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Chapter 1 

Introduction 
 

 

 

 

This chapter is an introduction to the thesis and briefly describes 

various drug delivery systems involving nanoparticles as 

delivery vehicles. It also emphasizes on the selection of gold 

nanoparticles as a drug delivery agent above others. Finally a 

brief outline of the thesis is laid-out.  
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1.1 Introduction:  

An ideal drug delivery technology is the so called “magic bullet”, proposed by Paul 

Ehrlich at the beginning of the 20th century, in which the drug is precisely targeted to 

the exact site of action1, 2. The advent of nanotechnology makes this goal a bit closer, 

to deliver the drug in the right place at the right time. Nanoscience and 

nanotechnology are two terms that involve systems/devices at the nanometer scale. It 

is a multidisciplinary scientific field undergoing explosive development. A part of this 

field is the development of nano-scaled drug delivery devices. Nanoparticles provide 

enormous advantages regarding drug targeting, delivery and release and, with their 

additional potential to combine diagnosis and therapy, emerge as one of the major 

tools in medicine. Nanoparticles and nano-formulations have already been applied as 

drug delivery systems with great success in anti-tumor therapy, gene therapy, AIDS 

therapy, radiotherapy, in the delivery of proteins, antibiotics, virostatics and vaccines3, 

4. Because of their size, nanometric systems/particles have been proposed to cross 

blood brain barrier2,4-9. 

Cancer remains one of the world’s most devastating diseases; with more than 

10 million new cases every year10, 11. Current cancer treatments include surgical 

intervention, radiation and chemotherapeutic drugs, which often also kill healthy cells 

and cause toxicity to the patient. It would therefore be desirable to develop 

chemotherapeutics that can either passively or actively target cancerous cells12. For 

anticancer drugs to be effective in cancer treatment they should meet two important 

criteria; first, after administration, they should ideally be able to reach the desired 

tumor tissues through the penetration of barriers in the body with minimal loss of their 

volume or activity in the blood circulation. Second, after reaching the tumor tissue, 

drugs should have the ability to selectively kill tumor cells without affecting normal 

cells with a controlled release mechanism of the active drug. These two basic 

strategies also lead to the improvements in patient survival and quality of life by 

increasing the intracellular concentration of drugs and reducing dose-limiting 

toxicities simultaneously. Interestingly, nanoparticles seem to have the potential to 

satisfy both of these requirements for effective drug carrier systems.  

The method by which a drug is delivered can have a significant effect on its 

efficacy. Conventional chemotherapeutic agents are distributed nonspecifically in the 

body where they affect both cancerous and normal cells, thereby limiting the dose 
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achievable within the tumor and also resulting in suboptimal treatment due to 

excessive toxicities. Some drugs have an optimum concentration range within which 

maximum benefit is derived, and concentrations above or below this range can be 

toxic or produce no therapeutic benefit at all. On the other hand, the very slow 

progress in the efficacy of the treatment of this disease clearly suggests a growing 

need for a multidisciplinary approach to the delivery of therapeutics to targets in 

tissues. From this, new ideas on controlling the pharmacokinetics, 

pharmacodynamics, non-specific toxicity, immunogenicity, biorecognition, and 

efficacy of drugs are generated. These new strategies, often called drug delivery 

systems (DDS), are based on interdisciplinary approaches that combine polymer 

science, pharmaceutics, bioconjugate chemistry, molecular biology and 

nanotechnology. One of the earliest examples of applying nanotechnology to solving 

problems in biology was the use of liposomes as drug delivery vehicles13. From the 

viewpoint of biological compatibility, liposomes are ideal drug carriers. They are 

constructed from natural lipids. Therefore, they are nontoxic, do not elicit undesirable 

immune responses, and are biodegradable. However, the situation with therapeutic 

application of liposomes is not as simple as desired. Liposomes are not stable enough 

in blood and are rapidly eliminated from circulation by reticuloendothelial system of 

cells14. However, the novelty of this method caught the attention of many researchers 

and had laid foundation for the development of various other DDS. 

Cancer nanotherapeutics are rapidly progressing and are being implemented to 

solve several limitations of conventional drug delivery systems such as nonspecific 

biodistribution and targeting, lack of water solubility, poor oral bioavailability, and 

low therapeutic indices (Table 1). To improve the biodistribution of cancer drugs, 

different types/classes of nanoparticle based drug carriers have been designed for 

optimal size and surface characteristics to increase their circulation time in the 

bloodstream. Nanocarriers are nanosized materials (diameter 1–100 nm) that can 

carry multiple drugs and/or imaging agents. Owing to their high surface area to 

volume ratio, it is possible to achieve high ligand density on the surface for targeting 

purposes. Nanocarriers can also be used to increase local drug concentration by 

carrying the drug within and control releasing it when bound to the targets. They are 

also able to carry their loaded active drugs to cancer cells by selectively using the  
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Table 1: Table illustrates examples of problems exhibited by free drugs that can be 

ameliorated by the use of drug delivery systems15. 

 

unique pathophysiology of tumors, such as their enhanced permeability and retention 

effect and the tumor microenvironment. In addition to this passive targeting 

mechanism, active targeting strategies using ligands or antibodies directed against 

selected tumor targets amplify their specificity. Drug resistance, another obstacle that 

Problem  Implication Effect of DDS 

 

Solubility 

In a convenient pharmaceutical 
format is difficult to achieve, as 
hydrophobic drugs may 
precipitate in aqueous media.  

DDS such as lipid micelles or 
liposomes provide both hydrophilic 
and hydrophobic environments, 
enhancing drug solubility. 

 

Tissue damage on 

Extravasation 

 

Inadvertent extravasation of 
cytotoxic drugs leads to tissue 
damage, e.g., tissue necrosis with 
free doxorubicin. 

Regulated drug release from the 
DDS can reduce or eliminate tissue 
damage on accidental extravasation. 

 

Rapid breakdown of 

the drug in vivo 

 

Loss of activity of the drug 
follows administration, e.g., loss 
of activity of camptothecins at 
physiological pH. 

DDS protects the drug from 
premature degradation and        
functions as a sustained release 
system. Lower doses of drug are 
required. 

 

Unfavorable 

pharmacokinetics 

Drug is cleared too rapidly, by the 
kidney, for example, requiring 
high doses or continuous infusion. 
 

 

 

DDS can substantially alter the 
pharmacokinetics of the drug and 
reduce clearance. Rapid renal 
clearance of small molecules is 
avoided. 

 

Poor biodistribution 

Drugs that have widespread 
distribution in the body can affect 
normal tissues, resulting in dose-
limiting side effects, such as the 
cardiac toxicity of doxorubicin. 
 

The particulate nature of DDS 
lowers the volume of distribution 
and helps to reduce side effects in 
sensitive, non target tissues. 

 

Lack of selectivity 

for target tissues 

Distribution of the drug to normal 
tissues leads to side effects that 
restrict the amount of drug that 
can be administered. Low 
concentrations of drugs in target 
tissues will result in suboptimal 
therapeutic effects. 
 

DDS can increase drug 
concentrations in diseased tissues 
such as tumors by the EPR effect. 
Ligand-mediated targeting of the 
DDS can further improve drug 
specificity. 
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impedes the efficacy of both molecularly targeted and conventional chemotherapeutic 

agents, might also be overcome, or at least reduced, using nanoparticles. 

Nanoparticles have the ability to accumulate in cells without being recognized by P-

glycoprotein, one of the main mediators of multidrug resistance, resulting in the 

increased intracellular concentration of drugs. 

In this chapter, we will address, first, the characteristics of nanoparticles 

required for drug delivery; second, how nanoparticles are being used as drug delivery 

systems to kill cancer cells more effectively and also to reduce or overcome drug 

resistance; and lastly types of nanoparticles used for drug delivery system (Scheme 1). 

 

Scheme 1: Schematic representation of outline of chapter.  

1) Characteristics of nanoparticles: 

To effectively deliver drug to the targeted tumor tissue, nanoparticles must have the 

ability to remain in the bloodstream for a considerable time without being eliminated. 

The fate of injected nanoparticles can be controlled by adjusting their size and surface 

characteristics. 

A) Size: 
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One of the advantages of nanoparticles is that their size is tunable. The size of 

nanoparticles used in a drug delivery system should be large enough to prevent their 

rapid leakage into blood capillaries but small enough to escape capture by fixed 

macrophages that are lodged in the reticuloendothelial system, such as the liver and 

spleen. The size of the sinusoid in the spleen and fenestra of the Kupffer cells in the 

liver varies from 150 to 200 nm16 and the size of gap junction between endothelial 

cells of the leaky tumor vasculature may vary from 100 to 600 nm17. Consequently, 

the size of nanoparticles should be below 100 nm to reach tumor tissues by passing 

through these two particular vascular structures. 

B) Surface characteristics: 

In addition to their size, the surface characteristics of nanoparticles are also an 

important factor determining their life span and fate during circulation relating to their 

capture by macrophages. Nanoparticles should ideally have a hydrophilic surface to 

escape macrophage capture18. This can be achieved in two ways: coating the surface 

of nanoparticles with a hydrophilic polymer, such as PEG that protects them from 

opsonization by repelling plasma proteins. Alternatively, nanoparticles can be formed 

from block copolymers with hydrophilic and hydrophobic domains19, 20. In addition to 

providing functional groups, surface-bound ligands also contribute to the stability of 

nanoparticles. The stability of the nano-conjugates is an important consideration for 

their potential use as therapeutic agents because they must maintain their stability 

under harsh conditions present in the cell or in the bloodstream21. 

2) Targeted Delivery of Nanoparticles: 

Nanocarriers encounter numerous barriers en route to their target, such as mucosal 

barriers and non-specific uptake22, 23. To address the challenges of targeting tumours, 

it is necessary to combine the rationale design of nanocarriers with the fundamental 

understanding of tumour biology.  

A) Passive Targeting by Nanoparticles: 

i) Enhanced permeability and retention effect:

General features of tumours include leaky blood vessels and poor lymphatic drainage. 

Whereas free drugs may diffuse nonspecifically, a nanocarrier can extravasate 
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Figure 1: Schematic representation of different mechanisms by which nanocarriers 

can deliver drugs to tumours. Polymeric nanoparticles are shown as representative 

nanocarriers (circles). Passive tissue targeting is achieved by extravasation of 

nanoparticles through increased permeability of the tumour vasculature and 

ineffective lymphatic drainage (Enhanced Permeation and Retention effect). Active 

cellular targeting (inset) can be achieved by functionalizing the surface of 

nanoparticles with ligands that promote cell-specific recognition and binding. The 

nanoparticles can (i) release their contents in close proximity to the target cells; (ii) 

attach to the membrane of the cell and act as an extracellular sustained-release drug 

depot; or (iii) internalize into the cell (Image courtesy Ref No: 5). 

(escape) into the tumour tissues via the leaky vessels by the enhanced permeation and 

retention effect (EPR effect)24 (Figure 1). The increased permeability of the blood 

vessels in tumours is characteristic of rapid and defective angiogenesis (formation of 

new blood vessels from existing ones). Furthermore, the dysfunctional lymphatic 

drainage in tumours retains the accumulated nanocarriers and allows them to release 

drugs into the vicinity of the tumour cells. Nanoparticles that satisfy the size and 

surface characteristics requirements described above for escaping reticuloendothelial 
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capture system have the ability to circulate for longer times in the bloodstream and a 

greater chance of reaching the targeted tumor tissues. The unique pathophysiologic 

characteristics of tumor vessels enable macromolecules, including nanoparticles, to 

selectively accumulate in tumor tissues25. Fast-growing cancer cells demand the 

recruitment of new vessels (neovascularization) or re-routing of existing vessels near 

the tumor mass to supply them with oxygen and nutrients26. The resulting imbalance 

of angiogenic regulators such as growth factors and matrix metalloproteinases makes 

tumor vessels highly disorganized and dilated with numerous pores showing enlarged 

gap junctions between endothelial cells and compromised lymphatic drainage26. These 

features are called the enhanced permeability and retention effect, which constitutes 

an important mechanism by which macromolecules, including nanoparticles, with a 

molecular weight above 50 kDa but below 300 kDa (for avoiding macrophage 

capture), can selectively accumulate in the tumor interstitium25. 

ii) 

Another contributor to passive targeting is the unique microenvironment surrounding 

tumor cells, which is different from that of normal cells. Fast-growing, hyper 

proliferative cancer cells show a high metabolic rate, and the supply of oxygen and 

nutrients is usually not sufficient for them to maintain this. Therefore, tumor cells use 

glycolysis to obtain extra energy, resulting in an acidic environment27. Such an effect 

was used to design pH-sensitive liposomes that are stable at a physiologic pH of 7.4, 

but degrade to release active drug in target tissues in which the pH is less than 

physiologic values, such as in the acidic environment of tumor cells28. Additionally, 

cancer cells express and release unique enzymes such as matrix metalloproteinases 

(MMP), which are implicated in their movement and survival mechanisms29. Based 

on this, Mansour et al assessed a drug targeting strategy in which the protease activity 

of MMP-2 is exploited to release an anticancer agent from a macromolecular carrier, 

i.e., circulating albumin. An albumin-bound form of doxorubicin incorporating a 

matrix metalloproteinase-2-specific octapeptide sequence between the drug and the 

carrier is especially cleaved efficiently by activated MMP-2 and MMP-9 liberating 

doxorubicin30. This lead to the release of the drug and effective killing of the cancer 

cells.  

Tumor microenvironment: 

iii) Local Drug Application: 



C h a p t e r  1                                                P a g e  | 9 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

Direct local application allows the drug to be given directly to tumor tissue, avoiding 

systemic circulation. Various approaches have been developed to improve the tumor 

delivery of anticancer agents, such as intravesical injection and intraperitoneal 

administration of various agents. These approaches require exposure to higher 

concentrations of antitumor agents, which is not always feasible. Localized drug 

delivery through intratumoral administration is an attractive approach that has been 

tried and tested31. The administration of mitomycin directly into tumor tissue resulted 

in an increased concentration of the drug at the tumor site and decreased toxicity32. 

B) Active Targeting by Nanoparticles: 
A drug delivery system comprising a binary conjugate (i.e., polymer-drug conjugate) 

that depends only on passive targeting mechanisms inevitably faces intrinsic 

limitations to its specificity. One approach suggested to overcome these limitations is 

the inclusion of a targeting ligand or antibody in polymer-drug conjugates15. Initially, 

direct conjugation of an antibody to a drug was attempted. However, in clinical trials 

conducted thus far, such early antibody-drug conjugates have been ineffective33. The 

limited number of drug molecules loaded on the antibody while preserving its 

immune recognition being cited as one of the reasons for such observation. The recent 

development and introduction of a wide variety of liposomes, polymers and inorganic 

nanoparticles as drug delivery carriers increases the potential number of drugs that 

can be conjugated to nanoparticles without compromising their targeting affinity 

relative to earlier antibody-drug conjugates. Taking advantage of this array of carriers, 

targeting moieties, and drugs, many recently developed carriers involve a ternary 

structure composed of a ligand or antibody as a targeting moiety, a polymer or lipid as 

a carrier that is loaded with an active chemotherapeutic drug.  

i) 

 For targeted delivery, cell surface antigens and receptors are particularly suitable as 

tumor-specific targets15. First, they should be expressed exclusively on tumor cells 

and not expressed on normal cells. Second, they should be expressed homogeneously 

on all targeted tumor cells. Last, cell-surface antigens and receptors should not be 

shed into the blood circulation.  For example the folate receptor is a well-known 

tumor marker that binds vitamin folate and folate-drug conjugates with a high affinity 

and carries these bound molecules into the cells via receptor mediated endocytosis34. 

Folate receptor expression was found in 53 % of tumor samples whereas normal bone 

Receptor- and Antigen-Directed Targeting: 
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marrow cells did not show any folate receptor expression35. Cho and coworkers have 

developed a folate receptor targeted nanoparticle formulation of paclitaxel using 

heparin as a carrier [heparin-folate-Taxol (paclitaxel), HFT] and tested it using nude 

mouse animal models. This novel ternary nanoparticle HFT showed more potent 

activity against the growth of tumor xenografts of human KB and paclitaxel-resistant 

KB derivatives than did binary heparin-Taxol or free drug36. 

 Transferrin, a serum glycoprotein, works as a transporter to deliver iron 

through the blood and into cells by binding to the transferrin receptor and 

subsequently being internalized via receptor-mediated endocytosis 
37. Because the 

transferring receptor is overexpressed in tumor tissues compared with normal tissues, 

it has been investigated as a target for tumor specific drug delivery 
38. Transferrin-

conjugated paclitaxel loaded [poly(lactic-co-glycolic acid) polymer] nanoparticles 

displayed greater inhibitory effects on cell growth than free paclitaxel in MCF-7 and 

MCF-7/Adr cells39. Transferrin was also conjugated to liposomes to increase the 

transfection efficacy of p53, resulting in the sensitization of the transfected cancer 

cells/xenografts to ionizing radiation40. Similarly, growth factor or vitamin 

interactions with cancer cells represent a commonly used targeting strategy, as cancer 

cells often overexpress the receptors for nutrition to maintain their fast-growing 

metabolism. Epidermal growth factor receptor (EGFR) has been found to be 

overexpressed in a variety of tumour cells and anti-EGFR antibodies have been 

successfully grafted onto gold nanoparticle surface and utilized in conjunction with 

hyperthermia to selectively kill cancer cells41, 42.  

ii) 

Cancer cells often express different glycans compared with their normal counterparts. 

Lectins are proteins that recognize and bind to carbohydrate moieties attached to 

protein molecules (glycans) on the extracellular side of the plasma membrane. 

Therefore, lectins could be used as targeting molecules to direct drugs specifically to 

desired cells and tissues43. This protein (lectin)-carbohydrate interaction can be 

applied to develop two types of nanoparticles: one incorporates lectins into 

nanoparticles as targeting moieties that are directed to cell surface carbohydrates 

(direct lectin targeting), and the other is a  reverse scenario in which carbohydrate 

moieties are coupled to nanoparticles to target lectins (reverse lectin targeting)44. Thus 

far, drug delivery systems that have been developed based on this novel interaction 

Carbohydrate-Directed Targeting: 
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between carbohydrates and lectins are directed to whole organs, and could thus be 

harmful to normal tissues45. Despite some of their problems, lectins are continuing to 

be studied for the development of ‘‘smart carrier’’ molecules for drug delivery and 

their unique affinity for sugar moieties on the surface of tumor tissue seems to be an 

attractive tool for further enhancement of nano-drug delivery46. 

3) Potential of Nanoparticles to Overcome Drug Resistance: 

Drug resistance has emerged as a major obstacle limiting the therapeutic efficacy of 

chemotherapeutic agents. Among several mechanisms of drug resistance, P-

glycoprotein is the best known and most extensively investigated47. It has been 

suggested that nanoparticles may be able to circumvent P-glycoprotein–mediated 

resistance. One possible mechanism is that nanoparticles may avoid recognition by 

the P-glycoprotein efflux pump by means of being enveloped in an endosome after 

entering the cell, leading to high intracellular drug concentrations48. Ligand-targeted 

strategies, especially those using receptor-targeting ligands, may have particular 

potential for overcoming drug resistance because these ligands are usually 

internalized via receptor-mediated endocytosis. Indeed, a folate receptor–targeted, 

pH-sensitive polymeric micelle containing doxorubicin49 and transferrin-conjugated 

paclitaxel-loaded nanoparticles39 exhibited greater inhibitory activity against drug-

resistant MCF-7 cells and/or xenografts than their non targeted free drug counterparts. 

4) Types of nanoparticles used as drug delivery systems: 

A variety of materials including polymers (polymeric nanoparticles, micelles, or 

dendrimers), lipids (liposomes), and inorganic nanoparticles are being pursued as 

DDS with great vigor50. 

A) Liposomes: 

Lipid-based carriers have attractive biological properties, including general 

biocompatibility, biodegradability, isolation of drugs from the surrounding 

environment, and the ability to entrap both hydrophilic and hydrophobic drugs12. 

Liposomes are self-assembling closed colloidal structures composed of lipid bilayer 

and have a spherical shape in which an outer lipid bilayer surrounds a central aqueous 

space (Figure 2). Liposomes have been investigated as carriers of various 

pharmacologically active agents such as antineoplastic and antimicrobial drugs, 

chelating agents, steroids, vaccines and genetic material51. Several kinds of cancer  
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Figure 2: Drug encapsulation in liposomes.   

drug-lipid conjugates using a variety of preparation methods have been developed so 

far. Among them, liposomal formulations of the anthracyclines doxorubicin (Doxil, 

Myocet) and daunorubicin (DaunoXome) are approved for the treatment of metastatic 

breast cancer and AIDS-related Kaposi’s sarcoma52-54. Beside these approved agents, 

many liposomal chemotherapeutics are currently being evaluated in clinical trials55. 

The next generation of liposomal drugs may be immunoliposomes, which selectively 

deliver the drug to the desired sites of action56. 

Immunoliposomes are complex drug or gene delivery systems that are 

developed for specific cell targeting by attachment of functionalized antibodies or 

antibody fragments to the outer surface of the liposomes. The modern 

immunoliposomes are PEG-liposomes to which receptor specific molecules are 

attached, preferably at the distal tips of the PEG chains. Immunoliposomes target cell 

specific receptors and facilitate receptor-mediated endocytosis for cell uptake57. In 

earlier studies whole IgG antibodies were linked to the liposome surface by various 

coupling methods58. Today the most advanced immunoliposomes are the anti-

p185/HER2 liposomes that target the herceptin receptor which is over-expressed in 

various cancers, especially breast cancer. The epidermal growth factor receptor 

(EGFR) is another target for immunoliposomes that bind to and internalize in tumor 

cells that over-express EGFR59-61. A large number of antibodies directed against other 



C h a p t e r  1                                                P a g e  | 13 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

target molecules expressed on colon62, B-cell lymphoma63, and neuroblastoma64 

tumors have been used for the preparation of immunoliposomes. 

As described above, liposomes have a great potential in the area of drug 

delivery. However, liposome-based drug formulations have not entered the market in 

great numbers so far. Some of the problems limiting the manufacture and 

development of liposomes are the stability issues, batch to batch reproducibility, 

sterilization method, low drug entrapment, particle size control, production of large 

batch sizes and short circulation half-life65. The chemical instability of liposomes may 

be caused by hydrolysis of ester bond and/or oxidation of unsaturated acyl chains of 

lipids. Physical instability may be caused by drug leakage from the vesicles and/or 

aggregation or fusion of vesicles to form larger particles. Both of these processes 

(drug leakage and change in liposome size) influence the in vivo performance of the 

drug formulation, and therefore may affect the therapeutic index of the drug. 

Identification of a suitable method for sterilization of liposome formulations is a 

major challenge because phospholipids are thermolabile and sensitive to sterilization 

procedures involving the use of heat, radiation and/or chemical sterilizing agents65. 

Liposome can entrap tens of thousands of drug molecules66 and hence drug potency is 

less of an issue for this type of carrier. However, even the relatively high carrying 

capacity of liposomes becomes problematic for very large therapeutic molecules such 

as proteins, particularly if small liposome diameters are desirable for reasons of 

biodistribution. Hydrophilic drugs can be readily entrapped with a high degree of 

latency within the liposome aqueous interior, but neutral hydrophobic drugs or those 

with intermediate solubilities tend to be rapidly released in the presence of plasma 

proteins or cell membranes67. Long circulating liposomes may lead to extravasation of 

the drug in unexpected sites. The most commonly experienced clinical toxic effect 

from the PEGylated liposomal doxorubicin is palmar-plantar erythrodysesthesia 

(PPE), also called the hand-foot syndrome. Here, a dermatologic toxicity reaction is 

seen with high doses of many types of chemotherapy68. On the other hand, lipid-based 

carriers upon intravenous injection, are rapidly cleared from the bloodstream by the 

reticuloendothelial defence mechanism, regardless of particle composition69, 70. Due to 

intrinsic structural constraints, most liposomal particles are over 90 nm in diameter, 

which may considerably limit their transport in tumor tissues. For example, Yuan and 

coworkers have shown limited liposomal penetration to only 30 μm (a few cell layers) 
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following particle extravasation71. Later studies have shown that fibril collagen is the 

main structural barrier for interstitial transport72. Moreover, drug release from 

conventional liposomal formulations is quite limited once these particles reach the 

tumor target. Hence, instability of the carrier, fast burst release of the 

chemotherapeutic drugs from the liposomes, as well as non-specific uptake by the 

mononuclear phagocytic system (MPS), provides additional challenges for translating 

these carriers to the clinic from research space.  

B) Polymer-based drug carriers: 

Polymers are the most commonly explored materials for constructing nanoparticle-

based drug carriers. Depending on the method of preparation, the drug is either 

physically entrapped in or covalently bound to the polymer matrix73. The resulting 

compounds may have the structure of capsules (polymeric nanoparticles), amphiphilic 

core/shell (polymeric micelles), or hyperbranched macromolecules (dendrimers). The 

conjugated drug can be released in a controlled manner through surface or bulk 

erosion, diffusion through the polymer matrix, swelling followed by diffusion, or in 

response to the local environment12.  

i) 

Figure 3: Polymer-drug conjugate as a drug carrier (Image courtesy Ref No. 5). 

