amplified from Escherichia coli K12 genomic DNA and cloned in pET28a 

vector using forward primer 5’-CGCGGATCCGTGTCGAATAACGCTTTA-3’ and reverse 

primer 5’-CGGGGTACCTCAACGTTTGTAATCGAT-3’. After validation of the clone by 

the Sanger sequencing method, the clone was transformed in E. coli BL21 (DE3) Rosetta 

cells. 1 L of culture was overexpressed with 1 mM IPTG at 25°C. His-tagged ECD protein 

was purified using a standard Ni-NTA affinity chromatography method described previously, 

with some modifications. Cells were lysed using 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 3 

mM imidazole. After binding to Ni-NTA resin, the column was washed with 50 mM Tris-

HCl (pH 7.5), 300 mM NaCl and 10 mM imidazole. The protein was eluted in 50 mM Tris-

HCl (pH 7.5), 200 mM NaCl, 200 mM imidazole. The elution fractions were checked on 15% 

SDS-PAGE for purity, and pure fractions were pooled and desalted in 25 mM Tris-HCl (pH 

7.5), 200 mM NaCl.  

To test the specificity of CD towards 5-FC, Berthelot assay was performed 238–240. CAg-FC 

nanoparticle was used as a substrate for CD. Control experiments were also performed with 

commercially available 5-FC along with CAg and CAg-FU nanoparticles. 100 nM of purified 
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ECD and 1 mM of the substrate were incubated in phosphate buffer (pH 7.4) at 37°C for 1 h.  

The reaction was quenched with 2/3 N H2SO4 and 10% (w/v) sodium tungstate.  The released 

ammonia was detected by the addition of phenol color reagent and alkaline hypochlorite, 

which develops blue coloration and can be measured spectrophotometrically at 630 nm. All 

the experiments were done in triplicates, and the error was estimated from standard deviation 

using origin software (version: OriginPro 8.0). 

3.2.6.  Cell lines and cell culture conditions 

Human breast carcinoma cell line MDA-MB-468 was obtained from National Centre for Cell 

Science, Pune, India. The cells were maintained in Dulbecco’s Modified Eagle Medium 

(DMEM) medium containing 10% (v/v) heat-inactivated fetal bovine serum (FBS), 50 g/ml 

streptomycin, and 50 IU/ml penicillin incubated at 37°C humidified atmosphere at 5% CO2.  

3.2.7.  MTT assay for Cytotoxicity determination 

The effect of the synthesized silver nanoparticles on cancer cells was assessed by MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5 diphenyl tetrazolium bromide) assay. MDA-MB-468 cells 

were seeded in triplicates on a 96-well tissue culture plate. The cells were incubated 

overnight in the CO2 incubator for attachment. Subsequently, the cells were treated with 

increasing concentrations of the synthesized drug nanoparticles and blank nanoparticles. 

After 12 h of treatment, the treatment media was removed and analyzed by MTT assay.  

3.2.8.  Antibacterial activity 

The antibacterial activities of the nanoparticles were determined by the agar well diffusion 

method against E.Coli bacteria (MTCC 1696). Pure E.Coli culture was subcultured on Luria 

Bertani (LB) broth (Sisco Research Laboratories). The LB agar plates were prepared, and 50 

µl of E.Coli was spread using sterile L-Spreader. Using sterile gel puncture, 10 mm diameter 

wells were punctured on the plates and 50 µl of each of the samples (a) LMWC; (b) 5-FC; (c) 
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5-FU; (d) CAg; (e) CAg-FC; (f) CAg-FU was poured on separate wells. The plates were 

incubated at 37°C overnight to observe various levels of inhibition zone, and the zone’s 

diameter was measured. The experiments were carried out in triplicates.    

3.2.9.  UV-Visible spectroscopy 

The formation of silver nanoparticles, drug loading efficiency, and drug release percentage 

was determined by UV-Visible spectroscopy at room temperature using Agilent Carry 100 

UV-Visible spectrophotometer 

3.2.10.  FTIR spectroscopy 

The FTIR spectra of LMWC and drug loaded nanoparticles were recorded on Perkin Elmer 

Spectrum 2 FTIR spectrometer at room temperature using KBr pellet, over a frequency range 

of 4000-400 cm-1.  

3.2.11.   FESEM-EDX 

The elemental mapping to check the fluorine of 5-FU and 5-FC in the nanoparticle was done 

by Zeiss Sigma Field Emission Scanning Electron Microscope by EDX Analysis. 5-FU and 

5-FC loaded nanoparticles were spread on carbon film for the analysis. 

3.2.12.  FETEM 

The particle size of the drug loaded silver nanoparticles was determined by Jeol 2100F Field 

Emission Transmission Electron Microscope. For the analysis, a droplet of the nanoparticle 

suspensions was cast on a copper grid without being stained. The excess liquid was removed 

by touching the edge of the copper grid with a small piece of filter paper and further dried 

overnight in a desiccator.  
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3.2.13.  Dynamic Light Scattering (DLS)  

DLS studies were conducted to determine the hydrodynamic diameter of the nanoparticles 

using a Malvern Zetasizer Nano Series at 25±0.1°C. Diluted nanoparticle suspension was 

used for the analysis.  

3.3.  Results and Discussions 

3.3.1.  Synthesis of CAg-FU and CAg-FC 

A green synthesis protocol was adopted to synthesize drug loaded chitosan stabilized silver 

nanoparticles: CAg-FU and CAg-FC, without using any toxic reducing and stabilizing agents. 

Low molecular weight chitosan stabilizes the nanoparticles and acts as a platform for loading 

the antitumor drug 5-FU and the prodrug 5-FC, respectively. Chitosan contains free -NH2 and 

–OH functional groups, which may act as chelating sites and form weak, non-covalent 

interactions with the hydrophilic drugs 96. The formation of the nanoparticle is confirmed by 

a change in color of the solution from colorless to dark brown. For comparative study, 

chitosan-silver nanoparticles (CAg) without any loaded drug, was also synthesized. Our 

objective in this study is to develop a nanomaterial prodrug, which in combination with an 

external enzyme, could be used for effective delivery of the active therapeutic molecule.  

3.3.2.  Mechanism of action of CAg-FU and CAg-FC in cancer cell death 

It is well known that 5-FU promptly kills the tumor cells while 5-FC is mostly non-toxic to 

the mammalian cells. Only on activation by non-mammalian enzyme CD, 5-FC is hydrolyzed 

to 5-FU, thereby killing the cells. Thus, 5-FC loaded CAg can be used as a prodrug and 

consequently acting as an enzyme-mediated drug delivery system. The mechanism of action 

of CAg-FU and CAg-FC in cancer cell death is demonstrated in Figure 3.1.  
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Figure 3.1 Mechanism of action of CAg-FU and CAg-FC in cancer cell death.  

3.3.3.  Determination of formation of silver nanoparticles  

The formation of AgNps was investigated by the change in color of the reaction solution and 

UV-Visible spectroscopy. The size of the nanoparticles was determined by FETEM analysis 

and DLS study.  

(A) Color change and UV-Visible spectroscopy 

As the reaction proceeds and the silver nanoparticles start forming, the color of the reaction 

solution starts changing from colorless to light yellow, followed by dark brown. Figure 3.2 

(A) and (B) show the color change in CAg-FU and CAg-FC, respectively.  

The formation was further confirmed by monitoring through UV-Visible spectroscopy. 

AgNps exhibit an intense absorption peak between 400-430 nm due to surface plasmon 

resonance (SPR)229. At a different interval of time, 1h, 3h, and 6h, 500 µL of the reaction 

mixture were taken out and analyzed. Figure 3.2 (C) and (D) show the UV-Visible 

absorption spectra of CAg-FU and CAg-FC, respectively, which shows that with an increase 

in reaction time, there is a gradual increase in absorbance of both CAg-FU and CAg-FC, 

indicating the formation of the AgNps with time.  
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Figure 3.2 Image showing the formation of silver nanoparticles from colorless solution to 

dark brown in (A) CAg-FU and (B) CAg-FC; UV-Visible Spectroscopic time-dependent plot 

of (C) CAg-FU and (D) CAg-FC showing an increase in the peak of silver nanoparticles with 

time.  

(B) Size determination by FETEM analysis 

The size of the drug loaded AgNps was estimated from FETEM images. It can be evident 

from the micrographs in Figure 3.3 (A)-(D) and image J size distribution plot in Figure 3.3 

(E) and (F) that the synthesized CAg-FU nanoparticles were of size 5-25 nm and CAg-FC 

were of size 5-15 nm and nearly quasi-spherical in shape. It is widely believed that 

nanoparticles with a size of less than 100 nm are capable of penetrating cell membranes. 

Hence, the synthesized nanoparticles carrying 5-FU or 5-FC are expected to penetrate the 

affected cells and effectively release the drugs.  
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Figure 3.3 FETEM micrographs of (A) CAg-FU (scale: left 100 nm and right 50 nm) and (B) 

CAg-FU (scale: left 100 nm and right 50 nm); Image J size distribution histogram of (C) 

CAg-FU and (D) CAg-FC. 

(C) Size determination by DLS studies  

DLS studies of CAg, CAg-FU, and CAg-FC were performed using dilute aqueous 

nanoparticle suspensions. Figure 3.4 shows the DLS spectrum of the synthesized 

nanoparticles. The hydrodynamic diameter of CAg, CAg-FU, and CAg-FC nanoparticles 

were found to be 185±20 nm, 213±13 nm, and 220±15 nm, respectively. The massive 

difference in the particle size in FETEM and DLS is due to the presence of the chitosan 

capping on the nanoparticle surface, which increases the hydrodynamic diameter of the 

nanoparticle 241. The respective PDI was calculated to be 0.395, 0.363, and 0.374.  

 

 

TH-2698_156152006



Chapter 3 

69 
 

 

Figure 3.4 Dynamic light scattering data of (A) CAg; (B) CAg-FU; (C) CAg-FC  

3.3.4.  Determination of drug loading on silver nanoparticles  

The loading of the drugs on the silver nanoparticles was analyzed by UV-VIS spectroscopy, 

FTIR spectroscopy, and EDX.  

(F) UV-Visible Spectroscopic study   

The loading of the drug was also determined using UV-Visible spectroscopy. CAg-FU and 

CAg-FC nanoparticle pellets were dispersed in water by sonication and measured. Figure 3.5 

(A) and (B) show the absorption spectra of CAg-FU and CAg-FC, respectively. In Figure 3.5 

(A), the peak at 266 nm is the characteristic peak of 5-FU 242, and in Figure 3.5 (B), the peak 

at 276 nm is the characteristic peak of 5-FC 243. Therefore, the presence of the characteristic 
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peaks of AgNps, as well as the 5-FU and 5-FC, prove the successful loading of the drugs on 

the nanoparticles. 

 

Figure 3.5 UV-Visible absorption spectra of (A) CAg-FU, showing a peak at 266 nm, 

characteristic peak of 5-FU and 420 nm, characteristic peak of AgNPs; (B) CAg-FC, showing 

a peak at 276 nm, characteristic peak of 5-FC and 420 nm, characteristic peak of AgNPs 

(G) FTIR spectroscopic study 

The loading of the drug was further supported by FTIR spectroscopy. The FTIR spectra of 

CAg-FU, CAg-FC, and LMWC are shown in Figure 3.6 (A), (B), and (C), respectively. 

Spectra of the drug loaded nanoparticles resemble well with the pure LMWC spectrum apart 

from minor deviations, which shows the presence of the drug in the nanoparticles. The FTIR 

spectrum of LMWC shows a peak at 3370 cm-1, which corresponds to the stretching vibration 

of N-H and O-H bonds, a peak at 2920 to 2866 cm-1 corresponds to the C-H stretching 

vibrations and the bands at 1651 cm−1 and 1590 cm−1 corresponds to the amide I and amide II 

vibrations, respectively. The other bands in the range 1000–1155 cm−1 are due to chitosan's 

saccharide structure and the C-O and C-O-C stretching vibrations of the glycosidic bonds 215. 

FTIR spectra of CAg-FU shown in Figure 3.6 (B) displays a sharp peak at 1656 cm−1, which 

is due to the C=O stretching vibration, and a peak at 1254 cm−1 is due to C-F stretching 

vibration of 5-FU. Similarly, the FTIR spectra of CAg-FC in Figure 3.6 (A) shows an 

additional sharp peak at 1651 cm−1 due to C=O stretching vibration and peak at 1277 cm−1 
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due to C-F stretching vibration of 5-FC. Thus, from the FTIR studies, it can be seen that 

Figure 3.6 (A) and Figure 3.6 (B) consists of characteristic peaks of chitosan along with the 

respective drugs, confirming the successful loading of the drugs to the chitosan stabilized 

nanoparticles244.  

 

 

Figure 3.6 Stacked FTIR spectra of (A) CAg-FC; (B) CAg-FU; (C) LMWC using KBr 

pellet. 

(H) FESEM-EDX 

The loading of the drugs is further supported FESEM-EDX. The elemental mapping of CAg-

FU and CAg-FC was performed by FESEM to examine the presence of silver (Ag) and 

fluorine (F) in the drug loaded CAg. Powdered samples were spread on carbon film for 

analysis. The EDX of CAg-FU, as shown in Figure 3.7 (A), shows large peaks of carbon (C), 
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oxygen (O), and a small quantity of nitrogen (N), which are the fundamental element of 

chitosan, along with 6.4 % of fluorine and 1.5 % of silver. The EDX, therefore, further 

confirms the loading of 5-FU in AgNps. Similarly, the EDX analysis of CAg-FC, as shown in 

Figure 3.7 (B), also reveals large peaks for chitosan along with 7.8 % of fluorine and 1 % of 

silver, indicating the presence of silver and 5-FC in the nanoparticles. 

 

Figure 3.7 FESEM-EDX spectra of (A) CAg-FU showing 1.5 wt % Ag and 6.4 wt % F; (B) 

CAg-FC showing 1 wt % Ag and 7.8 wt % F. 
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3.3.5.  Drug loading efficiency  

The drug loading efficiency was calculated to be 96% for CAg-FU and 97% for CAg-FC 

nanoparticles. The following equation was used to calculate the drug loading efficiency.  

𝑳𝒐𝒂𝒅𝒊𝒏𝒈 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%) =
 𝒅𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒆𝒅 

𝒅𝒓𝒖𝒈 𝒊𝒏𝒊𝒕𝒊𝒂𝒍𝒍𝒚 𝒇𝒆𝒅
× 𝟏𝟎𝟎 

3.3.6.  In vitro drug release study   

The in vitro release curve of 5-FU and 5-FC from CAg-FU and CAg-FC are shown in Figure 

3.8 (A) and (B). The equation used for calculation is as follows: 

𝑷𝒆𝒓𝒆𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝒐𝒇 𝑫𝒓𝒖𝒈 𝒓𝒆𝒍𝒆𝒂𝒔𝒆 =
𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅 𝒂𝒕 𝒕𝒊𝒎𝒆 ′𝒕′ 

𝑻𝒐𝒕𝒂𝒍 𝒅𝒓𝒖𝒈 𝒄𝒐𝒏𝒕𝒆𝒏𝒕
× 𝟏𝟎𝟎% 

The release from both the nanoparticles was done in triplicates, and the error was estimated 

from the standard deviation using origin. Uniform release of drug from both the nanoparticles 

can be seen. The percentage drug release in CAg-FU and CAg-FC was found to be 78% and 

79% respectively after 62 h.  

 

Figure 3.8 The drug release percentage of (A) 5-FU from CAg-FU; (B) 5-FC from CAg-FC 

in PBS buffer of pH 7.4 using dialysis membrane of MW cutoff 13 kDa upto 62 h. 
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3.3.7.  Cytosine deaminase activity test 

Berthelot assay was performed on CAg, 5-FU deloaded from CAg-FU, 5-FC deloaded from 

CAg-FC, and commercially available pure 5-FC. The kinetics of CD activity on 5-FC has 

been reported.245,246 To confirm whether the drug is accessible after it is released from 

nanoparticles and to comprehend the efficiency of release, a comparative activity-analysis 

was performed before and after deloading of 5-FC. The amount of ammonia released from 

commercially available 5-FC is taken as 100% and compared with the amount of ammonia 

released from CAg-FC. The activity graphs in Figure 3.9 indicate that 5-FC present in CAg-

FC nanoparticles is released with more than 96% efficiency. No deamination activity was 

observed with CAg as well as with deloaded 5-FU from CAg-FU. The absence of deaminase 

activity in blank nanoparticles and 5-FU ensures that the activity seen in deloaded 5-FC is 

upon deamination brought about by CD. This comparative study shows that the loading of 5-

FC on nanoparticles has not affected the specificity of the enzyme. 

 

Figure 3.9 Comparative study of CD activity test showing 96% activity from deloaded 5-FC 

from CAg-FC as compared against 100% activity by commercial 5-FC. No activity was 

observed from CAg-FU and CAg. 
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3.3.8.  Cell viability assay 

In order to examine the versatility of the CAg-FC nanoparticles as a prodrug, we have tested 

the cell viability of the human breast carcinoma cell line MDA-MB-468 after the treatment of 

cells with different concentrations of CAg, CAg-FU, and CAg-FC, as shown in Figure 3.10. 

The percentage of cell viability was calculated compared to the untreated cells. Maximum 

cytotoxicity was observed on the treatment of the cell with CAg-FU with an estimated half-

maximal inhibitory concentration (IC50) of 21.60 µg/ml. Blank AgNps showed cytotoxicity 

with an IC50 value of 130µg/ml, which showed the anticancer property of AgNps. CAg-FC 

showed the minimum cytotoxicity, thus showing the low cytotoxic nature of 5-FC. 

It was seen that CAg-FC showed even lower cytotoxicity as compared to the blank AgNps. 

As been reported247, pure 5-FC is inert to the MDA-MB-468 cell lines. Upon loading, it 

covers the surface of the AgNps and blocks its activity also, which is also evident from the 

elemental analysis (EDX) data, which shows lower silver content compared to the fluorine of 

the drugs. Thus, it is evident that the CAg-FC having low cytotoxicity can be used as a 

prodrug, which on activation generates 5-FU, which can be used as an active anticancer 

agent. The error was estimated from the standard deviation of all the experiments done in 

triplicates.   
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Figure 3.10 Concentration-dependent cytotoxicity of CAg, CAg-FU, and CAg-FC to human 

breast carcinoma cell line MDA-MB-468 at a compound concentrations range of 25 µg/ml to 

150 µg/ml. 

3.3.9.  Antibacterial activity study  

The antibacterial activity of the compounds was tested using E. coli strain. The antimicrobial 

activity test of CAg-FC and CAg-FU showed in Figure 3.11 (E) and (F) were compared with 

LMWC, 5-FC, 5-FU, and CAg as in Figure 3.11 (A), (B), (C), and (D) respectively. The 

tests showed that the maximum zone of inhibition was obtained for CAg-FU followed by 

CAg-FC, compared to pure drugs, chitosan, and silver nanoparticles. Thus, the antimicrobial 

activity of silver nanoparticles has been enhanced by the addition of the drugs.  

 

Figure 3.11 Antimicrobial activity test (by well diffusion method) against E. coli and plot of 

the zone of inhibition of (A) LMWC; (B) 5-FC; (C) 5-FU; (D) CAg; (E) CAg-FC; (F) CAg-

FU. 

3.4.  Conclusions 

CD is a class of protein that catalyzes the deamination of nucleobase cytosine into uracil. CD, 

isolated and overexpressed in E. coli, is also known to transform 5-FC into 5-FU, the active 

chemotherapeutic molecule. In the present study, a combination of CD and 5-FC loaded 
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nanoparticle-prodrug is proposed as a therapeutic tool for improved antitumor activity. We 

have synthesized 5-FC and 5-FU loaded chitosan-silver nanoparticles in an environmentally 

benign, green chemistry method without the use of additional reducing and stabilizing agents. 

Cell viability assay of CAg-FC, performed in human breast carcinoma cell line MDA-MB-

468, resulted in negligible cytotoxicity in cells, signifying the prodrug nature of CAg-FC 

nanoparticles. The activity study with CD confirmed high substrate specificity towards 5-FC 

in CAg-FC and was found to hydrolyze 5-FC into the active molecule 5-FU.    
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3.5.  Individual FTIR spectra 

 

Figure 3.12 FTIR spectra of 5-FU.  