Polymeric nanoparticles (Polymer-drug conjugates):  

Polymers used as drug conjugates can be divided into two groups: natural and 

synthetic polymers. Polymers such as albumin, chitosan, and heparin occur naturally  

and have been a material of choice for the delivery of oligonucleotides, DNA, and 

protein, as well as drugs (Figure 3). One of the earliest reports of the use of polymers 

for cancer therapy dates back to 1979 when adsorption of anticancer drugs to 
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polyalkylcyanoacrylate nanoparticles was described74. Couvreur et al. revealed the 

release mechanism of the drugs from the polymer in calf serum, followed by tissue 

distribution and efficacy studies in a tumour model75. This work laid the foundation 

for the development of doxorubicin loaded polyalkylcyanoacrylate nanoparticles that 

were tested in clinical trials in the mid 198076. Recently, a nanoparticle formulation of 

paclitaxel, [nanometer-sized albumin bound paclitaxel (Abraxane)], in which serum 

albumin is included as a carrier has been applied in the clinic for the treatment of 

metastatic breast cancer. Besides metastatic breast cancer, Abraxane has also been 

evaluated in clinical trials involving many other cancers including non–small-cell 

lung cancer (phase II trial) and advanced non hematologic malignancies (phase I and 

pharmacokinetics trials)77, 78.  

Among synthetic polymers such as N-(2-hydroxypropyl)- methacrylamide 

copolymer (HPMA), polystyrene-maleic anhydride copolymer, polyethylene glycol 

(PEG), and poly-L-glutamic acid (PGA), PGA was the first biodegradable polymer to 

be used for conjugate synthesis79. Several representative chemotherapeutics that are 

used widely in the clinic have been tested as conjugates with PGA in vitro and in vivo 

and showed encouraging abilities to circumvent the shortcomings of their free drug 

counterparts79. Among them, Xyotax (PGApaclitaxel)80 and CT-2106 (PGA-

camptothecin81) are now in clinical trials. HPMA and PEG are the most widely used 

nonbiodegradable synthetic polymers82. PK1, which is a conjugate of HPMA with 

doxorubicin, was the synthetic polymer-drug conjugate to be evaluated in clinical 

trials as an anticancer agent. A phase I clinical trial has been completed in patients 

with a variety of tumors that were refractory or resistant to prior therapy such as 

chemotherapy and/or radiation83.  

Even though polymer based carriers appear to be promising drug delivery 

systems, they suffer from problem that limit their applications in therapy. The major 

shortcoming of polymer-drug conjugates is the lack of specificity for cancer cells. 

Although one of the well known water-soluble paclitaxel conjugates, poly(L-glutamic 

acid)-paclitaxel has shown both tumor effect and improved index in vivo, these 

‘‘binary nanoparticle,’’ also binds to the proteins and enzymes of normal cells46. Both 

polymer-drug conjugates and dendrimer systems necessitate the covalent conjugation 

of drug molecules to the carriers84. This in turn would require the presence of 

functionalizable chemical groups on the drug molecules, limiting the generality of this 
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approach. In light of the high chemical stability of covalent bonds, specific chemical 

strategies (e.g. enzymatic degradation, acid-catalyzed hydrolysis) are necessary to 

release the drug molecules at tumor sites85. Moreover, due to the small size of these 

systems (typically <10 nm), they can easily cross basement membranes in the 

glomeruli of kidneys and be quickly cleared, leading to much shortened blood half-

lives12,86. They also have limitations in terms of cytotoxicity, because their nanometric 

size range is conducive to internalization by cells (macrophages), and degradation 

inside the cell can lead to cytotoxic effects as reported for polyester polymers87. 

ii) 

 

Dendrimers:  

A dendrimer is a synthetic polymeric macromolecule of nanometer dimensions, 

composed of multiple highly branched monomers that emerge radially from the 

central core (Figure 4).  Properties associated with the dendrimers such as their 

monodispersity, modifiable surface functionality, multivalency, water solubility, and  

 

 

 

 

 

 

Figure 4: Dendrimer as a drug carrier (Image courtesy Ref No. 5). 

available internal cavity make them attractive for drug delivery88. Drug molecules can 

be loaded either in the interior, or can be adsorbed or attached to the surface groups.                                   

Dendrimers are made up of different types of polymers such as polyamidoamine 

(PAMAM), poly(L-glutamic acid), polyethyleneimine, polypropyleneimine, and 

polyethylene glycol89. The easily modifiable surface characteristic of dendrimers 

enables them to be simultaneously conjugated with several molecules such as imaging 

contrast agents, targeting ligands, or therapeutic drugs, yielding a dendrimer-based 

multifunctional drug delivery system88. Polyamidoamine dendrimers, most widely 

used as a scaffold, have promises for biomedical applications because they (1) can be 

easily conjugated with targeting molecules, imaging agents, and drugs, (2) have high 



C h a p t e r  1                                                P a g e  | 17 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

water solubility and well-defined chemical structures, (3) are biocompatible, and (4) 

are rapidly cleared from the blood through the kidneys, made possible by their small 

size (<5 nm), which eliminates the need for biodegradability. They were successfully 

conjugated with cisplatin90 and an in vivo delivery of dendrimer–methotrexate 

conjugates using multivalent targeting resulted in a tenfold reduction in tumour size 

compared with that achieved with the same molar concentration of free systemic 

methotrexate91,92. This work provided motivation for further pre-clinical development, 

and a variety of dendrimers are now under investigation for cancer treatment. Choi et 

al. have developed DNA assembled polyamidoamine dendrimer clusters for cancer 

cell specific targeting93. 

 Although promising, dendrimers are more expensive than other nanoparticles and 

require many repetitive steps for synthesis, posing a challenge for large-scale 

production. Despite its very attractive design, the ‘dendritic box’ lacks practical value 

in drug delivery because of its very limited capacity and the harsh conditions that are 

required to remove the densely packed shell and release its contents. 

iii) 

Polymeric micelles are supramolecular, core-shell nanoparticles that offer 

considerable advantages for cancer diagnosis and therapy94. Their relatively small size 

(5-100 nm), ability to solubilize hydrophobic drugs as well as imaging agents, and 

improved pharmacokinetics provide a useful bioengineering platform for cancer 

applications. The spherical particles are nanosized supramolecular constructs formed 

from the self-assembly of biocompatible amphiphilic block copolymers in aqueous 

environments (Figure 5). In water, the hydrophobic portion of the block copolymer 

self-associates into a semi-solid core, with the hydrophilic segment of the copolymer 

forming a coronal layer. The resulting core-shell architecture is important for drug 

delivery purposes, because the hydrophobic core can act as a reservoir for water 

insoluble drugs, while the outer shell protects the micelle from recognition by the 

reticuloendothelial system and therefore preliminary elimination of the micelles from 

the bloodstream95. It also stabilizes the hydrophobic core and renders the polymers 

water soluble, making the particle an appropriate candidate for i.v. administration20. 

The drug can be loaded into a polymeric micelle in two ways: physical 

encapsulation96 or chemical covalent attachment97. Moreover, the hydrophilic blocks 

can form hydrogen bonds with the aqueous surroundings and form a tight shell around 

Polymeric micelles (amphiphilic block copolymers): 
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the micellar core. As a result, the contents of the hydrophobic core are effectively 

protected against hydrolysis and enzymatic degradation. By encapsulation of the drug 

within the hydrophobic core of the micelle, the apparent solubility of the drug can be 

significantly increased. For example, micelle encapsulation of paclitaxel increased the 

solubility over three orders of magnitude from 0.0015 to 2 mg/mL98. Hence, polymer 

micelles allow for the in vivo use of previously existing drugs otherwise deemed too 

hydrophobic or toxic, without having to manipulate the chemical structure of the 

agent. Additionally, encapsulating the drug within the polymer core affords drug 

stability by hindering enzymatic degradation and inactivation. A final feature that 

makes amphiphilic block copolymers attractive for drug delivery applications is that 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Schematic of the core-shell architecture of a polymer micelle and its 

dimensions. 

their chemical composition, total molecular weight and block length ratios can be 

easily changed, which allows control of the size and morphology of the micelles.  

Although several functional aspects of the constituent blocks have been 

explored (e.g. temperature or pH sensitive blocks), the most important criteria are 

biocompatibility and/or biodegradability94. Currently, the most commonly used 

corona-forming polymer is polyethylene glycol (PEG), with a molecular weight range 
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from 2 to 15 kD. Core-forming blocks typically consist of poly(propylene oxide) 

(PPO), poly(D,L-lactic acid) (PDLLA), poly(ε-caprolactone) (PCL), and poly(L-

aspartic acid) to name a few99. The use of polymeric micelles for cancer treatment 

was first reported in the early 1980s by Ringsdorf and coworkers100. The first 

polymeric micelle formulation of paclitaxel, Genexol-PM (PEG-poly(D,L-lactide)-

paclitaxel), is a cremophor-free polymeric micelle-formulated paclitaxel. A phase I 

and pharmacokinetic study has been conducted in patients with advanced refractory 

malignancies 101. Multifunctional polymeric micelles containing targeting ligands and 

imaging and therapeutic agents are being actively developed94, 102-104. 

Despite many advantages of polymer micelles for in vivo applications, several 

challenges exist in this case too. For example, the small micellar size of 10-100 nm 

limits the amount of drug that can be incorporated within the core, with higher drug 

loading coming at the cost of increased micelle size and aggregation105, 106. This small 

size and limited drug loading in turn results in faster release from the micelles107, 

which may cause premature release prior to the micelle reaching its intended site of 

action. Even below a critical micelle concentration, the polymeric aggregates 

dissociate into free chains, leading to the sudden release of the drug. Therefore, 

chemical conjugation strategies, as mentioned above, as well as increasing the 

compatibility of the micelle core with the intended drug108, are being investigated to 

address these concerns. Additionally, several questions have been raised regarding the 

long-term stability of polymer micelles109.  

C) Inorganic nanoparticles based drug delivery systems: 

Over the past few decades, inorganic nanoparticles, which exhibit significantly 

distinct physical, chemical and biological properties from their bulk counterpart's, 

have elicited much interest. Discoveries in the past decade have demonstrated that the 

electromagnetic, optical and catalytic properties of noble-metal nanoparticles such as 

gold, silver and platinum, are strongly influenced by shape and size. The advantages 

of inorganic nanoparticles over traditional nanoparticles system that have been 

described above include the possibility of multiple loading and multiple therapies. 

Since nanoparticle surface chemistry can be easily manipulated they can be used to 

load ligands depending upon the applications viz. targeting, diagnostics and 

therapeutics110. Gold nanoparticles can be used to generate heat (hyperthermia) by 

absorption of light. Due to the heat translated by the gold nanoparticles to the 
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surrounding tissue, cancerous tissues can be destroyed locally without exposing the 

entire organism to elevated temperatures111, 112. Another attractive system for 

hyperthermia treatment is magnetic particles. Upon irradiating magnetic particles with 

radiofrequency (RF) fields, heat is generated by repetitive cycling of the magnetic 

hysteresis loop113, 114. Compared with the optical excitation of gold nanoparticles at 

wavelengths of between 500–1000 nm, the excitation of magnetic nanoparticles 

works at lower frequencies (RF). As those are absorbed much less by normal tissue 

and thus penetrate deeper, particles inside the body can also be heated. On the other 

hand it is much more complicated to focus microwaves or radiofrequency waves than 

visible light and therefore photo-induced heating of gold particles is favourable for 

local heating of only small parts of tissue. In any case the ability to load the drug and 

deliver it, the ease with which targeting molecules also can be attached along with the 

drug combined with the possible therapeutic characteristic as described above, make 

inorganic nanoparticles a very attractive choice for the development of DDS. This has 

motivated an upsurge in research on the synthesis routes that allow better control of 

shape and size of inorganic nanoparticles for various nano-biotechnological 

applications. Biomedical applications of metal nanoparticles have been dominated by 

the use of nanobioconjugates that started in 1971 after the discovery of immunogold 

labeling by Faulk and Taylor115. However, the modern era of gold nanoparticle 

synthesis began over 150 years ago with the work of Michael Faraday, who was 

possibly the first  to observe that colloidal gold solutions have properties that differ 

from bulk gold116. 

Various metals, such as gold (Au), copper (Cu), and silver (Ag), and inorganic 

carriers, such as silica or alumina, have been used for the preparation of nanoparticles. 

Among these gold nanoparticles are most widely used due to their excellent optical 

and photoelectric properties. According to the Mie theory117, an electromagnetic 

frequency induces a resonant coherent oscillation of the free electrons, called the 

surface plasmon resonance (SPR), at the surface of a spherical nanoparticles if it is 

much smaller than the light wavelength. This absorption lies in the visible region for 

Au, Ag and Cu. For spherical gold nanoparticles of 5 nm diameter, the surface 

plasmon band is located at 520 nm in ethanol, but it is very sensitive to the 

composition, size, shape, inter-particle distance and environment (dielectric 

properties) of the gold nanoparticles. It is the high sensitivity to these factors that 
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makes the basis of their use for biological labeling, detection, diagnostic and sensing. 

For instance, 5-nm gold nanoparticles are orange-red, but they turn blue-purple upon 

aggregation (network formation) to larger gold nanoparticles. Likewise, a change of 

refractive index of the solvent shifts the plasmon band. The dramatic influence of the 

inter-gold nanoparticle distance on the plasmon resonance, when this distance is 

reduced to less than the gold nanoparticles diameter, is indeed the crucial factor in the 

sensor applications of gold nanoparticles. In 1996, the research groups of Mirkin and 

Alivisatos pioneered the preparation of gold nanoparticles functionalized with thiol-

terminated DNA oligonucleotides118, 119. The as prepared conjugates (or probes) allow 

for the ultrasensitive detection of complementary DNA targets, with the gold 

nanoparticles serving as the signal reporter118. 

From the Mie theory, it follows that the frequency of the plasmon band varies 

from spherical to non-spherical nanoparticles of various shapes (rods, prisms, 

triangles, tetrapods, dogbones, cubes, shells). For instance, with gold nanorods, two 

plasmon bands are observed, one corresponding to oscillations along the length of the 

gold nanorod (longitudinal plasmon band) and the other along the width of the gold 

nanorod (transverse plasmon band). The positions of these two bands vary with the 

gold nanorod aspect ratio. Thus gold nanorods exhibit plasmon bands with maxima 

around 500 and 1600 nm. Since the ratio influences the position of the plasmon band 

absorption, the syntheses of gold nanorods can be adjusted with suitable ratio so that 

they correspond to commercial lasers (e.g. 360 nm, 785 nm and 1064 nm). Moreover, 

the shift of the plasmon band to the near-IR region for gold nanorods allows obtaining 

a penetration into living tissues that is much deeper than that of visible light. In 

addition the multi-component plasmon absorption provides richer information than 

the single visible band of spherical gold nanoparticles. Similarly, the plasmon band of 

gold nanoshells on silica nanoparticles is shifted to the near-IR region and can be 

tuned by adjusting the ratio of the thickness of the gold nanoshell to the diameter of 

the silica core. Halas group has shown that the smaller this ratio, the more red shifted 

is the plasmon absorption of the gold nanoshell120. This property of gold shells could 

be exploited for the local heating when they are irradiated with light in the “water 

window” (800 nm–1200 nm)121-123. El-Sayed et al. have reported about potential use 

of gold nanoparticles in photothermal destruction of tumors121. In this study, citrate-

stabilized gold nanoparticles (approx. 30 nm in diameter) were coated with anti- 
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EGFR (epidermal growth factor receptor) to target HSC3 cancer cells (human oral 

squamous cell carcinoma). The use of gold nanoparticles enhanced the efficacy of 

photothermal therapy by 20 times. In another approach, optically responsive delivery 

systems have been designed by incorporation of gold nanospheres into the shells of 

capsules. Caruso et al. prepared microcapsules via layer-by-layer (LBL) technique to 

encapsulate macromolecules like fluorescein-labeled dextrans124. The capsule–shells 

were doped with gold nanoparticles, which response against near infra red (NIR) 

light. FITC-dextran was released upon laser (1064 nm) treatment due to rupture of the 

shell. Skirtach, Parak and coworkers have extended this strategy to deliver 

encapsulated materials from polyelectrolyte-multilayer capsules inside living cancer 

cells125. 

Reliable and high-yielding methods for the synthesis of gold nanoparticle, 

including those with spherical and non-spherical shapes, have been developed over 

the last half century126. The resulting gold nanoparticles have high surface area to 

volume ratio and, as a result, a high density of ligands can be appended for targeting 

or drug-loading purposes. For example, a 2 nm diameter core gold nanoparticle can 

load ~ 100 ligands per particle127. The surface of gold nanoparticles can be readily 

modified with ligands containing functional groups such as thiols, phosphines, and 

amines, which exhibit affinity for gold surfaces110, 126, 128. By using these functional 

groups, apart from anchoring the surface passivating ligands, additional moieties such 

as oligonucleotides129, thiol-conjugated small interfering RNA (siRNA)130, insulin131, 

and genes can be conjugated to the gold nanoparticle surface110 (Figure 6). The 

realization of such gold nanoconjugates has enabled a broad range of investigations, 

including programmed assembly and crystallization of materials118, 132, arrangement 

of nanoparticles into dimers and trimers onto DNA templates119, bioelectronics133, 134, 

and detection methods135, 136.  

Moreover, gold exhibits specific advantages. Gold core is essentially inert, 

non-toxic, and biocompatible, making it an ideal starting point for carrier 

construction137, 138. Gold nanoparticles are highly effective contrast agents in cancer 

diagnosis and photodermal cancer therapy128. Their photophysical properties could 

trigger drug release at remote place125
. More significantly, the unique biodistribution 

of gold nanoparticles within tumors have led to the discovery of gold-based 

nanosystems as delivery vehicles for chemotherapeutic agents139.  
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Figure 6: Various applications of gold nanoparticles in therapy (Image courtesy Ref 

No. 103). 

The choice of an appropriate nanocarrier among the inorganic particles is not 

obvious, and the few existing comparative studies are difficult to interpret because 

several factors may simultaneously affect biodistribution and targeting. However, 

based on numerous studies carried out thus far, it can be concluded that gold 

nanoparticles have emerged as promising candidate for drug and gene delivery that 

provide a useful alternative to more traditional delivery vehicles. Their combination 

of low inherent toxicity, high surface area and tunable stability provides them with 

unique attributes that should enable new delivery strategies.  

A review of the literature identifies the following as main requirements for 

gold  nanoparticle based targeted delivery systems: (i) the biocompatibility of the gold  

nanoparticles; (ii)  stability of the nanoparticles system after drug loading, (iii) a 

highly selective interaction with biological targets; (iv) the capability to retain 

activity/efficacy of the drug after loading; (v) the required amount of delivered drug 

and its high effectiveness at the target; (vi) the maximum effect on a given number of 
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target cells; (vii) flexibility for various chemical classes of drugs and targets. Figure 7 

shows a hypothetical nanoparticle-carrier of drugs. 

   

 

 

 

 

 

 

Figure 7: A hypothetical nanoparticle-carrier of drugs. 

To meet all these selection criteria for the synthesis of drug delivery agent, we 

envisaged BSA-capped gold nanoparticles as ideal drug delivery systems. The results 

of our investigations starting with the synthesis of BSA-capped gold nanoparticles 

where BSA also acts as a reducing agent, their biocompatibility assessment, drug 

loading and delivery studies using these BSA-gold nanoparticle conjugates form the 

content of this thesis.  

1.2 Outline of the thesis: 

In this thesis we cover various issues of BSA-gold nanoparticle based drug delivery 

systems and evaluate their possible important biological applications. The thesis 

consists of seven chapters. 

The First Chapter is an introduction to the thesis and gives a brief review 

about the drug delivery systems and their applications.  

The Second Chapter describes in detail about the synthesis of stable, water 

soluble Bovine Serum Albumin capped silver and gold nanoparticles. The synthetic 

mechanism is probed by using UV-vis and fluorescence studies. The particle 

characterization is done via established techniques like UV-vis, X-ray diffraction 

(XRD) and TEM measurements. A detailed description of CV studies is presented to 

elucidate the mechanism of synthesis of nanoparticles.    
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The Third Chapter describes the role of BSA capping on the stability of gold 

and silver nanoparticles against varying pH and salt concentrations. FTIR and CD 

spectroscopies were performed to investigate the secondary structure of the protein 

present on the nanoparticles surface. Later the cytocompatibility of these 

nanoparticles against mouse fibroblast (NIH3T3) cells is demonstrated.     

The Fourth Chapter discusses the uptake behavior of BSA protected gold 

nanoparticles into cancerous (human glioma LN229) and normal (mouse embryonic 

fibroblast NIH3T3) cell lines. These results are compared with another BSA-capped 

gold nanocarrier system, namely BSA-Au nanoclusters. The results suggested an 

enhanced uptake of both these nanocarrier systems into the cancerous cells in 

comparison to the normal cells. Although the nanoparticles and clusters are 

significantly different in their sizes and electronic properties, the extent of their 

uptake by human glioma cells is almost similar.   

The Fifth Chapter discusses the conjugation of BSA capped gold 

nanoparticles to methotrexate and their evaluation of cytotoxicity against human 

breast cancer cell line MCF-7. The drug conjugated to BSA gold nanoparticles was 

found to evoke more toxicity to the cell lines than the equivalent concentration of 

drug alone. Drug loading was characterized by UV-vis spectroscopy, FTIR, ICP and 

TGA analysis. Cell death with Au-BSA-MTX was confirmed by MTT assay, Trypan 

blue viability counting, immunostaining, western analysis, DNA laddering assay, cell 

cycle analysis by FACS and TUNEL assay. 

The Sixth Chapter deals with the biodistribution and toxicity studies of Au-

BSA nanoparticles to demonstrate their applicability for drug delivery application in 

vivo. For this, Au-BSA sol of three doses 300 ppm, 150 ppm and 75 ppm (high, 

medium and low doses) were given orally to Wistar rats respectively for a period of 

28 days. The results suggested no adverse behavioral, hematological, biochemical and 

histopathological changes being associated with the BSA capped gold nanoparticles at 

the investigated concentrations. These studies establish that BSA reduced gold 

nanoparticles produced no treatment related toxicity in rats following oral 

administration and the results can be exploited for potential therapeutic applications.   

The Seventh chapter summarizes the work presented in the thesis and projects 

out the possible avenues for further research in this area. 
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Chapter 2 

Bovine Serum Albumin reduced/capped 

silver and gold nanoparticles: synthesis, 

characterization and efforts to understand 

the mechanism of nanoparticle formation 

 

 

 

 

 

 

 

 

 

 

This chapter describes in detail about the synthesis of stable, 

water soluble Bovine Serum Albumin reduced/capped silver and 

gold nanoparticles. The particles are characterized using UV-

vis, X-ray diffraction (XRD) and TEM measurements. The 

mechanism of nanoparticle formation is probed with the help of 

fluorescence and cyclic voltammetric studies.  

 

Part of work has been published in: 

Priyanka Murawala, S. M. Phadnis, R. R. Bhonde, B. L. V. Prasad, Colloids and 

Surfaces B: Biointerfaces, 2009, 73, 224-228. 
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2.1 Introduction: 

The unique electronic, optical, and catalytic properties of metal nanoparticles upon 

integration with biomolecules lead to the generation of new functional materials. The 

fact that biomolecules such as proteins, enzymes, antigens or DNA exhibit 

dimensions comparable to those of nanoparticles suggest that biomolecule-

nanoparticles hybrid systems may represent new materials revealing combined and 

synergistic properties originating from the hybrid composite. A substantial progress 

has been accomplished in the last few decades in the synthesis and applications of 

biomolecule–nanoparticle hybrid systems. Having decided that BSA conjugated gold 

nanoparticles as a good choice for drug delivery and cell imaging studies; we 

carefully looked at the prior art to check for the options available to prepare such 

BSA-gold nanoparticle conjugates. Thorough literature survey presented us two 

options: 

1) To prepare the nanoparticles first by established routes and then conjugate 

BSA to these preformed particles. 

2) To prepare the nanoparticles using the BSA itself. 

We will briefly review both these strategies in the following section. 

1) Conjugation of biomolecules with pre-formed particles: 

To apply nanoparticles for biomedical applications it is crucial to develop strategies 

towards their biofunctionalization. These include the proper linkage of biomolecules 

to nanoparticles (bioconjugation) and the design of appropriate biocompatible 

coatings. This section outlines the several possible strategies to bioconjugate 

nanoparticles. 

A) Bioconjugation through electrostatic interactions: 

Simple adsorption of biomolecules to the nanoparticle surface via non covalent forces 

represents the least demanding and easiest approach1 (Figure 2.1 A). In such case, 

nanoparticles that are stabilized by anionic ligands such as citrate, tartrate, lipoic acid 

etc, the adsorption of positively charged proteins occurs due to electrostatic 

interactions2-8. Such an electrostatic coupling approach has been applied to link 

negatively charged gold and silver nanoparticles, which are produced by the citrate  
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Figure 2.1: A schematic representing formation of nanoparticle-biomolecule 

conjugates: (A) The assembly of nanoparticle–protein conjugates by electrostatic 

interactions. (B) The formation of nanoparticle–protein conjugates by adsorption of 

nanoparticles on thiol groups of the protein. (C), (D) The assembly of biomolecule–

nanoparticle conjugates by the use of bio-affinity interactions upon streptavidin–

biotin binding (C) and antibody–antigen associations (D) (Adopted from Katz et al1). 

method, with IgG molecules at pH values that are slightly above the isoelectric point 

of the citrate ligand5. This allows an effective binding between the positively charged 

amino acid side chains of the protein and the negatively charged citrate groups of the 

colloids. However, in this case, some proteins and enzymes that were directly 

adsorbed on nanoparticles showed conformational changes and loss of biological 

activity. In these procedures, the amount of bound biomolecules per nanoparticle and 

the proper orientation of the biomolecules on the nanoparticle surface are difficult to 
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control9, 10. Unfortunately, such simple adsorption approaches are also of limited use 

when applied in serum. This is because serum proteins compete with antibodies for 

adsorption site and may replace them11, 12.  