 

 

Figure 3.13 FTIR spectra of 5-FC.  
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Figure 3.14 FTIR spectra of CAg-FU. 

  

Figure 3.15 FTIR spectra of CAg-FC. 
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3.6.  UV-Visible Spectroscopic data of pure drugs.  

 

Figure 3.16 UV-Visible Spectra of 5-FU.  

 

Figure 3.17 UV-Visible Spectra of 5-FC.  
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3.7.  Gel elecrophoresis. 

 

Figure 3.18 (A) 0.8% agarose gel of double restriction digestion of ECD in pET vector. Lane 

1 is ladder, and lane 2 is ECD gene at 1283bp and pET vector at 5370bp; (B) 15% SDS gel of 

purified ECD. Lane 1 is ECD protein with a molecular weight of 48kDa, and lane 2 is 

molecular weight marker. 
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Chapter 4  Synthesis of folate functionalized silk 

fibroin coated chitosan/gold nanoparticles for 

targeted delivery of doxorubicin 
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4.1.  Overview  

Gold nanoparticles have proved to be an effective cancer drug delivery tool because of its 

highly significant properties likes inertness; non-toxicity248; easy synthesis protocols of 

mono-disperse particles below 100 nm; ability to alter light/radio frequency into heat, 

enabling thermal ablation of the targeted cancer cells and ability to get easily functionalized, 

mostly by thiol chemistry96,249,250. Green synthesis of gold nanoparticles using chitosan has 

been reported26,47,49,118,248, where chitosan acts as both a reducing and a stabilizing agent.  

Chitosan consists of free hydroxyl groups that form a complex with the metal ions, thus aids 

in the shape and size control of the nanoparticles and also reduces its toxicity towards 

mammalian cells186.  

The development of a biocompatible and simple coating to increase the stability, strength and 

provide a matrix to impart functionalization to the coated materials can be a significant 

approach for targeted and sustained drug release. SF has been a versatile biocompatible 

coating material known to impart mechanical stability and provide a diffusion barrier to the 

encapsulated drugs, which prevent premature drug leakage and enable sustained and long-

term drug release, thus increasing bioavailability and decreasing dose frequency. It also 

provides sites for easy functionalization, which can be used for the attachment of drug 

targeting moieties. It has been reported that drug release has been significantly retarded upon 

SF coating. Moreover, it can be easily formulated due to its aqueous processibility and offers 

the ability to control the thickness of coating60,193–195,251.  

Here, we have synthesized gold nanoparticles using low molecular weight chitosan, loaded 

with a model chemotherapeutic drug, doxorubicin. Then we have coated the nanoparticles 

with folic acid and fluorescein conjugated SF. The SF was used as a matrix for providing 

necessary functional groups for covalent attachment of the FA and FL and also provides a 

diffusion barrier that can promote the slow and sustained release of the drug. FA has been 
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used as a cancer-targeting ligand as it binds with the folate receptors, which is mostly 

overexpressed in cancer cells, thus delivering the drug into the cancer cells 33,89,118,252. 

Fluorescein can be utilized for cell imaging purposes if non-fluorescent drugs are used.   

4.2.  Experimental Procedures 

4.2.1.  Materials 

LMWC (Mv =129 kDa; 94% deacetylation) and FL was purchased from Sigma Aldrich. 

DOX was purchased from Tokyo Chemical Industry (TCI). Gold chloride, lithium bromide, 

and EDC were procured from Spectrochem. Glacial acetic acid, sodium carbonate, and 

ethylenediamine were purchased from Merck (India). FA and NHS were purchased from Alfa 

Aesar. Bombyx mori silk cocoons were acquired from local silk farms, Assam, India. 

4.2.2.  Synthesis of doxorubicin-loaded LMWC stabilized gold nanoparticles (CAu-

DOX) 

LMWC (2 wt%) was dissolved in 30 ml of 1% aqueous acetic acid solution and was stirred 

overnight until a clear solution was obtained. It was then filtered using a 0.45-micron syringe 

filter, and 30 µl of 125 mM HAuCl4 was added to it in a dropwise manner under continuous 

stirring. After 45 min of reaction at 100°C, a blushing red-colored solution was observed, 

which indicated the formation of gold nanoparticles. After cooling, DOX (0.005 w/v %) was 

added into the nanoparticle solution and stirred for 30 min, followed by incubation at 37°C 

for 12 h. 

4.2.3.  Extraction of silk fibroin 

The extraction of SF was done using a reported procedure 253. Briefly, dried bombyx mori silk 

cocoons were cut into small fragments, and the dead pupae were discarded. 5 g of cocoon 

fragments were boiled in 1000 ml of 0.02 M sodium carbonate solution for 1 h to remove the 

sericin. The gummy sericin part was discarded, and the degummed silk fibers were repeatedly 
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washed with deionized water and dried at room temperature overnight. The dried silk fibers 

were melted in 9.3 M LiBr solution (2.5 g fibers/10 ml) at 70°C for 4 h. The SF-LiBr solution 

was dialyzed for 3 days by changing the water every 6 h. The solution was then centrifuged at 

9000 rpm for 20 min at 4°C. The concentrated silk solution was stored at -20°C. To check the 

amount of dry SF/ml of solution, a known amount of SF solution was dried and weighed.  

4.2.4.  Preparation of folate and fluorescein functionalized silk fibroin (SF-FA-FL)  

2 ml of silk fibroin solution was dropwise added to 47 ml water at 4°C with mild stirring. The 

carboxyl groups of SF were activated using EDC (25 mg) and NHS (25 mg) at pH 6 under 

continuous stirring for 3 h in the dark. 1 ml of ethylenediamine was added dropwise into the 

solution and reacted for 12 h at room temperature. The reaction mixture was dialyzed against 

deionized water for 2 days. 40 mg of FA was dissolved in 40 ml DMSO/H2O (1:1) mixture 

and activated using EDC (26 mg) and NHS (15 mg) under continuous stirring for 3 h in the 

dark. At the same time, FL dissolved in 20 ml PBS pH 6 was also activated using EDC (19 

mg) and NHS (15 mg) for 3 h in the dark. The activated FA and FL was dropwise added to 

the ethylenediamine-SF conjugate and reacted for 24 h in the dark and then dialyzed against 

deionized water for 2 days. The dialyzed solution was stored at 4°C.  

4.2.5.  Coating of nanoparticles (SF-FA-FL coated CAu-DOX) 

The prepared nanoparticles were dialyzed against distilled water using a dialysis membrane 

(MW cutoff 1kDa) for 48 h to separate the unloaded DOX from the solution. Then it was 

mixed with SF-FA-FL solution (2:1) for10 min with mild stirring. It was then lyophilized to 

collect the dried coated nanoparticles.  

4.2.6.  Drug loading efficiency  

The drug loading efficiency on the nanoparticles was determined before coating by 

measuring the drug concentration in the nanoparticle solution before and after dialysis. The 
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UV-Visible absorbance of the drug loaded nanoparticle was determined at a wavelength of 

480 nm, and then the solution was dialyzed against distilled water for 48 h for removing the 

unbound drug from the solution. The absorbance was again analyzed. Using the calibration 

curve of DOX, the amount of drugs before and after dialysis was obtained.  

4.2.7.  In vitro drug release study 

For the in vitro drug release study, the uncoated as well as coated nanoparticles were dried 

using the freeze-drying technique. The lyophilized nanoparticles were then suspended in PBS 

buffer of pH 7.4 and kept inside a dialysis membrane of molecular weight cutoff 1 kDa. The 

membranes were dipped inside 15 ml of water at room temperature. After equal intervals of 

time, 500 µL aliquots of the samples were taken out from the water outside the membrane 

and replaced with the same quantity of fresh buffer. The collected samples were analyzed 

spectrophotometrically at 480 nm for the released drug concentration with time. All the 

reactions were performed in triplicates, and the error was determined from the standard 

deviation using the Origin software version 2020. 

4.2.8.  Cell lines and cell culture conditions 

Human cervical cancer cells (HeLa) were procured from National Centre for Cell Science, 

Pune, India. The cells were maintained in DMEM medium containing 10% (v/v) FBS and 1% 

penicillin-streptomycin and incubated at CO2 incubator in a humidified atmosphere at 37°C 

having 5% CO2. 

4.2.9.  MTT assay for Cytotoxicity determination 

The effect of the synthesized nanoparticles on cancer cells was assessed by MTT assay. HeLa 

cells were seeded at a density of 5 × 103 cells/well, in triplicates on a 96-well tissue culture 

plate. The cells were incubated in the CO2 incubator overnight for attachment. Subsequently, 

the cells were treated with increasing concentrations of the synthesized nanoparticles. For the 
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cytotoxicity study, cells were treated with four treatment groups, which are as follows: blank 

gold nanoparticles (CAu), pure DOX, CAu-DOX and SF-FA-FL coated CAu-DOX. After 48 

h treatment, the treatment media was removed and 0.5 mg/ml MTT solution dissolved in PBS 

(phosphate buffer saline) was added to the cells followed by 2 h incubation. Next, DMSO 

was added, and absorbance at 570 nm was recorded using Tecan multiplate reader having a 

reference of 630 nm. 

4.2.10.  Confocal imaging to study the uptake 

Cell imaging was performed to study the uptake efficiency of the synthesized nanoparticles. 1 

x 105 cells were seeded in glass-bottomed live-cell imaging plates and incubated for 12 h for 

attachment. Subsequently, cells were treated with 1.5 μM of CAu-DOX, and SF-FA-FL 

coated CAu-DOX each for 2 h. For the visualization of the nucleus, the cells were 

counterstained with Hoechst stain.  After that, the cells were washed gently with PBS, and 

colorless DMEM media was added for confocal visualization. The plates were visualized 

under a confocal microscope (LSM 880) at an excitation wavelength of 480 nm and emission 

of 590 nm.  

4.2.11.  UV-Visible spectroscopy 

The formation of nanoparticles, drug loading efficiency, and drug release percentage was 

determined by UV-Visible spectroscopy at room temperature using Agilent Carry 100 UV-

Visible spectrophotometer.  

4.2.12.  FTIR spectroscopy  

The FTIR spectra of the dried SF, FA, FL, and SF-FA-FL were recorded on Perkin Elmer 

Spectrum 2 FTIR spectrometer at room temperature using KBr pellet, over a frequency range 

of 4000-400 cm-1.  
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4.2.13.  FETEM analysis 

The size of the uncoated and coated nanoparticles was determined by Jeol 2100F Field 

Emission Transmission Electron Microscope. For FETEM analysis, a droplet of the gold 

nanoparticle suspension was cast on a copper grid without being stained. The excess liquid 

was removed with a piece of filter paper and further dried overnight in a desiccator 

4.2.14.  Dynamic Light Scattering (DLS)  

Zeta potential of the blank gold nanoparticles and drug loaded nanoparticles was measured 

using Anton Paar Litezetasizer 500 at 25±0.1°C. Diluted nanoparticle suspension was used 

for the analysis.  

4.3.  Results and Discussions  

4.3.1.  Synthesis of LMWC stabilized gold nanoparticles and doxorubicin loading. 

Gold nanoparticles were synthesized using a green synthesis protocol using LMWC as both 

the reducing as well as the stabilizing agent, without adding any other toxic reagents. The 

formation of the nanoparticles was indicated by a change in color of the solution from 

colorless to light pink and finally into a blushing red color solution. The model anti-cancer 

drug, DOX, was loaded into the nanoparticles, where LMWC acts as a platform for loading 

the drug. LMWC contains free -NH2 and -OH functional groups, which may serve as 

chelating sites and form weak, non-covalent interactions with the hydrophilic drugs96.  

4.3.2.  Synthesis of coating material and coating of nanoparticles  

The traditional layer by layer coating is based on the deposition of alternative oppositely 

charged species. But SF coating is mainly due to hydrophobic interactions251. As been 

reported, the maximum deposition occurred on a silk concentration of 0.1 % (w/v), so we 

have prepared the coating materials using the same composition 254. SF was extracted from 

bombyx mori silk cocoons by discarding the sericin. As shown in Scheme 4.1, amine-
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functionalized SF (3) was prepared to increase the number of the free amino group in SF (1) 

by covalently conjugating it to en (2) via amide coupling reaction. The amine-functionalized 

SF (3) was then covalently conjugated to the free carboxyl group of FA (4) and FL (5) via 

amide coupling reaction. The FA and FL conjugated SF were used for coating the 

nanoparticles. The FL might also be useful for cell imaging.  

 

Scheme 4.1 Stepwise synthesis of folic acid and fluorescein conjugated silk fibroin. 

4.3.3.  Determination of formation of gold nanoparticles  

The formation of gold nanoparticles was confirmed by the change in the color of the solution, 

UV-Visible spectroscopy, and FETEM analysis.  

(A) Color change and UV-Visible spectroscopy 

The formation of gold nanoparticles is primarily indicated by the change in color of the 

solution from colorless to blushing red, as shown in Figure 4.1 (B). It was further confirmed 

by UV-Visible spectroscopy. Figure 4.1 (A) shows the UV-Visible spectra of CAu showing 

absorption maxima at 518-520 nm, the characteristic peak of gold nanoparticle due to SPR255.  
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Figure 4.1 (A) UV-Visible Spectroscopic plot of CAu; (B) Image showing the formation of 

gold nanoparticles from colorless solution to blushing red.   

(B) Size determination by FETEM analysis 

The FETEM micrographs and size distribution histogram of CAu are shown in Figure 4.2 

(A) and (B), respectively, which reveals that the nanoparticles were quasi-spherical in shape 

with a narrow size distribution of 8±3 nm. The size distribution histogram was obtained by 

size analysis using ImageJ.  
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Figure 4.2 (A) FETEM micrograph of CAu with scale 50 nm (left) and 100 nm (right); (B) 

Size distribution histogram.  

(C) Determination of drug loading on gold nanoparticles by DLS 

The loading of DOX on the nanoparticles after dialysis was determined by zeta potential 

measurement. At acidic pH of 4, the zeta potential of the CAg was found to be 37.77 mV due 

to the gold nanoparticles being capped by cationic chitosan. After loading of DOX, the zeta 

potential was found to be 58.70 mV. The increase in the value is the indication of the 

presence of positively charged DOX47,256. The zeta potential curve of CAu and CAu-DOX is 

shown in Figure 4.3 (A) and (B), respectively.  

 

Figure 4.3 Zeta potential curves of (A) CAu; (B) CAu-DOX. 

4.3.4.  Determination of conjugation of FA and FL to SF by FTIR spectroscopy 

The FTIR spectra of SF shown in Figure 4.4 (A) shows typical peaks of amide I (C=O 

stretching), amide II (N-H bending), and amide III (C-N stretching) at 1620, 1520, and 1236 

cm-1  respectively121. Pure FL in Figure 4.4 (C)  shows a wide band between 3428-3072 cm-1, 

which corresponds to the hydroxyl group, H-bonded-OH stretch; peaks from 1468-1316 cm-1 

which is due to carboxylic acid salt; peak at 1636 cm-1 and 1600 cm-1 due to the aromatic ring 

vibrations which appear as a pair of band structures, often with some splitting; peaks between 

1110-607 cm-1 due to the aromatic C-H out of the plane bend and between 587-461 cm-1 due 
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to O-H out of plane bend257. Figure 4.4 (D) shows FTIR spectra of SF-FA-FL, where along 

with the peaks of SF, new peaks of FA and FL can also be seen. The appearance of a peak at 

1673 cm-1 is due to the C=O stretching vibration of FA. The peak at 1445 cm-1 and 1410 cm-1 

is attributed to the -C=C- phenyl ring aromatic stretching vibration and OH deformation of 

phenyl skeleton, thus indicating the presence of FA258. The peak from 876-652 cm-1  is due to 

due to the aromatic C-H out of plane bend of FL.  

 

Figure 4.4 Stacked FTIR spectra of (A) SF; (B) FA; (C) FL; (D) SF-FA-FL. 

4.3.5.  Evaluation of SF-FA-FL coated CAu-DOX nanoparticle by FETEM analysis 

The silk coating on the CAu-DOX was evaluated by FETEM analysis. Figure 4.5 (A) and 

(B) show the FETEM micrographs of uncoated and coated CAu-DOX nanoparticles, 

respectively. The size of the uncoated nanoparticles was 8±3 nm, whereas, upon coating, the 

size of the nanoparticles increases to 80±15 nm.  
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Figure 4.5 FETEM micrograph of (A) uncoated CAu-DOX nanoparticles; (B) SF-FA-FL 

coated CAu-DOX nanoparticles.  

4.3.6.  Drug loading efficiency  

The drug loading efficiency on the nanoparticles, as determined by the drug concentration in 

the nanoparticle solution before and after dialysis, was calculated to be 70.83 %. The drug 

loading efficiency was calculated using the following equation.  

𝑫𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚(%)

= (
𝒅𝒓𝒖𝒈 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 𝒃𝒆𝒇𝒐𝒓𝒆 𝒅𝒊𝒂𝒍𝒚𝒔𝒊𝒔 − 𝒅𝒓𝒖𝒈 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 𝒂𝒇𝒕𝒆𝒓 𝒅𝒊𝒂𝒍𝒚𝒔𝒊𝒔

𝒅𝒓𝒖𝒈 𝒄𝒐𝒏𝒕𝒆𝒏𝒕 𝒃𝒆𝒇𝒐𝒓𝒆 𝒅𝒊𝒂𝒍𝒚𝒔𝒊𝒔
)

× 𝟏𝟎𝟎 

4.3.7.  In vitro drug release study  

The plot of the percentage drug release vs. time of uncoated and coated nanoparticles is 

shown in Figure 4.6 (A) and (B), respectively. It can be seen that the coated nanoparticles 

showed slower release of DOX compared to uncoated ones, which is due to the diffusion 

barrier created by the SF coating. This is beneficial for the sustained and long term release of 

the drugs. The uncoated nanoparticles exhibited an initial burst release of 44% within 6 h. 

While upon surface-coating, the burst release was drastically reduced to 14%. The percentage 
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drug release in uncoated and coated nanoparticles was found to be 90% and 60% respectively 

after 32 h.  

 

Figure 4.6 Percentage of drug release from (A) uncoated nanoparticles; (B) coated 

nanoparticles. 

4.3.8.  MTT assay for Cytotoxicity determination 

A dose-dependent decrease in cell viability was observed for all four treatment groups in 

Figure 4.7. However, it should be mentioned here that there was very less cell death in the 

samples, which were treated with blank gold nanoparticles, as in Figure 4.7 (A). Cell death 

was remarkably higher for the other three treatment groups in Figure 4.7 (B)-(D). A 

maximum of cell death was observed in the samples of group D, which were treated with SF-

FA-FL coated CAu-DOX. This can be attributed to the selective targeting of the FA ligand 

towards the HeLa cells, which are known to overexpress folic acid receptors. 
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Figure 4.7 In vitro cell viability of HeLa cell lines treated with (A) CAu; (B) DOX (C) CAu-

DOX; (D) SF-FA-FL coated CAu-DOX.  

4.3.9.  Confocal imaging to study the uptake 

For the visual evaluation of the targeting efficiency of the synthesized nanoparticle, we 

performed live-cell imaging. The fluorescence of doxorubicin was probed in the cells treated 

with 1.5 μM of CAu-DOX and SF-FA-FL coated CAu-DOX for 2 h. Confocal microscopy 

images in Figure 4.8 (B) explicitly illustrate the abundance of fluorescence from the cells 

which were treated with the folic acid conjugated nanoparticles (SF-FA-FL coated CAu-

DOX). This selective cellular uptake of the nanoparticles by the folic acid receptor 

overexpressing HeLa cells essentially emphasizes the improved targeting efficacy of the SF-

FA-FL coated CAu-DOX making it an ideal candidate for cancer therapy.  
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Figure 4.8 Confocal microscope images of the HeLa cells treated with (A) CAu-DOX; (B) 

SF-FA-FL coated CAu- DOX, depicting increased uptake of the SF-FA-FL coated CAu- 

DOX nanoparticles by the cells. The white arrows indicate successful uptake of the DOX 

loaded nanoparticles by the cells. 