B) Bioconjugation through covalent interactions: 

It is obvious that the activity of ligands bound to nanoparticles strongly depends on 

the stability of the ligand–nanoparticle linkage and the proper orientation of the 

ligand. To address these needs, ligands have been bound covalently to the 

nanoparticles using several different conjugation approaches. One of it is ligand 

exchange approach in which a labile capping layer such as citrate can be exchanged 

directly with the chemisorption of thiol-containing biomolecules (e.g. cysteine 

residues in IgG and serum proteins10, 13) having stronger binding affinity towards the 

metal nanoparticles (Figure 2.1 B). If no thiolated residues are available in the native 

proteins, thiol groups can be incorporated by chemical means, for example, with 2-

iminothiolane14 or by genetic engineering. Similarly, n-alkylthiolated DNA and DNA 

containing several adenosyl phosphothioate residues at their ends have been used to 

interact directly with the metal surface of nanoparticles15, 16.  

 Another popular approach is to use low molecular bifunctional linkers, which 

on one end have thiols, disulfides and phosphine anchor groups for their attachment to 

nanoparticles surfaces and functional groups on the other end for their further 

covalent coupling to the target biomolecules10, 17-19. These anchor groups substitute 

weakly adsorbed molecules to stabilize the pre-synthesized nanoparticles or may be 

incorporated during the synthesis of the nanoparticle to yield a functionalized 

nanoparticle surface. Scheme 2.1 shows fabricated delivery systems based on gold 

nanoparticles bearing functional moieties, which are anchored with thiol linkers, in 

their monolayers. A wide variety of monolayer protected clusters (MPCs) can be 

formed rapidly and in scalable fashion using the one-pot protocol developed by 

Schiffrin et al. in 1994 (Scheme 2.1)20. In this preparation, AuCl4− salts are reduced 

with NaBH4 in the presence of the desired thiol capping ligand or ligands. The core 

size of the particles can be varied from 1.5 nm to ∼6 nm by varying the thiol–gold 

stoichiometry. The functional diversity of MPCs can be extended through the 

formation of mixed monolayer protected clusters (MMPCs) that can be synthesized 

directly or through post-functionalization of MPCs. A versatile method for the  
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Scheme 2.1:  Formation of MPCs using the Schiffrin reaction and MMPCs using the 

Murray's place-exchange reaction. 

creation of MMPCs is the place-exchange reaction developed by Murray (Scheme 

2.1)21. In this protocol, foreign thiols displace the native ligands of MPCs in an 

equilibrium process. A wide variety of terminal functional groups are available in 

different bifunctional linkers. Most commonly amine, active ester, and maleimide 

groups are used to couple biological compounds covalently by means of 

carbodiimide-mediated esterification and amidation reactions or through reactions 

with thiol groups1, 10. Another approach is to link biotinylated ligands or target 

biomolecules to streptavidin (or avidin)-functionalized nanoparticles with high 

specificity (Figure 2.1 C). In this case, the biotin-binding proteins, avidin or 

streptavidin, act as linker molecules22, 23. Also, nanoparticle–antibody conjugates were 

used for affinity binding of their respective antigens (Figure 2.1 D) 

However, the ligand replacement reaction certainly has several disadvantages. 

First, unlike direct synthesis, it is a multi-step process. Secondly, harsh reaction 

conditions often lead to the degradation and inactivation of sensitive biological 

compounds.  Thirdly, ligand exchange reactions occur at the colloid surface and often 

hinder the formation of stable bioconjugates. Lastly, the synthesis of 

stoichiometrically defined nanoparticle-biomolecule complexes is a great challenge, 

and is particularly important from a molecular engineering point of view to generate 

well defined nanostructures.  

2) Direct synthesis of nanoparticles by the biomolecules itself: 

In situ synthetic methods for the generation of nanoparticles by the biomolecules itself 

are gaining much interest, as they avoid the use of any external reducing agent or 

stabilizer and are a one-step process. This method has advantages of: 
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 Minimizing the number of steps involved in synthesizing nanoparticles 

and then tagging them with ligands as it is a one step process,  

 Avoiding the formation of any toxic byproducts which can limit biological 

applications of the conjugate, 

 Minimizing the possibility of aggregation of nanoparticles which can 

occur while attaching biomolecules on the surface of nanoparticles by 

various methods (e.g. adsorption, ligand exchange, covalent cross linking 

etc.).  

In one interesting report, Mandal and coworkers have demonstrated the 

formation of gold and silver nanoparticles by using the redox-active 

tyrosine/tryptophan-based peptides24-27. Further, Rangnekar et al have shown that 

pure enzyme α-Amylase can be used for the reductive synthesis of gold nanoparticles 

without any loss of enzymatic activity and without the need of any chemical reducing 

agent28. These results gave us inspiration and we started looking for a procedure for 

synthesizing gold nanoparticles using BSA as a reducing and capping agent. Serum 

albumins are the most abundant proteins in the blood plasma and major soluble 

protein constituents of the circulatory system29. However, it has been reported that 

BSA cannot reduce Au3+ ions to Au0 under normal circumstances. 

Taking the inability of BSA to reduce Au3+ to Au0 as a challenge, in the past 

few years, attempts were made to synthesize gold nanoparticles by using BSA. In 

2007, Xie et al have demonstrated the synthesis of gold triangular and hexagonal 

nanoplates by the reduction of chloroaurate ions by BSA at 37° C for 48 h30. In the 

same year another report for the synthesis of gold nanoparticles by BSA at elevated 

temperature was published by Basu et al31.  Similarly, in 2008, Housini et al have 

synthesized gold nanoparticles photochemically by using BSA in the presence of a 

photoinitiator, Irgacure (I-2959)32. However, in all the above instances elevated 

temperatures 31 and/or long periods30 or photo-irradiation in the presence of additional 

initiators had to be resorted to unveil the reducing nature of BSA32.     

We have been looking for a simple and green method for the synthesis of 

silver and gold nanoparticles using Bovine serum albumin as a capping and reducing 

agent under ambient condition and in aqueous medium. The work incorporated in this 
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chapter reports our successful accomplishments of the synthesis of silver and gold 

nanoparticles using BSA as a capping and reducing agent albeit simultaneous to many 

of the reports described above. 

2.2 Experimental details: 

This section describes the synthetic procedure used to make silver and gold 

nanoparticles using BSA as reducing and capping agent at room temperature (Figure 

2.2). The experimental conditions maintained were as following: 

2.2.1Synthesis of silver and gold nanoparticles by BSA: 

2.2.1.A Synthesis of silver nanoparticles 

For the synthesis of silver nanoparticles, in the 25 mL of reaction mixture only 

AgNO3 was added to the BSA solution and the pH was adjusted to 3.7. The final 

concentration of AgNO3 into the solution was 1x10-3 M. 

2.2.1.B Synthesis of gold nanoparticles 

While exploring the synthesis of gold nanoparticles, two reaction conditions were 

maintained which were as follows: 

i) In the first experiment, a predetermined amount of  HAuCl4 that leads to a 

concentration of  5x10-4 M in the final solution, was added to the BSA solution (3 

mg/mL) whose pH was adjusted to 3.7 by adding HCl (3 N)). The final volume of 

reaction mixture was 25 mL. 

ii) In the second synthetic condition, both HAuCl4 (final concentration in solution 

5x10-4 M) and AgNO3 (1x10-3 M final concentration) were added to the BSA solution 

(3 mg/mL). The pH was adjusted to 3.7 and the final volume of the reaction mixture 

was 25 mL. 

Reactions were kept at room temperature and at regular time intervals 

formation of silver and gold nanoparticles by BSA were monitored spectroscopically. 

The as prepared gold and silver nanoparticle solutions were then taken further for 

TEM and XRD analysis. We found evidence of silver nanoparticles formation (when 

AgNO3 alone was added to BSA) and gold nanoparticle formation (where AgNO3 and 

HAuCl4 were both added to BSA). However, upon XRD analysis we found that AgCl 

impurity was present in these nanoparticle suspensions. To remove the impurity, 2 mL 
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Figure 2.2: A schematic representation for the synthesis of silver and gold 

nanoparticles using BSA as a reducing and capping agent. 

of NH4OH was added to the final reaction products. These solutions were then 

furtherpurified by dialyzing them against Millipore water for 24 h using a dialysis bag 

with a cut off value of 12.5 kDa. Further purification was done by subjecting the 

solutions to centrifugation at 20,000 rpm for 20 minutes. These purification methods 

completely removed any AgCl formed as the reaction side product. The resulting 

pellets were redispersed in deionised water and were used for further characterization.   

2.3 Results and Discussion: 

This section is divided into two parts dealing with the results obtained with as 

prepared and purified gold and silver nanoparticles separately.  

A) As prepared gold and silver nanoparticles:    

2.3.1UV-vis absorption spectroscopy: 

Stable colloidal solutions of nanoparticles were subjected to UV-vis spectral analysis 

to study the optical properties. Figure 2.3 A shows the UV-vis absorption spectra of as 

prepared gold and silver nanoparticles suspensions. Curve 1 show the absorption 
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spectrum recorded when only HAuCl4 was added to the BSA solution. No 

characteristic SPR signature of gold nanoparticles was obtained  suggesting that 

nanoparticle synthesis has not occurred33. This is in accordance with the reported 

literatures where BSA has reportedly failed to synthesize gold nanoparticles under  

 

        

 

 

 

 

 

 

 Figure 2.3 (A) UV-vis absorption spectra corresponding to the addition of only 

HAuCl4 (Curve 1), only AgNO3 (Curve 2) and AgNO3 + HAuCl4 (Curve 3) respectively 

to BSA. (B) Photograph depicting the as prepared Au-BSA and Ag-BSA.   

normal conditions28, 30.  It was hypothesized that the synthesis of Au nanoparticles by 

proteins would involve the free thiol groups present in cysteine residues. Support 

from this hypothesis was drawn from the fact that α-amylase and EcoRI having 2 

and1 cysteine moieties could reduce Au3+ to Au0 nanoparticles28. It was argued that 

while BSA also had a cysteine group, this residue is buried deep down in the three 

dimensional structure and hence is not accessible to reduce Au3+ to gold 

nanoparticles28. Similarly, Xie et al observed that incubating Au3+ did not yield any 

gold nanoparticle formation with BSA at room temperature30. However, when the 

temperature was increased to 37° C plate like gold nanoparticles were seen to form.  

We observed that while incubating HAuCl4 with BSA did not lead to any 

nanoparticle formation, addition of Ag+ only to BSA at a pH 3.7 did result in the 

formation of silver nanoparticles. It is well known that silver metal can reduce Au3+ to 

Au0. The redox reaction between silver and gold ions can be represented in the 

following way: 
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3 Ag0 + Au3+                 Au0 + 3 Ag+ 

Accordingly when we added Ag+ and Au3+ ions together to BSA (at pH-3.7) the 

reaction mixture started developing a violet color indicating the gold nanoparticle 

formation. Curve 3 shows the absorption spectrum recorded from this solution having 

SPR maxima at 552 nm. Similarly, when silver ions alone were added to BSA, a 

brown color (Figure 2.3 B) characteristic to silver nanoparticles formation started 

developing. Absorption spectra recorded for the same showed a broad nature of SPR 

band with peak maxima at 441 nm (Curve 2). The broad nature of SPR peaks for both 

gold and silver colloidal solutions indicated aggregated nanostructures. This was also 

ascertained by the TEM images (Figure 2.4 A and B).  

2.3.2 Transmission Electron Microscopy: 

The TEM images obtained from the as prepared gold and silver nanoparticle solutions 

are shown in the Figure 2.4 A and B respectively. TEM images clearly show 

aggregated and polydisperse nanoparticles explaining the broad nature of SPR bands 

of both gold and silver colloidal suspensions.  

 

 

 

 

 

 

 

Figure 2.4 (A) Representative TEM images of as prepared gold (A) and silver (B) 

nanoparticles. 

2.3.3 X-Ray Diffraction analysis: 

X-Ray diffraction analysis of as prepared gold and silver nanoparticles was carried 

out to determine the crystallinity and structure of nanoparticles. Figure 2.5 A and B 

shows the X-Ray curve obtained from the gold and silver nanoparticle suspensions. 

Diffractograms obtained clearly show the presence of AgCl impurities formed as the 
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Figure 2.5 (A) X-ray diffractograms of as prepared (A) gold and (B) silver 

nanoparticles. Intense AgCl peaks show the presence of impurity in nanoparticle 

suspensions.  

side product. To remove this, NH4OH was added followed by the dialysis for 24 h and 

then centrifuged at 20,000 rpm for 20 minutes. 

B) Purified gold and silver nanoparticles: 

2.3.4UV-vis absorption spectroscopy:  

 Curve 1 of Figure 2.6 A show the absorption spectrum recorded from the purified 

silver nanoparticle (hereafter called as Ag-BSA) solution having SPR maxima at 420 

nm. Compared to the UV-vis of as prepared product a 21 nm blue shift in the SPR 

peak positions and narrowing of the peak along with the change in the color from 

brown to yellow was obtained. Similarly, after purification, for the gold nanoparticle 

(hereafter called as Au-BSA) solution (Curve 2), a 25 nm blue shift and narrowing of 

the peak (peak maxima at 526 nm) compared to the UV-vis of as prepared product 

along with the change in the color from violet to ruby red was seen. These changes in 

the peak characteristics can be attributed to the narrowing of size distribution, evasion 

of aggregation after the removal of AgCl impurities from the nanoparticles 

suspensions followed by purification step33. 

2.3.5 Transmission Electron Microscopy:  

The TEM images obtained from the purified Ag-BSA and Au-BSA nanoparticle 

solutions are shown in the Figure 2.7 A and B respectively. TEM images show well 

separated nanoparticles. The gold nanoparticles are also characterized with very  
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Figure 2.6 (A) UV-vis absorption spectra of purified Ag-BSA (Curve 1) and Au-BSA 

(Curve 2) nanoparticles respectively. (B) Photographs depicting the purified Au-BSA 

and Ag-BSA nanoparticles.   

 

Figure 2.7 (A) Representative TEM images of purified Ag-BSA (A) and Au-BSA (B) 

nanoparticles 

narrow size distribution. This is in accordance with presence of sharper SPR 

signatures in the purified samples.  

2.3.6 X-Ray Diffraction analysis:  

Figure 2.8 shows the X-Ray analysis of purified Au-BSA and Ag-BSA nanoparticles. 

Both the curves clearly show that AgCl impurity has been removed completely 
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Figure 2.8 X-ray diffractograms of purified Au-BSA and Ag-BSA nanoparticles.   

following the NH4OH addition and dialysis and peaks corresponding only to metallic 

Au and Ag are present. The XRD pattern in both the cases corresponds well to the fcc 

crystalline phase of these metals.  

2.3.7 Particle size distribution analysis of Au-BSA and Ag-BSA: 

Particle size distribution analysis of 150 nanoparticles was done from the TEM 

images captured from different areas. The size of Au-BSA as inferred from the graph 

(Figure 2.9) is ~15 nm. Ag-BSA showed a bimodal distribution with particle sizes of 

25 nm and 45 nm dominating the population. 

 

 

 

 

 

 

 

Figure 2.9 Particle size distributions of Ag-BSA and Au-BSA nanoparticles 

respectively.  
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Figure 2.10 (A) TEM image of sample obtained when Ag+ (1x10-5 M) and Au3+ (5 

x10-4 M) and (B) shows the respective absorption spectra. (C) TEM image of sample 

obtained when 1x10-2 M Ag+ and 5 x10-4 M Au3+ were added simultaneously to BSA 

and Figure (D) shows the respective absorption spectra.  

2.3.8 Determination of the mechanism of nanoparticles synthesis by BSA: 

2.2.8.1 Effect of the concentration of silver ions on the gold nanoparticles 

synthesis: 

From the results obtained so far we could clearly deduce that presence of silver ions is 

a pre-requisite for the synthesis of Au-BSA nanoparticles. To determine the effect of 

varying concentrations of Ag+ on the gold nanoparticles synthesis, experiments were 

performed with different concentrations of Ag+ and a constant concentration of Au3+ 

(5×10-4 M). Figure 2.10 A shows the TEM images of particles obtained when a low 

concentration of Ag+ (1x10-5 M) was used. Here, Au-BSA nanoparticles formed were 

polyhedral in nature and larger in size. Figure 2.10 B shows the respective UV-vis 

absorption curve with maxima at 550 nm. On the other hand, when the concentration 

of Ag+ was high (1x10-2 M), few hollow structures were obtained (Figure 2.10 C). 

Figure 2.10 D shows the respective UV-vis absorption curve with maxima at 425 nm. 

In order to establish the mechanism of synthesis of nanoparticles, a systematic attempt 
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was made to determine the role of Ag+ in gold nanoparticle synthesis. It was observed 

very evidently that gold nanoparticles were not formed when chloroauric acid was 

added to BSA while BSA reduced silver ions to silver nanoparticles on the other 

hand. Interestingly when both silver ions and gold ions are present in the BSA 

solution, gold nanoparticles were formed and not silver nanoparticles. These results 

when taken together shows that when both the ions are present in the solution, Ag+ is 

first reduced to Ag0 by BSA and these Ag0 in turn get consumed in a galvanic 

exchange reaction while reducing the Au3+ to Au0 34, 35. Hence experiments were done 

in which concentration of Au3+ was kept constant while concentration of Ag+ was 

varied. When the concentration of Ag+ is low in comparison to the Au3+, the reaction 

occurs slowly as the metallic silver (that acts as a reducing agent for Au3+ ions) 

formed needs to be recycled for the complete conversion of Au3+ ions into Au0 state. 

Hence in this case gold nanoparticles formed will be bigger in size as a distinct 

nucleation and growth steps occur (Figure 2.10 A). When the concentration of Ag+ is 

more than that of Au3+, all Au3+gets consumed at once and more uniform and narrow 

size distribution of particles are obtained. At the same time, when silver concentration 

is very high, only partial galvanic exchange reaction occur leading to the formation of 

hollow and irregular structures (Figure 2.10 B). Such a trend is typical of galvanic 

exchange reactions wherein nanoparticles of silver act as sacrificial templates for 

formation of gold nanostructures34, 35. A schematic of the above description is shown 

in Figure 2.11. 

 

 

 

 

 

 

 

Figure 2.11 Schematic representation of in-situ reduction of gold nanoparticles by 

BSA. 
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2.2.8.2 N-bromosuccinimide (NBS) modification studies of tryptophan residues of 

BSA:  

BSA is a small protein with a single polypeptide chain of molecular weight 66 kDa, 

which is cross-linked by 17 disulfide bonds 
36. It comprises of 583 amino acid 

residues out of which several amino acids have sulfur-, oxygen- and nitrogen- bearing 

groups which can potentially reduce Au3+ and Ag+ to produce nanoparticles and 

adsorb on the surface37. More specifically, it consists of 21 tyrosine residues and two 

tryptophan (Trp) residues. Amino acids especially tryptophan and tyrosine have been 

known to reduce metal ions to their metallic form and cap resultant nanoparticles 
38-40. 

In the present study it appears that the Trps are responsible for the reduction of Ag+ to 

Ag0 by BSA and that is ascertained the following way.  NBS is well known to cause 

the oxidation of the indole ring of Tryptophan (Trp) to oxindole 
41, 42. It is also 

reported that in the case of serum albumins addition of 10-20 moles of N-

bromosuccinimide (NBS) per mole of Trp causes the oxidation of Trp. So we have 

added 20 moles of NBS per mole of Trp to completely oxidize all the Trp present in  

.  

 

 

 

 

 

 

 

 

Figure 2.12 UV-vis spectra of BSA treated with AgNO3 (curve 1) and BSA with 

AgNO3 after 1 h incubation with N-bromosuccinimide (curve 2). Inset shows the 

sample vials containing solutions corresponding to curve 1 and curve 2 respectively. 

BSA. Curve 1 of Figure 2.12 shows the absorption spectrum obtained when silver was 

added to the BSA solution. On the other hand when BSA was incubated with NBS for 

1 h followed by the addition of Ag+ no SPR band of Ag-BSA was obtained as can be 
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seen from the curve 2. Inset shows the sample vials containing solutions 

corresponding to curve 1 and curve 2 respectively. This result proves our hypothesis 

that Trp residues of BSA are responsible for Ag+ reduction (Figure 2.12). If tyrosine 

residues were also involved in the reduction, the reduction should have still occurred 

as they reportedly need more NBS to get completely oxidized40. 

2.2.8.3 Cyclic Voltametry studies:  

Cyclic voltammetry (CV) is a powerful technique for the investigation of redox 

reactions in aqueous solution, surface deposition and adsorption 
43-45. There have been 

a number of reports on the CV studies of protein using mercury electrodes 
46 but the 

strong absorption of BSA molecule on the metal electrode surface may induce the  

 

Figure 2.13 (A) Cyclic voltammograms of (A) Ag+ (Curve 1) and Au3+ (Curve 2) in 

water with Na2SO4 as supporting electrolyte and (B) Ag+ (Curve 1) and Au3 + (Curve 

2) in BSA solution at pH 3, using RHE as the reference electrode, at a scan rate of 50 

mV/s.  

conformational changes and hence can lead to variation in the CV studies 
36. Thus in 

order to reduce the influence of BSA adsorption, a glassy carbon electrode is a 

recommended choice and hence was used in our study. To perform the 

electrochemical studies, gold and silver salts were dissolved in deionised water and 

sodium sulphate was used as supporting electrolyte. These were subjected to CV 

scans at 50 mVs-1 scan rate. Figure 2.13, curve 1 shows a typical cyclic 

voltammograms of silver on glassy carbon electrode conducted in an aqueous 

solution, where the cathodic peak was observed at a potential – 0.22 mV and the 
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anodic peak potential is -0.03 mV. Curve 2 shows the cyclic voltammograms of Au3+ 

in water where the cathodic peak is observed at – 0.19 mV and the anodic peak at 

+0.21 mV. Figure 2.13 B shows the cyclic voltammograms of both silver and gold 

ions in BSA solution. For this experiment, HAuCl4 and AgNO3 were added to the 

BSA solution and were subsequently subjected to the CV studies. From the curves 1 

and 2, it is clearly visible that the cathodic and anodic peak potentials of Ag+ and Au3+ 

in presence of BSA have drastically changed as compared to the same in case of pure 

aqueous solutions. Curve 1 represents the CV of Ag+ in BSA solution having its 

cathodic and anodic peaks at -0.17 mV and +0.12 mV respectively. The cathodic and 

anodic peaks of Au3+ in BSA (curve 2) are -0.51 mV and -0.33 mV respectively. Inset 

in Figure B shows the cyclic voltammograms of pure BSA in water showing no redox 

peaks. 

On comparing the redox peak positions of both the metal ions in Figure 2.13 

A, it can be clearly seen that the reduction of gold ions is energetically more favorable 

than the silver ions in simple water. However, when the same metal ions are added to 

BSA solutions and scanned for CV analysis, dramatic changes in the redox peak 

positions were obtained (Figure 2.13 B). The curve 1 shows the condition when Ag+ 

were added to the BSA solution. The reduction peak position has shifted from – 0.22 

mV to -0.17 mV depicting that reduction of silver ions by BSA molecules is more 

feasible. In contrast to it, when Au3+ was added to BSA solution, reduction peak 

position has drastically shifted to more negative value i.e. from - 0.19 mV to - 0.51 

mV. This predicts that reduction of gold ions by BSA molecules is energetically less 

favorable in comparison to the reduction of sliver ions by BSA. These results are in 

tune with our results where when only HAuCl4 was added to the BSA solution no 

gold nanoparticle formation occurred whereas upon addition of silver to BSA, silver 

nanoparticles formed. Inset in the Figure 2.13 B shows the cyclic voltammogram of 

BSA. There are no redox peaks for the BSA and this is in accordance with the 

reported literature36, 46. CV results show that even though under normal conditions, 

reduction of gold ions is electrochemically more favorable than silver ions; in the 

presence of BSA the opposite happens. The mechanism or the reason behind this is 

yet far from clear and for the better understanding and insight, a detailed mechanistic 

study in the future is needed. 
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2.4 Conclusion: 

A very simple and eco-friendly protocol for the green synthesis of gold and silver 

nanoparticles has been developed. In this the metal nanoparticles produced are 

reduced and capped by Bovine serum albumin. An attempt was made to determine the 

mechanism of nanoparticle synthesis by BSA. It was observed that when silver and 

gold ions are taken together the Ag+ are reduced to metallic silver first and a galvanic 

exchange reaction between them and Au3+ ions results in the formation of gold 

nanoparticles. From our NBS oxidation studies it is observed that tryptophan residues 

of BSA are proposed to be responsible for the reduction of silver ions to the 

nanoparticles. CV studies shows that when silver ions are present in the BSA solution, 

reaction is electrochemically favored which is accordance with our findings that BSA 

reduces silver ions and not gold ions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



C h a p t e r  2                                     P a g e  | 60 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

References: 

1. Katz, E.; Willner, I., Integrated nanoparticle-biomolecule hybrid systems: 

synthesis, properties, and applications. Angewandte Chemie International Edition 

2004, 43, (45), 6042-6108. 

2. Larsericsdotter, H.; Oscarsson, S.; Buijs, J., Thermodynamic analysis of 

proteins adsorbed on silica particles: electrostatic effects. Journal of colloid and 

interface science 2001, 237, (1), 98-103. 

3. Meziani, M. J.; Rollins, H. W.; Allard, L. F.; Sun, Y. P., Protein-protected 

nanoparticles from rapid expansion of supercritical solution into aqueous solution. J. 

Phys. Chem. B 2002, 106, (43), 11178-11182. 

4. Meziani, M. J.; Sun, Y. P., Protein-conjugated nanoparticles from rapid 

expansion of supercritical fluid solution into aqueous solution. J. Am. Chem. Soc 

2003, 125, (26), 8015-8018. 

5. Shenton, W.; Davis, S. A.; Mann, S., Directed self-assembly of nanoparticles 

into macroscopic materials using antibody-antigen recognition. Advanced Materials 

1999, 11, (6), 449-452. 

6. Macdonald, I. D. G.; Smith, W. E., Orientation of cytochrome c adsorbed on a 

citrate-reduced silver colloid surface. Langmuir 1996, 12, (3), 706-713. 

7. Ibano, D.; Yokota, Y.; Tominaga, T., Preparation of gold nanoplates protected 

by an anionic phospholipid. Chemistry Letters 2003, 32, (7), 574-575. 

8. Mattoussi, H.; Mauro, J. M.; Goldman, E. R.; Anderson, G. P.; Sundar, V. C.; 

Mikulec, F. V.; Bawendi, M. G., Self-Assembly of CdSe- ZnS Quantum Dot 

Bioconjugates Using an Engineered Recombinant Protein. J. Am. Chem. Soc 2000, 

122, (49), 12142-12150. 

9. Kumar, C., Biofunctionalization of Nanomaterials. Wiley-VCH: 2005. 



C h a p t e r  2                                     P a g e  | 61 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

10. Niemeyer, C. M., Nanoparticles, proteins, and nucleic acids: biotechnology 

meets materials science. Angewandte Chemie International Edition 2001, 40, (22), 

4128-4158. 

11. Illum, L.; Jones, P. D. E.; Kreuter, J.; Baldwin, R. W.; Davis, S. S., Adsorption 

of monoclonal antibodies to polyhexylcyanoacrylate nanoparticles and subsequent 

immunospecific binding to tumour cells in vitro. International Journal of 

Pharmaceutics 1983, 17, (1), 65-76. 

12. Kubiak, C.; Manil, L.; Couvreur, P., Sorptive properties of antibodies onto 

cyanoacrylic nanoparticles. International Journal of Pharmaceutics 1988, 41, (3), 

181-187. 

13. Hayat, M. A., Colloidal gold. Principles, methods, and applications. San 

Diego, etc 1989, 2. 

14. Ghosh, S. S.; Kao, P. M.; McCue, A. W.; Chappelle, H. L., Use of maleimide-

thiol coupling chemistry for efficient syntheses of oligonucleotide-enzyme conjugate 

hybridization probes. Bioconjugate Chemistry 1990, 1, (1), 71-76. 

15. Bardea, A.; Dagan, A.; Ben-Dov, I.; Willner, I.; Amit, B., Amplified 

microgravimetric quartz-crystal-microbalance analyses of oligonucleotide complexes: 

a route to a Tay–Sachs biosensor device. Chemical Communications 1998, 1998, 

(7), 839-840. 

16. Patolsky, F.; Ranjit, K. T.; Lichtenstein, A.; Willner, I., Dendritic amplification 

of DNA analysis by oligonucleotide-functionalized Au-nanoparticles. Chemical 

Communications 2000, 2000, (12), 1025-1026. 

17. Safer, D.; Bolinger, L.; Leigh Jr, J. S., Undecagold clusters for site-specific 

labeling of biological macromolecules: simplified preparation and model applications. 

Journal of inorganic biochemistry 1986, 26, (2), 77-91. 



C h a p t e r  2                                     P a g e  | 62 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

18. Dubertret, B.; Calame, M.; Libchaber, A. J., Single-mismatch detection using 

gold-quenched fluorescent oligonucleotides. Nature biotechnology 2001, 19, (4), 365-

370. 

19. Alivisatos, A. P.; Johnsson, K. P.; Peng, X.; Wilson, T. E.; Loweth, C. J.; 

Bruchez, M. P.; Schultz, P. G., Organization of'nanocrystal molecules' using DNA. 

Nature 1996, 382, (6592), 609-611. 

20. Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. J., Synthesis of 

thiol-derivatized gold nanoparticles in a 2-phase liquid system, Chem. Soc. Chem. 

Commun 1994, 7, 801-802. 

21. Templeton, A. C.; Wuelfing, W. P.; Murray, R. W., Monolayer-protected 

cluster molecules. Accounts of chemical research 2000, 33, (1), 27-36. 

22. Goldman, E. R.; Balighian, E. D.; Mattoussi, H.; Kuno, M. K.; Mauro, J. M.; 

Tran, P. T.; Anderson, G. P., Avidin: a natural bridge for quantum dot-antibody 

conjugates. J. Am. Chem. Soc 2002, 124, (22), 6378-6382. 

23. Connolly, S.; Fitzmaurice, D., Programmed assembly of gold nanocrystals in 

aqueous solution. Advanced Materials 1999, 11, (14), 1202-1205. 

24. Si, S.; Mandal, T. K., Tryptophan Based Peptides to Synthesize Gold and 

Silver Nanoparticles: A Mechanistic and Kinetic Study. Chemistry–A European 

Journal 2007, 13, (11), 3160-3168. 

25. Si, S.; Bhattacharjee, R. R.; Banerjee, A.; Mandal, T. K., A Mechanistic and 

Kinetic Study of the Formation of Metal Nanoparticles by Using Synthetic Tyrosine 

Based Oligopeptides. Chemistry–A European Journal 2006, 12, (4), 1256-1265. 

26. Si, S.; Dinda, E.; Mandal, T. K., In Situ Synthesis of Gold and Silver 

Nanoparticles by Using Redox Active Amphiphiles and Their Phase Transfer to 

Organic Solvents. Chemistry–A European Journal 2007, 13, (35), 9850-9861. 



C h a p t e r  2                                     P a g e  | 63 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

27. Bhattacharjee, R. R.; Das, A. K.; Haldar, D.; Si, S.; Banerjee, A.; Mandal, T. 

K., Peptide-Assisted Synthesis of Gold Nanoparticles and Their Self-Assembly. 

Journal of nanoscience and nanotechnology 2005, 5, (7), 1141-1147. 

28. Rangnekar, A.; Sarma, T. K.; Singh, A. K.; Deka, J.; Ramesh, A.; 

Chattopadhyay, A., Retention of Enzymatic Activity of -Amylase in the Reductive 

Synthesis of Gold Nanoparticles. Langmuir 2007, 23, (10), 5700-5706. 

29. Ravindran, A.; Singh, A.; Raichur, A. M.; Chandrasekaran, N.; Mukherjee, A., 

Studies on interaction of colloidal Ag nanoparticles with Bovine Serum Albumin 

(BSA). Colloids and Surfaces B: Biointerfaces 76, (1), 32-37. 

30. Xie, J.; Lee, J. Y.; Wang, D. I. C., Synthesis of single-crystalline gold 

nanoplates in aqueous solutions through biomineralization by serum albumin protein. 

2007. 

31. Basu, N.; Bhattacharya, R.; Mukherjee, P., Protein-mediated autoreduction of 

gold salts to gold nanoparticles. Biomedical Materials 2008, 3, 034105. 

32. Housni, A.; Ahmed, M.; Liu, S.; Narain, R., Monodisperse protein stabilized 

gold nanoparticles via a simple photochemical process. The Journal of Physical 

Chemistry C 2008, 112, (32), 12282-12290. 

33. Mulvaney, P., Surface plasmon spectroscopy of nanosized metal particles. 

Langmuir 1996, 12, (3), 788-800. 

34. Sun, Y.; Xia, Y., Increased sensitivity of surface plasmon resonance of gold 

nanoshells compared to that of gold solid colloids in response to environmental 

changes. Anal. Chem 2002, 74, (20), 5297-5305. 

35. Sun, Y.; Xia, Y., Mechanistic study on the replacement reaction between 

silver nanostructures and chloroauric acid in aqueous medium. J. Am. Chem. Soc 

2004, 126, (12), 3892-3901. 



C h a p t e r  2                                     P a g e  | 64 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

36. Zhu, Y.; Cheng, G.; Dong, S., The electrochemically induced conformational 

transition of disulfides in bovine serum albumin studied by thin layer circular 

dichroism spectroelectrochemistry. Biophysical Chemistry 2001, 90, (1), 1-8. 

37. Burt, J. L.; Gutiérrez-Wing, C.; Miki-Yoshida, M.; José-Yacamán, M., Noble-

metal nanoparticles directly conjugated to globular proteins. Langmuir 2004, 20, (26), 

11778-11783. 

38. Selvakannan, P. R.; Swami, A.; Srisathiyanarayanan, D.; Shirude, P. S.; 

Pasricha, R.; Mandale, A. B.; Sastry, M., Synthesis of Aqueous Au Core- Ag Shell 

Nanoparticles Using Tyrosine as a pH-Dependent Reducing Agent and Assembling 

Phase-Transferred Silver Nanoparticles at the Air- Water Interface. Langmuir 2004, 

20, (18), 7825-7836. 

39. Selvakannan, P. R.; Mandal, S.; Phadtare, S.; Gole, A.; Pasricha, R.; 

Adyanthaya, S. D.; Sastry, M., Water-dispersible tryptophan-protected gold 

nanoparticles prepared by the spontaneous reduction of aqueous chloroaurate ions 

by the amino acid. Journal of colloid and interface science 2004, 269, (1), 97-102. 

40. Zhou, Y.; Chen, W.; Itoh, H.; Naka, K.; Ni, Q.; Yamane, H.; Chujo, Y., 

Preparation of a novel core–shell nanostructured gold colloid–silk fibroin 

bioconjugate by the protein in situ redox technique at room temperature. Chemical 

Communications 2001, 2001, (23), 2518-2519. 

41. Spande, T. F.; Witkop, B., In Methods in Enzymology (Hirs, CHW, ed.), Vol. 

11. In Academic Press, New York: 1967. 

42. Witkop, B., Nonenzymatic methods for the preferential and selective cleavage 

and modification of proteins. Advances in protein chemistry 1962, 16, 221-321. 

43. Wei, Z.; Somasundaran, P., Cyclic voltammetric study of arsenic reduction 

and oxidation in hydrochloric acid using a Pt RDE. Journal of Applied 

Electrochemistry 2004, 34, (2), 241-244. 



C h a p t e r  2                                     P a g e  | 65 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

44. Polat, K.; Aksu, M. L.; Pekel, A. T., Electroreduction of nitrobenzene to p-

aminophenol using voltammetric and semipilot scale preparative electrolysis 

techniques. Journal of Applied Electrochemistry 2002, 32, (2), 217-223. 

45. Wartena, R.; Winnick, J.; Pfromm, P. H., Recycling kraft pulping chemicals: 

cyclic voltammetry of molten salt mixtures containing Na2CO3, Na2SO4, 

Na2SNa2Sx and Na2ONa2O2. Journal of Applied Electrochemistry 2002, 32, (7), 

725-733. 

46. Stankovich, M. T.; Bard, A. J., The electrochemistry of proteins and related 

substances part III. Bovine serum albumin. Journal of Electroanalytical Chemistry 

1978, 86, (1), 189-199. 



C h a p t e r  3                                                P a g e  | 66 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

   Chapter 3 

Evaluation of stability and 

cytocompatibility of BSA capped gold 

and silver nanoparticles 

 

 

 

 

 

 

 

 

 

 

This chapter describes the role of BSA capping on the stability of 

gold and silver nanoparticles against varying pH and salt 

concentrations. FTIR and CD spectroscopic investigations were 

carried out to study the secondary structure of the protein 

present on the nanoparticles surface. Later the 

cytocompatibility of these nanoparticles against mouse 

fibroblast (NIH3T3) cells is discussed.     

 

Part of work has been published in: 

Priyanka Murawala, S. M. Phadnis, R. R. Bhonde, B. L. V. Prasad, Colloids and 

Surfaces B: Biointerfaces, 2009, 73, 224-228. 
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3.1 Introduction: 

In the previous chapters we have described the preparation of BSA capped gold 

nanoparticles. In this BSA acted as a reducing agent also. This avoids the use of 

exogenous reducing agents during the synthesis. As our ultimate aim is to establish 

the efficacy of these nanoparticles as drug delivery agents, we need to check their 

suitability for the same. For any potential drug delivery system the important criteria 

that should be met are the stability against electrolytic addition and pH changes. 

Agglomeration of nanoparticles has been demonstrated to have a profound impact on 

their toxicity in vitro1. Nanoparticles agglomerate and clump in solution, making it 

difficult to accurately deliver them for in vivo or in vitro experiments2. Although 

standard procedures for the synthesis of nanoparticles exist, we have to be critical 

about how precisely the properties of these nanoparticles are defined. Nanoparticles 

developed should be compatible with the physiological salt and pH values. For the use 

of nanoparticles in in vitro and in vivo assays, the dispersions must be isotonic, 

adapted to a pH of 7.4 and applicable in the presence of divalent ions and protein 

mixtures3. The interaction of the nanoparticles with the wealth of other components in 

the physiological media is one pitfall of nanotoxicology. Fernig and coworkers have 

synthesized a pentapeptide ligand CALNN which converts citrate stabilized gold 

nanoparticles into extremely stable, water-soluble gold nanoparticles4. CALNN-

capped nanoparticles were stable at basic, neutral, and slightly acidic pH and to the 

addition of salt concentration of 1 M. In a similar study, Cooper and group have 

synthesized 5 nm gold nanoparticles protected with thio-ether and thiol-functionalized 

polymer ligands5. These nanoparticle preparations were highly stable and can 

withstand a salt concentration of 1.5 M and pH 13. These polymeric ligands were 

further exchanged with a mixture of peptide CALNN (95 %) and CALNNGK (biotin) 

G (5 %) demonstrating their use in biological applications. Schlenoff et al have 

synthesized highly stable water soluble gold nanoparticles by a new surface 

modification procedure involving ligand exchange of citrate-stabilized gold 

nanoparticles with a zwitterion disulfide. These colloidal suspensions were stable up 

to the addition of 3 M of NaCl. Similarly, the nanoparticles sol did not precipitate out 

of solution when charged polyelectrolytes or biopolymers were added, indicating the 

absence of nonspecific interactions6. Prasad and coworkers have used Gellan Gum 



C h a p t e r  3                                                P a g e  | 68 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

(used in food and confectionary industry as a thickening and gelling agent), for the 

reduction and stabilization of gold nanoparticles7. These Gellan gum reduced gold 

nanoparticles were highly stable and were used to load anticancer drug Doxorubicin 

and in turn have shown enhanced anticancer activity against human glioma cell lines. 

Since the protein BSA, here, acts as a reducing and capping agent, retention of 

the secondary/tertiary structure of protein is also important as structural changes can 

induce unwanted immune responses. Too much loss of the original structure of the 

protein in the bioconjugates possibly means the loss of the biological activity of the 

protein that could hamper the biological applications of the conjugate8.  

Emerging biomedical application of nanoparticles as drug delivery agents, 

biosensors, or imaging agents involve deliberate, direct ingestion or injection of 

nanoparticles in body9. To attain these applications, nanoparticles are specially 

engineered to target specific cells for e.g. attachment of DNA, protein, antibody or a 

drug molecule. As these nanoparticles are intentionally engineered to interact with the 

cells, it is important to make sure that these do not cause adverse side effects. More 

important point to keep under consideration is whether either the naked nanoparticles 

or coated nanoparticles undergo biodegradation under physiological condition or if at 

all they do so what cellular responses are generated against them. Main factors 

playing role in their biocompatibility are size, shape, chemical compositions, surface 

properties and interaction of nanoparticle surface with the cells 
9, 10. Wyatt and co-

workers in a detailed study have examined the uptake and toxicity of a series of gold 

nanoparticles in human leukemia cells11. The nanoparticle library consisted of gold 

nanoparticles that varied in both size (4, 12, and 18 nm diameter) and surface ligands. 

The surface ligands included a range of anionic, neutral, and cationic groups: citrate, 

cysteine, glucose, biotin, and cetyltrimethylammonium bromide (CTAB). The results 

indicated that although some precursors of nanoparticles were toxic but the 

nanoparticles themselves found to be non-toxic. In contrast to this study, another 

group Niidome et al have shown that CTAB-capped gold nanorods were cytotoxic 

when tested on  a different cell line, HeLa cells12. However, cytotoxicity was reduced 

by over coating the nanorods with poly(ethylene glycol) (PEG), which is well-known 

to reduce nonspecific binding of biological molecules to surfaces12. Rotello et al have 

investigated the toxicity of 2 nm gold nanoparticles functionalized with both cationic 



C h a p t e r  3                                                P a g e  | 69 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

and anionic surface groups in three different cell types13. The results suggested that 

cationic particles are generally toxic at much lower concentrations than anionic 

particles, which can be attributed to the electrostatic interaction between the cationic 

nanoparticles and the negatively charged cell membranes13. Interestingly in a different 

study, 33 nm citrate-capped gold nanoparticles were found to be non toxic to baby 

hamster kidney and human hepatocellular liver carcinoma cells, but cytotoxic to a 

human carcinoma lung cell line at certain concentrations showing cell specific 

responses14. Here an important point to mention is to carefully differentiate between 

cytotoxicity and cellular damage. Nanoparticles that show little or no cytotoxicity via 

several standard assays may be still able to cause serious cellular damage. For 

example, 13 nm citrate-capped gold nanoparticles were not toxic according to an 

assay in skin cells, but the particles did apparently promote the formation of abnormal 

actin filaments, which led to decreases in cell proliferation, adhesion, and motility15.  

Thus we proceeded to evaluate the Au-BSA conjugate and see whether they are 

biocompatible and the results from the part of this chapter can meet the above 

mentioned criteria.   

3.2 Results and Discussion: 

This section is divided into two parts; first part deals with the stability of Au-BSA and 

Ag-BSA nanoparticles and in the later the cytocompatibility of the nanoparticles is 

discussed.  

A) Assessment of the stability of Au-BSA and Ag-BSA: 

3.2.1 Stability of nanoparticles in water with time: 

Potential biological applications of nanoparticles greatly depend upon their stability 

and dispersibility in aqueous media3, 5, 7, 16, 17. In order to determine the stability of 

nanoparticles in water, UV-vis spectra were recorded after 30 days of synthesis of 

both Au-BSA and Ag-BSA nanoparticles. Figure 3.1 A shows the UV-vis absorption 

spectra of freshly prepared Au-BSA nanoparticles (curve 1) and after 30 days (curve 

2) of the synthesis of the same sample. Freshly prepared Au-BSA has SPR peak 

position at 528 nm while spectra recorded for the same sample after 30 days of 

synthesis shows a red shift by 2 nm. Similarly absorption spectra of Ag-BSA were 

also monitored (Figure 3.1 B). Curve 1 shows the UV-vis absorption spectrum of  
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Figure 3.1 (A) UV-vis spectra of Au-BSA nanoparticles recorded for the freshly 

prepared (Curve 1) and after 30 days (Curve 2) of synthesis of the same sample. (B) 
UV-vis spectra of Ag-BSA nanoparticles recorded for the freshly prepared (Curve 1) 

and after 30 days (Curve 2) of synthesis of the same sample. 

freshly prepared Ag-BSA nanoparticles having SPR peak at 418 nm while spectra of 

the same sample after 30 days has SPR peak at 415 nm (Curve 2). Thus, these results 

suggests that Au-BSA and Ag-BSA nanoparticles do not show any sign of 

aggregation after 30 days of standing and hence shows that these are very robust and 

stable systems.  

3.2.2 Stability of nanoparticles under varying salt concentrations and pH 

conditions:  

Figure 3.2 A and B shows the NaCl addition experiments performed with Ag-BSA 

and Au-BSA respectively. Spectra show that even after the addition of highest salt 

concentration (1 M), no aggregation has occurred. Figure C and D show the intensity 

of surface plasmon resonance peaks at various concentrations of NaCl. The solid lines 

in the figures indicate the intensity when no NaCl was added.   

Figure 3.3 A and B summarize the effect of varying pH on Ag-BSA and Au-

BSA respectively. Spectra show that within the tested pH range i.e. from pH 2 to pH 

12, no aggregation has occurred in BSA capped gold nanoparticles while Ag-BSA at 

pH 12 got aggregated and hence SPR curve of it was not obtained. Figure C and D 

show the intensity of surface plasmon resonance peaks at varying pH conditions. The  
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Figure 3.2 (A) Effect of NaCl addition to BSA capped silver and (B) gold 

nanoparticles. (C) and (D) show the intensity of surface plasmon resonance peaks at 

various concentrations of NaCl added to Ag-BSA and Au-BSA, respectively . The solid 

lines in the figures indicate the intensity when no NaCl was added. 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Effect of varying pH on BSA capped silver (A) and (B) gold nanoparticles. 

(C) and (D) show the intensity of surface plasmon resonance peaks at varying pH 

conditions for Ag-BSA and Au-BSA, respectively. The solid lines in the figure indicate 

the intensity of nanoparticle solutions without adjusting the pH. 
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solid lines in the figures indicate the intensity of nanoparticles without adjusting the 

pH.  

Figure 3.2 summarizes the effect of varying concentration of NaCl on the Au-

BSA and Ag-BSA solutions. Interestingly, both the nanoparticle solutions possessed 

high stability even to the addition of 1M NaCl. Similarly, Au-BSA solution was 

highly resistant to the various pH conditions while Ag-BSA at alkaline (pH 12) was 

unstable and got aggregated.  However, all in all, results show that Au-BSA and Ag-

BSA showed excellent colloidal stability in water, high salt concentration, and various 

pH conditions. This stability of nanoparticles can be attributed to the presence of 

protein BSA capping on the nanoparticle surface. It has been observed that citrate 

gold nanoparticle solutions are unstable with respect to precipitation and aggregate 

rapidly upon addition of electrolytes such as NaCl, KI, etc18. However, the same 

citrate reduced gold nanoparticles could be stabilized against aggregation by the 

addition of proteins such as BSA18, 19. Stability of colloidal nanoparticle solutions is 

well explained by DLVO theory. According to the DLVO theory, the stability of 

colloidal sols is determined by the balance of forces between the electrostatic 

repulsion of like- charged spheres and van der Waals attraction due to high 

polarizability of metal nanoparticles20. In general, addition of the electrolytes causes 

flocculation/aggregation due to the shielding of the double-layer charges21, 22. Proteins 

adsorbed onto the metal nanoparticles surface will provide stability to the sol due to 

large positive free energy input of protein desorption required prior to particle-particle 

fusion. Aggregation of nanoparticles occurs whenever colloidal particles approach 

closer enough so that the free protein is excluded from the interparticle region. This is 

an entropic effect as the protein leaves the interparticle space in response to the loss of 

configurational entropy upon compression by the particles. Loss of protein molecules 

leave behind the pure solvent molecules. A reduction in the free energy subsequently 

occurs when the solvent also leaves the interparticle region to mix with the protein. 

This “depletion flocculation” will only occur by demixing protein chains and solvent 

molecules in the interparticle region. Normally in good solvents, demixing is 

thermodynamically unfavorable, and the free protein in solution will actually stabilize 

the sols by preventing close approach of two particles (depletion stabilization)18, 22. 

The stability of nanoparticles in our study also can be attributed to the BSA capping 

present on them. 
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3.2.3 Fourier Transform Infrared Spectroscopy (FTIR): 

Serum albumin is one of the most abundant and extensively studied proteins. In blood 

plasma its typical concentration is about 5g/100mL23-25. Its molecular weight is 66 

kDa, is a single polypeptide chain containing 583 amino acids with no carbohydrate 

residues. Its secondary structure mostly comprises of α-helix23, 24. The tertiary 

structure of BSA is comprised of three homologous domains (domains I-III), with 

cysteine residues forming disulfide bonds to produce a double-loop bridging pattern26. 

FTIR is a powerful technique to study the secondary structure of protein. Figure 3.4 

shows the FTIR spectra where curve 1 corresponds to pure BSA while curve 2 and 3 

 

Figure 3.4 (A) FTIR spectra corresponding to pure BSA (curve 1) and BSA capped 

Au (curve 2) and Ag nanoparticles (curve 3) respectively. (B) shows the enlarged 

region highlighted in (A).  

correspond to Au-BSA and Ag-BSA respectively.  In pure BSA, -C=O stretching 

termed as amide I and –N-H bending vibrations termed as amide II were found to 

occur at 1659 and 1535 cm-1
 respectively. Their position in Au-BSA and Ag-BSA 

does not undergo any change (curves 2 and 3 respectively) and occur at the same 

positions as in the pure BSA molecule. This shows that the BSA molecules do not 

undergo any conformational changes upon attaching to the nanoparticle surfaces. 