4.4.  Conclusions 

Nanoparticles fabricated using chitosan can act as a potent drug delivery vehicle for various 

types of anti-cancer drugs. In this study, the gold nanoparticles were formulated by a green 

synthetic route with uniform shapes and size of 8±3 nm. The loading of DOX on the 

nanoparticles was evident from zeta potential, which shows an increase in the value in loaded 

ones indicating the presence of positively charged DOX. The coating of nanoparticles was 

done, which was proved by FETEM, showing an increase in the size of nanoparticles upon 

coating to 80±15 nm. The coated nanoparticles showed slower drug release as compared to 

the uncoated ones, which can be useful for the long term and sustained drug release. SF-FA-

FL coated CAu-DOX nanoparticles showed maximum cytotoxicity in HeLa cell lines as 

compared to the uncoated ones, which can be possibly due to the increased uptake of the 

coated ones due to the presence of FA as the folate receptors that are overexpressed on the 

surface of cancer cells rapidly bind to FA and triggers cellular uptake via endocytosis. This 

was further supported by cell imaging using confocal microscopy, which shows about 7 fold 
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increases in DOX concentration in the coated nanoparticles as compared to the uncoated 

ones. 
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4.5.  Time Dependent UV-Visible spectroscopy of CAu.  

 

Figure 4.9 UV-Visible spectroscopic data of CAu showing the formation of nanoparticles 

with time. 

4.6.   Bright field images and image of untreated HeLa cells 

 

Figure 4.10 Confocal microscopy images of HeLa cells treated with with (A) CAu-DOX; (B) 

SF-FA-FL coated CAu-DOX.  
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4.7.   Individual FTIR spectra 

 

Figure 4.11 FTIR spectra of FA. 

 

 

Figure 4.12 FTIR spectra of SF. 
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Figure 4.13 FTIR spectra FL. 

 

Figure 4.14 FTIR spectra SF-FA-FL. 
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5.1.  Overview 

Hydrogel beads have been explored for the development of oral and depot drug delivery 

tools. Chitosan hydrogel beads are spherical, micron- or nano-sized polymeric substances that 

do not dissolve in physiological conditions instead of being swelled. They are made up of 

cross-linked chitosan chains with a tangled mesh structure, providing a matrix for the 

entrapment of drugs175. They are known to have high soft tissue biocompatibility and ease of 

drug dispersion in the matrix. The polymeric beads are beneficial over pellets because of their 

relatively greater intercellular uptake. Their charge properties influence Their uptake by 

intestinal epithelia. The microparticles formulated from hydrophobic polymers exhibit greater 

uptake as compared to the hydrophilic ones. Therefore, the surface charges and 

hydrophobicity of microparticles have been effective for gastrointestinal (GI) uptake. They 

are used for depot drug delivery where a large amount of drug can be administered into the 

body and can be tuned for its controlled and sustained release44,259,260. Generally, depot 

delivery involves particles greater than 5 µm in sizes251, where the drugs are either adsorbed 

or encapsulated in it. The release of drug from the beads can be controlled by physical cross-

linking of the beads instead of chemical cross-linking to reduce the toxicity. Sodium 

tripolyphosphate (TPP), a non-toxic multivalent anion, is generally used to crosslink chitosan 

ionically. It has been seen that by varying the concentration of TPP and cross-linking time, 

the rate of drug release can be controlled 16. 

SF coated beads have been reported where the SF was observed to delayed the degradation of 

the polymeric beads, create a drug diffusion barrier, retard the drug release, and provide 

mechanical stability. Thus, the coating can impart sustained release of the drug and increase 

stability in the GI tract for oral delivery. It was also seen that by increasing the percentage of 

SF in the coating solution, there was an increase in the delay of drug release195,251. As already 
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discussed in chapter 4, SF coatings can be easily done due to its aqueous processibility. The 

thickness of the coating can also be easily controlled60,194. 

Both intravenous and oral chemotherapy route of drug administration has played a vital role 

in cancer treatment. Both ways require a specific drug carrier design and have their promising 

aspects and limitations. Oral therapy is mostly preferred as it is more convenient, painless, 

has a long shelf life, provides sustained drug release, and maintains an optimal concentration 

of the drug in the blood.  

Here, we have synthesized hydrogel beads using LMWC stabilized gold nanoparticles that 

have been prepared in chapter 4. Upon formulation, the DOX gets encapsulated in the 

hydrogel beads. We have also synthesized FL conjugated SF, which was used for coating the 

beads for imparting stability and drug retardation properties. FL was used for detecting the 

SF coating on the beads by fluorescence microscopy.  

5.2.  Experimental Procedures 

5.2.1.  Materials 

LMWC (Mv =129 kDa; 94% deacetylation), TPP and FL were purchased from Sigma 

Aldrich. DOX was purchased from Tokyo Chemical Industry. Gold chloride, lithium 

bromide, and EDC were procured from Spectrochem. Glacial acetic acid, sodium carbonate, 

and ethylenediamine (en) were purchased from Merck (India). NHS was purchased from Alfa 

Aesar. Bombyx mori silk cocoons were acquired from local silk farms, Assam, India.  

5.2.2.  Preparation of doxorubicin encapsulated LMWC stabilized gold nanoparticles 

beads (CAu-DOX beads) 

The undialyzed DOX loaded LMWC stabilized gold nanoparticles (CAu) reported in chapter 

4 was used for the preparation of the beads. The beads were formulated by the ionic-cross-

linking method using TPP as the cross-linking agent. The viscous CAu-DOX nanoparticles 
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were dropped into TPP solution of 10 %(w/v) and 8 pH using a 22 G needle. It was allowed 

to crosslink for 3 h. The formed beads were then extracted from the TPP solution, washed 

several times with deionized water to wash the TPP and non-encapsulated drug. The drug 

encapsulated beads were dried at 40°C for 5 h and stored at 4°C.  

5.2.3.  Preparation of fluorescein functionalized silk fibroin (SF-FL)  

The extraction of SF was done using a reported procedure253, which has been described in 

detail in chapter 4. For the synthesis of SF-FL, 2 ml of SF solution was dropwise added to 47 

ml water at 4°C with mild stirring. The carboxyl groups of SF were activated using EDC (25 

mg) and NHS (25 mg) at pH 6 under continuous stirring for 3 h in the dark. 1 ml of 

ethylenediamine (en) was added dropwise into the solution and reacted for 12 h at room 

temperature. The reaction mixture was dialyzed against deionized water for 2 days. In a 

separate apparatus, FL dissolved in 20 ml PBS of pH 6 was also activated using EDC (19 mg) 

and NHS (15 mg) for 3 h in the dark. The activated FL was dropwise added to the en-SF 

conjugate and reacted for 24 h in the dark and then dialyzed against deionized water for 2 

days. The dialyzed solution was stored at 4°C before further use. 

5.2.4.  Coating of beads (SF-FL coated CAu-DOX beads) 

For coating, the SF conjugate solution is taken in a beaker. The prepared CAu-DOX beads 

were dipped in the solution. After 10 min of dipping, the beads were recovered from the 

solution and washed with deionized water. They were then dried in a hot air oven at 40°C for 

1 h and stored at 4°C. 

5.2.5.  Drug loading efficiency  

The drug encapsulation efficiency was calculated using an indirect method by measuring the 

drug concentration in the leftover TPP solution after the extraction of beads. The TPP 

solution was analyzed spectrophotometrically at 480 nm, and the DOX concentration was 
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obtained by the calibration curve of DOX. Then the encapsulation efficiency was calculated 

using the following formula.    

5.2.6.  In vitro drug release study  

The in vitro drug release study from the coated and uncoated beads was also performed by 

suspending them in PBS buffer of pH 7.4 in conical flasks. The flasks were kept inside an 

incubator shaker maintained at a speed of 100 rpm at 37°C. At defined time intervals, 500 µL 

aliquots of samples were taken out from the flasks and analyzed in a spectrophotometer as 

was done for nanoparticles. All the reactions were performed in triplicates, and the error was 

determined from the standard deviation using the Origin software version 2020. 

5.2.7.  UV-Visible spectroscopy 

The drug encapsulation efficiency and drug release study were performed by UV-Visible 

spectroscopy at room temperature using Agilent Carry 100 UV-Visible spectrophotometer.  

5.2.8.  FTIR spectroscopy  

The FTIR spectra of the DOX, CAu beads, CAu-DOX beads, SF, FL and SF-FL were 

recorded on Perkin Elmer Spectrum 2 FTIR spectrometer at room temperature using KBr 

pellet, over a frequency range of 4000-400 cm-1.  

5.2.9.  Optical microscopy 

The precise size of the dried uncoated and coated beads was observed by optical microscopy 

using Leica DM 2500 M Optical microscope. The dried beads were directly kept under the 

microscope for observation.   

5.2.10.  FESEM analysis 

The morphology of the beads was determined by Zeiss Sigma Field Emission Scanning 

Electron Microscope (FESEM). The uncoated and coated beads were pasted on top of two 

separate carbon film for the analysis. 
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5.2.11.  Fluorescence microscopy 

The SF coating on the beads was analyzed using fluorescence images recorded in Olympus 

CX41Upright Fluorescence Microscope. The FL conjugated on SF shows fluorescence at an 

excitation wavelength of 480 nm and an emission of 520 nm. 

5.3.  Results and Discussions  

5.3.1.   Synthesis of doxorubicin encapsulated LMWC stabilized gold nanoparticles 

beads. 

The LMWC stabilized gold nanoparticles were formulated into beads by the ionic cross-

linking technique using TPP as the cross-linking agent. The cationic chitosan capping in gold 

nanoparticle interacts with the anionic TPP by ionic interaction and get formulated into 

beads. Upon extraction of the beads from the TPP solution after crosslinking, the unloaded 

drug remains back in the TPP solution, which was analyzed for checking drug loading 

efficiency and then discarded. The schematic representation of the synthesis of CAu-DOX 

beads and SF-FL coated CAu-DOX beads is depicted in Figure 5.1.  