3.2.4 Circular Dichroism spectroscopy (CD): 

CD is a powerful tool to study the conformational changes occurring in the secondary 

structure of a protein molecule. The CD spectra of BSA exhibited two negative 

minima in the ultraviolet region at 208 and 222 nm, which is characteristic of α-
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helical structure of protein27. Since α-helix is one of the elements of secondary 

structure, any structural change of albumin can be easily evaluated by the content of 

α-helical structure. Figure 3.5 shows the CD studies performed on pure BSA, Au-

BSA and Ag-BSA nanoparticles. Curve 1 corresponds to pure BSA where two 

negative minima at 208 nm and 222 nm present are characteristic of α-helical 

structure of protein 
27,28. In order to determine whether BSA has retained its secondary  

 

 

 

 

 

 

 

 

 

Figure 3.5 CD spectra corresponding to pure BSA (curve 1) and BSA capped Ag 

(curve 2) and Au nanoparticles (curve 3) respectively. 

structure upon reduction and capping the nanoparticle surfaces, % MRE values at 208 

nm and 222 nm were calculated. The CD spectra were taken in a wavelength range 

between 190 and 250 nm, and the results were expressed as MRE in deg cm2 dmol−1. 

The value of MRE was obtained using the equation MRE= [θ] /10nlC where [θ] is the 

CD in millidegrees, n is the number of amino acid residues in protein (total of 583 for 

BSA), l is the path length of the cell (1 cm), and C is the concentration of protein27, 

29.From the curves, % MRE values were 105 % and ~ 100 % at 208 nm and 222 nm 

for Au-BSA sample and 88.89 % and 87.5 % at 208 nm and 222 nm for Ag-BSA 

sample. 

Thus, FTIR and CD studies show that the BSA does not suffer from any major 

structural changes. Indicating that its secondary and tertiary structures are conserved 

to a large extent after reducing and capping gold and silver nanoparticles (Figure 3.4 
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and 3.5 respectively). This can be a reason for highly stable BSA capped gold and 

silver nanoparticles. 

B) Assessment of the cytocompatibility of Au-BSA and Ag-BSA against mouse 

embryonic fibroblast (NIH3T3) cell line:  

3.2.5 In vitro cytocompatibility tests:  

It is evident that for any clinical application, biocompatibility of nanoparticles is 

crucial. Size, shape, chemical compositions, surface properties and interaction of 

nanoparticle surface with the cells are the main factors that play a role in their 

biocompatibility9, 10. Since different nanoparticles can trigger distinctive biological 

responses, it is important that cytotoxicity studies are conducted for each 

nanoparticles type. One simple cytotoxicity test involves visual inspection of cells 

with bright field microscopy for changes in cellular or nuclear morphology9. NIH3T3 

cells are mouse embryonic fibroblast cells. Fibroblast cells are large and flat, with 

elongated processes protruding from the body of each cell, create a spindle-like 

appearance of the cell. The nucleus in the body of the cell is flat and oval. Figure 3.6 

summarizes the results of NIH3T3 viability studies after exposing to Au-BSA and 

Ag-BSA conjugate. A to J are the images of cells taken after the treatment with 

nanoparticles at different concentrations. A and F are the images of untreated or 

control cells. B and G correspond to the cells treated with 10-7 M Au-BSA and Ag-

BSA respectively. C and H represent cells treated with 10-6 M Au-BSA and Ag-BSA 

respectively. D and I correspond to the cells treated with 10-5 M Au-BSA and Ag-

BSA respectively while E and J depict the images of cells treated with 10-4 M Au-

BSA and Ag-BSA respectively. It is clearly evident, from the images of control cells 

and cells treated with increasing concentration of Au-BSA and Ag-BSA, that the 

gross morphology of cells were not changed and no visible signs of toxicity were 

observed. Even though there were no visible signs of toxicity, we tested gold and 

silver nanoparticles for any effects on cellular proliferation of NIH3T3 cells. 

We examined via MTT assay whether Au-BSA and Ag-BSA nanoparticles 

had any toxic biological properties. The MTT assay is a colorimetric assay that is 

based on measuring changes in absorbance at a specific wavelength and is widely 

used for measuring cytotoxicity and cell proliferation30, 31. Basically, the MTT assay 

measures the metabolic activity of viable cells. MTT is a water-soluble tetrazolium 
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salt (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) that yields a 

yellowish solution on dissolving. Dehydrogenase enzymes present in the cells 

catalyze the cleavage of the tetrazolium ring in MTT and convert dissolved MTT to 

formazan crystals. This cleavage is affected only by the mitochondria of living cells 

and not by the dead cells. The amount of MTT reduced to formazan can be measured 

spectrophotometrically after dissolving these water insoluble formazan crystals in 

 

Figure 3.6 A-J are the images of NIH3T3cells showing morphology of the cells after 

nanoparticles treatment. (K) Cytotoxicity assessment (MTT assay) of Au-BSA and Ag-

BSA nanoparticles at various concentrations tested against NIH3T3 cell lines. Blue 

column: control (untreated cells), Purple column: Au-BSA treated cells and Yellow 

column: Ag-BSA treated cells.  

isopropanol or other solvents. The absorbance of dissolved formazan measured by a 

spectrophotometer at a wavelength of 570 nm is a function of the concentration of the 

converted dye, which is directly related to the number of viable cells since the MTT to 

formazan conversion takes place only when mitochondrial reductase enzymes are 

present.  
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In a typical experiment, cells in their exponential phase of growth were seeded 

at a density of 5000 cells/well of a 96-well tissue culture plate and incubated for 24 h. 

The cells were then treated with different concentrations of gold and silver 

nanoparticles for 3 h. NIH3T3 cells in medium and without nanoparticle treatment 

were taken as control. All experiments were performed 3 times in pentaplets, and 

average of all of the experiments has been shown as cell-viability percentage in 

comparison with the control experiment, while gold untreated controls were 

considered as 100% viable. The MTT viability results (Figure K) demonstrated that at 

various nanoparticles concentrations used, % mitochondrial activity of NIH3T3 cells 

is almost comparable to the control cell with the addition of increasing concentrations 

of Au-BSA and Ag-BSA nanoparticles in the cell growth media. At the highest dose 

used i.e. at 1 X 10-4 M of Au-BSA and Ag-BSA, more than 100% and ≈ 95% cell 

viability was observed respectively. This revealed that both the Au-BSA and Ag-BSA 

nanoparticles were highly biocompatible and for the highest concentration of 

nanoparticles used (1X10-4 M) against NIH3T3 cells no harmful effect on the cellular 

proliferation was observed. Thus it can be conclusively inferred that BSA coated gold 

and silver nanoparticles to be biologically nontoxic and can be looked upon as a 

potential candidate for biomedical application. 

3.2.6 Cell cycle analysis by Flow Cytometry (FACS): 

Flow cytometry has been widely used as a means of investigating the cell cycle 

perturbations caused by a variety of chemotherapeutic agents32. The percentage 

number of cells in a particular stage of cell division is based on the amount of DNA 

present in the cell. In vitro effects of Au-BSA and Ag-BSA nanoparticles on cell 

cycle progression was studied by FACS analysis technique. For this analysis, NIH3T3 

cells were seeded in 55 mm plates. After 24 h media was removed, and fresh media 

containing 10-4 M of Au-BSA and Ag-BSA was added to the NIH3T3 cells. After 24 

h of incubation with nanoparticles, cells were trypsinized and collected in DMEM 

containing 10 % serum to neutralize the effect of trypsin. The cells were then 

collected by centrifugation at 1,500 rpm at room temperature for 5 min, washed with 

PBS and resuspended in PBS. To permeabilize the cells for PI, the cells were fixed by 

drop wise addition of 70 % ethanol while gently vortexing the cell suspension. This  
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Figure 3.7 Cell cycle analysis of NIH3T3 cells treated with Au-BSA and Ag-BSA 

nanoparticles over a period of 24 h. 

solution was left on ice for 1 h or at 4 °C overnight. After incubation period, cells 

were washed with PBS, followed by addition of 5 µL of RNase (10 µg/mL stock 

solution).This cell suspension was incubated at 37 °C for 1 h. After this, 5 µL of PI (2 

mg/mL stock) was added 15 minutes prior to acquiring the sample. The graph in 

Figure 3.7 shows in vitro effects of Au-BSA and Ag-BSA on cell cycle progression. 

Untreated cells were taken as control. We observed that cells treated with increasing 

concentration of Au-BSA and Ag-BSA behave in the similar manner as control. The 

percentage numbers of cells present in G1 phase in control and at various 

concentrations of Au-BSA and Ag-BSA is almost near 75 % after 24 h and ~25 % in 

S+G2M. It is clearly evident from the graph that both the nanoparticle system does 

not have any harmful effect on the cell cycle of NIH3T3 cell line. After 24 h of 

treatment with Au-BSA and Ag-BSA, there was no difference obtained in the cell 

cycle progression between the control cells and Au-BSA and Ag-BSA treated cells. 

This shows that both the nanoparticles even at the highest concentrations used do not 

affect the cell cycle of NIH3T3 cells.    

3.3 Conclusions: 

Stability and biocompatibility of Au-BSA and Ag-BSA nanoparticles; which is a pre-

requisite for biomedical applications, has been revealed in this chapter. It was 
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observed that BSA capping on the nanoparticles provided high stability against 

varying pH and salt concentrations. FTIR and CD studies show that the secondary 

structure of the protein BSA on the nanoparticles surface has been conserved. 

Additionally, the BSA capping on nanoparticles turn into an added advantage by 

making them highly biocompatible as shown by MTT assay and cell cycle analysis. 

Taken together, the current findings reveal that these stable and cytocompatible 

aqueous dispersions of gold and silver nanoparticles satisfy the essential requirements 

for biological applications and hence can be further studied as drug delivery systems.       
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Chapter 4 

Enhanced Uptake of Gold Nanoparticles 

and self luminescent Gold Clusters into 

Cancerous Cells over Normal Cells 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter discusses the uptake of BSA protected gold 

nanoparticles and gold clusters into cancerous (human glioma 

LN229) and normal (mouse embryonic fibroblast NIH3T3) cell 

lines. The results suggest an enhanced uptake of both the 

nanoparticles systems into the cancerous cells in comparison to 

the normal cells. Although the nanoparticles and clusters are 

significantly different in their size, the extent of their uptake by 

human glioma cells is almost similar.   
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4.1 Introduction: 

The main theme line of our entire studies is to develop a nanoparticle system that can 

act as a drug delivery vehicle and to this effect evaluating the efficacy of the BSA 

capped nanoparticles to enter into cancerous cells would be vital. If while doing so 

(entering into the cancerous cells) they also show some specificity to enter them it 

would be an extra added advantage. Cellular uptake and intracellular fate of 

nanoparticles has been shown to depend upon the size, shape, charge and surface 

chemistry1-4. The ionic interactions between the negative membrane potential of most 

cells with nanoparticles of a positive, negative or neutral charge density differ 

drastically. Other than the physicochemical properties of the nanoparticles, the 

characteristics of the target cell i.e. the cell type (i.e. cell origin) and the 

differentiation status (‘normal’ vs. cancer)4 also play critical role in uptake 

behaviour5. The interactions of nanoparticles with their target cells could, in turn, 

determine the intracellular uptake and localization of the nanoparticles and their 

biological functions5. Understanding such interactions between cells and 

nanoparticles with different surface properties is important not only for engineering of 

nanoparticles that exhibit selective intracellular uptake (to subsequently alter cellular 

processes of interest) but also for determining the relative cytotoxicity of 

nanoparticles.  

The focus of the investigation of our work incorporated in this chapter is to see 

whether the BSA capped nanoparticles prepared by us are being taken by the cells or 

not. Further, in order to test our system critically we also compared their cell uptake 

capabilities with another BSA capped systems, namely BSA capped fluorescent gold 

clusters which are about 1 mm in size. These were characterized to posses 26-28 gold 

atoms each and such clusters due to the quantum confinement of electronic structure 

display unique emission characterstics6-8. We wish to remind that the system 

developed as part of this thesis study is 15 nm gold particles. Further to test the uptake 

of these two different systems into different cells we considered normal fibroblast 

cells (NIH3T3) and cancerous cell line (LN229). To ensure that a better comparison 

of cellular uptake of these two different sized nanoparticles into different cell lines 

can be done properly, both the systems were capped by the same molecule, namely, 

Bovine serum albumin (BSA).  
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Our results indicate that in both, nanoparticles and clusters, intracellular 

localization were seen in cancerous cells (LN229) while negligible uptake was 

observed in normal cells (NIH3T3).  

4.2 Experimental details: 

The experimental conditions maintained were as following: 

4.2.1Synthesis of gold nanoparticles by BSA: 

The protocol of synthesis of gold nanoparticles by BSA is mentioned in section 

2.2.1.ii.  

4.2.2 Synthesis, characterization and quantification of texas red labeled Au-BSA: 

For conjugation experiments, stock solution containing 1 mg of Texas red (TR) 

dissolved in 50 µL of DMSO was prepared and was stored at 4° C. 7 µL of the stock 

solution was added to 1 mL of 2X10-4 M Au-BSA and kept overnight for incubation 

at 4° C. Purification of TR labeled Au-BSA (hereafter Au-BSA-TR) from unbound 

TR was done by centrifuging the solution at 10,000 rpm for 10 min followed by 

washings (thrice) with 100 mM carbonate buffer (pH= 8.4). Finally, the pellet was 

redispersed in 500 µL of carbonate buffer such that the surface plasmon peak intensity 

of Au-BSA before and after the redispersion was same. 

4.2.3Synthesis of gold clusters capped by BSA: 

Gold clusters were prepared by following a published protocol7 and were provided to 

us by Professor T. Pradeep’s group from IITM, Chennai. In a typical experiment, 

mercaptosuccinic acid (MSA) capped nanoparticles were synthesized by sodium 

borohydride reduction of gold ions in the presence of MSA. Nanoparticles formed 

were of 2-3 nm in diameter and were used as precursor for synthesis of quantum 

clusters. For quantum cluster synthesis, nanoparticles were mixed with BSA (1:10 by 

weight) and kept under constant stirring. After 5 minutes, pH of solution was adjusted 

to 12 and again kept for stirring. Formation of quantum clusters was monitored by the 

development of luminescence in the solution. For convenience and brevity, the BSA 

reduced gold nanoparticles will be referred to as Au-BSA and luminescent clusters of 

gold as Auclust-BSA further in the text. 
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4.2.4 Cellular uptake studies of Au-BSA and Au clusters on NIH3T3 and LN229 

cells: 

NIH3T3 and Human glioma cell line LN229  were procured from the Cell Repository 

of National Centre for Cell Science, Pune, India and were cultured in Dulbecco’s 

modified eagle’s medium (DMEM), supplemented with 1.5 gm/L sodium bicarbonate, 

4 mM glutamine and 10 % fetal bovine serum. The cultures were maintained in a 

humidified atmosphere of 5 % CO2 at 37 °C in an incubator. Uptake studies of Au-

BSA and Auclust-BSA were performed by seeding NIH3T3 and LN229 cells at low 

density on cover slips in a 24 well plate. After plating of the cells, in order to let them 

attach onto the cover slips they were incubated for 24 h prior to the administration of 

samples. After 24 h of incubation, cell medium was replaced with 500 µL of solution 

containing fresh medium, Au-BSA-TR and Auclust-BSA. The cells were then further 

incubated for 3 h at 37 °C and 5 % CO2 in a humidified environment.  

Quantification of Au-BSA and Auclust-BSA in NIH3T3 and LN229 was 

performed by ICP by seeding these cells in a 24 well plate. After plating of the cells, 

they were allowed to attach to 24 well plate and hence were incubated for 24 h prior 

to the administration of samples. After 24 h of incubation, cell medium was replaced 

with 500 µL of solution containing fresh medium, Au-BSA-TR and Auclust-BSA. The 

cells were then further incubated for 3 h at 37 °C. After 3 h of incubation, cells were 

trypsinized and collected and washed thrice to remove nanoparticles on the surface of 

cells. These cells were then digested using 3N HCl and ICP analysis was performed 

on them. Standard graph for gold was made by using the known concentrations of 

gold. Finally, the concentration of Au-BSA and Auclust-BSA were obtained from the 

standard graph.   

For confocal imaging, after 3 h of incubation with nanoparticle solutions, 

media was removed and cover slips were washed extensively with 1X ice-cold 

phosphate buffered saline to remove the excess of Au-BSA-TR and Auclust-BSA. 

After washing, cells were fixed in 4 % paraformaldehyde for 10 min at room 

temperature followed by washing with PBS. Cell’s nuclei were then stained with 

DAPI (4’,6-diamidino-2-phenylindole) for 10 min. To remove excess of DAPI, 

extensive washing of cover slips with PBS (RT) was done. After that the cells were 
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mounted onto glass slides with DABCO (1, 4-diazabicyclo[2.2.2]octane) as mounting 

medium. The cover slips were then observed under confocal microscope. 

4.3 Results and Discussions: 

Klaus et al proposed that the mechanism of cellular internalization of nanoparticles 

depends on4:  

 The physico-chemical properties of the material, such as the chemical 

composition, size and shape, agglomeration status of the nanoparticles. 

 The experimental conditions in the in vitro assays and the cellular (micro) 

environment where nanoparticles become located upon in vivo exposure (e.g., 

opsonization by serum components, modification by proteins or lipids such as 

albumin and surfactant).  

 The characteristics of the target cell, i.e. the cell type (e.g., professional 

phagocytes versus non-professional phagocytic target cells) and their 

differentiation status (e.g., monocytes versus macrophages, ‘normal’ vs. 

cancer cells). 

Since size and surface chemistry play crucial role in the behavior of nanoparticles, 

to probe the size effects more reliably we kept the surface capping molecule, BSA, the 

same. The composition of the nanoparticles was also kept the same, gold, except that 

the sizes were different. One class is a 15 nm sized and non-fluorescent gold 

nanoparticles synthesized by the ubiquitous bio-molecule BSA as a capping and 

reducing agent. The other is chemically synthesized extremely small in size (≤1 nm) 

gold clusters. These were ex situ capped by BSA. The most important aspect of these 

gold clusters is that they are inherently luminescent. In this report we have tried to 

elucidate the effect of size of gold nanoparticles and tried to investigate their cellular 

uptake in normal and cancerous cells. A schematic describing our experimental 

approach is presented in Figure 4.1 

4.3.1UV-vis absorption spectroscopy of Au-BSA and Auclust-BSA: 

Figure 4.2 shows the UV-vis absorption curve recorded for gold nanoparticles and 

cluster solutions. Au-BSA, synthesized as described earlier 2.2.1.ii, showed SPR at  
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Figure 4.1: A schematic representation for the determination of uptake of gold 

nanoparticles and clusters on NIH3T3 and human glioma LN229 cell lines. 

 

 

 

 

 

 

 

 

 

Figure 4.2: UV-vis absorption spectra of Au-BSA (curve 1) and Auclust-BSA(curve 2) 

respectively. 

531 nm (curve1) while UV absorption curve of Auclust-BSA (curve 2) shows a 

monotonous increase in the intensity without any peak maximum. This is in 
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accordance with reported literature where nanoparticles having size less than 2 nm do 

not display any SPR signatures9. 

4.3.2Texas red (TR) loading on Au-BSA nanoparticles and its characterization. 

Au-BSA nanoparticles are inherently non-fluorescent in nature hence TR was 

conjugated with Au-BSA so that the intracellular localization of these nanoparticles 

can be traced by fluorescence microscopy. Zeta potential value of as synthesized Au-

BSA nanoparticles is –28.73 mV. The negative charge of nanoparticles is attributed to 

the surface bound BSA molecules. The electrostatic attachment of TR to the Au-BSA 

nanoparticles can be inferred from the increase in the zeta potential value to –13.99 

mV upon conjugating Au-BSA with TR followed by thorough washing.  Hereafter 

these samples will be referred as Au-BSA-TR. Figure 4.3 A shows the fluorescence 

emission spectra of Au-BSA-TR recorded after conjugation. It shows the 

characteristic emission maxima of TR at 612 nm. Gold nanoparticles surfaces have 

been known to quench the emission of many fluorophores10, 11. However, the retention 

of emission from TR clearly indicates that the BSA surface capping on these 15 nm 

gold particles is very uniform and that the fluorescent molecule is effectively shielded 

from interacting with the metal surface directly. Figure 4.3B shows the emission 

spectra recorded from the Auclust-BSA sample having emission maxima at 640 nm. 

The emission from Auclust-BSA is due to quantum size effects. Due to these inherent 

emission characteristics and low metallic content, Auclust-BSA are biocompatible and 

can be used as such for biolabeling, bioimaging and detection applications without the 

necessity of additional fluorescent probe7.  

4.3.3 Cellular uptake studies on NIH3T3 and Human glioma LN229cell lines: 

To probe the intracellular distribution of nanoparticles, NIH3T3 (mouse embryonic 

fibroblast cells) and LN229 (human glioma cells) were incubated with Au-BSA-TR 

and Auclust-BSA. The untreated cells i.e. cells in medium alone were taken as control. 

For negative control experiments, cells were incubated with TR and Au-BSA 

nanoparticles alone. Figure 4.4 summarizes the results of NIH3T3 and LN229 cells 

treated with the two colloidal solutions. Control cells of NIH3T3 and LN229 cells do 

not show any fluorescence as can be seen in Figure 4.4 A (a) and Figure 4.4 B (a). 

Figure 4.4 A (b) and B (b), show the images of cells treated with TR. No fluorescence  
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Figure 4.3: (A) Florescence emission spectra of TR loaded on Au-BSA nanoparticles 

having emission maxima at 612 nm. (B) Emission spectra of Auclust-BSA having 

emission maxima at 640 nm.  

is observed here again inside the cells as TR itself without any carrier cannot enter the 

cells. Au-BSA is inherently non-fluorescent and hence even if they would have been 

taken up by the cells no luminescence can be seen (Figure 4.4 A (c) and B (c). Figure 

4.4A (d) and B (d) depict the images of cells treated with Au-BSA-TR nanoparticles.  

It can be seen here that no fluorescence is observed in NIH3T3 cells but from LN229 

cells bright red fluorescence is observed. Same result was obtained with Auclust-BSA 

where NIH3T3 cells were showing negligible luminescence while LN229 cells were 

brilliantly luminescent (Figure 4.4 A (e) and B (e) respectively). From the Z-stacking 

images it can be conclusively shown that the Au-BSA-TR nanoparticles (Figure 4.5) 

and Auclust-BSA (Figure 4.6) have been internalized into the LN229 cells and the 

fluorescence is not just due to the non-specific/coincidental overlap of 

nanoparticles/cluster systems on the surface of the cells. In order to validate the 

fluorescent data, we tried to quantitate the amount of nanoparticles taken up by both 

the cell lines by Inductively Coupled Plasma (ICP) analysis. ICP results showed that 

concentration of Au-BSA-TR and Auclust-BSA in LN229 cells were 4 ± 0.6 pg/cell and 

0.22± 0.04 pg/cell respectively. At the same time, in NIH3T3 cell line no detectable 

amount of gold was seen when they were exposed to Au-BSA or Auclust-BSA. From 

these results we can conclusively say that there is negligible uptake of either of the  
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Figure 4.4: (A) and (B) show the images of NIH3T3 and LN229 cells respectively 

treated with Au-BSA and Auclust-BSA. A (a) and B (a) show the control cells of 

NIH3T3 and LN229 respectively. A (b) and B (b) show the cells treated with TR. A (c) 

and B (c) depicts images of cells treated with Au-BSA nanoparticles alone. A (d) and 

B (d) show the cells treated with Au-BSA -TR nanoparticles. A (e) and B (e) show the 

cells treated with Auclust-BSA. 

 

Figure 4.5: Z stacking image of LN229 cells treated with Au-BSA. 
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Figure 4.6: Z stacking image of LN229 cells treated with Auclust-BSA. 

nanoparticles into the NIH3T3 cells. However human glioma cell line show marked 

uptake of both the nanoparticles.  We accredit this phenomenon to the nature of the 

cell type and the presence of BSA on the surfaces of nanoparticles. Cancer cells are 

highly proliferating and to meet their fast rate of replication they need enhanced 

supply of energy and nutrients. For this they develop enhanced permeability and 

retention (EPR) of macromolecules and they do this by developing leaky, defective 

blood vessels of tumor tissue which makes its vasculature permeable for 

macromolecules. In blood vessels of normal tissue, on the other hand, only small 

molecules can pass through the endothelial cells12. Not only this, the retention in the 

tumor tissue is also enhanced due to an impaired or absent lymphatic system. It has 

been shown that tumors are able to trap the plasma proteins and utilize their 

degradation products for proliferation13. Stehle et al. have proposed a hypothesis that 

albumin serves as a major energy and nutrition source for tumor growth and hence a 

reason for high albumin turnover in rodent tumors14.  Similarly, in patients with 

rheumatoid arthritis, metabolism of synovial cells is highly up-regulated. Albumin 

could be a relevant source to meet the high demand for nitrogen and energy, and 

hence their enhanced uptake into these cells. For this, permeability of the blood-joint 

barrier for albumin in inflamed joints is markedly increased15. Since both the 

nanoparticles (Au-BSA and Auclust-BSA) are BSA coated, cancerous cells might be 
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internalizing them with greater efficacy as compared to normal cells. NIH3T3 cells 

are normal fibroblast cells and lack these characteristics; hence uptake of 

nanoparticles by these cells could have been diminished or negligible.  

4.4 Conclusion: 

In this chapter, we have demonstrated that the cellular uptake of nanoparticles 

crucially depends upon the nature of cells. BSA capped nanoparticles or clusters were 

efficiently taken up by human glioma cells while no uptake was observed in normal 

fibroblast cells. Such enhanced uptake of BSA coated nanoparticles could have 

important implication in targeted drug delivery to cancerous cells using the BSA 

capped nanoparticles/clusters. 
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Chapter 5 

BSA capped gold nanoparticles: an 

efficient drug delivering agent for the 

anticancer drug Methotrexate 

 

 

 

 

 

 

 

 

 

 

BSA capped gold nanoparticles were conjugated to methotrexate 

and their cytotoxicity against human breast cancer cell line 

MCF-7 was evaluated. The drug conjugated to BSA gold 

nanoparticles were found to evoke more toxicity to the cell lines 

than the equivalent concentration of drug alone. Drug loading 

was characterized by UV-vis spectroscopy, FTIR and TGA 

analysis. Cell death with Au-BSA-MTX was confirmed by MTT 

assay, Trypan blue viability counting, immunostaining, western 

analysis, DNA laddering assay, cell cycle analysis by FACS and 

TUNEL assay. 
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5.1 Introduction: 

From the results presented in the previous chapters, we could confirm that Au-BSA 

nanoparticles meet the important requirements to serve as a good drug delivery agent. 

Thus we embarked on a study to load an anticancer drug methotrexate (MTX) on Au-

BSA and tested its efficacy against human breast cancer cell line MCF-7. Based on 

the assumption that normal healthy cells do not actively divide, any substance that 

targets and blocks cell cycle will have a disproportionately severe effect on cancer 

cells in comparison to most healthy tissues1. MTX, an analogue of folic acid, is 

amongst the most widely used anticancer drug in a wide range of malignancies2. 

Folate receptors are over expressed in cancer cells3. The target for these receptors, 

folic acid is a small cofactor molecule that is an essential vitamin for human beings 

and is involved in the transfer of methyl group onto uracil to form thymine. During 

this process, folic acid molecule gets oxidized. Dihydrofolate reductase (DHFR) 

enzyme restores the oxidized folic acid to reduced form which in turn can undergo the 

new cycle of thymine synthesis.  Anticancer drug MTX is a folic acid analogue and 

competitively inhibits DHFR. The affinity of MTX for DHFR is thousand fold greater 

than folic acid. When cells are treated with MTX, it competitively binds with DHFR 

and blocks its function. As a result, level of reduced folate decreases and hence 

syntheses of thymine and purine nucleotides stop.  In such cases, uracil instead of 

thymine gets erroneously incorporated into the growing DNA chains. This leads into 

halting of DNA synthesis as repair enzymes cannot remove many faulty nucleotides 

efficiently and finally DNA fragmentation and apoptosis of cells occur1. In humans 

methotrexate appears to inhibit DNA synthesis to a greater extent than RNA 

synthesis, suggesting that inhibition of thymidylate synthesis is the most important 

mechanism of methotrexate cytotoxicity2, 4. Hence the drug is highly cell cycle 

dependent, acting primarily during DNA synthesis (S-phase). As a result, those tissues 

undergoing rapid cellular turnover with a high fraction of the cells in cycle are the 

most susceptible to the drug’s cytocidal effects. 

 Breast cancer is the most common type of cancer and is the leading cause of 

cancer-related mortality worldwide in women. It is now the most common cancer in 

UK and in 2007 almost 45,700 women and 277 men were diagnosed with breast 

cancer. Female breast cancer incidence rates have increased by around 50 % over the 
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last twenty-five years. Breast cancer risk is strongly related to age, with 81 % of cases 

occurring in women aged 50 years and over and is the second most commonly 

diagnosed cancer in women under 35. In 2008 it was estimated that worldwide, 1.38 

million women were diagnosed with breast cancer, accounting for around a tenth 

(10.9 %) of all new cancers and nearly a quarter (23 %) of all female cancer cases5. 

Breast cancer is controlled by surgery and radiotherapy, supported by adjuvant 

chemo- or hormono-therapies. However, current chemotherapies for breast cancer 

cells are limited due the emergence of drug resistance, non-specific effects, short term 

efficacy and toxicity on normal tissues6. Due to high resistance of breast cancer 

against chemotherapy, a highly efficient drug delivery system is required that can 

improve the tumor response and reduce the toxicity by improved targeting of drug to 

tumor cells and co-administration of drugs that prevent toxicity to normal but not to 

cancer cells. In this premise, nanoparticles are gaining interest as efficient drug 

delivery agent as they improve drug delivery to tumors without specific targeting by 

the so-called enhanced penetration and retention (EPR) effect, where the vessel 

leakiness and impaired lymphatic drainage of cancers causes accumulation of 

nanometer-sized particles7.  

Therefore, we chose to load the drug MTX on BSA capped gold nanoparticles 

and aimed to the study the anticancer effect of Au-BSA-MTX composite against 

breast cancer cell growth, proliferation and tried to delineate its mode of action 

leading to MCF-7 cell death. 

5.2 Experimental details: 

5.2.1Synthesis of gold nanoparticles by BSA: 

The protocol of synthesis of gold nanoparticles by BSA is mentioned in section 

2.2.1.ii 

5.2.2 Synthesis, characterization and quantification of drug loaded Au-BSA: 

For drug conjugation experiments, 1 µL of stock solution containing 25 mg/mL of 

Methotrexate (MTX) was added to 1 mL of 2X10-4 M Au-BSA and kept overnight for 

incubation at 4° C. Purification of Au-BSA-MTX from unbound MTX was done by 

centrifuging the solution at 10,000 rpm for 10 min followed by washings (thrice) with 

10 mM phosphate buffer (pH= 7.1). Finally, the pellet was redispersed in 1 mL of 
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phosphate buffer such that the surface plasmon peak intensity of Au-BSA-MTX 

before and after the centrifugation was same and was characterized thoroughly by 

UV-vis spectroscopy, Zeta potential, FTIR and TGA analysis. 

5.2.3 Cellular toxicity studies of Au-BSA, MTX and Au-BSA-MTX: 

5.2.3.A Cell line and growth medium:  

Human breast cancer cell line MCF-7 was procured from the Cell Repository of 

National Centre for Cell Science, Pune, India and cultured in Dulbecco’s modified 

eagle’s medium (DMEM) (Gibco BRL Carlsbad CA), supplemented with 1.5 gm/L 

sodium bicarbonate, 4 mM glutamine and 10% fetal bovine serum (Gibco, USA). The 

cultures were maintained in a humidified atmosphere of 5% CO2 at 37 °C in an 

incubator.  

5.2.3.B In vitro cytotoxicity test: 

Cytotoxicity studies of Au-BSA-MTX and MTX were performed by seeding 3000 

cells/well of MCF-7 cells in a 96 well plate. After plating of the cells, they were 

incubated for 24 h in order to allow them plate prior to the administration of samples. 

After 24 h of incubation, cell medium was replaced with 200 µL of solution 

containing fresh medium, Au-BSA, MTX and Au-BSA-MTX. Cells incubated with 

medium alone were taken as control. To determine the effect of blank nanoparticles 

on cell viability, cells were incubated with Au-BSA alone. After the addition of the 

entire test samples, cells were then further incubated for 72 h at 37 °C and 5 % CO2 in 

a humidified environment to allow both time dependent and concentration dependent 

drug-induced cytotoxicity. At the end of each exposure, the toxicity level of each test 

samples was assessed by MTT assay8 to determine the cytotoxicity of Au-BSA-MTX 

in comparison with free MTX and Au-BSA. After incubation of cells with test 

samples, MTT was added and incubated further for 4 h. After 4 h, medium was 

removed and 100 µL of DMSO was added to dissolve the formazan crystal resulting 

from the reduction of tetrazolium salt by metabolically active cells only. The 

absorbance of dissolved formazan crystals was measured at 570 nm. Since the 

absorbance directly indicates the number of viable cells, % viability was calculated 

directly from the absorbance values. All experiments were performed in triplicates. 

5.2.3.C Cell viability assay by Trypan Blue: 
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Trypan blue is a diazo dye; a vital stain, used to selectively color dead cells. Live 

cells/tissues having intact plasma membrane will not take up the dye and hence will 

not get colored. When viewed under microscope, only dead cells will appear blue 

colored. Viability of cells can be calculated by the following formula: % viability = 

[(no. of viable cells)/ no. of dead + no. of viable cells)]. In this, cell suspension of the 

sample to be assayed was prepared and diluted in 1:1 ratio with 0.4 % Trypan blue 

solution. The diluted cell suspension was loaded on the counting chambers of 

hemocytometer and allowed to settle in the counting chamber. The number of stained 

cells was counted followed by total cell count. Percentage of stained cells and 

unstained cells were calculated and represented as dead and live cells respectively. 

5.2.3.D Immunostaining: 

Immunostaining studies were performed by seeding MCF-7 cells at low density on 

cover slips in a 24 well plate. After plating of the cells, they were allowed to attach to 

the cover slips and hence were incubated for 24 h prior to the administration of 

samples. After 24 h of incubation, cell medium was replaced with 500 µL of solution 

containing fresh medium, Au-BSA, MTX and Au-BSA-MTX for 48 h and then used 

for the immunostaining. Cells were first rinsed with PBS, fixed in absolute methanol 

for 10 minutes at -20 ºC and then left for rehydration in PBS for 1h followed by 

blocking in 5 % BSA. Then the cells on coverslips were incubated with first antibody 

diluted in 1XPBS (1:100) for 1 h and washed thrice with PBS. Secondary antibody 

(dilution 1:50 anti-mouse AlexaFlour594 conjugated, anti-rabbit AlexaFlour594 

conjugated and anti-goat AlexaFlour594 conjugated) was added and the cells were 

incubated on the coverslip for 1 h, followed by 3 washes with PBS. 10 µL DAPI of 5 

mg/mL stock was added and washing with PBS was done. Coverslips were mounted 

on glass slides by using 1 % antifade DABCO (1,4-diazabicyclo[2.2.2]octane) as 

mounting medium. The expression of the markers was analyzed by Laser Scanning 

Confocal Microscopy (LSCM).  

5.2.3.E Western blot analysis: 

MCF7 cells were cultured and given treatment with Au-BSA, MTX and Au-BSA-

MTX for 48 h. Cells incubated with medium alone were taken as control. The treated 

cell plate was washed with chilled PBS and later collected by scraping the cells using 

a cell scraper. The cells were washed with ice-cold TBS twice and lysed in chilled 
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cytoskeleton extraction (CSE) buffer. To make cell lysate, cells were resuspended in 

CSE buffer and sonicated. Lysate was spun at 12000 rpm, 30 minutes at 4 °C to 

remove debris. After that, it was mixed with equal volume of 3X PAGE loading dye, 

boiled at 95 °C for 4 minutes. Samples prepared were then loaded on 15 % SDS-

polyacrylamide gels. The proteins were transferred to PVDF membrane using semidry 

transfer, and western blotting was performed. For western blotting PVDF membranes 

were incubated with cleaved caspase-3 (Asp175) primary antibody in 1-2 % non-fat 

dry milk for 1.3-2 h. The cleaved caspase3 (Asp175) antibody detects endogenous 

levels of the large fragment (17/19 kD) of activated caspase-3 resulting from cleavage 

adjacent to Asp175. After incubation, washing with 1X TBST for three times was 

done followed by incubation with secondary antibodies at 1:15,000 dilutions. Further 

they were washed three times with 1X TBST and blots were developed using ECL 

plus western detection kit, following the manufacturer’s instructions. 

5.2.3.F Quantification of gold in MCF-7 cells: 

Inductively coupled plasma (ICP) is an analytical technique used for the detection of 

elements in sample. Quantification of gold after exposing MCF-7 cell line to Au-BSA 

and Au-BSA-MTX in MCF-7 cell line was performed by ICP by seeding these cells 

in a 24 well plate. After plating of the cells, they were allowed to attach to 24 well 

plate and hence were incubated for 24 h prior to the administration of samples. After 

24 h of incubation, cell medium was replaced with 500 µL of solution containing 

fresh medium, Au-BSA, MTX and Au-BSA-MTX. The cells were then further 

incubated for 3 h at 37 °C. After 3 h of incubation, cells were trypsinized and 

collected and washed thrice to remove nanoparticles on the surface of cells. These 

cells were then digested using 3N HCl and ICP analysis was performed on them.  

5.2.3.G Identification of apoptosis by flow cytometry analysis (FACS): 

For the analysis of apoptosis by FACS, 105 cells were seeded in 55 mm plates. After 

24 h, 48 h and 72 h cells were trypsinized and collected in DMEM containing 10 % 

serum to neutralize the effect of trypsin. The cells were then collected by 

centrifugation at 1,500 rpm at room temperature for 5 min, washed with PBS and 

resuspended in PBS. To permeabilize the cells for PI, the cells were fixed by drop 

wise addition of 70 % ethanol with gently vortexing of the cell suspension. This 

solution was left on ice for 1 h or at 4 °C overnight. After incubation period, cells 
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were washed with PBS, followed by addition of 5 µL of RNase (10 µg/mL stock 

solution). This cell suspension was incubated at 37 °C for 1 h. After this, 5 µL of PI (2 

mg/mL stock) was added 15 minutes prior to acquiring the sample and were analyzed 

on Flow Cytometer. 

5.2.3.HTerminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling 

(TUNEL) assay: 

MCF-7 cells were seeded in 55 mm petri plate until 70 % confluent, followed by 

treatment with MTX for 24 h, 48 h and 72 h at the indicated doses. Cells were then 

washed with phosphate-buffered saline (PBS) and then fixed with 1 % (w/v) 

paraformaldehyde in PBS and incubated on ice for 15 minutes. Fixed cells were 

washed with PBS twice and finally resuspended in 500 µL of PBS. This cell 

suspension was added drop wise in 5 mL of ice-cold 70 % (v/v) ethanol and stored at 

-20 °C. Apoptotic cells were determined by using APO-BrdUTM TUNEL Assay Kit 

(Molecular Probes).  

5.2.3.I DNA laddering experiment: 

The confluent cells were treated with Au-BSA, MTX and Au-BSA-MTX for 24 h and 

then media was removed. Cells were washed with 1X PBS. 1.5 mL of TEN9 buffer 

[50mM Tris-pH 9, 100 mM EDTA, 200 mM NaCl, 10 % SDS and 150 µL of 

Proteinase K (10mg/ml)] was added and incubated at 37 °C for overnight. The lysate 

was collected in centrifuge tubes and equal volume of phenol was added to it. After 

centrifugation at 12,000 rpm for 10 minutes, supernatant was collected. To it equal 

volume of Chloroform Isoamyl alcohol (24:1) was added to the tubes followed by 

vigorous shaking. The tubes were then centrifuged at 12,000 rpm for 10 minutes and 

supernatant was collected in fresh tubes. DNA was precipitated by adding 3 equal 

volumes of absolute ethanol to the supernatant and centrifugation at 8,000 rpm for 5 

minute was done. Pellet containing DNA was washed with 70 % ethanol and 

centrifuged at 8,000 rpm for 5 minutes and allowed to dry for 15 minutes. DNA was 

then resuspended in T10E1 buffer (10 mM Tris-HCl, 1 mM EDTA pH-8.0). 2 µL of 

RNAse (1µg/µL) was added to 10 µg of DNA and kept at 37 °C for10 minutes. 5 µg 

of DNA was loaded using loading buffer (0.1 % bromophenol blue, 0.1 % xylene 

cyanol FF, 60 % Glycerol) and run on a 0.8 % agarose gel electrophoresis in 1X TAE 

buffer (pH-8) at 70 V for 2 h. 
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5.3 Results and Discussion: 

BSA has long been used for improving the stability, non-immunogenicity, toxicity 

and pharmacokinetic profile of many therapeutic drugs, proteins and peptides9. In the 

present study we used BSA capped gold nanoparticles (Au-BSA) for drug delivery 

applications. BSA capping provides sufficient functional moieties exposed on the 

surface of gold nanoparticles to which common anticancer drug MTX can attach. 

MTX is an analogue of folic acid (FA) and the main difference between FA and MTX 

is that FA has a hydroxyl group at the 4-position of the pyridine ring (Figure 5.1 A), 

while in MTX an amine group is present at the same position (Figure 5.1 B). Due to 

the structural similarity, cells internalize MTX through similar transport systems as 

folates. Therefore, MTX can be used not only as a drug but also as a potential 

targeting ligand. Linking MTX to nanoparticles allows for efficient and selective 

cellular uptake, a property unique to nanoparticle carriers. This could lead to 

enhanced therapeutic efficacy for the same amount of drug used. 

 This section is divided into two parts; first part describes the synthesis and 

characterization of drug loaded nanoparticles and later part deals with its anticancer 

activity against breast cancer cell line. 

 

Figure 5.1: Structure of (A) Folic acid and (B) Methotrexate.  

A) Characterization of Au-BSA and Au-BSA-MTX: 

5.3.1 UV-vis absorption spectroscopy:  
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UV/vis absorption studies were done to monitor the MTX loading on Au-BSA. Au-

BSA nanoparticles show characteristic absorption band at 527 nm (Curve 1, Figure 

5.2). However, after conjugation with MTX, the surface plasmon peak shifted to 540 

nm (Curve 2). This 13 nm shift in plasmon absorption peak could be due to a change 

in the local dielectric constant around Au-BSA nanoparticles as a result of MTX 

loading10. Absorption spectrum of pure MTX is shown in the inset of Figure 5.2. 

 

 

 

 

 

 

 

 

 

 
 

 
 

 
Figure 5.2: UV/vis absorption curve of Au-BSA (curve 1) and Au-BSA-MTX (curve 

2). Inset in the figure shows the absorption of pure MTX. 

5.3.2 Zeta Potential measurements:  

The surface charge of Au-BSA before and after loading of MTX was determined by 

measurement of zeta potential. The average zeta potential of nanoparticles dispersion 

was determined as such without any dilution. At neutral pH, zeta potential values of 

Au-BSA was -28.7 6.7 mV which indicates that BSA capping imparts negative 

charge to gold nanoparticle surface and hence stability by electrostatic means. 

However, an increase in zeta potential value (-10.4 4.2 mV) was observed after 

MTX loading onto Au-BSA nanoparticles indicating the conjugation of MTX on Au-

BSA. This may be attributed to the extra –NH2 groups in MTX. Primary amines have 

a pKa in the range 9-11. So at neutral pH the –NH2 group acquires a positive charge 
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which could lead to an overall reduction in the charge on the particle surface and 

hence could be a reason for the change in zeta potential values. 

5.3.3 Agarose gel electrophoresis study: 

Agarose gel electrophoresis was performed to further determine the charge present on 

Au-BSA-MTX. Figure 5.3 show the gel image where both Au-BSA and Au-BSA-

MTX move towards the anode validating the presence of negative charge on the 

surface of nanoparticle systems. DNA loading dye having negative charge was used 

as a control for this experiment. Gel images show that Au-BSA-MTX has reduced 

mobility in comparison to Au-BSA which can be attributed to lower zeta potential 

value in comparison to Au-BSA. 

 

 

 

 

 

 

 

 

 

 

Figure 5.3: Agarose gel electrophoresis of DNA loading dye (Lane 1), Au-BSA (Lane 

2) and Au-BSA-MTX (Lane 3). 

5.3.4 Fourier Transform Infrared Spectroscopy (FTIR) measurements: 

To further validate the loading of MTX on Au-BSA, an FTIR spectrum of MTX in 

pure solid form and in an adsorbed condition on Au-BSA was recorded (Figure 5.4 

A). In pure BSA, 1659 cm-1 peak is ascribed to amide I and 1535 cm-1 peak is ascribed 

to amide II bonds respectively (curve 2). Their positions do not undergo any change 

in Au-BSA (curve 3). However after MTX loading and conjugation, a shift in amide I  
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Figure 5.4: (A) FTIR spectra of pure MTX (curve 1), pure BSA (curve 2), Au-BSA 

(curve 3) and Au-BSA-MTX (curve 4). (B) shows enlarged FTIR spectra of amide I 

and amide II bands.  

was observed while amide II peak disappears completely (Figure 5.4 B). Curve 1 

represents the spectra recorded from pure MTX. 

5.3.5 Thermogravimetric Analysis: 

In order to quantify the amount of drug loaded on nanoparticle, thermogravimetric 

analysis of Au-BSA before and after MTX loading was performed. Curve 1 and curve 

2 of Figure 5.5 show the weight loss in Au-BSA and Au-BSA-MTX respectively. 

From curve 1 it can be seen that weight loss in Au-BSA nanoparticles is 

approximately 30 % corresponding to the loss of BSA molecules attached to the 

nanoparticles.  Approximately 50 % loss in weight is observed in MTX loaded Au-

BSA nanoparticles as can be seen from curve 2. This corresponds to the combined 

loss of BSA and MTX molecules present on gold nanoparticles. Based on this result 

and considering the size of nanoparticles to be 15 nm, concentration of BSA and 

MTX are evaluated to be 2.6 X 10-22 moles and 1.8 X 10-20 moles per gold 

nanoparticle respectively. 

B) Cellular toxicity studies of Au-BSA, MTX and Au-BSA-MTX: 

5.3.6 Phase contrast images of MCF7cells:  

Based on the fact that Au-BSA nanoparticles are highly cytocompatible and stable 

under varying pH and salt concentrations and are preferentially taken up by cancerous  
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Figure 5.5: TGA spectra showing weight loss in Au-BSA (curve 1) and Au-BSA-MTX 

(curve 2). 

 

Figure 5.6: Microscopic imaging of MCF7 treated with MTX and Au-MTX over a 

period of 24 h and 48 h in the presence of serum.  
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cells than normal cells, we explored the potential of Au-BSA nanoparticles as a drug 

delivery carrier/agent. Exposure of cells to various toxic chemical agents or drugs 

leads to noticeable changes in the cell shape and morphology. Figure 5.6 A and D 

shows healthy MCF7 control cells over a period of 24 h and 48 h respectively. Figure 

5.6 B and E shows the images of cells after treatment with bare MTX over a period of 

24 h and 48 h. As can be seen from the images, due to drug action killing of cells was 

observed. Although the effect of the treatment was seen by 24 h, a more pronounced 

effect of the treatment is observed after 48 h. Similarly Figures 5.6 C and F show the 

effect of Au-BSA-MTX over a period of 24 and 48 h. In these figures it can be 

observed that the percentage of dead cells observed in Au-BSA-MTX treated cells at 

48 h is visibly higher than that treated with only MTX. Many earlier investigations 

suggested that highly proliferating cells take up BSA as source of nutrients and 

energy9. We surmise that this may have lead to an enhanced uptake of Au-BSA 

nanoparticles and thus better drug delivery.  

5.3.7 Trypan blue exclusion assay and Inductively coupled plasma (ICP) 

measurements: 

This was further validated by Trypan blue exclusion assay and ICP analysis (Figure 

5.7 A and B respectively). The Trypan blue dye exclusion assay shows that MTX had 

only 30 % live cell population; whereas Au-BSA-MTX had only 20 % live cell 

population. These results showed that Au-BSA-MTX was more efficient in killing 

MCF7 cells as compared to only drug. The same was confirmed by ICP analysis of 

MCF7 cells treated with MTX, Au-BSA and Au-BSA-MTX. ICP studies were 

performed to quantify the concentration of gold present in different cell lines treated 

with Au-BSA and Au-BSA-MTX. Standard curve for gold was made by using the 

known concentrations of gold. Finally, the concentration of gold present in cells 

treated with Au-BSA and Au-BSA-MTX were obtained from the standard graph. 

Figure 5.7 B shows an elevated uptake of gold in cells treated with Au-BSA-MTX as 

that compared to Au-BSA. This elevated uptake level and more efficient killing of 

cells by Au-BSA-MTX can be attributed to over expressed folate receptors in addition 

to the protein receptors present on MCF7 cells. Due to this, in comparison to free 

MTX, two mechanisms would be operative for the uptake of the MTX conjugated Au-

BSA nanoparticles into the cancerous cells. One is the interaction of MTX with the  
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Figure 5.7: (A) Trypan blue dye exclusion assay performed on MCF7 cells treated 

with MTX and Au-BSA-MTX in presence and absence of serum. (B) ICP analysis of 

MCF7 cells treated with MTX, Au-BSA and Au-BSA-MTX. 

folate receptors as a ligand followed by its uptake and another is interaction of BSA 

present on gold nanoparticles with the cell membrane proteins that facilitate the 

internalization of Au-BSA-MTX conjugate10. Such a synergistic effect would lead to 

an increased accumulation of MTX inside the cells resulting in a more pronounced 

effect. 