 

Figure 5.1 Schematic diagram of synthesis of CAu-DOX beads and SF-FL coated CAu-DOX 

beads. 
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5.3.2.  Synthesis of coating material and coating of beads 

The mechanism of coating of the beads is hydrophobic interactions251. The coating was done 

by 0.1 % (w/v) of SF in SF-FL. As shown in Scheme 5.1, the SF (1) was functionalized using 

ethylenediamine (2) to form amine-functionalized SF (3) to increase the number of the free 

amino group in SF. The amine-functionalized SF (3) was then covalently conjugated to the 

free carboxyl group of FL (4) via amide coupling reaction. The FL conjugated SF (5) was 

used for coating the beads. The FL was used to detect the SF coating on the beads by using 

fluorescence microscopy. This might also be useful for cell imaging. The coated beads can be 

used for oral delivery of DOX, even using capsules.  

 

Scheme 5.1 Stepwise synthesis of fluorescein-conjugated silk fibroin. 

5.3.3.  Evaluation of bead formation and DOX encapsulation.  

Figure 5.2 (A) and (B) show the image of CAu-DOX beads in TPP solution. The 

encapsulation of DOX in the beads was analyzed by FTIR spectroscopy. For comparative 

study, pure gold nanoparticles beads (CAu beads) were also synthesized following the same 

protocol as CAu-DOX beads. Figure 5.2 (C), (D), and (E) shows the FTIR spectra of CAu 

bead, pure DOX, and CAu-DOX beads, respectively. On comparing the spectra of CAu bead 

and CAu-DOX beads, two characteristic peaks of DOX can be seen in the spectra of CAu-

DOX beads. The new peak at 1249 cm-1 is due to stretching bands of the C–O–C groups and 
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the peak at 814 cm-1 is due to the primary amine NH2 wag of DOX261,262, which shows the 

successful encapsulation of the drug in the microparticles.  

 

Figure 5.2 (A)-(B) Image of CAu-DOX beads in TPP solution; Stacked FTIR spectra of (C) 

CAu beads; (D) DOX; (E) Au-DOX beads. 

5.3.4.  Determination of conjugation of FL to SF by FTIR spectroscopy 

 

 

5.3.5.  Evaluation of SF-FL coating on CAu-DOX beads by fluorescence microscopy 

The SF coating on the beads was determined by detecting the FL conjugated to SF by 

fluorescence microscopy at an excitation wavelength of 480 nm and an emission of 520 nm. 

Figure 5.3 (A) and (B) shows the fluorescence microscopy image of uncoated beads and 

coated beads, respectively. Upon excitation, the uncoated beads show no fluorescence, which 

is evident in Figure 5.3 (A), showing a blank dark image. Whereas; the coated beads were 

surrounded by a uniform fluorescent layer, as in Figure 5.3 (B), confirming the presence of 

FL conjugated SF.  
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Figure 5.3 Fluorescence microscopy images of (A) uncoated beads; (B) coated beads. 

5.3.6.  Evaluation of size of the beads by optical microscopy 

The size of the dried uncoated and coated beads was analyzed by optical microscopy and 

shown in Figure 5.4 (A) and (B), respectively. The image showed that the average particle 

size of the coated and uncoated beads, were almost the same and in the range of 900-1000 

µm. Upon coating, no significant increase in size was observed as the coating thickness might 

be negligible range compared to the bead size, unlike the nanoparticles in chapter 4, where 

the change was visible. The beads' size could be further controlled during its formulation,  

depending upon the application, by changing the diameter of the needle used for dropping.  
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Figure 5.4 Optical microscopy images of (A) uncoated beads; (B) coated beads with size 

900-1000 µm. 

5.3.7.  Evaluation of morphology of the beads by FESEM analysis 

The morphology of the coated, as well as uncoated beads, was determined by FESEM. 

Figure 5.5 (A) and (B) show the FESEM micrographs of uncoated and coated beads, 

respectively. It was distinguishable that the coated beads possessed a smooth surface 

compared to the uncoated ones. Further, the shape of the coated beads was  properly spherical 

compared to the uncoated ones.  

 

Figure 5.5 FESEM images of (A) uncoated beads; (B) coated beads. 
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5.3.8.  Drug loading efficiency  

The drug encapsulation efficiency in the beads was 87.45 %, which was determined 

indirectly from the concentration of leftover DOX in the TPP solution after the extraction of 

drug encapsulated beads.  The following formula was used:  

𝑬𝒏𝒄𝒂𝒑𝒔𝒖𝒍𝒂𝒕𝒊𝒐𝒏 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (%)

= (
𝑻𝒐𝒕𝒂𝒍 𝒅𝒓𝒖𝒈 𝒕𝒂𝒌𝒆𝒏 𝒊𝒏𝒊𝒕𝒂𝒊𝒍𝒍𝒚 −  𝒅𝒓𝒖𝒈 𝒊𝒏 𝑻𝑷𝑷 𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏

𝑻𝒐𝒕𝒂𝒍 𝒅𝒓𝒖𝒈 𝒕𝒂𝒌𝒆𝒏 𝒊𝒏𝒊𝒕𝒂𝒊𝒍𝒍𝒚 
) ∗ 𝟏𝟎𝟎 

 

5.3.9.  In vitro drug release study  

The plot of the percentage drug release vs. time of uncoated and coated nanoparticles is 

shown in Figure 5.6 (A) and (B), respectively. It can be seen that the coated beads showed a 

slower release of DOX compared to uncoated ones, which is due to the diffusion barrier 

created by the SF coating. The uncoated beads showed an initial burst release of 40% in 4h. 

While, upon coating, it was reduced to 16%. The percentage drug release in uncoated and 

coated beads was found to be 90% and 64% respectively after 40 h. 

 

Figure 5.6 Percentage of drug release from (A) uncoated beads; (B) coated beads. 
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5.4.  Conclusions 

The Hydrogel beads, due to their high biocompatibility and drug loading capacity, can be an 

effective oral and depot drug delivery tool. Chitosan-based beads can be synthesized using 

TPP by ionic cross-linking techniques. TPP is non-toxic; thus, the process is a simple and 

environmentally friendly approach. The presence of gold nanoparticles makes it more 

effective in terms of cell-penetrating property and anticancer properties. The size of the 

beads, as obtained by optical microscopy, was 900-100 µm. The coating of the beads was 

successfully done by FL functionalized SF. The FL was used to detect the SF coating by 

fluorescence microscopy, which showed a uniform fluorescent layer upon excitation. 

Moreover, the coating provided a smoother and more spherical morphology to the beads. The 

drug release was fairly retarded by the coating, which can be useful for slow and sustained 

drug release. The FL conjugation can also be useful for cell imaging purposes.   
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5.5.  Individual FTIR spectra 

 

Figure 5.7 FTIR spectra of CAu beads. 

 

Figure 5.8 FTIR spectra of DOX. 
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Figure 5.9 FTIR spectra of CAu-DOX. 

 

Figure 5.10 FTIR spectra of FL. 
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Figure 5.11 FTIR spectra of SF. 

 

Figure 5.12 FTIR spectra of SF-FL. 
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6.1.  Overview 

Cdots have gained massive attention in pharmaceutical fields due to high biocompatibility, 

water-solubility, low-cost, and tunable fluorescence property. They possess a quasi-spherical 

shape with a size below 10 nm. Because of their tunable fluorescence property, they can also 

be used for cell imaging and smart sensing systems. There are two general approaches for the 

synthesis of Cdots, “top-down” and “bottom-up”. In the “top-down” approach, larger carbon 

materials are broken down by arc-discharge, laser ablation, electrochemical synthesis, and 

chemical oxidation. The functionalization and purification step in this approach is time-

consuming and complex. Thus, it is not preferable mostly in scientific and commercial points 

of view. In the “bottom-up” approach, small carbon sources are used to build Cdots using 

pyrolysis, microwave, ultrasonication, hydrothermal, and plasma-treatment.   

Depending on the types of precursor and synthesis route, various types of functional groups 

like amino, hydroxyl, and carboxyl functional groups appear on the surface of the Cdots. 

These functional groups can be used for covalent interactions with other molecules. Some 

cost-effective and environment-friendly processes have been adopted to synthesize Cdots in a 

green synthesis way using biopolymers, proteins, biomass, plant extracts, etc. Liu et al. have 

reported amine-functionalized Cdots using chitosan as the precursor263, which can be 

explored for various functionalization.  

Biotin has been one of the significant cell-targeting ligands that target the tumor cells, as 

biotin receptors are overexpressed in some of the cancer cells, even more than folate and 

vitamin B-12 receptors264. It can be easily attached covalently to other molecules with free 

amino groups by amide coupling due to the presence of the free carboxyl group. Biotin-NHS 

ester has been used for coupling with amines because of a large number of advantages such 

as (a) they are highly reactive; (b) gives high yield in amine coupling reaction265; (c) they are 

resistant to hydrolysis thus stable and can be stored for a more extended period266.   
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Herein, we have synthesized Cdots using LMWC and SF mixture. Biotin was covalently 

conjugated to the amine-functionalized Cdots for cell targeting properties. A model drug 5-

FU was loaded to it. The system is expected to possess cell targeting and cell imaging 

properties. The Cdots were synthesized by pyrolysis, a ‘bottom-up’ approach. Pyrolysis is a 

process that involves high-temperature thermal decomposition in the absence of oxygen. It is 

one of the simplest techniques of C-dot synthesis.   

6.2.  Experimental Procedures 

6.2.1.  Materials 

LMWC (Mv =129 kDa; 94% deacetylation) and 5-FU were purchased from Sigma Aldrich. 

Biotin was procured from Tokyo Chemical Industry. NHS was purchased from Alfa Aesar.  

Lithium bromide and N,N′-Dicyclohexylcarbodiimide (DCC) was purchased from 

Spectrochem, and Bombyx mori silk cocoons were acquired from local suppliers. Sodium 

carbonate was purchased from Merck (India).  

6.2.2.  Extraction of silk fibroin and drying 

The SF was extracted from Bombyx mori silk cocoons using the same protocol, as described 

in Section 4.2.3. The purified SF solution was lyophilized to obtain dried SF flakes, which 

were stored at 4°C for further steps.   