5.3.8 MTT assay:  

Pushing forward to determine the anticancer activity of free drug MTX and Au-BSA-

MTX in a more quantitative way, MTT assay was performed on human breast cancer 

(MCF-7) cell line.  MCF-7 cells in media were taken as controls that are assumed to 

have 100 % cell viability. Figure 5.8 summarizes the result obtained after 72 h of 

incubation of cells with different formulations, namely, Au-BSA, free MTX and Au-

BSA-MTX. Au-BSA showed no effect on cell viability with respect to the increasing 

concentration even after 72 h of incubation confirming the biocompatibility of bare 

nanoparticles. However, decrease in the percent viability of cells treated with MTX 

and Au-BSA-MTX with increase in drug concentration was observed. It should be 

noted that at each concentration the drug loaded nanoparticles were taken such that 

the MTX concentration on them was similar to that of free drug, making a direct 

comparison possible. At the highest drug concentration of 1µg, a 20 % enhanced  
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Figure 5.8: Toxicity study of varying concentration of MTX and Au-BSA-MTX by 

MTT assay.  

killing of the cells treated with Au-BSA-MTX compared to free MTX was observed. 

Thus Au-BSA nanoparticles turned out to be more effective in killing the cancerous 

cells. Since results obtained with Au-BSA-MTX system were very encouraging, to 

get some more insights into the mechanism of action, we proceeded further to probe 

various biochemical aspects of the anticancer activity of Au-BSA-MTX. 

5.3.9 Immunostaining of Ki-67 protein: 

Ki-67 protein is a marker protein used to determine the growth fraction of a given cell 

population and expression of human Ki-67 is strictly associated with cell 

proliferation11. Ki-67 protein is present throughout the active phases of cell cycle (G1, 

S, G2) except the resting phase (G0). MCF-7 cells treated with Au-BSA, MTX and 

Au-BSA-MTX were assessed for their proliferation rates using Ki-67 assay. Cells 

with media alone were taken as control. Proliferation rates were determined on the 

basis of average number of number of Ki67 positive cells in 10 fields over total 

number of cells in those respective fields. Control cells and Au-BSA treated cells 

show normal proliferation rates as can be seen from Figure 5.9 A and B. However, a 

decrease in number of Ki-67 positive cells was observed in MTX (Figure 5.9 C) and 

Au-BSA-MTX (Figure 5.9 D) treated cells. A closer examination of the images 

showed a difference in the staining pattern of Ki-67 protein in MTX and Au-BSA-  
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Figure 5.9: Immunostaining of Ki-67 in MCF7 cells. (A) Control, (B) Au-BSA, (C) 

MTX and (D) Au-BSA-MTX treated MCF-7 cells. (E) Graph showing number of cells 

positive for Ki-67 proliferation marker protein after the treatment.  

MTX treated cells with respect to that of control cells and Au-BSA treated cells. In 

the control and Au-BSA treated cells, Ki-67 was found to stain nuclei uniformly 

whereas in pure MTX and Au-BSA-MTX instead of uniform nuclear staining of Ki-

67, punctate staining was observed indicating disintegration of nuclear content. This 

difference in staining pattern and decrease in Ki-67 positive cells in MTX and Au-

BSA-MTX can be attributed to the occurrence of drug induced nuclear fragmentation 

and apoptosis. Figure 5.9 E shows a graphical representation of Ki-67 positive cells in 

test as well as control cells. A clear decrease in the number of proliferating cells in 

comparison to control cells was observed after drug treatment.    

5.3.10 Caspase-3 study: 

 We further tried to check whether cell death was occurring due to apoptosis or 

necrosis. The process of neoplastic transformation, progression and metastasis  
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Figure 5.10: Immunostaining of Caspase-3 in MCF7 cells. (A) Control,(B) Au-BSA, 

(C) MTX and (D) Au-BSA-MTX treated MCF-7 cells. (E) Upper panel shows Western 

blot analysis for Caspase-3 and lower panel shows Coomassie Brilliant Blue staining 

for equal loading of proteins. 

involves alterations in apoptotic pathways12. On the other hand, many 

chemotherapeutic agents utilize apoptotic pathway for the induction of cancer cell 

death. However, resistance of cancer cells to standard chemotherapy seems to occur 

due to alterations in the apoptotic pathways. Therefore, understanding the role and 

mechanisms of apoptosis and its application for cancer treatment may lead to 

advancement in chemotherapy. Biochemical events involved in apoptotic pathway are 

very complex that involve a variety of different signaling pathways and results in a 

multitude of changes in the dying cell. Effectors of apoptosis are many and activation 

of one or more members of a family of cysteine proteases called caspases are involved 

in most of the apoptotic pathways of mammalian cells12. Caspases exert their action at 

several levels of signaling during apoptosis, ranging from responding to external 

factors at the transmembrane receptor to proteolytic breakdown of cellular 

components. Their proteolytic activity results ultimately in the demise of the cell and 

has led to caspases being called the central executioners of apoptosis. Among the 

group of 11 caspases identified to date in humans, Caspase-3 has been recognized as a 

central player in mediating apoptosis and is the most widely studied. Caspases are 

synthesized and exist mostly in the cytoplasm of viable cells as an inactive pro-
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enzyme. Activation of caspase zymogens is an early event in the process of 

apoptosis13, 14.  

In order to deduce by which pathway apoptosis is induced, we probed Au-

BSA, MTX and Au-BSA-MTX treated MCF7 cells with caspase-3 antibody. From 

Figure 5.10 it is observed that only few cells are positive for caspase-3 in control cells 

(Figure 5.10 A) and Au-BSA treated cells (Figure 5.10 B). While cells treated with 

MTX (Figure 5.10 C) and Au-BSA-MTX (Figure 5.10 D) showed a high number of 

caspase-3 positive cells. To further validate the same, we performed western blot 

analysis for caspase-3. Caspase-3 occurs as an inactive zymogen form under normal 

cell conditions and gets activated during apoptosis. Activation requires proteolytic 

processing of its inactive zymogen into activated 17 and 19 kDa fragments. Figure 

5.10 E shows western blot analysis for caspase-3. MCF-7 cells treated with MTX and 

Au-BSA-MTX show two bands of 17 kDa and 19 kDa corresponding to activated 

caspase-3 proteins. Coomassie Brilliant Blue staining of the membrane was 

performed to determine the equal loading of proteins. These results show that cell 

death in MCF-7 cells when they are treated with pure MTX or Au-BSA-MTX was by 

the induction of caspase-3 mediated apoptosis and not due to necrosis. 

5.3.11 DNA laddering study:  

Death taking place via apoptosis was also confirmed by performing gel 

electrophoresis of DNA samples of cells treated with Au-BSA, MTX and Au-BSA-

MTX. Untreated cells were taken as control. DNA cleavage during apoptosis occurs 

at sites between nucleosomes, protein-containing structures that occur in chromatin at 

~200 bp intervals15. This DNA fragmentation was analyzed using agarose gel 

electrophoresis to demonstrate a "ladder" pattern at ~200 bp intervals. Necrosis, on 

the other hand, is characterized by random DNA fragmentation which forms a 

"smear" on agarose gels. Lane 1 of Figure 5.11 was loaded with 1kb ladder. Lane 2, 3, 

4 and 5 were loaded with equal amount of DNA extracted from control MCF-7 cells, 

Au-BSA treatment, MTX treatment and Au-BSA-MTX respectively. Intact DNA 

band was observed in control and Au-BSA treated cells as no DNA fragmentation has 

occurred. However an apoptotic DNA fragmentation at an interval of 200 bp in MCF-

7 cells treated with MTX and Au-BSA-MTX was seen which indicated induced 

apoptosis. A closer look shows that the DNA fragmentation observed in the sample of  
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Figure 5.11: Gel electrophoresis of DNA of MCF7 cells treated with Au-BSA, MTX 

and Au-BSA-MTX  

MCF-7 cells treated with Au-BSA-MTX is more pronounced as compared to MTX 

confirming more effective killing by Au-BSA-MTX. 

5.3.12 Cell cycle analysis by FACS and TUNEL assay: 

MTX is known to effect the cell cycle by preventing the progression of cells from G1 

to S phase of cell cycle and arrests cells in the late G1-S boundary16, 17. Therefore in 

order to establish the mechanism of action of the MTX, cell cycle analysis of drug 

treated MCF-7 cells was performed using Flow Cytometry. The percentage number of 

cells in a particular stage of cell division is based on the amount of DNA present in 

the cell. Figure 5.12 A shows cell cycle analysis graph. Over the period of 6, 12 and 

24 h, control cells and Au-BSA treated cells show an increase in percentage cell 

number in S+G2M indicative of the cells moving to the next phase of cell division 

after G0-G1 phase. We observe that cells treated with Au-BSA behave in the same 

manner as control. The percentage numbers of cells present in G0-G1 phase in control 

and Au-BSA is almost near 50 %, after 24 h and 40 % in S+G2M. In cells treated with 

MTX and Au-BSA-MTX almost 65 % of cells have been arrested in the late G1 phase 

due to which only around 22 % of cells have been able to be move on to S+G2M  
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Figure 5.12: (A) Cell cycle analysis of MCF-7 cells treated with Au-BSA, MTX and 

Au-BSA-MTX over a period of 6 h, 12h and 24h. (B) TUNEL assay performed on 

MCF-7over a period of 24 h, 40 h and 48 h. 

 

Figure 5.13: (A) Representative images of TUNEL assay performed on MCF-7 cells 

at 48 h. (A) MCF-7 cells (control), (B) Au-BSA, (C) pure MTX and (D) Au-BSA-MTX.  

population. Thus the time dependent study of cell cycle in MCF-7 cells shows that the 

free drug and Au-BSA-MTX effectively show late G1 to S phase arrest. TUNEL assay 

was performed to clearly separate the live cell population and apoptotic cell 

population. Apoptotic cells show BrdU incorporation and therefore are positive for 

anti-BrdU antibody18, 19. TUNEL assay also showed (Figure 5.12 B) that as the time 

proceeds, the percentage of apoptotic cell population increases in MTX and Au-BSA-
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MTX treated cells. Interestingly, as can be seen from the graph, the percentage of 

apoptotic cell population is always higher in Au-BSA-MTX treated cells as compared 

to pure MTX treated cells. Compared to MTX alone, Au-BSA-MTX showed 16 %, 10 

%, and 12 % higher apoptotic cell population at 24 h, 40 h and at 48 h of treatment 

respectively. Thus, the Au-BSA-MTX seems to work better and with greater 

efficiency at all times as compared to bare MTX drug alone. Figure 5.13 shows 

representative images of tunnel assay performed at 48 h. In summary this data 

indicates that drug and drug loaded nanoparticles induce G1-S phase arrest and induce 

apoptosis in breast cancer cell line MCF-7. 

5.4 Conclusion: 

Breast cancer is the most common type of cancer occurring in women worldwide. 

Human breast cancer cells over express folate receptors. Methotrexate is a folic acid 

analogue and causes cell death by mediating cell cycle arrest and apoptosis. We have 

demonstrated successful loading of MTX on Au-BSA nanoparticles and assessed its 

concentration and time dependent anticancer activity on MCF-7 breast cancer cell 

line. MTT assay and Ki-67 proliferation studies showed that MTX induces inhibitory 

action on the growth of MCF-7 cell line. DNA gel electrophoresis, Flow cytometry 

and TUNEL assay studies showed that the MTX induced G1-S phase arrest, DNA 

fragmentation and finally led to apoptosis. The apoptotic cell death is mediated by the 

induction of caspase-3 pathway. 
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Chapter 6 

In vivo toxicity assessment of BSA 

capped gold nanoparticles: Paving roads 

for future directions!!! 

 
 

This chapter discusses the effect of BSA capped gold 

nanoparticles in vivo in Wistar rats. The results suggested no 

adverse behavioral, hematological, biochemical and 

histopathological changes being associated with the BSA capped 

gold nanoparticles at the investigated concentrations. Thus the 

use of BSA capped gold nanoparticles for drug delivery, 

bioimaging, etc. should be encouraged.   
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6.1 Introduction: 

The development of nanoparticles for biomedical applications including medical 

imaging and drug delivery is currently undergoing a remarkable development1-7. The 

advantages of nanoparticle drug delivery systems are manifold: high stability, higher 

carrier carrying capacity, feasibility of incorporation of both hydrophilic and 

hydrophilic substances/molecules and compatibility with different administration 

routes (oral, intravenous, dermal, sub-cutaneous, intra-peritoneal and inhalation)8, 9. 

They can also be used for providing improved protection and reduced clearance for 

easily degraded or short half-life drugs, such as small peptides and nucleic acids, for a 

prolonged pharmacological effect10, 11. Using nanoparticles to deliver drug can also 

improve the tissue specificity due to selective uptake of nanoparticles in certain 

tissues especially tumor tissues. Tumor tissues have leaky endothelial wall which 

contribute significantly for the uptake of nanoparticles by a phenomenon known as 

“enhanced permeability and retention” (EPR) effect.  

For nanomaterials to be truly useful in medicine, understanding their 

pharmacokinetics (PKs) and biodistribution — how and where the materials travel 

and accumulate — in living systems is essential. Chemical and physical properties of 

nanoparticles for e.g. size, surface charge and surface chemistry play important role in 

determining the PK and biodistribution10, 12-17. On the other hand, as a range of 

nanoparticles types and application increases, a detailed assessment of the factors that 

affects the biocompatibility and/or toxicity of nanoparticles are crucial for the safe 

development of the nanotechnology. Out of various nanoparticles system developed, 

gold nanoparticles are extraordinarily biocompatible and can serve as a promising 

candidate to address the size, shape and surface properties dependent biological 

responses to nanoparticles. Several publications have shown distributions of 

nanoparticles to multiple animal organs including liver, spleen, kidney, heart and 

brain. For instance, Hillyer and Albretcht have done a detailed quantitative and 

qualitative study of gastrointestinal uptake and tissue/organ distribution of 4, 10, 28 

and 58 nm sized gold nanoparticles. They have found that maximum uptake of 

nanoparticles was of 4 nm gold nanoparticles after oral administration in mice12. 

Similarly, the biodistribution of various sized gold nanoparticles on intravenous 

administration in mice was investigated and revealed that 15, 50, 100 and 200 nm 
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mainly accumulated in liver, lung and spleen, whereas accumulation in various tissues 

of gold nanoparticle was a size dependent phenomenon. High amounts of 15 nm gold 

nanoparticles were found in all tissues including blood, liver, lung, spleen, kidney, 

and stomach and were able to pass the blood-brain barrier. On the other hand, little 

amount of 200 nm gold nanoparticles were found in blood, brain, stomach and 

pancreas18. Accordingly, in another study, rats intravenously injected with gold 

nanoparticles of different sizes (10, 50, 100 and 250 nm) show deposition of 10 nm 

gold nanoparticles in the various organs, whereas larger gold nanoparticles were 

detected only in blood, liver and spleen13. Studies of biodistribution of 1.4 nm and 18 

nm gold nanoparticles that were administrated by intravenous injection or 

intratracheal instillation in rats showed that the 1.4 nm gold nanoparticles can get 

translocated through the air/blood barrier of the respiratory tract in significant 

amounts, whereas the 18 nm gold nanoparticles are almost completely trapped in the 

lungs. Moreover, evidences showed that the gold nanoparticles got modified during 

the translocation process and their biodistribution kinetics was different from that of 

intravenously injected 1.4 nm nanoparticles19.  

However, like two faces of a coin, gold nanoparticles too have a darker side. 

In a study by Chen et al., toxicity of wide range of citrate-capped gold nanoparticles 

(3, 5, 8, 12, 17, 37, 50 and 100 nm) in mice was observed. They found that smallest 

sized (3 and 5 nm) and largest sized (50 and 100 nm) were not toxic while 

nanoparticles residing in the intermediate range (8-37 nm) toxic and showed lethal 

effects on mice inducing severe sickness, loss of appetite, weight loss, change in fur 

color and shorter average life span. Pathological examinations of the major organs of 

mice in diseased groups indicated an increase of Kupffer cells in liver and loss of 

structural integrity in the lungs and diffusion of white pulp in the spleen8. 

Interestingly, in the same study, the same nanoparticles were not toxic in vitro using 

HeLa cell lines. This study revealed a large discrepancy between the in vitro and in 

vivo results and hence highlights the notion that in vitro results should not be taken as 

a benchmark for the good predictions of their in vivo applications. In a similar study 

in mice by the same group, gold nanoparticles were found to induce antibody 

responses, indicating that factors other than cytotoxicity can complicate the in vivo 

applications of AuNPs20. Cho et al. have shown that on intravenous injection of 13 
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nm PEG-modified gold nanoparticles in rats leads to accumulation in liver and induce 

acute inflammation and apoptosis in it21. Similarly, in a study, 15 and 50 nm PEG 

coated gold nanoparticles altered the morphology of liver, spleen, kidney and lungs of 

rat after 24 h of injection22. 

Based on these observations, the interactions of nanomaterials with living 

systems should be studied for every system in detail and should not rely on 

extrapolations from previous studies. A systematic toxicity study must be carried out 

for each specific case under precise conditions, before imaging, diagnosis and 

therapeutic applications of gold nanoparticles can be carried out in human. As a part 

of this thesis work we have been able to project Au-BSA nanoparticles as a good 

candidate that meet most of the stipulations laid down for good drug delivery agents. 

However, we could also project Au-BSA-MTX as a potential drug formulations based 

on cell lines studies. The purpose of the work presented in this chapter was to evaluate 

the biological distribution and toxicity assessment of BSA capped gold nanoparticles 

upon oral administration in Wistar rats. 

6.2 Experimental details: 

6.2.1 Preparation of nanoparticles for oral administration: 

Au-BSA nanoparticles were synthesized in bulk amount as described earlier (Chapter 

2, section 2.2.1.ii). Further these were subjected to centrifugation to concentrate the 

nanoparticle solution to get 75 ppm, 150 ppm and 300 ppm concentration for oral 

dosing.   

6.2.2 Sub-acute oral toxicity of BSA coated gold nanoparticles: 

6.2.2.A Study design:  

Toxicity studies were performed at Poona College of Pharmacy, Pune, India. Animal 

handling was performed according to Good Laboratory Practice. The sub-acute 

toxicity study was conducted as per OECD guideline no. 407 (OECD 407, 2001). The 

study protocol was approved by IAEC (Institutional Animal Ethical Committee) 

constituted as per guidelines of committee for the purpose of control and supervision 

of experiments on animals (CPCSEA), Government of India. 

6.2.2.B Test animals, housing and feeding condition: 
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Wistar rats of either sex (140-180 g) were purchased from National Toxicology 

Centre, Pune, India. The animals were housed under standard conditions of 

temperature (24±1ºC), relative humidity (55±10%) and 12 h light/ dark cycles 

throughout the experiment. Animals had access to commercially available standard 

pellet diet and filtered water, ad libitum. Animals were acclimatized for one week 

prior to the initiation of treatment. During this acclimatization period, the health status 

of the rats was monitored daily.  

6.2.2.C Body weight of animals and food intake:  

Before administration of Au-BSA dispersion, the animals were weighed using a 

calibrated balance. The weight of the animals was recorded daily throughout the 

experimental period at fixed time. For recording the food consumption, weighed 

amount of standard rat food pellets (Pranav Agro Industries, Sangli, Maharashtra, 

India) was placed in the food tray of the cage. The unconsumed pellets were weighed 

and replaced with fresh pellets in each tray every day. The time of providing the feed 

was fixed throughout the study.  

6.2.2.D General observation:  

Throughout the study period, animals were observed in their cages daily for mortality 

and signs of any toxic effects. Effect of treatment on general health of the animals, 

body weight and behavior was also noted. 

6.2.2.E Dosing of gold nanoparticles to animals:  

Animals were randomly divided in four groups containing 5 male and 5 female rats 

per group. Three different doses were given to each group as shown in table 6.1. 

Distilled water was taken as a vehicle control. Vehicle control and Au-BSA were 

administered by oral route using a stainless steel feeding needle. Maximum 

permissible volume to be administered was limited to 2 mL. Au-BSA nanoparticles 

were redispersed in water and administered orally for 28 days at prefixed time daily. 

6.2.2.F  Blood sampling and analysis:  

i) Haematology analysis: 

 At the end of the 28 day study period, the animals were fasted overnight. The 

following morning, each animal was anaesthetized using anaesthetic ether and blood 
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samples were collected from the retro orbital plexus of all the rats. Blood for 

haematology studies was collected into two sets of tubes. In one set of tubes, 

disodium EDTA (anti-coagulant) was present. A fully automatic hematology analyzer 

was used to measure the following parameters: Hematocrit (ht), haemoglobin (Hb), 

red blood corpuscles count (RBC), white blood corpuscles count (WBC) and 

differential leukocyte count (DLC). Erythrocyte sedimentation rate (ESR) was 

determined by Wintrobe’s method. 

Table 6.1: Assignment of Wistar rats for 28 days oral toxicity studies. 

 

 

 

 

 

 

 

 ii) Biochemical analysis:  

The serum was obtained by centrifugation of the whole blood at 3000 rpm for 15 min. 

Biochemical parameters viz, alkaline phosphatase (ALP), alanine aminotransferase 

(ALT), aspartate aminotransferase (AST), blood sugar level (BSL), creatinine, urea, 

total protein, albumin, bilirubin, cholesterol were assayed by semi automated clinical 

chemistry analyzer. The electrolytes (Na+ and K+) were analyzed using electrolyte 

analyzer.  

6.2.2.G Urine analysis:  

Urine samples were also collected at the end of the study period and analyzed for 

appearance, pH, glucose, protein, and blood. 

6.2.2.H Histopathological observations:  

The animal groups treated with Au-BSA and control were sacrificed at the end of 

study and the organs such as heart, kidney, liver, brain, lungs, stomach, intestines, 

pancreas, spleen, urinary bladder, testis, uterus and ovaries were rapidly dissected out, 

Group Test sample Dose to animals Male Female 

A Control Vehicle (distilled 

water) 

5 5 

B Low 75 ppm 5 5 

C Medium 150 ppm 5 5 

D High 300 ppm 5 5 
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washed in sterile phosphate buffered saline and carefully weighed on an analytical 

balance.  The isolated organs were trimmed into small pieces and preserved in 10 % 

formalin for 24 h. The specimens were successively dehydrated with alcohol of 70, 80 

and 100 % each for 1 h. Tissues were cleaned by treating with xylene each time for 1 

h. Infiltration and impugnation was done by treating twice with paraffin wax each 

time for 1 h. Paraffin  “L” shaped moulds were prepared. Specimens were cut in 

sections of 3-5 µm in thickness stained by hematoxyline-eosin. The sections were 

mounted by use of disterene phthalate xylene. Sections from all processed tissues of 

control and Au-BSA treated groups were examined under light microscope (Nikon 

coolpix camera mounted on a Nikon Eclipse 50i microscope, Japan). 

6.2.2.I Statistical analysis:  

Data of the body weight, food consumption, haematology and biochemistry values are 

presented as the mean ± SD. The P values were calculated in GraphPad Prism by one 

way ANOVA followed by Dunnett’s test by comparing different groups (control 

group vs. treatment groups). The value of P<0.05 was considered to be statistically 

significant. 

6.3 Results and Discussion: 

Studies at organism level are more complex than a single cell; therefore extensive 

toxicological studies are required for the assessment of the safety of nanoparticles at 

the whole animal level, in vivo. These studies should include general health indicators 

such as behavioral abnormality, weight loss, percent of mortality and average life 

span23. Investigations should also include the nanoparticle intake, translocation to 

blood, biodistribution, accumulation, metabolism and excretion19. Till date, there is no 

systematic procedure that has given conclusive results about in vivo toxicity because 

different working groups have used different biosystems, a range of nanoparticle size 

and shape and diverse protective ligand shells. In spite of this perplexity, majority of 

toxicity studies favors “biocompatibility” of the gold nanoparticles. However, for any 

type of clinical application of gold nanoparticles, it is very important to know the 

biocompatibility and the fate of these nanoparticles. Therefore, the toxicity of the Au-

BSA nanoparticles was investigated by carrying out sub-acute oral toxicity in Wistar 

rats. 
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In a 28 days sub-acute toxicity studies, rats were randomly assigned to four 

groups; one control and three test groups. In each group five males and five females 

were kept. Control group received water as a vehicle control while the three 

experimental groups received different concentrations of Au-BSA (75 ppm, 150 ppm 

and 300 ppm). The animals were observed daily for any signs of morbidity and 

mortality. Detailed physical examinations for signs of morbidity were conducted 

every week during the study period. It was observed that the animals fed with 

different concentrations of Au-BSA were healthy and no unusual changes in behavior 

or in locomotor activity, no ataxia and no signs of intoxication were observed during 

the study period of 28 days. No dose related changes in the motor activity were found. 

The eye examinations did not reveal any dose related eye abnormality. No mortality 

occurred during the study period. 

Table 6.2: Effect of Au-BSA nanoparticles on body weight of male rats during 28 

days study period. 

Group 
Animal Body Weight (g) Male 

0th day 28th day Difference 

Control 136.75 ± 4.11 199.25 ± 17.35 62.5 

Low  (75 ppm) 144.75 ± 4.79 189.75 ± 5.38 45.0 

Medium (150 ppm) 134.00 ± 10.55 182.00 ± 21.86 48.0 

High (300 ppm) 150.75 ± 10.05 187.25 ± 24.13 36.5 

 

Weight of the animals was monitored daily and all the animals showed normal 

weight gains during the study period. There was no statistically significant difference 

(P>0.05) in increase in body weight between the control group and experimental 

groups in both male and females (Table 6.2 and 6.3 respectively) indicating that 

different concentrations of Au-BSA did not alter the weight of animals. Monitoring of 

food intake of animals showed that at different concentrations of Au-BSA no effect  
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Table 6.3: Effect of Au-BSA nanoparticles on body weight of female rats during 28 

days study period. 

Group 
Animal Body Weight (g) Female 

0th day 28th day Difference 

Control 129.25 ± 6.5 158.00 ± 21.06 28.75 

Low  (75 ppm) 139.75 ± 5.6 180.25 ± 10.05 40.50 

Medium (150 

ppm) 
124.25 ± 9.5 172.00 ± 14.63 47.75 

High (300 ppm) 142.50 ± 5.5 176.25 ± 7.97 33.75 

 

Table 6.4: Effect of Au-BSA nanoparticles on food consumption of rats during 28 

days study period. 

Group 

Food Consumption ( g/100 g of animal) 

Male Female 

1st day 28th day 1st day 28th day 

Control 12.44 ± 1.07 10.44 ± 1.34 12.06 ± 0.88 12.31 ± 0.69 

Low  (75 ppm) 12.5 ± 1.17 13.36 ± 0.78 11.88 ± 0.66 13.25 ± 0.79 

Medium (150 

ppm) 
13.63 ± 0.78 11.19 ± 0.69 11.38 ± 1.13 11.38 ± 1.13 

High (300 

ppm) 
12.50 ± 1.34 12.63 ± 0.78 12.63 ± 0.97 12.61 ± 0.65 

 

on food consumption was observed as food consumption of the animals in the control 

and experimental groups was similar (Table 6.4).  

One of the most common parameter to monitor while performing in vivo 

toxicity study is to examine the blood composition such as cell type and serum 

chemistry, after exposure to nanoparticles 
24. Here any change from the normal 
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Table 6.5: Effect of Au-BSA nanoparticles on hematocrit level in rats after 28 days 

treatment. 

Group Hematocrit (%) (Mean  ± SD) 

Male Female 

Control  44.7 ± 2.1  42.1 ± 1.1 

Low  (75 ppm) 43.1  ± 1.9  43.1 ± 1.4 

Medium (150 

ppm) 

44.1 ± 1.9  35.4 ± 0.8 

High (300 ppm) 41.7 ± 2.2  41.8 ±  1.8 

 

Table 6.6: Effect of Au-BSA nanoparticles on haemoglobin level in rats after 28 days 

treatment. 

Group Haemoglobin (gm/dL) (Mean  ± SD) 

Male Female 

Control  15.1 ± 0.7  14.5 ± 0.6 

Low  (75 ppm) 14.6  ± 0.6  12.2 ± 0.2 

Medium (150 

ppm) 

15.0 ± 0.6  15.2 ± 0.5 

High (300 ppm) 14.4 ± 0.6  14.7 ±  0.6 

 

condition (pre-exposure) i.e. either increase or decrease in blood constituents is 

considered to be due to toxicity of the nanoparticles on the animals. For 

haematological analysis, cell population, such as red and white blood cells or specific 

consideration of cells is considered during the studies. Haematological parameters 

viz; hematocrit (Table 6.5), haemoglobin concentration (Table 6.6), red blood 

corpuscles (RBC) count (Table 6.7), white blood corpuscles (WBC) count (Table 6.8) 

and differential leukocyte count (DLC) (Table 6.9 and 6.10) in both control and 

experimental groups were conducted. There was no significant difference (P>0.05)  
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Table 6.7: Effect of Au-BSA nanoparticles on red blood corpuscles (RBC) count in 

rats after 28 days treatment. 

Group 
RBC (million/cmm) (Mean  ± SD) 

Male Female 

Control   
7.95 ± 0.27  

 
7.29 ± 0.28 

Low  (75 ppm)  
7.92  ± 0.55  

 
6.23 ± 0.31 

Medium (150 

ppm) 

 
7.98 ± 0.23  

 
7.43 ± 0.70 

High (300 ppm)  
7.66 ± 0.46  

 
7.49 ±  0.26 

 

Table 6.8: Effect of Au-BSA nanoparticles on white blood corpuscles (WBC) count in 

rats after 28 days treatment.  

Group WBC (million/cmm) (Mean  ± SD) 

Male Female 

Control   
11875 ± 2381  

 
15575± 806 

Low  (75 ppm)  
11625  ± 1630  

 
9125 ± 1554 

Medium (150 ppm)  
8500 ± 3864  

 
12200 ± 3581 

High (300 ppm)  
10275 ± 3801  

 
9075 ±  2037 

 

and all the values were found within the normal range with no difference between the 

control and experimental groups. Hematocrit value for female medium dose was 

decreased in comparison to the control but this was considered to be of no 

toxicological significance. White blood corpuscles count was also decreased in case 

of female low and high doses (75 ppm and 300 ppm respectively) in comparison to 

the control. However, the decreased level was considered to be of no toxicological 
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Table 6.9: Effect of Au-BSA nanoparticles on differential leucocyte count (DLC) in 

male rats after 28 days treatment.  

Groups 
Differential Leucocytes Count (%) (Mean  ± SD) Male 

Neutrophils Lymphocytes Eosinophils Monocytes Basophils 

Control  
19.0 ± 2.16 

 
73.25 ± 2.5 

 
2.75 ± 0.96 

 
5.00 ± 0.8 

 
0.00 ± 0.00 

75 ppm  
16.5 ± 5.20 

 
76.25 ± 5.6 

 
2.50 ± 1.29 

 
4.75 ± 1.3 

 
0.00 ± 0.00 

150 ppm  
13.5 ± 5.0 

 
80.5 0± 5.3 

 
1.75 ± 1.26 

 
5.00 ± 0.8 

 
0.00 ± 0.00 

300 ppm  
18.8 ± 6.19 

 
74.00 ± 8.6 

 
2.50 ± 1.29 

 
4.25 ± 1.3 

 
0.00 ± 0.00 

 

Table 6.10: Effect of A-BSA nanoparticles on differential leukocyte count (DLC) in 

female rats after 28 days treatment. 

Groups 
Differential Leucocytes Count (%) (Mean  ± SD) Female 

Neutrophils Lymphocytes Eosinophils Monocytes Basophils 

Control  
22.75 ± 6.4 

 
73.50 ± 1.2 

 
2.35 ± 0.85 

 
4.50 ± 1.3 

 
0.00 ± 0.00 

75 ppm  
16.75 ± 1.7 

 
76.25 ± 1.9 

 
1.95 ± 1.15 

 
5.25 ± 0.9 

 
0.00 ± 0.00 

150 ppm  
11.25 ± 2.2 

 
75.00 ± 0.8 

 
1.75 ± 0.50 

 
5.00 ± 0.8 

 
0.00 ± 0.00 

300 ppm  
17.5 ± 3.1 

 
73.50 ± 1.3 

 
2.25 ± 1.15 

 
3.50 ± 1.3 

 
0.00 ± 0.00 

 

significance (P>0.05). These results suggested that Au-BSA were non toxic as they 

did not affect the circulating red cells, nor hematopoiesis and leucopoiesis that could 

otherwise have caused haematological disorders25These results also indicated that the 

normal metabolism of the animals was not affected by the administration of Au-BSA 

nanoparticles to animals. 
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The biochemical tests such as basal sugar level analysis, urea analysis, 

creatinine level, total bilirubin and cholesterol level etc. were used for diagnosis of 

diseases of heart, liver, kidney, etc after Au-BSA nanoparticle treatment. The elevated 

levels indicate the occurrence of liver damage, ischemic heart disease, acute coronary 

syndromes, etc. Liver enzymes (aspartate aminotransferase (AST), alanine 

aminotransferase (ALT) and alkaline phosphatase (ALP)) are normally found within 

the cells of the liver and if the liver is injured or damaged, the liver enzymes levels 

increase due to the leaking of the enzymes in the blood. Serum ALT/AST has been 

used as an index to monitor liver pathology 26. Serum ALP is a sensitive detector of 

intrahepatic and extrahepatic bile obstruction, presence of infiltrative diseases of the 

liver and all bone disease associated with osteoblastic activity (e.g., osteomalacia and 

rickets) 
26.  

Table 6.11: Effect of Au-BSA nanoparticles on liver enzymes of male rats after 28 

days treatment. 

Group 

Liver Enzymes (Mean ± S.D.) Male 

Aspartate 

aminotransferase 

(IU/L) 

Alanine 

aminotransferase 

(IU/L) 

Alkaline 

phosphatase 

(IU/L) 

Control 
250.25 ± 9.81 74.25 ± 9.82 600.50 ± 101.30 

Low  (75 ppm) 234.75 ± 16.11 62.50 ± 16.11 597.50 ± 262.90 

Medium (150 

ppm) 285.75 ± 9.47 73.50 ± 9.47 592.25 ± 156.40 

High (300 ppm) 244.50 ± 4.92 80.75 ± 4.92 501.25 ± 54.35 

 

Tests conducted for the presence of liver enzymes AST, ALT and ALP 

showed no significant difference (P>0.05) in control and experimental groups of both 

male and female rats (Table 6.11and 6.12). AST and ALT levels were decreased in 

case of low dose (75 ppm) in female rats. However, these decreased levels were 

considered to be of no toxicological significance in comparison to the respective  
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Table 6.12: Effect of Au-BSA nanoparticles on liver enzymes of female rats after 28 

days treatment. 

Group 

Liver Enzymes (Mean ± S.D.) Female 

Aspartate 

aminotransferase 

(IU/L) 

Alanine 

aminotransferase 

(IU/L) 

Alkaline 

phosphatase 

(IU/L) 

Control  
254.00 ± 31.19 82.25 ± 28.36 460.00 ± 110.00 

Low  (75 ppm) 185.00 ± 16.83 48.00 ± 5.75 381.25 ± 82.16 

Medium (150 

ppm) 271.00 ± 29.44 61.00 ± 7.26 466.50 ± 194.60 

High (300 ppm) 231.25 ± 36.62 65.75 ± 11.87 362.50 ± 72.23 

  

control group (P>0.05). This might suggest a non-toxic effect or absence of 

hepatocellular damage at the investigated concentration. Since no alteration in the 

level of ALP is observed it suggests no interference with the calcification and/or 

metabolic activities involving the liver.  

Table 6.13: Effect of Au-BSA nanoparticles on blood sugar level (BSL) in rats after 

28 days treatment. 

Group 
Blood Sugar Level (mg/dL) (Mean ± S.D.) 

Male Female 

Control  70.50 ± 9.0 71.75 ± 11.6 

Low  (75 ppm) 68.00 ± 6.3 56.75 ± 18.6 

Medium (150 

ppmj) 67.25 ± 4.9 66.25 ± 4.3 

High (300 ppm) 65.75 ± 3.9 66.75 ± 7.9 
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The levels of blood glucose were not significantly different (P>0.05) between 

the control and experimental groups of both male and female rats (Table 6.13). 

Bilirubin is formed by the breakdown of hemoglobin in the liver, spleen and 

bone marrow 26and an increase of it in tissue or serum leads to jaundice. A slight 

variation in bilirubin concentration is also an indicator of effects on hemoglobin 

metabolism. However, the level of plasma analytes, such as cholesterol and bilirubin 

determined showed no significant difference (P>0.05) between control and Au-BSA 

nanoparticles treated groups (Table 6.14). ). Cholesterol levels were decreased in case 

of all the doses in male rats. However, these decreased levels were considered to be of 

no toxicological significance in comparison to the respective control group (P>0.05). 

Table 6.14: Effect of Au-BSA nanoparticles on bilirubin and cholesterol on rats after 

28 days treatment. 

Groups 

Male rats Female rats 

Bilirubin Cholesterol Bilirubin Cholesterol 

(mg/dL) (Mean ± S.D.) 

Control 0.41 ± 0.07 69.25 ± 6.5 0.29 ± 0.06 62.00 ± 3.92 

75 ppm  0.31 ± 0.06 55.75 ± 5.4 0.45 ± 0.04 58.50 ± 6.66 

150 ppm 0.34 ± 0.08 55.00 ± 3.8 0.41 ± 0.05 63.00 ± 4.24 

300 ppm 0.40 ± 0.05 46.25 ± 4.9 0.37 ± 0.11 51.75 ± 2.87 

 

The levels of total protein and albumin were not significantly different 

(P>0.05) between the control and experimental groups of both male and female rats 

(Table 6.15). The kidney function tests (blood urea, creatinine, sodium and 

potassium) showed no significant difference (P>0.05) between the control and 

experimental groups of rats (Table 6.16 and 6.17). Feeding animals with different 

concentration of Au-BSA nanoparticles did not alter the functioning of the animal, 

indicating normal metabolism of the animals with respect to hematological and 

biochemical analysis. 
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Table 6.15: Effect of Au-BSA nanoparticles on total protein and albumin on rats after 

28 days treatment. 

Groups 

Male rats Female rats 

Total Protein Albumin Total Protein Albumin 

(mg/dL) (Mean ± S.D.) 

Control 8.22 ± 0.46 3.98 ± 0.48 7.85 ± 0.34 3.80 ± 0.29 

75 ppm  8.22 ± 0.33 3.68 ± 0.22 7.25 ± 0.31 3.80 ± 0.32 

150 ppm  7.42 ± 0.46 3.40 ± 0.37 8.38 ± 0.51 3.78 ± 0.25 

300 ppm 7.55 ± 0.37 3.25 ± 0.26 7.93 ± 0.31 3.78 ± 0.17 

 

Table 6.16: Effect of Au-BSA nanoparticles on kidney function test of male rats after 

28 days treatment.  

Groups 

Kidney Function Test (Mean ± S.D.) Male 

Urea (mg/dL) 
Creatinine 

(mg/dL) 
Na (mmol/L) K (mmol/L) 

Control 46.25 ± 3.50 0.48 ± 0.06 137.25 ± 2.99 4.98 ± 0.17 

75 ppm 38.75 ± 4.11 0.41 ± 0.06 136.00 ± 2.94 4.85 ± 0.34 

150 ppm 34.50 ± 2.65 0.49 ± 0.05 135.25 ± 0.96 5.25 ± 0.42 

300 ppm 34.50 ± 3.42 0.47 ± 0.04 136.50 ± 3.11 5.05 ± 0.42 

 

The urine samples of the male and female rats were collected over time. The 

pH of urine of both male and female rats in the control and the experimental group 

was alkaline. In case of protein analysis, traces of protein were found in the urine. It is 

known that occurrence of traces proteins is a normal finding in most of the animals. A 

higher concentration of proteins is considered abnormal which may be due to 

glomerular injury, defective tubular reabsorption etc. If the kidney functioning is 
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Table 6.17: Effect of Au-BSA nanoparticles on kidney function test of female rats 

after 28 days treatment.  

Groups 

Kidney Function Test (Mean ± S.D.) Female 

Urea (mg/dL) 
Creatinine 

(mg/dL) 
Na (mmol/L) K (mmol/L) 

Control 33.75 ± 4.53 0.41± 0.03 138.00 ± 3.37 4.95 ± 0.17 

75 ppm 39.50 ± 3.70 0.42 ± 0.07 139.00 ± 3.37 4.73 ± 0.28 

150 ppm 46.50 ± 6.61 0.48 ± 0.05 137.00 ± 2.94 4.85 ± 0.26 

300 ppm 39.00 ± 6.06 0.53 ± 0.05 136.75 ± 4.35 4.48 ± 0.26 

 

normal, the glucose is reabsorbed by the renal tubules. No glucose was present in 

urine of both male and female rats of control and the experimental groups. 

Another widely utilized in vivo test is the examination of histopathological 

changes that occurs in cells/tissues/organs after exposure to nanoparticles24. 

Histological examination was performed on tissues that have been fixed after sacrifice 

of the exposed animal and changes in the tissue and cell morphology were assessed 

using light microscopy. Some of the typical tissues examined after nanoparticles 

exposure include: liver, kidneys, spleen, lungs and heart24, 27. Histopathological 

studies were carried out to study the effect of Au-BSA nanoparticles on the vital 

organs. The individual organs were weighed and it was found that there was no 

significant difference (P>0.05) between the organ weight of control and treated 

groups (Table 6.18). The absence of any changes in various organs point out the fact 

that the Au-BSA nanoparticles did not induce any anomalous growth or inflammation 

of these organs which would otherwise have resulted in higher organ weight in the 

treated groups. 
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Table 6.18: Effect of Au-BSA nanoparticles on organ weight of rats after 28 days 

treatment.  

Organs 
Organ weight (g) (Mean ± S.D.) 

Control 75 ppm 150 ppm 300 ppm 

Heart  0.71 ± 0.04 0.72 ± 0.08 0.74 ± 0.13 0.71 ± 0.13 

Kidney 
Left 0.77 ± 0.09 0.73 ± 0.07 0.75± 0.12 0.73 ± 0.14 

Right 0.75 ± 0.09 0.80 ± 0.07 0.76 ± 0.10 0.75 ± 0.12 

Liver 7.55 ± 0.43 6.96 ± 0.71 7.12 ± 0.61 7.73 ± 1.46 

Lung (combined) 1.62 ± 0.46 1.80 ± 0.37 1.83 ± 0.23 1.65 ± 0.21 

Pancreas 0.71 ± 0.14 0.92 ± 0.05 0.81 ± 0.27 0.64 ±  0.11 

Spleen 1.16 ± 0.19 1.34 ± 0.34 1.08 ± 0.33 1.13 ± 0.34 

Stomach 1.60 ± 0.08 1.62 ± 0.42 1.37 ± 0.17 1.60 ± 0.21 

Intestine 
Large 3.07 ± 0.33 3.11 ± 0.78 2.55 ± 0.62 2.30 ± 0.40 

Small 5.29 ± 0.62 5.57 ± 0.59 5.31 ± 1.16 6.19 ± 0.90 

Brain 1.55 ± 0.24 1.73 ± 0.17 1.66 ± 0.24 1.47 ± 0.30 

Urinary Bladder 0.12 ± 0.05 0.13 ± 0.03 0.12 ± 0.05 0.13 ± 0.11 

Testis 1.17 ± 0.10 1.16 ± 0.12 1.29 ± 0.12 1.20 ± 0.07 

Uterus 0.70 ± 0.12 0.61 ± 0.17 0.49 ± 0.25 0.54 ± 0.20 

Ovaries 0.11 ± 0.02 0.10 ± 0.03 0.12 ± 0.02 0.11 ± 0.05 

 

The histopathological findings of all the organs can be seen in Figure 6.1 to 

6.11. Any structural changes in the organs are considered to be an indication for any 

sort of toxicity due to nanoparticles. The histopathology of all the organs are 

discussed below28.The absence of any pathological change in organs point out the fact 

that the Au-BSA nanoparticles did not induce any toxicity in animals.  

Heart: The section of the control heart showed normal myocardium. Same findings 

were observed for dose 50 ppm, 150 ppm and 300 ppm. No pigment deposits were 

seen in any groups. Thus there was no toxic effect of Au-BSA nanoparticles on the 

heart (Figure 6.1). 
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Figure 6.1: Light photomicrograph of heart after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm 

Kidney: The sections of the control rat showed normal renal cortex with normal 

appearing glomerular tubules and normal renal papilla. After the dose of Au-BSA 

nanoparticles, sections were showed renal cortex with normal appearing glomerular 

tubules and normal renal papilla. There were no pigment deposits in the tubules in the 

treated groups (Figure 6.2). 

 Liver: The sections of the control and the Au-BSA nanoparticles treated groups 

showed normal hepatic architecture. The hepatocytes in the control liver sample 

appeared normal and the portal tracts were also found to be normal. However, in all 

nanoparticles treated groups accumulation of nanoparticle was observed as reported in 

earlier literatures12, 18, 22, 29. Even then no inflammation was seen in the Au-BSA 

nanoparticles treated groups (Figure 6.3).  

Lung: The sections from control animals showed normal alveolar architecture. No 

thickening of inter alveolar septa or cellular infiltrations were observed. The same 

histopathological findings were observed in Au-BSA nanoparticles treated groups 

(Figure 6.4). 



C h a p t e r  6                                           P a g e  | 139 

 

 Ph.D. Thesis      Priyanka Murawala     University of Pune 

 

Figure 6.2: Light photomicrograph of kidney after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 

ppm. 
 

 

 

 

 

 

 

 

 

 

 
Figure 6.3: Light photomicrograph of liver after 28 days of administration Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 

ppm. 
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Figure 6.4: Light photomicrograph of lungs after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Light photomicrograph of pancreas after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm 
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Pancreas: The sections from the control and the Au-BSA nanoparticles treated groups 

showed normal pancreatic architecture. Pancreatic cells were observed normal in all 

AuNPs treated groups (Figure 6.5). 

Spleen: The two major functional zones of the spleen are the hematogenous red pulp 

and the lymphoid white pulp. The section from the control showed normal splenic 

architecture with normal red and white pulp. Same histopathology was observed with 

the Au-BSA nanoparticles treated groups (Figure 6.6) 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Light photomicrograph of spleen after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm  

Stomach: The most conspicuous tissue feature of the stomach is the thick glandular 

mucosa, packed with gastric glands which secrete digestive enzymes and acid. There 

were no pathological changes in the mucosal lining of the control as well as the Au-

BSA nanoparticles treated groups. No inflammation was observed in the treated 

groups (Figure 6.7). 

Intestines: There were no pathological changes in the mucosal lining of the small as 

well as large intestine in the control group. In the Au-BSA nanoparticles treated  
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Figure 6.7: Light photomicrograph of stomach after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8: Light photomicrograph of intestine after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm 
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Figure 6.9: Light photomicrograph of brain after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm 

groups (50, 150, 300 ppm), no change was observed confirming no treatment related 

toxicity due to Au-BSA nanoparticles (Figure 6.8). 

Brain: The Au-BSA nanoparticles treated sections from the brain showed normal 

neuronal as well as glial elements. No morphological alteration was noted in the brain 

samples (control and Au-BSA) treated animals (Figure 6.9).  

Testis: The testis sections of the Au-BSA nanoparticles treated groups showed normal 

shape and size of seminiferous tubules with active spermatogenesis and maturation. 

The interstitium was normal. There was no pathological change observed in the Au-

BSA nanoparticles treated group (Figure 6.10). 

Ovaries: Histological examination of ovaries in the control and treated groups 

revealed different stages of follicular development. No abnormalities were observed 

in germinal epithelium, stages of follicular development, maturation and corpus 

luteum (Figure 6.11). 
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Figure 6.10: Light photomicrograph of testes after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.11: Light photomicrograph of ovary after 28 days of administration of Au-BSA 

nanoparticles by oral route at a dose of (a) control, (b) 75 ppm, (c) 150 ppm and (d) 300 ppm 
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6.4 Conclusion: 

In our efforts to determine the possible use of BSA capped gold nanoparticles as 

carriers for drug delivery we have successfully evaluated the sub-acute oral toxicity of 

BSA capped gold nanoparticles. Animals treated with Au-BSA nanoparticles showed 

normal weight gain and food consumption during the study period. Au-BSA 

nanoparticles did not induce adverse alterations in biochemical and hematological 

parameters. Histopathological studies were performed to study the effect of Au-BSA 

on vital organs. There was no pathological difference in the control and Au-BSA 

treated group. However deposition of Au-BSA nanoparticles without any toxic effect 

was observed in the liver of all the nanoparticles administered groups. Our findings 

reveal that BSA reduced and capped gold nanoparticles did not cause any toxicity for 

a period of 28 day study period. Therefore BSA capped gold nanoparticles show 

promising potential for the safe use as a drug delivery system.    
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Chapter 7 

CONCLUSIONS 

 

 

 

 

 

This chapter contains conclusions of the salient features of the 

work described in this thesis and the scope for future potential 

developments in this field. 
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7.1 Summary of the thesis: 

The work described in this thesis focuses on the development of a stable and 

biocompatible nanoparticle system that can be successfully used as a drug delivery 

agent. For this, we have chosen a protein, Bovine serum albumin, as a reducing and 

capping agent for the synthesis of nanoparticles. The synthetic mechanism is 

addressed by carrying out detailed UV-vis, fluorescence and cyclic voltammetry 

studies. Realizing the fact that a drug delivery system should be water soluble, highly 

stable against varying pH and salt concentrations, biocompatible and should cause 

minimum/negligible toxicity to normal healthy cells, these issues were addressed too. 

 Applications of nanoparticles in cancer therapy require them to be 

preferentially taken up by the cancer cells. To address this issue we have loaded a 

fluorophore molecule, texas red to the gold nanoparticles and performed the uptake 

studies. We obtained selective uptake of nanoparticles by glioma cells than normal 

fibroblast cells. Extension to this finding we loaded an anticancer drug Methotrexate 

to gold nanoparticles and checked its anticancer activity against breast cancer cell 

lines. The drug conjugated to BSA gold nanoparticles was found to evoke more 

toxicity to the cell lines than the equivalent concentration of drug alone. This 

nanoparticle system was further taken to demonstrate its applicability for drug 

delivery application in vivo. The biodistribution and toxicity studies establish that 

BSA reduced gold nanoparticles produced no treatment related toxicity in rats 

following oral administration.  

7.2 Scope of future work: 

Our studies showed that BSA capped gold nanoparticles are highly stable and can be 

easily functionalized to load any ligand on them. Taking advantage of this 

characteristic, this work can be extended by loading nanoparticles with drug molecule 

and performing an in vivo toxicity assessment of the drug molecule. 
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