6.2.3.  Synthesis of LMWC and silk fibroin based carbon dots (CS-Cdots) 

The Cdots were synthesized by the pyrolysis process in under nitrogen atmosphere. LMWC 

and dried SF powder were mixed in different ratios (LMWC: SF) of 1:0, 1:0.66, 1:1, and 

1:1.5. The mixtures were heated at 230°C for 3 h, and then they were ground to fine powders 

using mortar and pestle. The powders were dissolved in distilled water using proper shaking 

and finally filtered. The Cdots dissolved in water were collected in the filtrate, and the 
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residue was discarded. The solutions were then dried using freeze-drying and stored at 4°C 

until further use.  

6.2.4.  Synthesis of biotin-NHS ester (BT-NHS) 

The BT-NHS was synthesized using a reported protocol with minor modifications267. Briefly, 

biotin (100 mg, 0.5 mmol) was dissolved in hot DMF at 60°C until a clear solution is 

obtained. After cooling to room temperature, the NHS (57.52 mg, 0.6 mmol) and DCC (84.38 

mg, 0.5 mmol) were added under stirring conditions. The solution was stirred overnight at 

room temperature. The precipitated solid byproduct (dicyclohexylurea) was filtered off, and 

the filtrate was concentrated using a rotary evaporator. The concentrated solution was 

precipitated using diethyl ether. The solid was recrystallized using 2-propanol and dried in a 

vacuum.    

6.2.5.  Synthesis of LMWC and silk fibroin based carbon dots and BT-NHS conjugate 

(BT-CS-Cdots) 

CS-Cdots (80 mg) was dissolved in 16 ml of 100 mM sodium bicarbonate buffer of pH 9.0. 

Biotin-NHS (160 mg) was dissolved in 3 ml of DMSO until a clear solution was obtained. 

The CS-Cdots solution was dropwise added to the Biotin-NHS solution and reacted overnight 

at room temperature. The reaction mixture was dialyzed against distilled water using a 

dialysis membrane (MW 1kDa).  

6.2.6.  Loading of 5-FU on BT-CS-Cdots (FU- BT-CS-Cdots) 

26 mg of 5-FU was stirred with 10 ml of  BT-CS-Cdots at 37°C for 24 h for loading of 5-FU 

into it. The solution was centrifuged at 16,000 rpm to collect the drug loaded nanoparticle 

pellets, which were then stored at 4°C.  
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6.2.7.  Drug loading efficiency  

The drug loading efficiency on the nanoparticles was determined by measuring the amount of 

drug on supernatant of the centrifuged FU-BT-CS-Cdots. The UV-Visible absorbance of the 

supernatant was determined at a wavelength of 266 nm, and using the calibration curve of 5-

FU, the amount of drug was determined.   

6.2.8.  In vitro drug release study   

The in vitro release of 5-FU from FU- BT-CS-Cdots was done by dissolving a known amount 

of drug loaded nanoparticles in a PBS buffer of pH 7.4. The suspension was transferred to the 

dialysis membrane (MW cutoff 1 kDa) and immersed in 20 ml of PBS buffer maintained 

under constant stirring. At the chosen time interval, 500 µL aliquot of sample was taken out 

and replaced with the same quantity of fresh PBS buffer. The collected aliquots were 

analyzed spectrophotometrically at 266 nm, and the percentage of drug release was calculated 

using a standard calibration curve of pure 5-FU.  

6.2.9.  UV-Visible spectroscopy 

The drug loading efficiency and drug release percentage was determined by UV-Visible 

spectroscopy at room temperature using Agilent Carry 100 UV-Visible spectrophotometer 

6.2.10.  Fluorescence spectroscopy 

The fluorescence intensity of 1mg/ml concentration of all the ratios of CS-Cdots in water was 

analyzed by using Horiba Scientific Fluoromax-4 Spectrofluorometer.  

6.2.11.  FTIR spectroscopy 

The FTIR spectra of CS-Cdots, BT-NHS, BT-CS-Cdots, and FU-BT-CS-Cdots were 

recorded on Perkin Elmer Spectrum 2 FTIR spectrometer at room temperature using KBr 

pellet, over a frequency range of 4000-400 cm-1.  
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6.2.12.  FETEM 

The particle size of the CS-Cdots (1:1.5) was determined by Jeol 2100F Field Emission 

Transmission Electron Microscope. For the analysis, a droplet of dilute carbon dot solution 

was cast on a copper grid without being stained. The excess liquid was removed by touching 

the edge of the copper grid with a small piece of filter paper and further dried overnight in a 

desiccator.  

6.2.13.  Powder XRD 

The crystallinity of the CS-Cdots (1:1.5) was determined by powder XRD using Rigaku 

SmartLab 9 kW X-ray diffractometer fitted with CuKα radiation of λ=1.54 Å in a 2θ range of 

5-60°. 

6.3.  Results and Discussions 

6.3.1.  Synthesis of BT-CS-Cdots 

The Cdots were synthesized by pyrolysis and green synthesis method using LMWC and SF 

as the precursor and no other toxic chemicals. The amine-functionalized CS-Cdots were 

formed by the carbonization of the mixture for covalent attachment of carboxylic acid group-

containing molecules. Biotin was covalently attached to the CS-Cdots using an amide 

coupling mechanism. The free carboxyl group of biotin was attached to the free amino group 

of CS-Cdots by forming biotin-NHS ester. In a typical NHS ester synthesis, one-pot DCC 

coupling is followed.   

As shown in Scheme 6.1, biotin (1) reacts with DCC (2) to form an O-acylisourea 

intermediate (3) after a nucleophilic attack of the carboxyl group of biotin on the 

carbodiimide carbon of DCC. The NHS (4) reacts with the O-acylisourea intermediate to 

form biotin-NHS (5) and a byproduct dicyclohexylurea (6), which is insoluble in DMF, so 
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can be easily separated by filtration. Then (5) reacts with the free amino group of CS-dots to 

form BT-CS-Cdots (7).   

 

Scheme 6.1 Stepwise synthesis of biotin-NHS and BT-CS-Cdots. 

6.3.2.  Characterization of the CS-Cdots  

(A) Optical Properties of the CS-Cdots 

The CS-Cdots of different ratios were analyzed under daylight and UV-lamp of wavelength 

365 nm. They were colorless to light yellow in daylight depending upon the ratios, as shown 

in Figure 6.1 (A), while showed bright blue color after excitation by UV lamp shown in 

Figure 6.1 (B).    

 

Figure 6.1 Image of CS-Cdots of different ratios (a) 1:0.66, 1:1, and 1:1.5 under (A) 

daylight; (B) 365 nm UV light.  

The fluorescence spectra of different ratios of CS-Cdots, i.e., 1:0, 1:0.66,  1:1, and 1:1.5, 

were recorded at an excitation wavelength of 350 nm, and the emission was checked from 
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360-650. It was observed that upon increasing the SF content, there was an increase in the 

CS-Cdot’s fluorescence intensity. Figure 6.2 shows the fluorescence spectra of different 

ratios of CS-Cdots. Since the intensity corresponding to the ratio of 1:1.5 was maximum, we 

have taken CS-Cdots (1:1.5) for our further studies.  

 

Figure 6.2 Plot of fluorescence intensity vs. emission wavelength of different ratios of CS-

Cdots, showing an increase in the fluorescence intensity with SF content. 

The quantum yield (𝜑) of the different ratios of CS-Cdots was determined with respect to 

fluorescein as the reference dye having 𝜑 value of 0.92 in 0.1N NaOH as reported by Magde 

et al. 268. The Ψ  was determined using the following formula in Eq. 6.1269. 

𝝋𝒙 = 𝝋𝒔(
𝑨𝒙

𝑨𝒔
)(

𝑬𝒔

𝑬𝒓
)(

𝜼𝒙

𝜼𝒔𝒕
)𝟐             (Eq. 6.1) 

Where 𝜑 is the relative fluorescence quantum yield; A is the absorbance or optical density 

(OD) at the excitation wavelength; E is the integrated fluorescence intensity (calculated by 

trapezoidal rule using MATLAB); ƞ is the refractive index of the solvent; Subscript ‘x’ and‘s’ 

refers to the unknown and reference respectively.  

The relative 𝜑 of the Cdots prepared from blank LMWC, and SF was obtained to be 15.67% 

and 43.88%, respectively. While the relative quantum yields of the Cdots from the mixtures 
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of various ratios of CS-Cdots, 1:0.66, 1:1, and 1:1.5 were 38.77%, 45.21%, and 65.69%. 

Thus, an increase in the value of relative 𝜑 can be seen in the Cdots formulated using the 

mixtures than Cdots prepared from the individual polymers. Moreover, there was an increase 

in the relative 𝜑 with SF content. 

(B) Size of the CS-Cdots 

The size of the CS-Cdots (1:1.5) was determined by FETEM analysis. From the FETEM 

micrograph in Figure 6.3 (A), it’s evident that the formed CS-Cdots were quasi-spherical in 

shape with a size of 3±1.5 nm. Figure 6.3 (B) shows the size distribution histogram (obtained 

using ImageJ software) of the carbon dots showing a very narrow particle size distribution.  

(C) Powder XRD 

The powder XRD pattern of the CS-Cdots (1:1.5) shown in Figure 6.3 (C) presents a broad 

amorphous peak at 2θ=22.14° attributed to highly disordered carbon atoms263,270.  

 

 

Figure 6.3 (A) FETEM micrographs of CS-Cdots (1:1.5); (B) Size distribution histogram; 

(C) XRD pattern of CS-Cdots (1:1.5).  
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6.3.3.  Determination of formation of BT-CS-Cdots and drug loading 

The FTIR spectrum of CS-Cdots (1:1.5) is shown in Figure 6.4 (B). The peak at 3293 cm-1 is 

assigned to the stretching vibration of amine (-NH2) and hydroxyl (O-H) group. The peak at 

1654 cm-1 is due to amide I (C=O stretching), and 1534 due to amide II (N-H bending). Thus, 

showing the formation of amine-functionalized Cdots. The FTIR spectrum of BT-NHS is 

presented in Figure 6.4 (A). The peak at 3246 cm-1 is for N-H stretching, 2925 cm-1 is for C-

H stretching, 1831-1701 cm-1 is due to C=O stretching, 1475, and 1369 cm-1 is for C-H and N-

H, 1202 cm-1 is for ester N-O and 1072 cm-1 for ester C-O271. In the FTIR spectrum of BT-

CS-Cdots in Figure 6.4 (C), the peak at 3246 cm-1 is due to N-H stretching, 2925 cm-1 is for 

C-H stretching of biotin, 1689 cm-1 is for C=O stretching, 1558 cm-1 is due to N-H bending 

vibration of the new amide bond formation and1024 cm-1 is for ester N-O of biotin. This 

presence of the peaks of biotin in BT-CS-Cdots confirms the conjugation. The FTIR 

spectrum of FU- BT-CS-Cdots is shown in Figure 6.4 (D), which shows peaks of CS-Cdots 

along with peaks of C-F stretching vibration of 5-FU, confirming the loading of the drug on 

it.  
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Figure 6.4 Stacked FTIR spectra of (A) BT-NHS; (B) CS-Cdots; (C) BT-CS-Cdots; (D) FU-

BT-CS-Cdots.   

6.3.4.  Drug loading efficiency  

The drug loading efficiency was calculated to be 97 %. The following equation was used to 

calculate the drug loading efficiency.  

𝑫𝒓𝒖𝒈 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒆𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚(%)

= (
𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒇𝒆𝒅 𝒊𝒏𝒊𝒕𝒊𝒂𝒍𝒍𝒚 − 𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒊𝒏 𝒔𝒖𝒑𝒆𝒓𝒏𝒂𝒕𝒂𝒏𝒕

𝒂𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒇𝒆𝒅 𝒊𝒏𝒊𝒕𝒊𝒂𝒍𝒍𝒚
) 

× 𝟏𝟎𝟎 

6.3.5.  In vitro drug release study   

The in vitro release curve of 5-FU from FU-BT-CS-Cdots is shown in Figure 6.5. The 

release of 5-FU from the Cdots was done in triplicates, and the error was estimated from the 

standard deviation using origin. A uniform release of drugs from the nanoparticles can be 
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seen. The percentage drug release was found to be 81% after 36 h. The equation used for 

calculation is as follows: 

𝑷𝒆𝒓𝒆𝒄𝒆𝒏𝒕𝒂𝒈𝒆 𝒐𝒇 𝑫𝒓𝒖𝒈 𝒓𝒆𝒍𝒆𝒂𝒔𝒆 =
𝑨𝒎𝒐𝒖𝒏𝒕 𝒐𝒇 𝒅𝒓𝒖𝒈 𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅 𝒂𝒕 𝒕𝒊𝒎𝒆 ′𝒕′ 

𝑻𝒐𝒕𝒂𝒍 𝒅𝒓𝒖𝒈 𝒄𝒐𝒏𝒕𝒆𝒏𝒕
× 𝟏𝟎𝟎% 

 

 

Figure 6.5 Percentage of drug release from FU-BT-CS-Cdots with time.  

6.4.  Conclusions  

Cdots-based drug carriers can provide exceptional properties for drug delivery. They are 

highly biocompatible, easily functionalized, and possess tunable fluorescence properties that 

can be utilized for cell imaging. LMWC-SF based Cdots were successfully synthesized, 

which was confirmed by fluorescence spectroscopy. The size of the nanoparticles, as 

obtained by FETEM, was 3±1.5 nm. It was observed that the Cdots formulated using the 

LMWC and SF mixture possess high fluorescence intensity as well as relative quantum yield 

compared to the Cdots prepared from blank LMWC and SF. Upon increasing the SF content, 

there was an enhancement in fluorescence properties.  The conjugation of biotin and loading 

of 5-FU to the Cdots was confirmed by FTIR spectroscopy. The biomaterial possess high 
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fluorescence properties with conjugated cell-targeting moiety, thus can be effective for 

targeted drug delivery of anti-cancer agents and cancer cell imaging.  
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6.5.  Individual FTIR spectra 

 

Figure 6.6 FTIR spectra of BT-NHS 

 

Figure 6.7 FTIR spectra of CS-Cdots 
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Figure 6.8 FTIR spectra of BT-CS-Cdots 

 

Figure 6.9 FTIR spectra of FU-BT-CS-Cdots 
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7.1.  Research Summary  

In the field of design and development of drug delivery systems for anti-cancer drugs, 

nanomaterials mediated techniques have proved to be a very efficient approach. Mainly, the 

nanoparticles derived from biopolymers, using the polymer as the precursor, reducing agents, 

or coating agent, have been found to possess remarkable properties that are essential for a 

drug delivery tool. Without compromising the cost-effectiveness, various desirable properties 

like biocompatibility, cell penetrability, functionalization properties, drug loading capacities, 

etc., can be easily achieved.  

We have developed different types of chitosan and SF based nanomaterials and coating 

materials for controlled and targeted delivery of anti-cancer drugs. We have synthesized a 

photo-controlled drug delivery nanocarrier that can deliver 5-FU only when it is exposed to 

the light of a particular wavelength. We have also synthesized an enzyme-prodrug 

combinatorial system of 5-FC and CD enzyme, where 5-FC acts as a prodrug that, upon the 

action of CD, gets converted to 5-FU, an active antitumor agent. Chitosan-based silver 

nanoparticles were used as the carrier of 5-FC for this study. Similarly, we have also 

developed chitosan-based gold nanoparticles and microparticles for targeted and sustained 

release of DOX. The SF coating proves to provide an effective diffusion barrier to the drugs, 

thus, helping in sustained and long-term drug release. Moreover, it provided a site for 

functionalization, which is helpful in attaching cell-targeting moieties. Biotin conjugated 

Cdots has been developed, where the Cdots with high fluorescence and quantum yield was 

obtained by chitosan and silk mixture. The percentage drug release profile from all the 

materials has been studied. The materials were also tested for their cell-cytotoxicity in cancer 

cell lines. Overall, our experimental results showed that the materials produced can be an 

effective therapeutic tool.  
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7.2.  Future prospects 

The investigations carried out in this thesis work include synthesis, characterization, and cell 

cytotoxicity study of chitosan and SF-derived nanomaterials. However, more modifications 

and studies can be done for their effective use as a chemotherapeutic tool. We would like to 

propose some points to be addressed in the next steps of research as delineated below. 

(a) The 5-FU-linker-LMWC conjugate formed hydrogel and DMSO gel. The gel 

properties and drug release profile from the gel can be studied, which will be useful 

for photo-controlled delivery of anti-cancer drugs for skin cancers. Its film-forming 

properties can also be examined for the formulation of photo-controlled patches.  

(b) 5-FC loaded silver nanoparticles can be made target specific by attaching some cell-

targeting moieties like folic acid and biotin by chemical modifications. Other types of 

biopolymer derived nanomaterials can also be explored, substituting the silver 

nanoparticles.  

(c) The swelling behavior or crosslinking densities can be studied for both the 5-FU-

linker-LMWC conjugate hydrogel and CAu-DOX beads at different pH.  

(d) The kinetics of aggregation can be studied for all the synthesized nanoparticles for 

analyzing their stability.  

(e) A comparative study to analyze the effect of particle size on drug release kinetics can 

be done.  

(f) The MTT assay and cell imaging studies of biotin-conjugated SF-LMWC can be done 

to check the efficiency of biotin as a targeting moiety. 

(g) Animal model studies can be done for the synthesized materials.  
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Appendix 

A1. Buffers and solutions 

A1.1. MES buffer for 5-FU-linker and LMWC conjugation (100 ml, 50 mM, pH 6.0) 

 For 100 ml buffer solution, 0.9762 g MES buffer powder dissolved in dH2O.  

 pH adjusted to 6.0 using 10 N NaOH before makeup.   

A1.2. PBS buffer saline for drug deloading studies (100 ml, pH 7.4) 

 For 100 ml buffer solution, 0.8 g NaCl, 0.02 g KCl, 0.144 g NaHPO4 and 0.024 g 

KH2PO4  dissolved in dH2O. 

A1.3. Sodium acetate and acetic acid buffer for Mv determination of LMWC (0.1 M  

         CH3COONa/ 0.2 M CH3COOH)  

 For 100 ml buffer solution, 1.64 g CH3COONa and 1.72 ml CH3COOH dissolved in 

dH2O. 

A1.4. Sodium bicarbonate buffer (100 mM, pH 9.0) 

 For 100 ml buffer solution, 0.286 g Na2CO3 and 0.756 g NaHCO3 dissolved in dH2O. 

 pH adjusted to 9.0 using 10 N NaOH before makeup.   

A1.5. AgNO3 solution preparation for CAg synthesis (54 mM) 

 For 10 ml solution, 0.0913 g dissolved in dH2O. 

A1.6. AuHCl4 solution preparation for CAu synthesis (125 mM) 

 For 10 ml solution, 0.42 g dissolved in dH2O. 

A1.7. Na2CO3 solution preparation for SF extraction (0.02 M) 

 For 1000 ml solution, 2.12 g dissolved in dH2O. 

A1.8. LiBr solution preparation for CAu synthesis (9.3 M) 

 For 10 ml solution, 80.77 g dissolved in dH2O.  

A1.9. NaOH (10 N)  

 For 100 ml solution, 40 g dissolved in dH2O.  
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Appendix 

   B1. Bacterial Strain used for CD extraction. 

Strain Genotype  

Escherichia coli     Rosetta(DE3)pLysS F- ompT hsdSB (rB- mB-) gal dcm 

(DE3)pRARE (CamR) 

 

   C1. Culture medium for bacteria 

Medium  Composition  

Luria Bertani (LB) broth (1 L)  

 

10 g Casein enzymic hydrolysate, 5g Yeast 

extract , 10 g NaCl, pH 7.5±0.2  

Luria Bertani (LB) Agar (1 L)  

 

10 g Casein enzymic hydrolysate, 5g Yeast 

extract , 10 g NaCl, Agar 15 g, pH 7.5±0.2  

 

    D1. Activation of dialysis membrane  

 Washed in tape water for 3 h for the removal of glycerol that is added in the 

membrane as a humectant. 

 Treated with 0.3 % (w/v) solution of sodium sulfide at 80°C for 1 min for the 

removal of sulfur compounds. 

 Washed with hot water at 60°C for 2min 

 Acidification with 0.2 %(v/v) of H2SO4 solution 

 Rinsed with hot water for the removal of the acid. 

 Stored in 10% ethanol at 4°C.   
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